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3. Executive Summary

Oxyanions ofuranium, selenium, chromium, arsenic, technetiang chlorine(as perchlorate) are
frequently found ascontaminants on man®OE sites, and in other areas of theS.. A potential
remediation method is to react the contaminatatbr with zero-valenton (ZVI). We are performing
fundamental investigations of the interactions ofrlevantcompoundswith Fefilings and single- and
poly-crystalline surfaces. The aim of this work is to develop the physical and chemical understanding
Is necessary for the development of cleanup techniques and procedures.

We performed bulk chemical measurements of the reduction reactiossirdaxce sciencstudies of
model chemical systems. It is important to understaatulk chemistry, but sincéhis is essentially a
surface chemical reaction that is being utilized, model surface science studies arewass/ onlyvhich to
assess the fundamental chemical mechaniswo$ved. Surface studies included reacticeried out in
solution as well as modslystems studies undaltra-highvacuum(UHV). We havefocusedprimarily
on the reactions of urany$elenateand arseniavith elementaliron. We also workedvith chromate,
perchlorateand carbon tetrachloride.Our studieshave led to a newunderstanding othe surface
adsorption and precipitation of these contaminants in reactive-barrier walls.

Bulk chemicalstudieswere performed of the reactions of varioosyanionswith ZVI to determine
the optimum conditiondor remediation. We characterized the effects of pkl,c@ncentration, ionic
strength and solution composition, degreagifation,and iron surfaceretreatment on the removal of
variousoxyanions in synthetic angcatural groundwatesolutions. Overall, the kinetics of tracelement
reactions with ZVI were dramatically different than expected. In addition, longsteidesare ongoing
to determine the potentidbr resolubilization of uranium fronthe ZVI surface. The initial findings
suggesthat the abandonment oéactivebarrier walls is not a goodidea because the reoxidation and
remobilization of U by bicarbonate-rich, aerobic groundwater is likely.

The evolution of the Fe surface morphology during reactionimestigated withrscanning tunneling
microscopy (STM) performed under aqueous solution. These images showed a smodtigrgydace
that is associated with contaminant removal. The chemical composition and oxidation states of the surface
products were measured with x-ray photoelectron spectroscopy (XPS). WeHatlmth selenate and
chromate deposit onto Fe surfaces by reductidre amount of Se or Cr deposited is slightly increased
if the atmospheric gasses are removed bywging, which is attributed to a thickening of the Fe oxide
layer when Qis in solution. Uranium, however, was deposited as U(¥l),it wasnot reduced. It had
generally beerassumedhat zero-valentron removes contaminanfsom solution by a surface redox
process, but these results indicate that this is not the only mechanism opferatremiumremoval. The
removal ofuranium had an additionalurprising result. Whethe dissolved atmosphergaseswere
removed, an extremely thick film (~1 um) of uranium oxide was depositedhawéeoncluded that the
as-grown films produced in absence of atmosphgéassesare a amorphous U(VI) oxidewith
incorporatedwvater, mostlikely a dehydrated schoepitédfter annealing invacuum,the films reduce to
u(Iv).

In order to probe the reduction reaction mechanisms atcanic scale, we investigated tleactions
of SeF; with iron and iron oxide surfaces WHV. We foundthat the major reaction pathwayolves
the reduction of Se by complete dissociative adsorption. In the presence of minute amadatslodd
oxygen, the reaction of Sghks dramaticallysuppressed.These fundamental surfackemicalstudies
showedthat the reductiorprocessitself is inherent to surface reactiongth iron metal, and that the
reaction is severelgerturbed by the presence afygen. Inthe course ofthe abovestudies, we also
found that thin Fefluoride films grow fromthe spontaneouseaction of Sefwith Fe surfaces. Such
insulating films mayhave numerous applications. We performadditional studies of fluoridefilm
growth, and found that the growth initially follows the Mott-Cabrera parabolic rate law, but that the growth
abruptly stops and a self-limiting thickness is attained. The sudden stop in film growth is attributed to the
inability of the precursor molecules to dissociate at the suwhea theinsulatorfilm becomesoo thick
for electrons from the substrate to transport through. This work suggests thenasdecofarprecursors
to grow thin films via a self-limiting chemical process.



4. Research Objectives

Oxyanions ofuranium, selenium, chromium, arsenic, technetiang chlorine(as perchlorate) are
frequently found ascontaminants on man®OE sites, and in other areas of theS.. A potential
remediation method is to react the contaminatatkr with zero-valenton (ZVI). In this reaction, the
iron serves as both an electrsaurce and as eatalyst. Elementaton is already beingised on an
experimentalbasis atmany sites. Bothin situ reactivebarriers and above-ground reactarg being
developedand field tested at thiime. Howeverthe design and operation of thegeatmentsystems
requires a detailed process-level understandirtheofnteractions between the contaminamd the iron
surfaces. Ware performing fundamental investigations of the interactions ofeteeantcompounds
with Fe filings and single- and poly-crystalline surface§he aim ofthis work is todevelop the
fundamental physical andhemical understandinghat is necessary fothe development of cleanup
techniques and procedures.

5. Methods and Results

We performed bulk chemical measurements of the reduction reactiossirdaxck sciencstudies of
model chemical systems. It is important to understaatulk chemistry, but sincéhis is essentially a
surface chemical reaction that is being utilized, model surface science argytiv@y in which toassess
the fundamental chemicatechanisménvolved. We havdocusedprimarily on the reactions afranyl,
selenateand arseniowith elementaliron. We also workedvith chromate, perchloratand carbon
tetrachloride. Our studies have led toeav understanding ofhe surface adsorption amfecipitation of
these contaminants in reactive-barrier walls.

A. Bulk chemical studies

We studied the reactions of varioagyanionswith ZVI to determine theoptimum conditions for
remediation. We characterized the effects of pH, @@ncentration, ionicstrength and solution
composition, degree dgitation,and iron surfacepretreatment on the removal of O As(OH)?,

AsO,* SeQ*, CrQ?, CIO,, NO,, and CCJin synthetic anshatural groundwatesolutions. Overall, the

kinetics of trace element reactions wikl were dramaticallydifferent than expected. In the absence of

O,, the reduction angdemoval of trace elements wadsst-order with respect to bothcontaminant
concentration and the ratio of the iron surface area to solution volume. Increases in the pH, ionic strength,
or bicarbonate concentration decreased the rate of redusiibrpH being themost importanwariable.

Under aerobic conditions, the reduction rate was 2 to 3 times fdstérrapidly decreased due to
passivation by iroroxyhydroxide precipitates. In the presence of oxygeaii, the reactionswere
accelerated.However,the formation ofFe(lll) oxyhydroxideprecipitates led to passivation of the iron

and, in the fieldparrier plugginghasbeen observed. Reactions withouiygenwere slowerbut long-

term performance of th8VIl was improved ifrmany cases.Thus, additives that help to deplaigygen

from groundwater prior to eeactivebarrier need to be furthémvestigated. The fact that the reduction
reaction was faster at high electrode potentials indicates that oxidation of the iron, and not the reduction of
the contaminant, is the rate-limitirsgep. Apalladium coating on thieon metaltripled the rate otrace

element reduction. However, there was no reduction of perchlorate by either iron or Pd-coated iron.

Near edge x-ray absorption fine structure (NEXAFS) spectroscopy of the reacted iron was carried out
at the Stanford Synchrotron Radiation Laborai@$RL). One othe more interestingesultswas that
As(V) (arsenate) was not reducedAs(lll). There wassome concernhat the more toxi@and mobile
form of arsenic, As(lll), mighttorm in a reactive barrier wall. This unexpected result expands the
applicability of ZVI reactive barrier walls. NEXAFS analysis of the iron and corrosion products from the
selenate reactions showed mixturesetdmental Seand selenite,Se(lV). Studiescarried outwith
chromate revealed that it passivated the surface afaheand this passivation slowed dowe sorption
and reduction of other trace elements. X-ray diffraction (XRD) was used to determine the species of iron
oxyhydroxides formed as a result actionwith ZVI. The dominant product was lepidocrocite (
FeOOH) with minor amounts of maghemiyeHeg,0,) and “green rust”.
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Figure 1. The release of uranium from solids under different electrolyte conditions
following modification of purging gas at 120 hours.
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Figure 2. The release of uranium from solids with different bicarbonate concentrations
following modification of purging gas at 120 hours.

Long-term studies are ongoing to determine the potential for resolubilization of uranium from the ZVI
surface. Solutions of varying ionic strength, @itkalinity, pCQ, and pQ were reacted with Z\Vor up
to 6 months taletermine if the precipitated uranium can be redissolved, alftef theiron material has
been oxidized. Resultsaveshownthat a“pulse” of U goesinto solutionwhen thechloride-based
solutions are switchedfrom anaerobic to aerobic conditiorf§ig. 1). If the solutions contained



bicarbonate or carbonatsubstantially more U was solubilizegnder aerobic conditions from the
exhausted ZVI. The amount of U resolubilized was dependent on the alkalinity and pHsalitions.
Under highalkalinity and pH, substanti@mounts of U can be remobilizéBig. 2). These findings
suggesthat the abandonment oéactivebarrier walls is not a goodidea because the reoxidation and
remobilization of U by bicarbonate-rich, aerobic groundwater is likely.

B. Surface studies of reactions in aqueous solution
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Figure 3. STM imagescollectedin situ from Fe foil under a 1 mMuranyl solution. Imageswere collected
continuouslr% from the same spand areshown following reaction forthe indicatedtime. The image sizes are
500x500 nm.

The evolution of the Fe surface morphology during reactionimeestigated withrscanning tunneling
microscopy (STM)performed under aqueous solution. nsitu STM method, whichcontinuously
monitored the same spot as the reaction proceeded, showed that Fe surfsroesthed by reactions of
selenate, chromatend uranylwith untreated Fe foil§3]. Note that the solutions were purged of
atmospheriagasses prior toeaction,but some dissolutiomay have occurredwhile the imageswere
collected. Figure 3 showsepresentative images collectédring the reaction of uranyhitrate with Fe
foil. It is seen that the film was considerably smoothed after three hours of reaction. A similar smoothing
was observed for reactions of selenate and chromate with Fe foil.
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Figure 4. Left: XPS spectra of the Se 3p leweallectedfrom Fe foil following reactionwith sodium selenate, and
from Sestandards. The datashows thatselenate waseduced toselenite by thesurface redoxeaction insolution.
Right. XPSspectra ofthe U 4f levelcollectedfrom Fe foil following reactionwith uranyl nitrate withand without
purging of the atmospheric gasses, and following annealing in vacuum.



The chemicakcomposition and oxidation states of therface productsvere measuredwith x-ray
photoelectron spectrosco}PS). Forthese measurements, the pH and atmospbassesvere very
carefully controlled duringeaction,but the sample wagemovedfrom solution following reaction and
then transferred to an ultra-higacuum(UHV) chamberfor analysis. We performeekperiments both
by transferring in air and by reacting and transferring inside an Ar-filled glove bag, and cornbhtdeal
measurable atmospheric contamination occurred between the time of reaction and insertion into the UHV
chamber. As shown ithe leftside of Fig. 4, we foundhat selenat@leposits onto Fe surfaces by
reduction to Se(IV). The amount of Se deposited is slightly increased if the atmosgpisses are
removed by Npurging. This isattributed to a thickening of the Fe oxide layer whendn solution.

We obtained the same base&sults forthe removal otchromate. Uraniumhowever,was deposited as
U(Vl), i.e., it was not reduced, as seen in the rgitie ofthe figure. It had generally beassumedhat
zero-valent iron removes contaminants from solution by a surface redox process, but thesedieatdts
that this is not the only mechanism operative for uranium removal.

The removal ofuranium had an additional
surprising result. Whethe dissolved atmospheric
gaseswere removed, aextremely thick film (~1
pum) of uranium oxidevas deposited. Note that
because of thaniqueness of thesdms, we have
had requests from researgioups inthe U.S. and
in Europe for samples to be used wother
experiments. We employedvariety oftechniques
to characterize the film§r]. Scanningelectron
microscopy (SEM)indicated that thesurfaces of
the films are fairly smooth. Figure 5 shows a side-
view SEM image in which the edge of a film can be
clearly seen. Such ammage also allows for an
estimate of the filmthickness. The film surfaces
contain microscopic crack$lowever,that expose ...« = scannina Electron Microscope (SEM
the underlying Fesubstrate. The cracks enlarge if im%ge of an approxim%tely 1 pm thick ura%iwngide :
the sample is heated in vacuum. X-ray diffractiofim grown atop an iron substrate by immersionder
(XRD) data did not show any peaks associatitd controlled conditionsnto a solution containinguranyl
the as_grown ﬁlms’ Suggesting that they are Ions. _T_hIS |IIustra_1tes hOW Irom_:an be usedor the
amorphous. After heating invacuum, however, the remediation of uranium dissolved in groundwater.
films crystallize into aU(IV) oxide. Rutherford
backscattering spectroscoiRBS) allowed us to make more accurateeasurements of thélm
thickness, and also indicated that the film is composed gfiwi® water incorporated.

We havethusconcluded that thas-grown films produced in absence of atmosphgaEsesare a
amorphous U(VI) oxide with incorporated water, most likely a dehydrated schpgpitafter annealing
in vacuum, the films reduce to U(IV). Although the surface of one of these U(IV) films will oxidize in air
to U(VI), the bulk ofthe U(IV) films are inert to re-oxidation. These methgusvide auniqueway to
make quality films of U(VI) or U(IV) in a safe, economical manner. gtmemicalcompositions of films
are very similar to those of spent nuclear fuel materials. stiheess of thigvork hasgreat promise for
producing materials that will enable various fundamental and applied studies of uranium oxide surfaces.

If the atmospherigasesremain in solutionhowever,only a thinfilm (12 A) is formed. This
difference is likely due to the presenceamfueous CQ) which reactswith uranium to form uranyl-
carbonate complexes. Thus, dissolved,@@d bicarbonate play important roles in determining the
amount of uranium that can leffectively removed by ZVI.Since anaerobic conditions dveneficial in
minimizing Fe-oxyhydroxide formation, it might be desirable to modify the chemistry of the groundwater
prior to reaction with iron. However, the use of organic mattegrtmveoxygenwill greatly increase the
CO, concentration. Further work is being conducted determine the effects of pH, uranium
concentration, alkalinity, and ionic strength on the film growth.




C. Surface studies of model reduction systems
i. Reduction of SeF;

In order to probe the reduction reaction mechanisms on an atomic scale, we have investigated reactions
of modelgas-phasenoleculeswith atomically cleariron in ultra-highvacuum(UHV). We beganwith
the reactions of Sewvith iron and iron oxide surfaces, since Se in Sefin the +6 oxidation state just
as in selenate, and Se& easy to deploy in vacuum [6]. We prepared atomicddigin polycrystalline Fe
foils by sputteringwith Ar*, and also Fe foilsvith controlled coverages afxygen. We exposed the
surfaces to SefFand used XPS to monittite coveragand oxidation states of treglsorbed Se and the
changes to the chemical states of the Fe surfaces. Wetfmirtle major reaction pathwawolves the
reduction of Se by complete dissociatadsorption. Inthe presence of minute amountsaafsorbed
oxygen, the reaction of Sghks dramaticallysuppressed.These fundamental surfachemicalstudies
show that the reduction process itself is inherent to surface reactions withetalrandthat the reaction
is severely perturbed by the presence of oxygen.

ii. Fluoride film growth from molecular precursors

In the course ofthe abovestudies, we
found that thin Fe fluoride films grow from the 100
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polycrystalline iron, vanadium, and copper
surfaces at room temperatwere investigated
[4,5]. X-ray photoelectrorspectroscopy was
used toascertain that films of FgFVF,, and
CuF, form onthe respectivesubstrates. The
film growth initially follows the Mott-Cabrera
parabolic rate law, indicating that theocess is 20
initially diffusion limited. At a certain film
thickness however,the growth abruptlystops
and a self-limiting thickness iattained. The 0 ! ! ! ! ! !
sudden stop ifilm growth is attributed to the 0 2 4 6 8 0 12a0°
inability of the precursor molecules to _ Exposure (L) _
dissociate at thesurface when theinsulator F'gurfe 6-t_gr?eo fthé%f;esa?eomﬁ ';(ee@rgf]dgrggvg 0$hzeir1:2l(|£
film becomestoo thick for electrons from the 25 & Iunct ure > and. Seg

substrate to transport throughhe thickness shows a blowup of the initial exposure region.

using XeF is nearly double that obtained with $ekhich suggestthat Sef must approackhe surface
more closely then Xekn order to dissociate. Thicker films grow on iron aadgadium than on copper,
which is due to different densities of states at the Flawel. This work suggestghe use ofmolecular
precursors to grow thin films via a self-limiting chemical process.
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6. Relevance, Impact and Technology Transfer

The use ofzero-valentiron hasbecome the treatmeaption of choice in manlpOE UMTRA sites
and groundwater-contamination sites throughout the US. As engineering solutions are devedoped to
field-scale problems of treatment technology, fundamental surface chemistry studidentify reaction
mechanisms and potential problems not yet seen in the field. Of particular interest siutieseis the
identification of chemical conditions under which zero-valent iron reactors are likely to pedstm Up
until now, there has been very little attention paid to the specific chemical conditions of the groundwater to
be remediated. In particular, tlexygen content, alkalinity, pH, PC and ionic strengtlcan have
dramatic effects on reaction rate and long-term viability of a reactor. B&ftbreeactor barriewalls are
installed, detailed chemical analysis of the groundwater is needed to identify ppieitiams. In these
studies wehaveshownthat exhaustedVI reactors used ttreat U plumes can be aource of further
groundwater contamination #derobic, bicarbonate-rictvater continues topass throughhe rusted-out
reactor. Engineering optiorshouldinclude the reexcavation of emplacedrrier walls to recover the
precipitated uranium before reoxidation can occur. Thus, systems in which the zero-valent iron is isolated
in tanks are particularlgttractivebecause of the ease of recoveringgpent iron. Installationsuch as
this are being tested at various sites, including one at an UMTRA site near Durango, CO.

We have worked with Stan Morrison in Colorado on Eheango UMTRA sitesvhere ZVlreactors
have been emplaced. We collect®&EXAFS data on the actual reactor mateffi@m this site to
characterize the oxidation state of U on the ZVI. We concludedtidboratory reactionseregood
representations of thectual site irDurango andhe precipitate thatad formed was a mixed oxidation
state uranium oxide that had the potential for rapid reoxidation upon exposure to oxygen.

Our work on ZVI treatment ofarsenic-contaminatedater isbeingused to supportlevelopment of
well-head treatmergystems forshallow groundwatepumps inBangladesh, where As contamination is
widespread problemOur work hasbeen sharedith Prof. Jameg-arrell at the University ofrizona,
Tucson, who has been working on this kind of reactor.

Collaborationswith surface scientists anenvironmentalchemistshave been strengthened at UC
Riverside and Columbia University. Additional research is being considered on the application of surface
science techniques to the oxidation of sulfide minerals, a potential problem in mine tailings throughout the
west.

7. Project Productivity

The project accomplished the goals of the proposal and had some unexpected spin-offs, including the
uranium thin-film discovery. The list of publications from this work demonstrates the productivity of this
project and papers are still beingitten from the theses oMatthew Hunt,Mark Roberson, Sipin@iu,
and Logan Raub (students supported on this grant).
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oxides” by S.R. Qiu, H.-F. Lai, J.A. Yarmoff, C. Amrhein, M.J. Roberson, and M. Hunt.

Gordon Conference onChemical Reactions at Surfaceskebruary 28-March 5, 1999, Ventura,
CA. Poster presented [§.R. Qiuentitled“The removal of trace-elemerbntaminants from aqueous
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Amrhein and J.A. Yarmoff.
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State University of Moldova, Department of Chemistry, March 20, 2001. Talk given by
C. Amrhein entitled“The chemistry of uranium, selenium, arsenand chromium insoils and
groundwaters.”

12. Patents

None.

13. Future work

The bulk and surface studies descritasbve will becontinued employing different materials. For
example, we will use Fe single crystals for reaction of 8ebrder to obtairdetailed information on the
adsorption sites. Wwill also perform similar measuremefits the adsorption of UE; and forother
volatile oxyanion reactantshat can be reduced by irorsuch as selenic acid and various
chlorohydrocarbonsNew work to bedoneinvolves having bettecontrol of the startingurfaces. We
have completed the design of a unique eatt that allowssamples to be preparsdth UHV techniques,
and to then be reacted under solution without any exposure to the atmosphere.wéy,tiiecan probe
the reaction with absolutely clean Fe, or with Fe covered with controlled amounts ofhyxideide or a
metal coating. This wet cell is attached to our XPS/STM chamber so that \wencadiately analyze the
reacted surfaces.



