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PROJECT SUMMARY 
 
 Intellectual Merit: The availability and speciation of phosphate and trace elements in sediments, 
soils, and aquatic systems are strongly affected by biogeochemical cycling involving iron and manganese 
oxide minerals.  These phases are commonly thought to affect the fate of such elements through passive 
means such as adsorption and coprecipitation.  However, recent studies, including by the PI, have 
demonstrated that in systems where aqueous Fe(II) and solid Fe(III) oxides coexist, active secondary 
abiotic interfacial atom exchange and electron transfer reactions drive nanoscale surface transformations 
of the mineral phase during biogeochemical cycling.  We have shown that these interfacial self-exchange 
processes between aqueous Fe(II) and Fe(III) oxides may lead to both trace element incorporation and 
release.  Although less well studied, similar processes appear to occur for common manganese oxides. 
 While mineral structural transformations during biogeochemical cycling and their impact on trace 
element and nutrient fate are well studied for the iron oxides, analogous studies are generally lacking for 
the Mn system.  Similar to iron, environments where active biogeochemical Mn cycling is occurring often 
contain coexisting aqueous Mn(II) and solid Mn(III/IV) oxides.  However, the lamellar structure and 
complex composition of these manganese minerals, which are in many ways analogous to smectites, and 
the ability of Mn to undergo comproportionation and disproportionation reactions, suggest that interfacial 
atom exchange and electron transfer reactions will be more complex for Mn oxides than for Fe oxides and 
likely lead to bulk structural transformations.  Such chemical and structural modification of Mn oxides 
may have a substantial impact on the fate of trace elements and phosphate in biogeochemical systems.  In 
addition, for neither the Fe nor Mn system has the impact of organic ligands on structural transformation 
induced by interfacial electron transfer and atom exchange processes been adequately studied. 
 The primary research objective of this proposal is to expand our understanding of how atom 
exchange and electron transfer reactions drive nanoscale mineral transformations and affect trace element 
and nutrient fate.  Specific objective are to: (1) establish how such reactions affect the structure and 
composition of Mn oxides; (2) characterize the impact of these reactions on the fate of structurally 
compatible and incompatible trace elements and phosphate; and (3) determine how small organic ligands 
modify Fe and Mn secondary abiotic atom exchange and electron transfer reactions and how this then 
affects trace element and nutrient fate.  These objectives will be accomplished through a series of 
systematic studies that combine laboratory-based wet chemistry with advanced chemical and structural 
characterization of the solid bulk and surface structures and the speciation of associated trace elements 
and phosphate.  The proposed research activities will demonstrate the operation of a new class of mineral 
transformations and trace element and nutrient reactions during biogeochemical cycling.  This work will 
improve our understanding of how Fe and Mn cycling in sediments, soils, and aquatic systems affect 
phosphate and micronutrient availability and the fate of contaminants.   
 
 Broader Impacts: The proposed research will provide potential societal benefits in the form of 
identifying new processes affecting contaminant fate and transport, suggesting new remediation 
approaches, and serving as inspiration for novel synthesis routes for battery materials.  More importantly, 
the research described in this CAREER proposal will be leveraged to enhance a number of educational 
activities.  These activities are organized around a theme of inquiry-based learning at the undergraduate 
and high school level.  The proposed research activities will be actively used as learning activities for 
both undergraduate and high school students.  These research-based educational activities will be 
improved and optimized in the PI’s research group, department, and for a local program providing 
research opportunities to high school students through the development and implementation of 
assessment plans.  A new undergraduate course on Geology and Human Health that incorporates 
inquiry-based learning and inquiry-based learning modules for an aqueous geochemistry course will 
be developed.  Course materials, pedagogical approaches, and research results will be widely 
disseminated through websites, blogs, and publication in scientific and education journals. 
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I. INTRODUCTION 
 The proposed CAREER project involves substantial research and educational components.  The 
research activities investigating mineral transformations during biogeochemical cycling and their impact 
on trace element and nutrient fate will be leveraged to enhanced the educational activities, which are 
organized around the theme of inquiry-based learning.  In an attempt to provide a coherent discussion of 
the proposed research and underlying scientific issues, the research activities are presented first, followed 
by the educational plan. Integration of the proposed research and educational activities is described in 
Section IX. 
 
 
II. SCIENTIFIC MOTIVATION 
 The concentrations of phosphate and trace elements in sediments, soils, and aquatic systems are 
strongly affected by reactions occurring at the surfaces of iron and manganese oxide minerals.  These 
processes are of great importance to biological activity as they affect the availability of both macro- and 
micronutrients (e.g., P, Co, Ni, Cu, Zn, Se, Mo) [1-3].  Mineral surface have been shown to control 
nutrient bioavailability occur in both modern and paleoenvironments [4-10].  In addition to playing 
essential roles in enzymes, many trace elements are also water contaminants (e.g., Co, Ni, Cu, Zn, As, Se) 
whose fate is often controlled by mineral-water interface reactions [1].  Iron and manganese oxides are 
commonly considered to affect the fate of such elements are adsorption and coprecipitation. 
 This view concerning the major processes controlling element fate does not account for the 
involvement of solid iron and manganese oxide phases in active biogeochemical cycling.  It is well 
established that microorganisms and, in the case of Mn, fungi can mediate the oxidative precipitation and 
reductive dissolution of these oxide minerals.  However, recent work has identified substantial secondary 
abiotic reactions that occur between the reduced dissolved forms and oxidized solid oxide forms of Fe and 
Mn.  Aqueous Fe(II) and solid Fe(III) oxides undergo coupled atom exchange and electron transfer (AE-
ET) reactions, where Fe(II) oxidatively adsorbs on crystalline iron oxides [11-15], transferring an electron 
either into the bulk or to a different surface site, where reductive dissolution occurs [16, 17].  These 
reactions occur under a range of acidic to alkaline pH conditions [11, 14, 17-22]; while reactions at acidic 
conditions are enhanced by the Fe complexant oxalate [17], they occur at low pH even in simple systems 
lacking complexants [18].  Coupled AE-ET reactions between aqueous Fe(II) and solid Fe(III) oxides 
results in structural transformations of iron oxide minerals [23-25] and their surfaces [12, 13, 18] and iron 
isotope equilibration and fractionation [19-21, 26-28].  AE-ET reactions in the aqueous Mn(II) – solid 
Mn(III/IV) oxide system have not been clearly identify, although Mn(II) does appear to oxidatively 
adsorb to biogenic phyllomanganates such as vernadite and birnessite [29, 30]. 
 Substantially less is known regarding the effect these secondary abiotic reactions have on 
elements, including phosphate and trace elements, which adsorb to or incorporate into Fe and Mn oxides.  
Clearly oxidative precipitation and reductive dissolution of iron and manganese oxides by microbial 
metabolic processes will affect the available surface sites and thus the capacity of a given system to 
adsorb or coprecipitate elements.  Catalyzed redox transformations on Fe and Mn oxide surfaces [31-40] 
will also affect the fate of some trace elements.  However, more subtle processes involving nanoscale 
mineral transformation driven by secondary abiotic reactions may also occur even when net mineral 
precipitation or dissolution and trace element redox changes do not.  For example, in studies from our 
current NSF project (Section V), it was found that Fe(II) can suppress Ni(II) adsorption onto Ni-free iron 
oxides through competition for surface sites but also drive mineral transformations that leads to partial Ni 
incorporation into the oxide structure.  Furthermore, Fe(II) induces the release of Ni from the bulk 
structure of Ni-rich iron oxides.  AE-ET reactions on iron oxide surfaces thus lead to Ni incorporation 
into and release from the structure of iron oxides without leaving a clear macroscopic indicator that 
substantial reactions driven by iron cycling have occurred. 
 These observations suggest that biogeochemical Fe and Mn cycling creates systems where 
secondary abiotic AE-ET reactions drive nanoscale mineral transformations.  Such dynamic processes 
likely leads to substantial changes in the lability and availability of adsorbed or incorporated trace 
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elements and phosphate.  While published and our ongoing studies have well characterized AE-ET 
processes in the Fe system, including their impact on the fate of other elements, analogous information is 
lacking for the Mn system.  In addition, little is known regarding how these AE-ET reactions are affected 
by organic ligands for either the Fe or Mn system.  Such information is essential for establishing how 
minerals evolve during biogeochemical cycling and the resulting impact on the availability and fate of 
trace elements and nutrients. 
 
 
III. RESEARCH OBJECTIVES 
 The primary research objective of this proposal is to expand our understanding of how AE-ET 
reactions drive nanoscale mineral transformations and affect trace element and nutrient fate.  Specific 
objective include: 

1. Establish how AE-ET reactions affect the structure and composition of common Mn oxides. 
2. Characterize the impact of these reactions on the fate of structurally compatible and 

incompatible trace elements and phosphate. 
3. Determine how small organic ligands modify Fe and Mn secondary abiotic AE-ET reactions and 

how this then affects trace element and nutrient fate. 
 
 
IV. SCIENTIFIC BACKGROUND 
 
Fe(II)-Fe(III) Oxide Reactions 
 Beginning with the isotope-labeled Mössbauer study by Williams and Scherer [11] in 2004, 
recent work has provided a new understanding of the nature of the reaction between aqueous Fe(II) and 
solid Fe(III) oxides.  These studies have demonstrated that Fe(II) oxidatively adsorbs onto goethite and 
hematite [11-15, 18].  In addition, aqueous Fe(II) undergoes atom exchange with goethite that leads to 
nearly full isotopic equilibration on time scales of about a month [21].  This oxidative adsorption and 
atom exchange is likely the primary source of Fe isotope fractionation during microbial iron reduction 
[19, 20].  More fundamental, Yanina and Rosso [17] demonstrated that with the addition of a complexing 
organic ligand at low pH electrochemical potentials may be established between distinct mineral surfaces 
of a mineral and that oxidative adsorption of Fe(II) can be coupled with electron conduction through the 
bulk mineral to a distinct surface, where reductive desorption of an Fe(III) atom occurs.  Our recent work, 
describe below, suggests that in the absence of a strong complexant and at both pH 3 and 7 Fe(II) induces 
structural transformations of hematite surfaces that are dependent on crystallographic orientation [18].  
These were attributed to potential differences between distinct sites on a particular surface rather than 
reactions between surfaces.  These observations demonstrate that reactions between aqueous Fe(II) and 
solid Fe(III) oxides involve the substantial cycling of electrons through the solid and result in atom 
exchange and modification of surface structure. 
 
Mn Oxide Mineral Phases and Nomenclature 
 The Mn oxides addressed in this proposal are all considered phyllomanganates (Fig. 1).  These 
minerals are composed on Mn octahedral sheets with hydrated interlayers.  The sheets develop negative 
charge from either vacancies or Mn(III) substituting for Mn(IV).  Depending on hydration state these 
phases may have a 7 Å or 10 Å interlayer spacing.  Vernadite [(Na,Ca,K)(Mn4+, )O2·nH2O] contains no 
sheet Mn(III) and a small vacancy content.  It generally occurs as nanoparticles comprised of only 2-3 
stacked sheets having lateral dimensions of around 5 nm; the sheet stacking is turbostratic.  Hexagonal 
birnessite [(Na,Ca,K)(Mn4+,Mn3+, )O2·nH2O] contains Mn(III) distributed in the sheet as well as above 
and below sheet vacancies; its stacking is often turbostratic but ordered stacking is possible [41-44].  
Triclinic birnessite [(Na,Ca,K)(Mn4+

xMn3+
1-x)O·nH2O] contains ordered rows of Mn(III) in the structure 

and generally displays ordered stacking [43, 45, 46].  Most natural Mn oxides are turbostratic with 
vernadite-like to hexagonal birnessite-like sheet structures.  Historically 10 Å phyllomanganates have 
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been called “buserite” but there is no structural justification for this nomenclature [47]; all materials 
considered in this proposal will be classified based only on the characteristic of the phyllomangante 
sheets and not their interlayer spacing.  It should be noted that natural phyllomanganates have a varied 
composition with substantial isomorphous substitution, analogous to smectites. 
 
Reaction between Mn(II) and Mn(III/IV) Oxides 
 In contrast to the well-studied Fe system, work investigating analogous reactions between 
aqueous Mn(II) and solid Mn(III/IV) oxides has focused on transformations of Mn biooxides and not 
been the primary focus of any study [29, 30, 48].  These biooxides, and most natural Mn oxides, are 
phyllomanganates consisting of octahedral sheets of manganese cation with hydrated interlayers [29, 30, 
47-57].  The initial Mn oxide formed during microbial Mn(II) oxidation is similar to vernadite, with the 
octahedral sheet comprised essentially completely of Mn(IV) and charge development primarily from 
vacancies in the sheet.  In the laboratory, high Mn(II) concentration may convert this initial phase to a 
MnIIIOOH solid, such as feitknechtite [30].  This is likely of low importance in nature as MnOOH phases 
are not reported to occur in areas of active Mn oxide biomineralization [29, 47, 50, 51].  In the presence 
of moderate concentrations of Mn(II) the initial biogenic Mn oxide converts into the mixed Mn(III/IV) 
phyllomanganate hexagonal birnessite [30, 48].  This is likely driven by oxidative adsorption of Mn(II) 
onto the vacancies in the vernadite sheet, producing Mn(III) both in the sheet and bound to the sheet 
surface on top of vacancy sites [30].  Unfortunately, systematic studies of the Mn oxides transformations 
by aqueous Mn(II) and the effects of solution composition on these transformations are lacking.  The 
current understanding of AE-ET reactions in low-temperature Mn systems is thus substantial inferior to 
what is known for analogous Fe systems. 
 
Effect of Simple Organic Ligands on AE-ET Reactions 
 Small organic ligands readily complex Fe(II), Fe(III), Mn(II), and Mn(III); Mn(IV) generally 
does not occur in solution [58].  A combination of oxalate and aqueous Fe(II) is known to catalyze the 
dissolution of iron oxides [59, 60].  It has recently been demonstrated that oxalate adsorption alters 
surface potentials in a way that favors Fe(II) oxidative adsorption on one surface coupled with electron 
conduction through the bulk iron oxides and reductive desorption of Fe(III) on a separate surface [17].  In 
the absence of oxalate this cycling may be more localized, such as between steps and terrace sites on a 
single surface [18].  Organic ligands are known to reductively dissolve manganese oxides [61-63]; this 
process has been shown to release adsorbed Cu(II) [64].  Recent work has shown that citrate initially 
induces slow reductive dissolution but that rates then increase substantially as dissolved Mn(II) increases, 
indicating an autocatalytic process [65].  Such autocatalysis was not observed during birnessite reductive 
dissolution by a number of other aliphatic organic acids, including oxalate [63].  Organic ligands may 
thus strongly affect both Fe and Mn AE-ET reactions and impact the fate of nutrients and trace elements. 
 
 

Figure 1. General classification of the phyllomanganate minerals by their sheet structure.  The primary 
octahedra contain Mn(IV) and the orange (lighter) octahedra contain Mn(III). 
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V. RESULTS FROM PRIOR NSF SUPPORT 
 
ETBC: Hidden iron oxide redox processes during biogeochemical iron cycling: Controls on nanoscale 
transformations and the fate of contaminants (EAR-0818354, 8/15/08 – 7/31/11) 
 This single-PI project explores nanoscale surface transformations of the iron(III) oxide hematite 
activated by aqueous Fe(II) and how these transformation affect nutrient availability and contaminant 
fate.  The current submission to the CAREER program is intended to build on work completed and 
ongoing in this NSF project.  The start date of the current submission (August 1, 2011) was selected to 
begin after this existing grant expires.  Major findings of this continuing project include: 
 
Fe(II)-Induced Hematite Surface Transformations 
 We have used surface X-ray scattering to characterize three different surfaces of hematite reacted 
Fe(II) at both pH 3 and 7 [18].  We find that this reaction induces surface transformations on the scale of a 
few monolyaers in size (<1 nm in scale) that are orientation-dependent (Fig. 2) yet pH independent.  The 
surface transformations are orders of magnitude smaller in scale than that seen in the substantially more 
aggressive system probed by Yanina and Rosso [17], which were conducted at elevated temperature in the 
presence of substantial (10 mM) oxalate.  While that study clearly demonstrated a fundamental process of 
widespread importance, the present work is focused on systems more directly relevant to environmental 
biogeochemical systems. 

We have coupled these studies with 
resonant anomalous X-ray reflectivity 
(RAXR) measurements of Fe(II)-reacted 
hematite.  This method is capable of 
observing Fe(II) on Fe(III)-oxide surface 
because of crystallographic effects that make 
most of the Fe(III) invisible. However, no 
Fe(II) was observed on any surface.  While 
previous researchers have observed 
adsorption and oxidation of Fe(II) on iron 
oxides, it had not been clear to date that the 
lost electron did not reduce a neighboring 
Fe(III) on the surface, i.e., that this liberated electron does not reside somewhere on the surface.  Ongoing 
work to be completed before the end of the project will determine how the observed growth and 
dissolution is modified by adsorbed aluminum, silicate, and phosphate.  The ongoing work is expected to 
produce one publication that builds on our published study: 
 Catalano J.G., Fenter P., Park C., Zhang Z., Rosso K.M. (2010) Structure and oxidation state of 

hematite surfaces reacted with aqueous Fe(II) at acidic and 
neutral pH. Geochimica et Cosmochimica Acta 74, 1498-1512. 

 
Interfacial Water Ordering on Iron Oxide Surfaces 
 The structure of interfacial water affects the rates and 
mechanisms of reaction at mineral surfaces, including electron 
transfer from aqueous Fe(II) and bacterial cytochromes [66-69].  
The arrangement and dynamics of interfacial water is expected to 
vary with the crystallographic orientation of the surface.  This in 
turn could affect the rate and mechanisms of Fe(II) adsorption and 
thus potentially play a role in the orientation-dependence of Fe(II)-
induced structural transformations.  Prior to this proposal the water 
structure on only the hematite (012) surface had be characterized in 
situ.  I have extended these measurements to the (110) and (001) 
surfaces; the corundum (001) surface was also studied for 

Figure 3. Schematic model of 
interfacial water structure near 
the hematite (001) surface. 

Figure 2. Schematic models of the transformations to the 
(110), (012), and (001) surfaces of hematite induced by 
reaction with Fe(II). 
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comparison.  As for Fe(II)-induced transformations, the (110) and (012) surfaces display similar water 
ordering while the structure of water near the (001) surface differs (Fig. 3).  Whether water structure and 
surface transformation have a causal relationship or are both simply the result of fundamental variations 
in the properties of hematite surfaces is under investigation.  This work has resulted in one publication 
and a manuscript under review: 
 Catalano J.G., Fenter P.A., Park C. (2009) Water ordering and relaxations at the hematite (110)-water 

interface.  Geochimica et Cosmochimica Acta 73, 2242-2251. 
 Catalano J.G. (2010) Weak interfacial water ordering on isostructural hematite and corundum (001) 

surfaces. Geochimica et Cosmochimica Acta, submitted. 
 
Fe(II)-Promoted Cation Incorporation into and Release from Iron Oxide Surfaces 
 Fe(II)-induced transformations of iron oxide surfaces through AE-ET reactions may affect the 
speciation of sorbing contaminant species.  Adsorbed elements structurally compatible with iron oxide 
structures, such as Ni [70], could potentially be incorporated, providing a long-term sink for contaminants 
but also reducing bioavailability the micronutrients.  While a tenfold-excess of Fe(II) was found to reduce 
the extent of Ni(II) adsorption, presumably through a competitive adsorption process, EXAFS spectra 
suggest that Fe(II) does alter Ni(II) surface speciation, causing partial incorporation into hematite and 
goethite. 
 AE-ET reactions may also potentially cause elements 
substituted into these mineral phases to be released as the solid 
undergoes structural recrystallization during atom exchange. We 
have demonstrated this effect for goethite (Fig. 4) and hematite 
doped with Ni.  For goethite, Fe(II) induces the release of roughly 
10% of the structural Ni in a 7-day period; 3% was released from 
hematite over a 3-day period.  Longer-term studies over a range of 
conditions are ongoing. 
 These two seemingly contradictory observations of Fe(II)-
induced incorporation and release may reflect a thermodynamic 
equilibration between the solid, surface, and aqueous solution.  We 
hypothesize that the equilibrium distribution between this states is 
normally kinetically inhibited because of the low solubility and 
dissolution rate of iron oxides.  Recrystallization promoted by AE-
ET reactions allows this equilibration to go forward.  This may 
lead to Ni incorporation when Ni speciation is dominantly in an 
adsorbed form, but Ni release when it mostly occurs substituted in 
the structure.  The latter phenomenon may suggests that organisms such as methanogens that require trace 
elements as micronutrients benefit from Fe(II)-rich environments or association with iron-reducing 
bacteria.  This work is expected to result in two publications. 
 
Fe(II) Effects on Oxoanion Adsorption 
 In contrast to metals like Ni, oxoanions are generally structurally incompatible with iron oxides.  
There is some evidence of P and Si incorporation into hematite through forced coprecipitation [71, 72], 
but such incorporation appears to be uncommon in nature [73].  We investigated the effect of Fe(II) on 
arsenate adsorption and found little observable difference in the macroscopic uptake behavior of As(V) 
onto both hematite and goethite over a range of pH conditions (3 to 9).  We also explored this system 
using As K-edge EXAFS spectroscopy (Fig. 5).  In contrast to the Ni studies, the EXAFS spectra showed 
no change in the coordination environment of As(V) when Fe(II) was added to the system at pH 4 or 7, 
even at Fe(II) concentrations as high as 1 mM.  This suggests that either As(V) inhibits Fe(II)-induced 
surface transformations or that As(V) adsorption is not effected by such a process.  Follow-up work on 
phosphate and sulfate are ongoing and will be completed before the end of the project; similar results are 
expected based on the current data we have collected.  The sulfate work to date included the unexpected 

Figure 4. Ni release from Ni-
doped goethite in the presence of 
Fe(II) and in a simple NaCl 
electrolyte solution at pH 7. 
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finding that sulfate has no effect on macroscopic Fe(II) 
adsorption, in conflict with a past study [22] which found 
enhanced Fe(II) adsorption between pH 4 and 7.5 in the 
presence of sulfate.  We had thus originally hypothesized the 
promotion of macroscopic Fe(II) adsorption by sulfate would 
lead to enhanced AE-ET reactions under acidic to 
circumneutral pH conditions.  Our work to date thus shows that 
sulfate likely has a negligible effect, suggesting that AE-ET 
processes likely do not show unique behavior in sulfate-rich 
marine system.  We are also currently investigating the effect 
of Fe(II) on arsenate and phosphate desorption kinetics.  One 
paper is expected from the sulfate and phosphate adsorption 
work, one from the desorption kinetics study, and a paper is 
currently in preparation describing the arsenate adsorption 
results: 
 Luo Y., Catalano J.G., Otemuyiwa B.T. (2010) Effect of 

Aqueous Fe(II) on Arsenate Adsorption to Goethite and Hematite, in preparation. 
 
Characterization of Natural Biogenic Manganese Oxides 
 During the course of this project an opportunity presented itself to examine a shallow karst cave 
environment where active Fe and Mn biomineralization was occurring.  We felt that this would be a 
natural laboratory to investigate Fe(II)-induced iron oxide transformations and their effect on trace 
elements.  Unfortunately, the Fe oxide deposits were rare and transient and not suitable for study, but 
widespread areas of active Mn oxide deposition provided an opportunity to explore similar processes for 
the Mn system.  We have found a substantial variation in Mn oxide mineral structure at different sites in 
the cave.  Specifically, while all samples appeared to have layer stacking intermediate between vernadite 
and hexagonal birnessite, those from groundwater seeps, which contain elevated sustained Mn(II) 
concentrations, having a more birnessite-like character.  Vernadite-like materials occur in the cave stream, 
where aqueous Mn(II) concentrations are lower, but contain trace elements (Co, Ni, Zn, Ba) at 
concentrations 10 to 500 times greater than at the groundwater seeps.  There is a clear inverse relationship 
between solid phase trace element concentration and both aqueous Mn(II) concentration and Mn oxide 
structure.  These structural variations with local Mn(II) concentrations agree with past studies of biogenic 
Mn oxides [29, 30].  The relationship between structure and trace element content may reflect difference 
in water chemistry at the different sampling sites but also may result from differences in the inherent 
reactivity of phyllomanganates having different structures.  This work will result in one publication: 
 Frierdich, A. J., Hasenmueller, E., and Catalano, J. G. (2010) Nanocrystalline Fe and Mn Oxide 

Deposits in Pautler Cave, Illinois. Chemical Geology, in preparation. 
 
Education and Public Outreach 
 This project has supported the training of two graduate students (one current), five undergraduate 
students (including three female students interested in pursuing careers in science and engineering and 
one Iraq War veteran), and a postdoctoral researcher.  This project also facilitated 6-week summer 
internships for two local high school students.  One graduate student and the postdoctoral researcher 
gained experience serving as research mentors for undergraduate and high school students.  This proposal 
has also supported the training of two graduate students in synchrotron-based analytical methods. 
 The PI has also conducted three outreach activities associated with this proposal.  A presentation 
was given at the Synchrotron Environmental Sciences IV meeting in December 2008 on applications of 
resonant X-ray scattering in molecular environmental sciences.  This meeting was heavily attended by 
geosciences graduate students, and the goal of the talk was to reach out to this group to make them aware 
of new techniques they could use in biogeochemical research to probe interfacial redox reactions.  A 
similar talk was given by the PI at the 2010 Advanced Photon Source Users Meeting to a group of 

Figure 5. EXAFS spectra of As(V) 
adsorption to goethite and hematite at 
pH 7 in the presence (dashed) and 
absence (solid) of Fe(II). 
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actinide scientists.  The PI also served on a panel discussion on nuclear energy in October 2008 that was 
organized by undergraduate students at Washington University and attended by both students and 
members of the general public.  The PI discussed how natural and stimulated biogeochemical processes 
can affect the migration of nuclear waste in the environment. 
 
 
VI. RESEARCH PLAN 
 The research objectives of this proposal will be met through a series of activities spread through 
three major focus areas.  The first focus area addresses the fundamental nature of coupled AE-ET 
reactions occurring between aqueous Mn(II) and the solid Mn(III/IV) phyllomanganates vernadite and 
hexagonal birnessite.  The goal is to bring our understanding of secondary abiotic reactions in the Mn 
oxide system to a level comparable to what has been achieved for the Fe oxide system.  The second focus 
area will address how these coupled secondary AE-ET reactions occurring on Mn oxides impact the fate 
of adsorbed and incorporated trace elements and phosphate.  These studies will complement the work 
being completed under our current NSF grant that expires in July 2011.  The third and final focus area 
will encompass both the Fe and Mn systems in order to explore how simple organic ligands modify 
secondary AE-ET reactions and how this then ultimately affects the fate of trace elements and phosphate. 
 These activities will be accomplished through a series of systematic studies that combine 
laboratory-based wet chemistry with advanced chemical and structural characterization of the solid bulk 
and surface structures.  The PI’s past work has identified a clear relationship between chemical processes 
and the resulting structural features [18, 74-78].  Directly relating bulk and surface structural 
transformations to interfacial electron transfer processes and elemental adsorption-desorption and 
incorporation-release provides fundamental insight into the ways in which secondary abiotic reactions 
modify biogeochemical systems.  The major focus areas are described below: 
 
Focus Area 1: Mn(II)-Driven Nanoscale Mn Oxide Transformations 
 Birnessite and related phyllomanganates dominated the manganese oxides found in systems of 
active microbial Mn(II) oxidation [29, 47, 51].  The interlayers of these phases allow for exchange of 
charge-balancing cations, including Mn(II).  Therefore, unlike for Fe oxides, the entire structure of these 
materials is accessible to AE-ET reactions as all sites in the structure are exposed at platelet edges of in 
hydrated interlayers.  Probing how Mn(II) alters the structure of phyllomanganates, including vacancy 
concentrations, particle size, average oxidation state, and layer stacking, can provide insight into Mn AE-
ET reactions in biogeochemical systems.  Characterizing the variability of these processes with the 
chemical composition of the aqueous phase, including the pH and electrolyte composition and 
concentration, will provide additional insight into the underlying controls on Mn AE-ET reactions.  pH 
can affect the density of interlayer Mn(III) bound on top of sheet vacancies  [79].  Electrolyte cations are 
known to affect the structure of biogenic Mn oxides [48, 57] and thus could affect the structural 
transformations resulting from AE-ET reactions.  While Mössbauer spectroscopy [11, 14, 15, 80], surface 
X-ray scattering [12, 13, 18], single crystal surface potential [17], and iron stable isotope [19-21, 27, 81] 
studies have provided great insight into the atom exchange and electron transfer processes occurring 
between aqueous Fe(II) and solid Fe(III) oxides, such methods cannot be applied to the Mn system.  Mn 
is monoisotopic, the sole stable isotope (55Mn) is not Mössbauer active, and macroscopic single crystals 
of the relevant phyllomanganates needed for X-ray scattering and surface potential measurements do not 
exist as these phases are nanocrystalline.  Probing structural and chemical properties of the solid Mn 
oxides after reaction thus provides the best way through which Mn AE-ET reactions can be evaluated.   
 
Major Hypotheses: 

1. AE-ET reactions drive structural transformations that convert vernadite to hexagonal birnessite. 
2. These transformations results in a reduced large change and vacancy population and an increased 

lateral particle size. 
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3. Hexagonal birnessite undergoes continuous cycling in the presence of Mn(II), as indicated by 
changes in particle size and morphology. 

4. AE-ET reactions vary with pH because of the pH-dependence of Mn(II) adsorption to edges and 
interlayer Mn(III) stability. 

5. Electrolyte cations affect Mn AE-ET reactions by competing for interlayer sites, altering the 
distribution between Mn(II) reacting at the edges and in the interlayer. 

 
Proposed Research Activities: 
 Synthetic verndatite and hexagonal birnessite will be reacted with aqueous Mn(II) and then 
characterized.  A range of Mn(II) concentrations (1 M to 10 mM), pH conditions (3 to 9), and competing 
electrolyte concentrations (1 mM to 1 M) and compositions (NaCl, KCl, MgCl2, CaCl2, BaCl2) will be 
explored; the effect of sample aging time will also be investigated.  Ba2+ is included in the list of 
electrolyte cations as phyllomanganates have a strong affinity for this cation.  The evolution of the 
solution will be monitored using inductively coupled plasma optical emission spectroscometry (ICP-OES) 
and mass spectrometry (ICP-MS) and spectrophotometry.  The structure of the solid phases before and 
after reaction will be characterized using a number of methods.  Both laboratory- and synchrotron-based 
powder X-ray diffraction (XRD) measurements will be collected.  These data will be analyzed using the 
formalism of Drits [82, 83] to assess the Mn oxide structure for vacancies, interlayer cation positions and 
occupancies (e.g., Mn(III) often occurs “sorbed” to the basal surface over vacancies), and layer 
symmetry.  Such analyses have previously been used to investigate the structure of phyllomanganates [41, 
79, 84-90].  The layer structure will also be probed by extended X-ray absorption fine structure (EXAFS) 
spectroscopy and analyzed using the model developed by Webb et al. [91].  These studies will be 
complemented for select samples by high-energy total X-ray scattering data analyzed through pair 
distribution function (PDF) methods to further constrain the structure.  Average oxidation state will be 
determined through chemical means and by X-ray absorption near-edge structure (XANES) spectroscopy.  
The cation exchange capacity and exchangeable Mn(II) content will also be determined. 
 It should be noted that the exchangeable Mn(II) measurement poses a challenge but also a unique 
opportunity.  Mn has a well known ability to undergo disproportionation and comproportionation 
reactions.  Much of these occur in the solid phase, with Mn(II) oxidative adsorption really being a 
comproportionation process with a sheet Mn(IV) reduced to Mn(III).  It is possible that under conditions 
where true interlayer Mn(II) can be exchanged for another cation, interlayer Mn(III) reductively desorbs 
as Mn(II), with a sheet Mn(III) site oxidizing to Mn(IV) to provide the electron.  The Mn oxide sheet 
structure may thus show a response to Mn(II) desorption, a process with no clear analogue among 
phyllosilicate clays.  Measurements of exchangeable Mn(II) will thus be coupled to structural 
measurements of the solid before and after the exchange process to assess possible disproportionation-
induced structural changes. 
 Further characterization of the solid will investigate the effect of AE-ET reactions on Mn oxide 
lateral particle size and morphology.  Mn(II) oxidative adsorption at the edges of the platelets would lead 
to an increase in particle size.  Electron conduction to a different edge site followed by reductive 
dissolution could also lead to morphology changes.  Such processes may be especially relevant to 
hexagonal birnessite which lacks substantial vacancies for Mn(II) adsorption.  The width of the (hk0) 
XRD reflections will be used to constrain the coherent scattering domain (CSD) size of the platelets after 
reaction.  In addition, transmission electron microscopy (TEM) and atomic force microscopy (AFM) will 
be used to assess particle size and morphology directly. 
 
 
Focus Area 2: Effect of Mn AE-ET Reactions on Trace Element and Phosphate Fate 
 Our work has shown that, for structurally compatible elements, Fe(II) leads to element release 
from iron oxides but also incorporation, depending on solid, surface, and solution concentrations of the 
element.  Adsorbed elements incompatible with the sorbent mineral structure were found to be 
substantially less affected Fe AE-ET reactions.  Alternatively, these species may inhibit such 
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transformations by altering surface potentials [17] and step pinning [92].  The structure of 
phyllomanganates suggests that these phases will display both similarities and differences during Mn AE-
ET reactions to the Fe system.  The shift in mineral structure toward that of hexagonal birnessite with 
increasing Mn(II) concentration seen in our cave studies (Section V) coupled with the observation of the 
conversion of initial vernadite-like biogenic precipitates to birnessite-like phases in the presence of 
Mn(II) [30] clearly documents that Mn(II) induces changes in the sheet structure.  The inverse correlation 
of trace element content and aqueous Mn(II) concentration in our cave studies (Section V) raises the 
possibility that Mn(II)-induced transformations of biogenic Mn oxides leads to the loss of sorbed and 
incorporated elements, possibly because of a reduction in sheet vacancies or layer charge. 
 Mn(II) may thus be reasonably expected to lead to trace element release from manganese oxides, 
analogous to the Ni release we observed from hematite and goethite in the presence of Fe(II).  However, 
the mechanistic reasons for this will likely differ.  Fe(II) drives recrystallization that allow elements in the 
bulk iron oxide structure to be released.  Phyllomanganates are effectively 2-D crystals, with single sheets 
separated by hydrated interlayer accessible to Mn(II) and cationic trace elements.  Any trace element 
release induced by Mn AE-ET reaction on phyllomanganates may thus be promoted by equilibration of 
the solid with the solution but also from Mn competitive adsorption and in response to structural changes 
(e.g., site distortion from incorporation of Jahn-Teller distorted Mn(III), loss of vacancies).  Structurally 
incompatible oxoanions may also display unique behavior as they cannot access the phyllomanganate 
interlayer because of their negative charge.  They thus have less ability to potentially inhibit electron 
transfer reactions than for the Fe system, although their edge adsorption may inhibit lateral growth.  
 
Major Hypotheses: 

1. Mn AE-ET reactions leads to a release of adsorbed and incorporated structurally compatible 
elements from vernadite because of a reduction in reactive vacancy sites. 

2. Element release from birnessite will also be observed, even at its maximum Mn(III) content, as AE-
ET reactions will still drive particle recrystallization. 

3. Mn(II) will lead to enhanced release of structurally incompatible species such as arsenate and 
phosphate as Mn(II) will promote structural disruption; because of re-adsorption this will only 
show a macroscopic effect in system where net desorption is favorable. 

 
Proposed Research Activities: 
 To test these hypotheses we will investigate the effect of Mn(II)-induced phyllomanganate 
transformations on trace element and phosphate speciation, binding, and release.  These studies will 
involve reacting aqueous Mn(II) with vernadite and birnessite coprecipitated with Co, Ni, and Zn or pre-
adsorbed with these same metals.  We will also investigate co-adsorption of Mn(II) and these metals.  
These metals were selected for their affinity for phyllomanganates [38, 47, 93] and structural 
compatibility.  In addition, Co may occur in multiple valence states (II/III) and Zn in multiple 
coordination states (octahedral, tetrahedral).  This set thus probes various aspects of transition metal 
coordination chemistry.  The effect of Mn(II) on arsenate, selenate, and phosphate adsorption-desorption 
and surface speciation will also be investigated.  
 These studies will combine solution-phase analyses with solid-phase characterization to identify 
the mechanisms through which Mn(II) affects trace element and phosphate speciation.  ICP-OES and 
ICP-MS will be used to determine dissolved element concentrations after reaction.  EXAFS spectroscopy 
will be used to examine the speciation of trace elements associated with the solid phase in the absence and 
presence of Mn(II) to assess if their distribution between sites on the surface and in the phyllomanganate 
sheets changes after AE-ET reactions.  Attenuated total fluorescence Fourier transform infrared (ATR-
FTIR) spectroscopy will be used to provide information on phosphate speciation.  XANES will be used to 
track the oxidation state of Co, which typically occurs as Co3+ in Mn oxides [38], as well as the average 
oxidation state of the solid; this also will be measured separately through chemical means.  Powder XRD 
and EXAFS will be used to evaluate the structure of the Mn oxide after reaction, and TEM and AFM 
measurements will evaluate particle size and morphology.  These structural properties will be compared 
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to the properties observed in Focus Area 1 to determine if trace elements alter modify the reaction my 
inhibiting Mn(II) adsorption, limiting lateral growth, or altering the conductivity of the solid. 
 
 
Focus Area 3: Modification of Fe and Mn AE-ET Reactions by Small Organic Acids 
 Past studies have shown that small organic ligands such as oxalate and citrate may enhance the 
interaction of reduced aqueous Fe and Mn with their oxidized solid forms [16, 17, 59-65].  However, the 
effect of these species on iron oxide surface transformations at circumneutral pH or the impact of organic 
ligand-induced reductive dissolution on the structure of the remaining Mn oxide is unknown.  More 
importantly, the effect of organic ligand alteration of Fe and Mn AE-ET reactions on sorbed or 
incorporated trace metals and phosphate has not been examined.  Common small organic ligands may 
enhance [16, 17], or, for Mn oxides, even activate [65] mineral transformations that may potentially alter 
the availability of these elements. 
Major Hypotheses: 
1. Polycarboxylic acids have a greater impact on Fe and Mn AE-ET reactions than monocarboxylic 

acids. 
2. Carboxylic acids enhanced both the incorporation and release of trace elements and phosphate 

during Fe and Mn AE-ET reactions. 
 
Proposed Research Activities: 
 Effect of organic ligands on hematite surface transformations.  Fe(II) induces nanoscale 
structural transformations of hematite surfaces [12, 13, 18], with more extensive growth and dissolution 
features formed in the presence of substantial oxalate at pH 2 and elevated temperature (75°C) [16, 17].  
Surprisingly, the combined effects of Fe(II) and organic ligands on iron oxide surface structure and 
composition has not been adequately explored to date under circumneutral conditions at ambient 
temperature and concentrations of Fe(II) and ligands more representative of natural systems.  
Measurements from our published study on the orientation-dependence of hematite surface structural 
transformations caused by aqueous Fe(II) [18] will be extended to systems containing acetic, oxalic and 
citratic acid in order to probe the effects of mono-, di-, and tricarboxylic acids, respectively; all complex 
Fe(II) and Fe(III).  Surface X-ray scattering measurements will characterize the structural transformations 
produced by the combined action of Fe(II) and these organic ligands.  In addition, in situ time-resolved X-
ray reflectivity and AFM measurements will be made to assess the rate and mechanism of the resulting 
growth or dissolution processes.  This series of experiments will provide a fundamental understanding of 
how aqueous Fe(II) and organic ligands act cooperatively at iron oxide surfaces during AE-ET reactions. 
 Effect of ligand-enhanced Fe(II)-surface reactions on trace element and phosphate fate.  
Surface chemical and structural changes caused by the combined action of aqueous Fe(II) and carboxylic 
acids likely impacts adsorbed and incorporated trace elements and phosphate.  We have already 
demonstrated that aqueous Fe(II) alone liberates substantial structural Ni(II) from Ni-substituted goethite 
and hematite but appears to lead to minor Ni incorporation into Ni-free iron oxides.  The addition of 
organic ligands to such systems is expected to promote net dissolution [59, 60] but also enhance localized 
surface growth [16, 17, 94]. 
 This may results in unique changes in trace element and phosphate availability and speciation 
depending on the element and its initial chemical form.  First, in systems containing adsorbed 
structurally-compatible elements, net dissolution would nominally be expected to cause desorption, 
although this might be masked by re-adsorption if conditions are favorable.  However, localized growth 
may potentially lead to incorporation or adsorbed species.  Under the right conditions net dissolution 
promoted by the addition of organic ligands may thus have the counterintuitive effect of enhancing 
element incorporation into the structure.  Second, iron oxides containing incorporated structurally-
compatible elements may show enhanced trace element release in the presence of organic ligands 
compared to a system containing only Fe(II).  Element release may occur through both net dissolution and 
ejection during recrystallization.  Third, adsorbed structurally-incompatible elements, such as aresenate 
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and phosphate, are expected to either hinder the Fe(II)-ligand surface reactions by blocking surface sites 
or desorb and immediately resorb if conditions are favorable.  However, if these species do not block sites 
then enhanced release may be observed when desorption is favorable, with the combined action of Fe(II) 
and organic ligands increasing desorption rates. 
 The impact of these multiple competing phenomena on trace element and phosphate fate during 
Fe AE-ET reactions will be unraveled through a series of systematic studies of systems containing 
hematite or goethite, Fe(II), an organic acid, and the element of interest.  ICP-OES, ICP-MS, and 
spectrophotometry will characterize the solution phase.  Ion chromatography (IC) will be used to measure 
the concentrations of the organic acids.  Element speciation will be characterized using EXAFS and ATR-
FTIR spectroscopy.  Particle morphology and size will be determined by scanning electron microscopy. 
 Effect of organic ligands on Mn oxide structure.  Organic ligands cause the reductive 
dissolution of Mn oxides [61-63]; a clear catalytic process has been observed when citrate and Mn(II) are 
both present [65].  However, the effect this has on the structure of the remaining solids has not been 
determined.  The production of aqueous Mn(II) during reductive dissolution should lead to solid-phase 
structural transformations similar to those inferred from studies of biogenic Mn oxides.  The relationship 
between transformations of vernadite and hexagonal birnessite and carboxylic acid concentration, Mn(II) 
concentration, pH, and electrolyte composition and concentration will be determined.  Organic acid 
concentrations will be determined by IC and Mn(II) concentrations by ICP-OES; production of aqueous 
Mn(III), which may occur in a complexed form [65], will be determined by spectrophotometric methods.  
The Mn oxide structure will be characterized by powder XRD and by EXAFS spectroscopy.  Select 
samples will be examined by PDF analysis of total X-ray scattering data. 
 Effect of ligand-enhanced Mn(II)-surface reactions on trace element and phosphate fate.  The 
modification of Mn AE-ET reactions likely affects the fate of adsorbed and incorporated elements.  
Reductive dissolution may occur (depending on the ligand [63, 65]) which would favor the release of 
associated elements [64].  The interaction of Mn(II) with the solid oxide, and the hypothesized 
enhancement of this interaction by polycarboxylic acids, is expected to affect the release and 
incorporation of other elements.  Comparison to ligand-free systems will help identify the specific effect 
of carboxylic acids on the fate of trace elements and phosphate.  EXAFS and ATR-FTIR spectroscopy 
will be used to determine trace element and phosphate speciation.  EXAFS and XRD will be used to 
characterize the Mn oxide structure after reaction.  IC, ICP-OES, and ICP-MS will be used to characterize 
the solution phase. 
 
 
VII. EXPECTED SCIENTIFIC IMPACTS 
 The proposed research activities will demonstrate the operation of a new class of mineral 
transformations and trace element and nutrient reactions during biogeochemical cycling.  This work will 
improve our understanding of how Fe and Mn cycling in sediments, soils, and aquatic systems affect 
phosphate and micronutrient availability.  The expected results will also be of relevance to the study of 
paleoenvironments where surface processes have been suggested to control nutrient availability [5, 7-9]. 
These studies may identify ways in which dissimilatory metal reduction may aid entire microbial 
communities by increasing the availability of essential macro and micronutrients.  These studies will 
identify new processes through which trace element concentrations may be altered during sediment redox 
perturbations, such as from hydrocarbon migration [95], and diagenesis.  Finally, the proposed 
investigations will demonstrate additional processes that need to be considered when evaluating 
contaminant fate and transport in active biogeochemical systems. 
 
 
VIII. EDUCATIONAL PLAN 
 There is a broad need for an increased supply of workers well-trained in STEM fields if America 
is to maintain leadership in technology and sustain (or perhaps more accurately reinvigorate) economic 
growth [96].  As a component of this science fields need to increase diversity at the highest levels [97].  
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To address these issues, changes in science education have been recommended, most notably for 
research-based learning to become the new standard at both the undergraduate and K-12 levels [98, 99].  
Unfortunately, implementation of inquiry-based learning has been slow at major research universities 
[100, 101].  Perhaps the largest effort in this area has been the increase in undergraduate research 
experiences [102].  However, unlike course-based activities, the outcomes and educational benefits of 
undergraduate research at the institutional or department level are rarely assessed, and it was only recently 
that the overall benefits of this activity were actually verified through empirical study [103]. 
 This education plan seeks to increase the availability of inquiry-based educational activities at 
the undergraduate and high school level and to improve assessment of their outcomes.  This will be 
accomplished through the development of a new inquiry-based introductory course for undergraduate 
non-majors, the addition of inquiry-based learning modules in an undergraduate major aqueous 
geochemistry course, and authentic research experiences for both undergraduate and local high school 
students.  In addition, assessment plans will be developed and implemented at the department level for 
undergraduate research.  A similar assessment plan will be developed and implemented for a local 
program that places high school students in 6-week summer internships in St. Louis-area research 
universities and non-profit and corporate research institutions.  Individual components of this plan are 
described below. 
 
Course Development 
 Inquiry-Based Introductory Undergraduate Course on Geology and Human Health. Interest 
in the connection between our health and the environment we live in has been growing over recent 
decades.  This has lead to valid, or sometimes irrational, concerns about how certain industrial or mining 
activities may impact the health of nearby residents.  Many of these health concerns stem from geologic 
processes, such as natural groundwater contamination, asbestos in the atmosphere, or radon seeping into 
basements.  It is the responsibility of earth scientists to educate the public about these processes so that 
informed, scientifically-justified decisions regarding the protection of human health are made by our 
political leaders.  There has been a substantial increase in interest among earth scientists in the field of 
Medical Geology in recent years [104].  However, education in this area is generally lacking, especially at 
the undergraduate non-major level.  A course offered at such a level addressing the connection between 
Geology and Human Health would potentially educate a substantial number of students that would 
otherwise never be exposed to this area of science. 
 I propose to develop an introductory undergraduate course for non-majors that connects Geology 
and Human Health and incorporates inquiry-based learning activities.  This topic is amenable to inquiry-
based learning as there are substantial datasets covering the properties and occurrence of toxic substances, 
disease occurrence, and geologic features.  I am unaware of any existing course with this content being 
taught at this level; an upper-level undergraduate major course in this area is taught at Emory University, 
and aspects of this topic are addressed in some other courses.  There is also the lack of a reasonable 
textbook as all available books on this topic are written for trained scientists (e.g., [105-108]).  Other 
textbooks, such as those used for courses like “Environmental Geology” or “Natural Disasters” have at 
most one to two chapters that are relevant.  The “On the Cutting Edge” website sponsored by the National 
Association of Geoscience Teachers does have a topic area covering Geology and Human Health, but 
nearly all of the teaching activities are inappropriate for an undergraduate non-major course, with many 
targeted to hydrogeology courses.  Creation of this course thus involves substantially more effort than is 
associated with a traditional, lecture-based course with existing precedents.  In addition, the integration of 
inquiry-based activities requires additional effort and the development of novel teaching approaches. 
 Development will occur in years 1 and 2, the course will be taught as a freshman seminar in year 
3, it will be refined in year 4, and fully implemented in year 5 of the proposed project.  The course 
development will result in a collection of lecture material, reading assignments, in class activities, and 
homework problems.  All course materials that are not copyrighted, including the inquiry-based learning 
activities, will be made available to the earth science community by the creation and maintenance of a 
website for interested instructors.  The course information will also be posted on the On the Cutting Edge 
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site, including a link to the site hosting the entire course content.  If the course proves successful an article 
summarizing this course will be submitted to the Journal of Geoscience Education. 
 
 Inquiry-Based Learning Activities for a Course on Aqueous Geochemistry.  An upper-level 
undergraduate course on Aqueous Geochemistry taught by the PI will be modified to include inquiry-
based learning activities involving geochemical modeling.  The course covers topics such as carbonate 
equilibria, acid-base chemistry, including buffers, complexation, mineral solubility, and the evaporation 
of natural waters.  The course already includes basic training in geochemical modeling software, 
specifically The Geochemist’s Workbench, but this is simply introduced as a technique rather than used 
as an educational tool.  A series of activities will be created where students are asked to conduct virtual 
experiments to investigate major topics in aqueous geochemistry, such as how PCO2 and temperature 
affects calcite solubility, how the common ion effect modifies mineral solubility, how organic and 
inorganic ligands can buffer the pH of natural waters, and the nature of chemical divides during 
evaporation processes.  Such computational experimentation is impractical to do (or at least cruel) in 
homework assignments involving calculations by hand.  The goal of these activities is to provide students 
with an improved conceptual understanding of aqueous geochemistry.  These activities will be made 
publically available on a university-hosted website, and an overview will be uploaded to the On the 
Cutting Edge site.  These course improvements will be implemented in year 2 of the project. 
 
Authentic Research Experiences 
 Beyond the course creation and enhancement, intensive inquiry-based learning opportunities will 
be provided to undergraduate and high school students through authentic research experiences.  Student 
learning during such activities is optimized if the experience is real [103]; positions simply as technicians 
prevent opportunities for intellectual contributions to the project, whereas activities with known outcomes 
demoralize students when they find out that their work did not actually contribute to science.   
 
 Undergraduate Research Experiences.  The proposal will provide authentic independent 
research experiences for two undergraduate students annually. Such experiences are essential if research 
is to provide substantial educational benefits as these will train students to tackle complex and open-
ended problems.  These experiences will be designed as true educational activities.  In order to 
accomplish the dual educational and scientific purposes of this activity, the PI will develop and optimize a 
pedagogical approach through trial-and-error and in response to the assessment activities proposed below.  
The goal is to design a sustainable undergraduate research program in laboratory-based biogeochemistry 
operating at the group level that provides that maximum possible educational benefit while still 
conducting real science.  The metrics for evaluating success are the production of high-quality science, 
student gains in skills, and most importantly, participants acquiring an understanding of the complexity, 
uncertainty, and challenges associated with research and that the only “right answer” is conducting good 
science.  The latter are the most difficult to obtain because in many ways they are counter to what 
students have been conditioned to expect during their education.  The PI will create a blog to share his 
experience and insight gained from developing a robust pedagogy for undergraduate research in 
biogeochemistry; novel pedagogical approaches may be summarized in an article in an education journal. 
  
 Summer High School Research Internships.  Each summer two high school students recruited 
through the St. Louis-based Students and Teachers as Researchers (STARS) program will be provided 
authentic research experiences.  The STARS program places high school students from the St. Louis 
metropolitan area in six-week summer internships in local research universities.  Each student is mentored 
by a faculty member and typically co-mentored by a graduate student or postdoctoral researcher.  The 
program provides training in the conduct of research, laboratory safety, and the presentation of results.  
Each student completes a small research project and then prepares a report and oral presentation.  This 
program provides early opportunities for students interested in STEM fields to conduct research.  It also 
provides students exposure to fields of science and engineering not represented in high school curriculum. 
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Assessment of Research Experiences 
 All activities proposed below have been discussed with the Institutional Review Board at 
Washington University. 
 
 Undergraduate Research.  While assessments of student learning are intimately built into 
coursework, even though they are sometimes of questionable effectiveness [109], an assessment of the 
outcomes and educational benefits of undergraduate research occurring in a department or institution are 
generally rare.  As undergraduate research is becoming an integral component of undergraduate education 
in STEM fields, including earth science, it is essential that assessment tools be implemented to evaluate 
the effect this has on our students and to make improvements in the way in which such activities are 
conducted.  These tools can also potentially identify benefits and challenges unique to undergraduate 
research conducted in specific sub-field of earth science, as laboratory-based geochemical research may 
have different benefits than activities like geologic mapping or seismic data processing. 
 This project will support the development and implementation of a plan to assess undergraduate 
research in the Department of Earth & Planetary Sciences at Washington University.  The goals of this 
activity are to determine the educational benefits provided to students, characterize variations in outcomes 
among disciplinary areas, and to identify ways in which the undergraduate research conducted in the 
department can be improved.  This will be accomplished through the use of student self-assessment, 
faculty surveys, and small group interviews.  The largest component of the assessment activities will be 
implementation of the Undergraduate Research Student Self-Assessment (URSSA) tool in the 
department.  URSSA was developed at the University of Colorado through support from the NSF.  
URSSA is an online survey instrument for measuring student’s self-reported gains from their research 
experiences; it is focused on what students learn from their experience, not whether they enjoyed it.  It 
measures outcomes of undergraduate research such as the influence on career decisions and growth in 
confidence that can only be provided by students.  URSSA will be available for use for this project (see 
attached letter from Ms. Anne-Barrie Hunter). 
 URSSA survey results will be supplemented with faculty surveys to obtain input from research 
advisors into the educational benefits they have observed in working with their students.  In addition, the 
PI will conduct small group interviews with undergraduate to discuss in person how undergraduate 
research has affected their education and career choices.  Goals for the outcomes of undergraduate 
research in the department, which are currently lacking, will be established and these assessment activities 
will be used to determine which of these goals are being met.  The assessment results will then be used to 
guide the refinement of undergraduate research in the department.  New access modes will be explored to 
address any issues regarding the diversity of students conducting research.  The connection between 
specific training and mentoring activities and educational outcomes will be determined and those that are 
most successful will be encouraged.  After the initial round of assessment and program refinement a long-
term assessment plan will be developed to ensure that this educational activity is optimized to provide the 
greatest benefits to students.  The results of this activity and the specific recommendations it generates 
will be reported in the Journal of Geoscience Education. 
 
 High School Internships.  The St. Louis area STARS program pairs high school students, 
typically just having completed their junior year, with a faculty member at a local research university or a 
scientist at local non-profit or corporate research facility.  Often the students are co-mentored by a 
graduate student or postdoctoral scientist, especially when working at a research university.  The program 
last conducted surveys of student to assess the benefits they received from participation between 1995 and 
1998.  The focus of this assessment was how the program’s effect on career choice varied with student 
gender and to investigate the “splashdown effect”, where student gains are at times offset by the letdown 
of their return to high school in the fall.  However, no long-term, continuous assessment of the impact of 
the program on student participants is conducted because of program resource limitations. 
 The program has changed substantially since 1998 with the addition of science participants at a 
major non-profit plant science research center and a related corporate research facility.  Additional 
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corporate research partners may join the program in the next few years.  In addition, students and the high 
schools they attend have changed since 1998 with the increase of technology.  Finally, the program 
annually receives more applicants than it has positions available.  Routine assessments of the benefits of 
the program to student participants and the benefits to faculty, postdoc, and graduate students that serve as 
mentors are needed to ensure the program meets its goals of enhancing students’ understanding of science 
and the process of inquiry and discovery. 
 I proposed to develop and implement a sustainable annual assessment plan for the STARS 
program to evaluate the impact of this activity on the students that participate.  This will build on existing 
survey-based instruments available to the program and will include pre- and post-program surveys as well 
as follow-up surveys during the academic year and of recent alumni currently enrolled in college.  Related 
to this, the success of this program strongly depends on the involvement of individual faculty and 
scientists.  In many cases, Ph.D. students and postdoctoral scholars play substantial, active roles in 
mentoring the high school interns.  This is expected to be beneficial to these mentors’ career 
development, as they often receive little training in educational activities from their home institution.  
Documentation of clear benefits to graduate students and postdoctoral scholars would demonstrate a 
benefit to university participants and aid in increasing faculty involvement.  As the program often has to 
turn away at least 30% of its applicants each year, activities that increase faculty involvement would 
directly result in increased opportunities for students.  These assessment activities are strongly supported 
by the STARS program director, Dr. Ken Mares (see attached letter of support). 
 
 
IX. INTEGRATING RESEARCH AND EDUCATIONAL ACTIVITIES 
 The proposed research activities are focused on biogeochemical processes that affect the fate and 
availability of contaminants and nutrients.  The educational activities will be integrated with these 
research activities is a number of ways.  First, the research experience and training of high school and 
undergraduate students will occur directly through the proposed research.  Second, the research results 
will be integrated into the inquiry-based learning activities in the course development activities.  Third, 
high school and undergraduate students conducting research on this project will participate in the student 
assessment activities, and although their participation will be anonymous the results will be used to 
improve the conduct of undergraduate research in the PI’s group. 
 
 
X. EXPECTED BROADER IMPACTS 
 The proposed research and educational activities will advance discovery and understanding, 
produce widely disseminated research and educational products, and provide potential societal 
benefits.  Research activities will be actively used as learning activities for both undergraduate and 
high school students.  These activities will be improved and optimized in the PI’s research group, 
department, and for a local program providing research opportunities to high school students through 
the development and implementation of assessment plans.  A new undergraduate course on Geology 
and Human Health that incorporates inquiry-based learning and inquiry-based learning modules for 
an aqueous geochemistry course will be developed.  Course materials, pedagogical approaches, and 
research results will be widely disseminated through websites, blogs, and publication in scientific and 
education journals.  The research will also produce potential society benefits in the form of 
identifying new processes affecting contaminant fate and transport, suggesting new remediation 
approaches, and serving as inspiration for novel synthesis route for battery materials, which are often 
made of birnessite-like materials [110-113]. 
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AGU, ACS, or Goldschmidt (when in the United States). 
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This project requires travel to the Advanced Photon Source to conduct X-ray spectroscopic and 
scattering measurements.  6 person-trips per year are required at a cost of $600 per trip. 
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annual expenses include powder XRD, TEM, ICP-OES, and ICP-MS measurements.  Other 
expenses may include SEM-EDS, AFM, and BET surface area measurements. 
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FACILITIES, EQUIPMENT, AND OTHER RESOURCES 
 
 Research will be performed at Washington University in St. Louis with additional 
measurements made at the Advanced Photon Source, a DOE-supported national user facility.  
Research facilities and other resources available are summarized below.  Major equipment 
available is also summarized below. 
 
 
WASHINGTON UNIVERSITY 
 

Dr. Catalano’s Environmental Geochemistry and Mineralogy Laboratory is located in the 
new Earth and Planetary Sciences building and consists of two general purpose wet chemical 
laboratories equipped with standard equipment needed for solution chemistry, mineral-water 
interface geochemistry, and sample preparation.  This equipment includes multiple fume hoods, 
two environmental chambers for studies under anaerobic or CO2-free conditions, pH meters, 
analytical balances, UV/Vis spectrophotometer, a wheel and fixtures for polishing crystalline 
substrates, muffle and tube furnaces, ultrapure water systems, centrifuges, magnetic stir plates, 
ultrasonicators, syringe pumps, and related equipment.  The laboratory includes an Agilent 
Technologies atomic force microscope (AFM) model 5500, capable of imaging mineral surfaces 
under aqueous conditions.  The laboratory also maintains computing facilities needed for 
analysis of X-ray scattering and spectroscopic data and geochemical modeling, as well as 
equipment, including a CCD area detector, needed for making XANES, EXAFS, and surface X-
ray scattering measurements at X-ray light sources. 

Environmental Geochemistry and Mineralogy Laboratory (PI: Catalano) 

 

The department of Earth and Planetary Sciences maintains microscopic, spectroscopic, 
and diffraction facilities for sample characterization.  A new (circa 2007) JEOL-8200 electron 
microprobe is available for element mapping and quantitative compositional analysis of solids 
using both energy-dispersive and wavelength-dispersive spectrometry.  X-ray powder diffraction 
is done on a Rigaku Geigerflex D-MAX/A Diffractometer using Cu-Ka radiation. The 
instrument is equipped with a vertical goniometer and a scintillation counter. Maximum power is 
1.5kW operating at 50kV and 50mA.  PC-based Datascan software by Materials Data, Inc. 
(MDI) controls the diffractometer and MDI's Jade software can be used to analyze mineral 
diffraction patterns.  A Nicolet Nexus 670 FTIR spectrometer with ATR accessory and a 
HoloLab 5000 Raman microprobe are available for vibrational spectroscopy measurements.  A 
Dionex DX 500 ion chromatograph and a TOC analyzer are also available. 

Department of Earth and Planetary Sciences 

 

Shared analytical facilities in the Department of Energy, Environmental and Chemical 
Engineering include the Environmental Nanoscale Analysis Laboratory and the Jens 
Environmental Engineering Laboratory.  These laboratories are common, centralized facilities 
maintained by full time technicians.  Analytical equipment housed in these laboratories include a 
BET surface area analyzer, an inductively coupled plasma mass spectrometer (ICP-MS), a 96-
well plate reader, an atomic absorbance spectrophotometer, a UV-visible spectrophotometer, a 
gas chromatograph mass spectrometer (GC-MS), three gas chromatographs (equipped with 

Department of Energy, Environmental, and Chemical Engineering 



flame-ionization, photo-ionization, electron-capture, and thermal-conductivity detectors), a high-
performance liquid chromatograph (HPLC) with diode array detector, and a Fourier transform 
infrared spectrometer with accessories (including ATR crystals) for the analysis of solids, 
liquids, and suspensions.  Also available is a Malvern Zetasizer ZS instrument capable of particle 
size analysis by dynamic light scattering and zeta potential measurements, and a Labconco freeze 
drier. 
 

 Advanced transmission and scanning electron microscopy instrumentation is available in 
the Center for Materials Innovation, an interdisciplinary research effort of which Dr. Catalano 
and Dr. Giammar are members.  A JEOL 2100F scanning field emission transmission electron 
microscope [(S)TEM] equipped with an electron-energy-loss spectrometer, a high resolution 
CCD camera, and an array of BF, DF, and HAADF detectors is available for imaging, 
diffraction, and chemical mapping.  A JEOL JSM-7001FLV field-emission scanning electron 
microscope (FE-SEM) equipped with an energy dispersive X-ray spectrometer is available for 
high resolution imaging and element identification. 

Center for Material Innovation (CMI) 

 

 The NRF contains numerous characterization tools and is a member of the National 
Nanotechnology Infrastructure Network (NNIN), supported by the National Science Foundation.  
Tools available for use in the project include an FEI Nova 2300 SEM, an FEI Sprit TEM, a 
Scanning Mobility Particle Sizer, and a gold coater is available for preparing SEM samples for 
analysis.  The NRF also operates a Malvern Zetasizer ZS for dynamic light scattering (DLS) and 
zeta potential measurements of particle suspensions and Perkin Elmer Elan DRC II ICP-MS and 
Optima 7300DV ICP-OES systems for determining the composition of aqueous samples, 
including from solid phase digestions.  The NRF also operates a gold coater for SEM sample 
preparation. 

Nano Research Facility (NRF) 

 
 

NATIONAL USER FACILITIES 
 

The APS is a DOE-supported national user facility for the study of matter using brilliant 
X-ray beams.  Users may access this facility at no cost through a competitive, peer-reviewed 
proposal system.  The X-ray absorption spectroscopy measurements described in this proposal 
can be performed at a numbers of different beamlines, including 5-BM, 10-ID, 12-BM, 13-BM, 
13-ID, 20-BM, and 20-ID, Surface X-ray Scattering measurements at 5-ID, 6-ID, 13-ID, 20-ID, 
and 33-ID-D, powder X-ray diffraction at 5-BM, 11-BM, and 13-BM, and total X-ray scattering 
measurements for PDF analysis at 1-ID, 11-ID-B, and 11-ID-C.  Sample preparation space is 
available in wet chemistry laboratories at this facility. 

Advanced Photon Source (APS), Argonne National Laboratory 

 


