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Research Objective

We are carrying out a program of research that focuses on the fundamental mechanisms of redox
chemistry of contaminants on mineral surfaces. As much of this chemistry in sediments involves the
Fe(lIh/Fe(ll) and Mn(IV)/Mn(ll) couples, we are focusing on mineral phases containing these species.
We are using a variety of experimental probes, along with molecular modeling theory, to determine
clean mineral surface structure and morphology, details of the chemisorption and decomposition of
water, and the interface structure and redox chemistry of important contaminants sucj;r%sm:ro

these surfaces. Insight gained in this project will aid in the formulation of more accurate and realistic
contaminant-surface complexation and contaminant transport models, and may suggest improved
remediation strategies for certain kinds of contaminated soil and groundwater.

Research Progress and Implications

In what follows, we highlight the most important results obtained from June 1, 1997 to June 1, 1998,
the second year of this three-year project. Detailed comparison of scanned-angle photoelectron
diffraction (PED) measurements taken at the Advanced Light Source (ALS) with simulations
employing quantum mechanical scattering theory reveal thaj@s©€01) (hematite) is terminated

with a single layer of Fe atoms, and that the percentage relaxations of the first four layers are -41%,
+18%, -8% and +47% of the respective bulk values. These rather large surface relaxations, which are
similar in both magnitude and sign to those determined to exist oy0g¢@001), are driven by the
associated decrease in surface energy. We have calculated the surface energies of relaxed and bulk-
terminated (unrelaxed) a- §&,(0001) to be 1.64 and 4.24 #nrespectively. An implication of this

finding is that it is an outer layer of Fe(lll) on basal-plane hematite that interacts with water, toxic
anions and organics, rather than oxygen, as expected based on conventional wisdom. Scanning
tunneling microscopy (STM) reveals that thg®£001) (magnetite) surface is terminated exclusively

by either a tetrahedral iron or an octahedral iron layer with lattice oxygen, but not by both. Given that
both the coordination number and the charge states of the iron in these layers are different, significant
differences in the surface chemistry are expected depending upon the terminating layer. Determining
which atomic layer constitutes the surface is the focus of both PED and STM experiments in the
immediate future. Dramatic differences in the surface step density@f @91) can be achieved by

using different MBE growth conditions. The resulting step densities (defined as the ratio of the
number of atoms at a step edge to the total number in the surface) can vary from as high ~0.20 to
lower than 0.05. The ability to systematically vary the step density is crucial to ultimately understanding
the role of steps in the redox chemistry that occurs between magnetite and toxic anions and chlorinated
organics. The measured threshold water vapor pressure s for the hydroxylatiog@f(@o8l1) and
a-Fg0,4(0001) surfaces have been measured by soft x-ray photoemission at the Stanford Synchrotron
Radiation Laboratory (SSRL) to be 1 torr and 10E-4 torr, respectively. While the measured threshold
pressure for a-A0, is similar to the calculated threshold pressure for the conversion g0g-al

Al(OH), based on an equilibrium thermodynamic model, the measured threshold pressure for a-
Fe, O, is more than five orders of magnitude lower than the calculated threshold pressure for the
conversion of a-F©, to FeOOH or Fe(OH)3. This result is most likely due to the higher acidity of
surface Fe(lll) on a-E@,(0001) relative to that of surface Al(Ill) on a-@,(0001), which is
corroborated by our molecular mechanics calculations. The reaction of water with (001) and (111)
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surfaces of natural E®, prepared in ultrahigh vacuum was monitored using chemical shifts of O 1s
and Fe 2p core-level photoemission spectra. We found that the initial reactions of water with these
surfaces are quite similar to those for the sE@001) and (1-102) surfaces and involve dissociation

of water, indicating almost identical and small sticking coefficients. However, while hydroxyl
coverages for a-E@, remain in the submonolayer range for water doses as high as 10E9 Langmuir,
the FgO,(001) and (111) surfaces react very strongly with water, resulting in hydroxylation extending
several layers deep. Cr L2,3-edge and O K-edge x-ray absorption fine structure (XAFS) studies, also
carried out at SSRL, of the reaction of aqueous ,€rith Fe,0,(111) reveal that Cr(VI) in
chemisorbed Cr¢¥? is very quickly reduced to Cr(lll), and that the surface converts into a goethite-
like phase. Grazing-incidence x-ray absorption fine structure (GI-XAFS) studies pf @r@artially

reduced a-Fg©,(0001) reveal that substantial reduction of Cr(VI) to Cr(lll) occurs. An implication

of this result is that both magnetite and partially reduced hematite are effective at converting toxic,
bioavailable Cr(VI) into less toxic and less bioavailable Cr(lll). We have developed pulsed-laser
photoacoustic spectrosc copy at the Environmental Molecular Sciences Laboratory (EMSL) to
nondestructively monitor the levels of Cr(VI) in solutions contacting iron oxides. Initial experiments
reveal that the technique can be used to: (i) measure adsorption affinity of anions on hematite surfaces,
(if) monitor the rate of Cr(VI) adsorption on hematite powder in real time, and, (iii) study the effect
of competing anions, specifically phosphate, sulfate, and carbonate, on Cr(VI) uptake. Significantly,
we now have a new tool to determine the effect of nontoxic, naturally occurring anions in blocking
sorption sites for Cr(VI) on iron oxide surfaces.

We have developed a molecular mechanics model to predict the protonation/deprotonation
energetics of the adsorption of oxoacids on solvated Fe oxide surfaces with realistic proton
stoichiometries. This model was tested against hydrated Fe(ll)- Fe(lll)-(Cr,RfifDcrystal
structures with generally good results, yielding lattice constants within 5% of experiment. The ability
of this model to account for both the structure and protonation energetics in the tetrahedral oxyanions
is remarkable and makes the ionic model a feasible option for future investigation of surface
complexation reactions using molecular dynamics techniques. We have conducted exploratory work
on the synthesis of thin-film pyrolusite (beta-Mp@n TiO,(110) at the EMSL. Well-ordered,
pseudomorphic overlayers form for substrate temperatures betwe&hat@D500C for coverages
of up to 6 bilayers. Thicker films rapidly disorder due to the simultaneous formation of pyrolusite
and ramsdellite, which is orthorhombic and not lattice matched tgI1i0). However, thin films of
rutile pyrolusite are preferentially stabilized by the J#Ddbstrate. Being able to prepare these well-
defined surfaces allows us to begin experiments to determine their redox potential compared to that
of the Fe oxides.

Planned Activities

Immediate future activities will focus on high-resolution STM imaging at EMSL, PED at the ALS,
and crystal truncation rod (CRT) x-ray scattering studies at the Advanced Photon Source (APS) of
clean and water-exposed hematite and magnetite surfaces to determine the structural modifications
caused by the hydroxylation process. We plan to fully analyze our GI-XAFS data on the interaction
of Cr(VI) on synthetic thin-film hematite samples (reduced and unreduced) collected in March 1998,
and to extend these studies to Cr(VI) interactions with thin-film magnetite. This work should lead to
a model of Cr(lll) surface complexes on reduced hematite and magnetite. We also plan to initiate a
study of the reaction of TCE in solution with magnetite surfaces using C K-edge and CI L-edge
measurements. Our future LPAS experiments will focus sorption kinetics and equilibria measurements
for Cr(VI) sorption on the MBE-synthesized hematite and magnetite thin films at ultra-trace levels
of Cr(V1). Using our Fe(ll,1I1)-(Cr,Si,P)Qpotentials, which have now been rather rigorously tested

on crystalline solids, in conjunction with our iron oxide-water potential models, we will conduct
molecular dynamics investigations of chromate sorption to solvated hematite and magnetite surfaces.
We plan to grow a-E@©,(0001) with substitutional Al by MBE, in order to determine the effect of

this geochemically important impurity on redox chemistry.

EMSP Project Summaries



Other Access To Information

Publications

1. Y. Gao, Y.J. Kim, and S.A. Chambers, “Preparation and Characterization of Epitaxial Iron Oxide Films”, J. Mat. Res., to
appear (1998).

2. S.A. Chambers and Y. Liang, “Growth of Ultrathin b-Myg TiQ,(110) by Oxygen-Plasma-Assisted Molecular Beam
Epitaxy”, submitted to Surf. Sci. (1998).

3. S.A. Chambers and S.A. Joyce, “Surface Termination and Reconstructig@p{®&l) and g-Fg0,(001)", submitted
to Surf. Sci. Lett. (1998).

4. P.Liu, T. Kendelewicz, G.E. Brown, Jr., E.J. Nelson, and S.C. Chambers, “Reaction of Water w@h @aréla-FgO,

(0001) Surfaces: Synchrotron X-ray Photoemission Studies”, submitted to Surf. Sci. (1998).

5. T. Kendeleweicz, P. L iu, G.E. Brown, Jr., E.J. Nelson, and S.A. Chambers, “Near L Edge Study of Adsorption of Cr
from Liquid Solution on Hematite and Magnetite Surfaces”, submitted to Surf. Sci. (1998).

6. N.S. Foster, S.T. Autrey, J.E. Amonette, J.R. Small, and E.W. Small, “Laser Photoacoustic Spectroscopy-What is it
Good For?”, submitted to American Laboratory (1998).

7. N.S Foster, J.E. Amonette, and S.T. Autrey, “In-Situ Detection of Chromate Using Photoacoustic Spectroscopy”, submitted
to Analytical Chemistry (1998).

8. J.R. Rustad and D.A. Dixon, “Density Functional Calculations of the Acidities of Oxyanions”, submitted to J. Chem.
Phys., (1998).

9. T.P. Trainor, J.P. Fitts, D. Grolimund, J.R. Bargar, S. Chambers, and G.E. Brown, Jr., “Grazing-incidence XAFS Studies
of Adsorption Complexes at Metal Oxide-Water Interfaces”, 1997 Activity Report, Stanford Synchrotron Radiation
Laboratory (in press).

10. S. Thevuthasan, Y.J. Kim, S.A. Chambers, P. Liu, T. Kendelewicz, G.E. Brown, J. Morais, R. Denecke, and C.S. Fadley,
“The Surface Structure of a-#83(0001) by Low Energy X-Ray Photoelectron Diffraction”, Advanced Light Source
Compendium of User Abstracts and Technical Report, in press, (1997), and in preparation for submittal to Surf. Sci.
(1998).

11. J.R. Rustad and D.A. Dixon, “ Surface hydrolysis of Fe, Cr, and Al oxides”, in preparation (1998).

12. J.R. Rustad and D.A. Dixon, “The Effectiveness of an lonic Model Describing Oxyanion Sorption on Ferric Oxide
Surfaces”, in preparation (1998).

13. S. Thevuthasan, W. Jiang, D.E. McCready, and S.A. Chambers, “Rutherford Backscattering and Channeling Studies of
Mg and Fe Diffusion at the interface of g;Pg(001)/MgO(001) “, in preparation, (1998).

14. S.Thevuthasan, D.E. McCrea dy, W. Jiang, Y.J. Kim, Y. Gao, S.A. Chambers, N.R. Shivaparan, and R.J. Smith “Rutherford

Backscattering and Channeling Studies of Epitaxially Grown Iron Oxide Films on Various Substrates”, in preparation,
(1998).

Presentations at National and International Meetings

1.

10.

S. Thevuthasan, G.S. Herman, Y.J. Kim, Y.Gao, S.A. Chambers, N.R. Shivaparan, R.J. Smith, B.J. Morris, and T.T.
Tran, “lon Scattering Studies of Epitaxially Grown Iron Oxide Films on MgO ap@.ABubstrates”, 44th National
Symposium of the American Vacuum Society, San Jose, CA, October 1997.

. W. Jiang, S.Thevutha san, Y.J. Kim, S.A. Chambers, G.S. Herman, D.E. McCready, N.R. Shivaparan, and R.J. Smith,

“Mg and Fe Diffusion at the g-5©5(001)/MgO Interface”, American Physical Society March Meeting, Los Angeles,
CA, March 1998.

. S. Thevuthasan, Y.J. Kim, S.A. Chambers, P. Liu, T. Kendelewicz, D.E. Brown Jr., J. Morais, R. Denecke, and C.S.

Fadley, “Surface Structure Determination of Hematite Using Low-Energy X-Ray Photoelectron Diffraction”, S.
Thevuthasan, Y.J. Kim, S.A. Chambers, P. Liu, T. Kendelewicz, D.E. Brown Jr., J. Morais, R. Denecke, and C.S. Fadley,
American Physical Society March Meeting, Los Angeles, CA , March 1998.

. (invited) J. R. Rustad and D.A. Dixon, “Surface hydrolysis of Fe, Cr, and Al oxides”, Physical Chemistry Division,

University of Washington, April, 1998.

. (invited) S.A. Chambers, “Surface and Interface Structure of MBE-Grown Fe and Mn Oxides”, Naval Research

Laboratories, Washington D.C., May 1998 .

. (invited) S.A. Chambers, “Surface and Interface Structure of MBE-Grown Fe and Mn Oxides”, Department of Physics,

University of Maine, Orono, Maine, May 1998.

. (invited) J.R. Rustad,"The Effectiveness of an lonic Model Describing Oxyanion Sorption on Ferric Oxide Surfaces”,

Annual Symposium of the Clay Minerals Society, June, 1998.

. S. Thevuthasan, Y.J. Kim, S.A. Chambers, P. Liu, T. Kendelewicz, G.E. Brown Jr., J. Morais, R. Denecke, and C.S.

Fadley, “The Surface Structure Determination of gekeby Intermediate-Energy X-Ray Photoelectron Diffraction”,
20th Surface Analysis/10th Annual Pacific Northwest AVS Symposium, Richland, WA, June 1998.

. W. Jiang, S. Thevuthasan, D.E. McCready, and S. A. Chambers, “Rutherford Backscattering and Channeling Studies of

Mg and Fe Diffusion at the Interface of g;Pg(001)/MgO(001), 20th Surface Analysis/10th Annual Pacific Northwest

AVS Symposium, Richland, WA, June 1998.

D.E. McCready, S. Thevuthasan, W. Ji ang, Y.J. Kim, Y. Gao, S.A. Chambers, N.R. Shivaparan, and R.J. Smith ,
“Rutherford Backscattering and Channeling Studies of Epitaxially Grown Iron Oxide Films on Various Substrates”,
20th Surface Analysis/10th Annual Pacific Northwest AVS Symposium, Richland, WA, June 1998.

EMSP Project Summaries



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

S.A. Joyce and S.A. Chambers, “The Microscopic Structure of Iron Oxid e Surfaces”, 20th Surface Analysis/10th
Annual Pacific Northwest AVS Symposium, Richland, WA, June 1998.

S.A. Chambers, “Epitaxial Growth of Ultrathin b-Mp@n TiQ,(110) by Oxygen-Plasma-Assisted Molecular Beam
Epitaxy”, 20th Surface Analysis/10th Annual Pacific Northwest AVS Symposium, Richland, WA, June 1998.

N.S. Foster -Mills, J.E. Amonette and S.A. Chambers, “Aqueous Sorption of Cr(VI) on Hematite Using Laser
Photoacoustic Spectroscopy”, 20th Surface Analysis/10th Annual Pacific Northwest AVS Symposium, Richland, WA,
June 1998.

(invited) S.A. Chambers, S. Thevuthasan, Y.J. Kim, S.A. Joyce, and Y. Liang, “Surface Structure Determination of MBE
Grown Iron and Manganese Oxides”, National Meeting of The American Chemical Society, Boston MA, August 1998.
D . Grolimund, T. Kendelewicz, T.P. Trainor, P. Liu, J.P. Fitts, and G.E. Brown, Jr., “Identification of Cr Species at the
Solution-Hematite Interface after Cr(VI)-Cr(l1l) Reduction Using GI-XAFS and Cr L-edge NEXAFS”, Xth International
XAFS Conference, Chicago, IL, August 1998.

T. Kendelewicz, P. Liu, G.E. Brown, Jr., E.J. Nelson, and S.A. Chambers, “Reaction of Water with Clean (0001) and (1-
102) Surfaces a-E@y", 14th International Vacuum Congress, Birmingham, U.K., August 1998.

T. Kendelewicz , P. Liu, G.E. Brown, Jr., E.J. Nelson, and S.A. Chambers, “Reduction of the (0001) Surface of Hematite
(a-Fe,0,) Prepared Under UHV Conditions”, 14th International Vacuum Congress, Birmingham, U.K., August 1998.

T. Kendelewicz, P. Liu, G.E. Brown, Jr., E.J. Nelson, and S.A. Chambers, “Fe L2,3 and O K Near Edge Structure of Iron
Oxides and Hydroxides”, 14th International Vacuum Congress, Birmingham, U.K., August 1998.

T. Kendelewicz , P. Liu, G.E. Brown, Jr., and E.J. Nelson, “Reaction of Water with (100) and (111) Surfaces of Magnetite
(Fe;0,)", 14th International Vacuum Congress, Birmingham, U.K., August 1998.

T. Kendelewicz, P. Liu, G.E. Brown, Jr., E.J. Nelson, M.I. McCarthy, and S.A. Chambers, “Spectroscopic Studies of the
Reaction of Water with Metal Oxide Surfaces”, Goldschmidt Conference, Toulouse, France, August 1998.

EMSP Project Summaries



