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PROJECT SUMMARY 
 
 Intellectual Merit: Chemical reactions at environmental interfaces affect the composition 
of natural waters, contaminant fate and transport, aerosol formation in the atmosphere, 
microbially-mediated redox processes, geologic CO2 sequestration, and environmental catalysis.  
Knowledge of the fundamental controls on these reactions is required to predict the chemical 
evolution of the environment, especially after perturbance by anthropogenic influences such as 
contaminant release into soil and aquatic systems and rising CO2 levels in the atmosphere.  The 
adsorption of molecules at environmental interfaces is an important process that limits the 
transport of contaminants, alters nutrient bioavailability, and is a key step in precipitation and 
electron transfer reactions that sequester contaminants and entrap CO2 in the solid phase. 
 In many natural and engineered systems the surfaces of metal oxide materials are 
important sites of reactions that control the chemistry of the environment. At such environmental 
interfaces, adsorption reactions occur at surface functional groups through ligand-exchange 
reactions in an interfacial region where water is spatially ordered with respect to the solid 
substrate structure.  Adsorption kinetics depend on the rates at which surface functional groups 
can undergo ligand exchange reactions.  While these rates are likely controlled by the 
coordination state of functional groups, such a rate-coordination relationship has not been 
demonstrated even though this would provide a fundamental explanation for the kinetics of 
chemical reactions at environmental interfaces.  In addition, preliminary data indicates that ion 
adsorption can induce restructuring of interfacial water, yet the nature of such structural 
transitions and their effect on the energetics of interfacial reactions if unknown. 
 This proposal seeks to resolve these uncertainties in the fundamental controls of chemical 
reactions at environmental interfaces through systematic studies of adsorption dynamics and 
energetics on the isostructural metal oxides alumina (α-Al2O3) and hematite (α-Fe2O3) using a 
series of oxoanions as probe adsorbates.  The proposed research will provide new insight into the 
roles of surface functional group dynamics and interfacial water restructuring in chemical 
reactions at environmental interfaces.  The timescales of adsorption reactions will be established 
and previously unrecognized processes will be identified that are major contributors to net 
adsorption in natural and engineered aquatic systems.  This will greatly improve our 
understanding of the kinetic controls on the fate of contaminants and the availability of nutrients 
in soils, marine and lacustrine sediments, and groundwaters.  This research will also improve 
thermodynamic models used to predict environmental reactions and will provide new insight into 
interfacial processes that affect nanoparticle mobilization and electron transfer rates during 
surface-catalyzed reactions and at electrodes used in environmental sensing. 
 
 Broader Impacts: This proposal will produce a number of broader impacts.  Teaching, 
training, and learning will be promoted though research experiences and educational activities.  
Undergraduate chemistry and chemical engineering majors will be recruited to participate in the 
proposed research and local high school students interested in pursuing a degree in a STEM field 
will conduct summer research internships.  A postdoctoral researcher will be trained in 
pedagogies in STEM education and will then develop, implement, and assess new active learning 
activities for a new introductory course for undergraduate students on the environment and 
human health.  In addition, the proposed research will benefit society by improving our ability to 
predict the behavior of toxic chemicals in natural and engineered aquatic system. 
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I. INTRODUCTION 
 Chemical reactions at environmental interfaces affect the composition of natural waters, 
contaminant fate and transport, aerosol formation in the atmosphere, microbially-mediated redox 
processes, geologic CO2 sequestration, and environmental catalysis [1-3].  Knowledge of the 
fundamental controls on these reactions is required to predict the chemical evolution of the 
environment, especially after perturbance by anthropogenic influences such as contaminant 
release into soil and aquatic systems and rising CO2 levels in the atmosphere.  The adsorption of 
molecules at environmental interfaces is an important process because it reduces their 
concentrations in fluid phases.  In soil and aquatic systems this limits the transport of 
contaminants but also reduces the bioavailability of nutrients.  Adsorption is also a key step in 
the nucleation of precipitates and condensates and the initiation of electron transfer reactions, 
processes that can sequester or breakdown contaminants and entrap CO2 in the solid phase. 
 In many natural and engineered systems the surfaces of metal oxide materials are 
important sites of reactions that control the chemistry of the environment [1,2,4]. At such 
environmental interfaces, adsorption reactions occur predominantly at oxygen surface functional 
groups through ligand-exchange reactions [5,6].  The coordination of these groups to the 
underlying substrate structure is the primary control on their chemical reactivity [7-9].  The 
timescales over which specific surface functional groups are able to play active roles in reactions 
at environmental interfaces is determined by the rate at which such groups undergo ligand 
exchange with water [10].  Similarly, water exchange rates of adsorbing molecules affect the rate 
at which such species can react with surface sites [11].  An adsorption reaction will proceed on a 
given timescale as long as either the surface site or adsorbate molecule (or both) undergo ligand 
exchange at an appropriate rate [10,11]. 
 Although not widely recognized, this implies that adsorbates exhibiting fast ligand 
exchange can bind at any surface sites that are sterically accessible and energetically favorable, 
whereas those exhibiting slow ligand exchange, such as Cr(III) [12] and oxoanions like arsenate, 
chromate, and selenate [13-16], are restricted to a subset of surface sites that show fast water 
exchange except at long reaction times.  While the water exchange rates of ions in solution are 
fairly well documented [12-16], the exchange rates of surface functional groups are poorly 
constrained. The best insight comes from studies of analogues such as small molecular clusters, 
which suggest that singly coordinate oxygen functional groups undergo exchange on 
characteristic times of <1 s, whereas doubly coordinated groups have exchange times that may 
range from hours to days [10,17-24]. This suggests that interfacial reactions involving adsorption 
at environmental interfaces may occur on multiple timescales differing by many orders of 
magnitude and that these timescales are controlled by surface site dynamics as well as adsorbate 
properties.  While the relationship between exchange rates and rapid adsorption reactions is well 
established [10,11], the corollary regarding slow reactions involving slowly-exchanging 
molecules and surface functional groups of high coordination is untested yet potentially of great 
relevance to aquatic systems because of their typical residence times of days to years [25]. 
 Surface functional groups bond not only to adsorbates but also to interfacial water via 
hydrogen bonds [26-31].  In addition, charging of functional groups establishes a local 
electrostatic potential that affects water molecule orientation through its dipole moment [32-34].  
These effects induce positional ordering of interfacial water with respect to the substrate 
structure that extends roughly 1 nm into the fluid [35-46].  This ordered water may affect the 
energetics of interfacial reactions by coordinating to adsorbate ions [47].  Preliminary data 
described below (section III.B.) shows that adsorbates can induce a restructuring of interfacial 
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water.  Such a structural phase transition may produce a substantial enthalpic or entropic 
contribution to the thermodynamics of interfacial reactions.  The chemical conditions that induce 
such phase transitions, whether such transitions are discrete or continuous, and their impact on 
reaction energetics are currently unclear. 

The effects of surface functional group dynamics and water restructuring on the reactivity 
of environmental interfaces are thus poorly constrained yet may play important roles in 
controlling the kinetics and energetics of chemical reactions in natural and engineered aquatic 
systems.  A detailed synthesis of available data (section II.C.) clearly points to a model of 
adsorption kinetics being determined by the water exchange rates of surface functional groups 
and adsorbates.  However, the existence of slow adsorption-desorption reactions occurring at 
doubly coordinated surface functional groups, a key implication of this model, is untested yet 
represents a substantial source of additional and likely overlooked adsorption capacity in soils, 
marine and lacustrine sediments, and groundwater systems.  Adsorbate-induced water 
restructuring is an additional process that to date in poorly characterized yet is expected to 
impact adsorption energetics as well as other processes affected by interfacial water structure, 
such as nanoparticle and colloid aggregation and dispersion. This proposal seeks to resolve these 
uncertainties in the fundamental controls of chemical reactions at environmental interfaces 
through a series of systematic studies of adsorption dynamics and energetics on the isostructural 
metal oxides alumina ( -Al2O3) and hematite ( -Fe2O3), which display multiple types of 
functional groups.  Oxoanions will be employed as probe adsorbates because of their slow water 
exchange rates and, unlike slow-exchanging cations [12], high solubility.  Functional group 
dynamics and water restructuring will be investigated together because similar, and sometimes 
identical, experiments are required to study these phenomena.  One topic cannot be addressed 
without at least partially addressing the other. 

 
 

II. SCIENTIFIC BACKGROUND 
 
A. Reactivity of Surface Functional Groups 
 Thermodynamic models [7-9,48-57] explicitly assume that ion adsorption occurs at 
specific surface sites and that these sites (on metal oxides) are oxygen surface functional groups.  
Many applications of such models [7-9,48-50,58-76] are founded on the concept that surface 
functional group reactivity is directly related to the coordination state of these oxygen atoms, 
with more highly coordinated sites having reduced ability to bind protons and adsorbates because 
of energetic or steric constraints. This line of reasoning has led to the conclusion that doubly 
coordinated functional groups are generally not involved in protonation or adsorption reactions 
[9]. Modern thermodynamic models explicitly assume that surface functional group coordination 
is a primary control on the reactivity of metal oxide surfaces with aqueous solutions. 
 
B. Oxoanion Adsorption Mechanisms 
 Oxoanion adsorption mechanisms have been extensively studied through macroscopic 
wet chemistry measurements, attenuated total reflectance Fourier transform infrared (ATR-
FTIR) and extended X-ray absorption fine structure (EXAFS) spectroscopy, and surface 
complexation modeling [57,60,65,70-75,77-150].  Most oxoanions form inner-sphere bidentate 
complexes; many also appear to form outer-sphere complexes [77,91,94,107,131-134].  
Historically, AsO4

3- and PO4
3- were the two well-studied oxoanions that did not display this dual 
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mechanism behavior, but recent work by the PI demonstrated otherwise for AsO4
3- [151,152].  

The similar chemistry of PO4
3- suggests an outer-sphere complex is also plausible.  Other inner-

sphere adsorption mechanisms are also suggested for oxoanions but are of lesser importance.  
These past studies show that oxoanions display similar adsorption mechanisms; this facilitates 
using oxoanions as molecular probes of interfacial reactivity and dynamics. 
 
C. Effect of Exchange Rates on Reactivity and Dynamics 
 Measurements of the intrinsic adsorption reaction rates of cations on metal oxide 
surfaces, primarily via pressure-jump relaxation methods, demonstrate that these rates are 
exceedingly fast, with characteristic times of <0.1 s [11,153].  A clear linear free energy 
relationship exists between the intrinsic reaction rates of inner-sphere surface complexation, 
which involves ligand-exchange, and the water exchange rates of the adsorbate ions in solution 
[6,10,11].  Casey and coworkers have shown through NMR and isotope labeling studies of small 
molecular clusters in solution [10,17,18,20-24,154] that the exchange rates of singly coordinated 
surface functional groups on metal oxide surfaces are likely also rapid (characteristic times <1 s).  
They suggested that adsorbates that have slow water exchange rates may still show rapid 
intrinsic adsorption rates, with the kinetics controlled by the exchange rate of the functional 
group rather than the adsorbing ion [10].  Studies of oxoanions, which have characteristic times 
of water exchange ranging from 1 s to 106 years (most are hours or longer) [13-16], all observe 
rapid intrinsic adsorption rates of similar timescale [155-160], supporting the hypothesis of 
Casey et al. [10] that in such cases surface functional group exchange controls such rates. 
 These rapid rates of adsorption reactions have led to the conclusion that in most systems 
the observed rates are controlled by mass transfer processes [5]. Advection, bulk diffusion, film 
diffusion, and interparticle diffusion are all likely slower processes than adsorption reactions on 
singly coordinated surface functional groups.  Studies of macroscopic adsorption-desorption 
rates, especially for oxoanions, often observe “fast” (minutes to hours) and “slow” (hours to 
days) components [89,108,119,129,137,139].  The fast component is generally assumed to 
reflect film diffusion, although this has not been tested for oxide minerals in systems where the 
effects of aggregation were decoupled.  There is disagreement regarding the origin of the slow 
component, with this feature attributed to either particle diffusion [89,119,139] or to 
heterogeneity in surface reaction energetics [108].  The Zhang and Stanforth [108] study of 
arsenate complicates the interpretation of oxoanion adsorption kinetics as they observed no 
relationship between particle aggregation and the slow adsorption component.  Aggregation 
should lead to increased particle diffusion limitations on adsorption rates.  This study thus 
suggests that the slow component of oxoanion adsorption is reaction-controlled [108].   
 If we apply the concept of water exchange rates being an indicator of adsorption kinetics, 
then a reaction control for the observed slow component of macroscopic oxoanion adsorption 
requires that either the adsorbing ion or surface functional group undergoes water exchange on 
the timescale of hours to days.  Some oxoanions, such as AsO4

3-, fit this profile, but other show 
either very rapid (e.g., MoO4

2-) or exceedingly slow (e.g., SeO4
2-) exchange [13-16].  NMR and 

isotope labeling studies show that doubly coordinated functional groups on small aluminum 
hydroxide molecular clusters [10,18,21,24] and the aluminum hydroxide gibbsite [Al(OH)3] 
[161] undergo water exchange on the timescale of hours to days, similar to the slow component 
of oxoanion adsorption reactions.  It can thus be postulated that adsorption reactions at doubly 
coordinated functional groups take place on a time scale of hours to days and are proportional to 
the rate of water exchange by the functional group or adsorbate ion, whichever is faster. 
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Reactions at such sites would be important to natural and engineered aquatic systems given their 
typical residence times [25] but may occur slower than the length of typical laboratory studies.  
Doubly coordinated functional groups on iron and aluminum oxide surfaces are generally 
assumed to not be involved in adsorption reactions [9], but preliminary data by the PI (see 
section IV.A.) document that such reactions do occur.  Adsorption processes in aquatic systems 
will likely be poorly predicted unless the nature, timescale, and extent of slow adsorption 
reactions involving doubly coordinated functional groups are accounted for. 
 
D. Properties of Water near Iron and Aluminum Oxide Surfaces 
 Water vapor interactions with aluminum and iron oxide surfaces has been extensively 
study (e.g., [162-175]).  Studies of fluid water near such surfaces are less common.  Recent 
molecular dynamics (MD) simulations of bulk water near such surfaces demonstrate an 
interfacial region ordered into discrete layers [31,176,177].  These MD studies generally agree 
with interfacial water structures determined by the PI using surface X-ray scattering methods 
(see section III.B.). Non-linear optical methods, especially sum frequency vibrational 
spectroscopy (SFVS), have provided evidence for ordered water molecules adjacent to such 
surfaces [33,178-181]. These studies have investigated reorientation of interfacial water in 
response to pH changes, which alter the sign and magnitude of the surface charge. In general, 
these studies have shown that “icelike” water, interpreted as the first layer of water on the 
surface, inverts from having OH bonds pointed towards the surface at negative surface charge to 
OH bond pointed away at positive surface charge. The second, “liquidlike” layer of water shows 
a similar yet more muted response. However, these measurements cannot determine the fraction 
of water molecules that orient in this manner at any given condition nor changes in the overall 
structural arrangement of water [182]. In addition, the origin of the vibrational bands observed in 
SFVS spectra are still debated and effects beyond simple molecular reorientation may contribute 
[183-185]. These challenges have been manifested in studies of water at alumina (001) surfaces, 
where pH-dependent SFVS measurements by three different groups [33,178,179] have produced 
similar spectra with contrasting interpretations; major disagreements exist over whether surface 
OH groups or interfacial water molecules are the main contributor to spectral features.  Despite 
disagreements about the interpretation of surface vibrational spectra, these studies demonstrate 
that interfacial water is substantially ordered near iron and aluminum oxide surfaces. 
  
 
III. PUBLISHED AND PRELIMINARY DATA 
 
A. Oxoanion Adsorption as a Probe of Interfacial Reactivity 

Published research by the PI and additional preliminary data demonstrate that oxoanions 
are effective probes of surface site reactivity through their adsorption-desorption reactions. 
Resonant anomalous X-ray reflectivity (RAXR), an element-specific surface crystallography 
method (see section IV.D.), has been used to determine the interfacial distribution of AsO4

3- on 
hematite and alumina surfaces.  In a study of the (012) surfaces of these metal oxides [151] in a 
pH 5 and 0.01 M NaCl solution, AsO4

3- adsorption was observed to be bimodal on both surface, 
simultaneously forming inner- and outer-sphere surface complexes (Fig. 1).  These complexes 
were structurally similar on both surfaces and the inner-sphere complex formed via ligand-
exchange with singly coordinated oxygen functional groups.  Further unpublished measurements 
of the alumina (012) surface reacted with AsO4

3- at pH 5 and substantially increased ionic 
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strength (1.0 M NaCl) showed no significant change in the 
total coverage or distribution of AsO4

3- between inner- and 
outer-sphere sites.  In contrast, an increase in pH to 9 leads 
to a loss of outer-sphere AsO4

3- but only a slight reduction 
in the coverage of the inner-sphere complex, which is still 
bound to singly coordinated functional groups through the 
same mechanism as at pH 5.  These measurements 
demonstrate that surface X-ray scattering methods can 
identify and quantify adsobates binding through specific 
mechanisms at specific surface sites. 

 AsO4
3- adsorption behavior on the alumina (001) 

surface was recently explored.  This surface is terminated 
exclusively in doubly coordinated oxygen groups and has a 
relaxed structure nearly identical to the basal plane of 
gibbsite [170].  These measurements, made after 4 hours of 
reaction, show that AsO4

3- binds to doubly coordinated 
functional groups via a ligand-exchange mechanism (Fig. 
2).  At the time these measurements were made the PI had 

not assessed the likely equilibration time of such 
systems which, given functional group and AsO4

3- 
exchange rates (see section III.C.), is likely much 
longer than 4 hours.  Because this oversight, detailed 
kinetic studies were not performed, but examination of 
check scans built into the data collection routine 
reveals that the surface coverage of AsO4

3- bound at 
doubly coordinated functional surface groups 
continued to increase through 12 hours of reaction.  
No substantial time-dependence of surface coverage 
was observed for in studies of AsO4

3- binding to singly 
coordinated groups on (012) surfaces.  These results 
show that doubly coordinated functional groups are 
reactive towards oxoanion adsorbates and that 
equilibration appears to require hours to days. 
Together, these published and preliminary 
measurements demonstrate that oxoanions can be used 
probe the reactivity and dynamics of specific surface 
sites on metal oxide surfaces. 

 
B. Interfacial Hydration Structure 
 The PI has made a series of surface X-ray scattering measurements over the last six years 
to investigate interfacial hydration structure near isostructural (012), (110), and (001) surfaces 
(Fig. 3) of hematite and alumina [40-44].  On all surfaces studied water fully coats the surface 
and forms a continuous network from the surface functional groups to bulk water.  The degree of 
water ordering with respect to the fixed crystal lattice decreases with increasing distance from 
the surface over a length scale of approximately 1 nm.  Water has a similar hydration structure 
on the hematite and alumina (012) surfaces; the (110) surfaces also display similar interfacial 

 
Figure 1. The distribution of arsenic 
above (012) surfaces shows the presence 
of coexisting inner- (IS) and outer-sphere 
(OS) AsO4

3- complexes. 

 

Figure 2. (top) AsO4
3- distribution above the 

alumina (001) surface. (bottom) Structural 
model of AsO4

3- bound to doubly coordinated 
functional groups of alumina (001). 
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water structures (Fig. 4).  These measurements suggest that the hydration structure on these 
surfaces is primarily controlled by the arrangement of oxygen functional groups, consistent with 
past work on other minerals [28,33,37,39,45]. 
 The (001) surfaces of alumina and hematite, which are 
terminated exclusively in doubly coordinated functional 
groups (Fig. 3), display fundamentally different hydration 
structure [41].  (001) surfaces have a single adsorbed water 
site that has a broader distribution than on the (110) and (012) 
surfaces; more distant water has a similarly broad distribution 
(Fig. 4).  This indicates that water is more weakly ordered 
above (001) surfaces.  An analysis of water structures near 
other mineral surfaces reveals that the extent of water ordering 
is strongly influenced by the charge state of surface functional 
groups [41].  Surfaces such as alumina and hematite (012) and 
(110) have singly coordinated functional groups that are 
always charged [8], even when the net surface charge is 
neutral, and show strong water ordering [40,42-44].  In 
contrast, surfaces like alumina and hematite (001) [41], as well 
as multiple quartz surfaces [186], have functional groups that 
are neutral over a wide pH range and show weak water 
ordering.  This suggests that there are strongly and weakly 
ordering surfaces (Fig. 5), with the class determined by the 
charge states of surface functional groups, which is ultimately 
controlled by these groups coordination. 
 Preliminary measurements have 
been made to investigate how the 
interfacial hydration structure on alumina 
(001) responds to changes in fluid 
chemistry.  SFVS suggests that interfacial 
water molecules reorient upon changes in 
pH [33,178,179].  The PI hypothesized 
that such reorientation should produce a 
change in the overall structure of 
interfacial water, but X-ray reflectivity 
measurements reveal that interfacial 
hydration structure varies little between 
pH 3 and 9 (Fig. 6), with positional shifts 

 

Figure 3. Surface structures (from left to right) of alumina (012), (110), and (001) surfaces, with the labels 
indicating the different surface functional group coordination states present.  Hematite surfaces are isostructural. 

Figure 4. Interfacial water density 
profiles adjacent to the (A) alumina 
and (B) hematite (001), (110), and 
(012) surfaces. 

Figure 5. Schematic model of surfaces that induce strong or 
weak ordering of interfacial water. 
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of  a few hundredths of an Ångstrom and insignificant change in 
the vibrational amplitudes of water molecules. This indicates that 
either water reorientation has little effect on the overall spatial 
arrangement of molecules or that only a small fraction of 
interfacial water actually reorients.  In contrast, the adsorption of 
AsO4

3- on the surface induces a wholesale restructuring of 
interfacial water, including a substantial decrease in the vibrational 
amplitudes of the first water layers (Fig. 6), suggesting more 
extensive ordering of water dipoles near the surface. 
 There thus appears to be a dynamic response of interfacial 
water to the addition of localized areas of charge, e.g., adsorbate, to 
the surface, producing a phase transition from a weakly ordered to 
a strongly ordered state. In addition, protonation-deprotonation of 
surface groups appears insufficient on its own to induce this 
restructuring, suggesting that there is a threshold concentration of 
charged surface site that must be exceeded before rearrangement 
will occur.  Such a structural transition should provide both an 
entropic (molecular rearrangement) and enthalpic (primarily H-
bond breakage and formation) contribution to the overall energetics 
of interfacial reactions. Adsorbate-induced restructuring of 
interfacial water at metal oxide surfaces thus represents a 
previously unrecognized component of the energetics of chemical reactions at environmental 
interfaces. The magnitude of this component is currently unknown and it is unclear how water 
restructuring depends on net surface charge or the charge state of individual surface sites and 
adsorbates. The nature of the phase transition is also unknown, specifically whether it is an 
abrupt transition that occurs uniformly along an interface or consists of a continuous transition 
with weakly and strongly ordered states of interfacial water coexisting in domains on a surface. 
 

 
IV. RESEARCH PLAN 
 The proposed research consists of two related modules that will investigate site reactivity 
and dynamics and interfacial water restructuring, respectively.  Both will employ a similar set of 
studies that integrate synchrotron-based surface X-ray scattering measurements of metal oxide 
single crystal surfaces with wet chemistry studies of reactions on micron-sized monodispersed 
particles of metal oxides having a series of defined morphologies.  Oxoanions will be employed 
as probe adsorbates.  General aspects of the experimental approach are described below followed 
by detailed descriptions of the two modules, including the specific hypotheses to be tested. 
 
A. Experimental Approach 
 Selection of solid substrates.  Alumina and hematite were selected for study as they 
display a series of isostructural surfaces, including (001), (110), and (012) (Fig. 3).  Singly 
coordinated functional groups are the only accessible sites on (012) surfaces, whereas (001) 
surfaces are terminated only in doubly coordinated groups.  (110) surfaces have sterically-
accessible singly and doubly coordinated functional groups.  These sets of surfaces allow for 
direct comparison of the dynamics of specific surface functional groups.  In addition, the 
preexisting understanding of interfacial hydration structure near these surfaces (see section 

Figure 6. Interfacial water 
density profiles above alumina 
(001) along the surface normal 
direction in pure water, 10 mM 
NaCl at different pH values, 
and at pH 5 in the presence of 1 
mM AsO4

3-. 
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III.B.) serves as a basis for evaluating the role that 
interfacial water plays in adsorption energetics.  
Chemical processes on these crystallographic surfaces of 
alumina and hematite will be investigated using large (~1 
cm) oriented single crystals and suspensions of 
monodispersed micro-single crystal (~2 m) powders 
(Fig. 7). Working with large single crystal surfaces 
removes the effects of aggregation and particle diffusion 
in kinetic studies, facilitating an evaluation of reaction 
rates at specific surfaces.  In addition, surface 
crystallography methods (see section IV.D.) can be 
employed to examine adsorbates binding at distinct 
surface sites and the resulting effect on interfacial water 
structure.  An existing collection of hematite and alumina crystals with known surface properties 
is available for use in this project; these will be supplemented as needed with new crystals.  The 
PI’s group has previously synthesized suspensions of monodispersed hematite single crystals 
platelets (Fig. 7) and methods exist to do the same for alumina and hematite in other 
morphologies [187-205].  The particles formed for both sets of solids are bound primarily by 
{001} and {012} surfaces, allowing for direct comparison with the single crystal surface studies. 
 Selection of oxoanions.  A series of oxoanions has been selected for use as probe 
molecules to explore site reactivity and adsorbate effects on interfacial hydration structure: 
AsO4

3-, SeO3
2-, SeO4

2-, MoO4
2-, WO4

2-, CrO4
2-, and ReO4

-. Oxoanions were selected to provide a 
range of ion charges, pKa values, and water exchange rates (Table 1).  An additional criterion in 
selecting these oxoanions was the requirement that they show strong resonant anomalous (i.e., 
energy-dependent) X-ray scattering behavior in the hard X-ray regime where X-ray attenuation 
by water is weak, facilitating the use of element-specific surface crystallography methods in situ 
(see section IV.D.).  Oxoanions formed from lower Z elements display anomalous scattering at 
X-ray energies where water is effectively opaque, having an attenuation length of 20 to 30 m. 
 The proposed experiments will utilize these oxoanions for specific investigations.  AsO4

3- 
will be the primary probe molecule because of the extensive preliminary data already collected, 
its ability to adsorb over a wide pH range [82], its pKa2 value (7.2) in a pH-range relevant to 
natural and contaminated aquatic systems, its known adsorption mechanisms on the surfaces of 
interest, its ability to induce water restructuring at environmental interfaces (see section III.B.), 
and its pH-dependent water exchange rates (approximately minutes at weakly acidic conditions, 
days at neutral conditions, and weeks at 
alkaline conditions) [14].  The remaining 
species will be used to evaluate different 
molecular properties.  SeO4

2-, MoO4
2-, 

WO4
2-, and CrO4

2- will be employed to 
study divalent tetrahedral oxoanions with a 
range of pKa2 values and water exchange 
timescales.  SeO3

2- will be used to probe 
the effect of molecular geometry on 
adsorbate affinity and interaction with 
interfacial water, as it is a trigonal 
pyramidal oxoanion.  ReO4

- will be used as 

Figure 7. Iron and aluminum oxide 
substrates: (A) Photograph of hematite 
(dark) and alumina single crystals.  (B) 
SEM image of monodispersed hematite 
single crystal microplatelets showing 
distinct crystallographic faces. 

Table 1. Properties of Oxoanions [14-16,206-209]. 

Oxoanion pKa values 
Characteristic Times 
of Water Exchange 

at pH 7† 
CrO4

2- -1.3, 6.5 36 days 
AsO4

3- 2.3, 7.0, 11.8 1 day 
SeO3

2- 2.7, 8.5 2 hours 
SeO4

2- -2.0, 1.8 106 years 
MoO4

2- 3.6, 3.9 3 seconds 
WO4

2- *, 3.6 2 seconds 
ReO4

- -1.2 15 days 
*Only pKa2 is well established. 
†Approximate values; measurement uncertainties 
approach one order of magnitude or more. 
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a monovalent tetrahedral oxoanion with slow water exchange rates.  The PI is cognizant that 
CrO4

2- has at times shown redox instability in the presence of X-rays (e.g., [210,211]); this will 
be monitored for.  It must be noted that existing water exchange rates for the oxoanions to be 
studied are highly pH dependent, undergo exchange through multiple mechanisms, including 
bimolecular pathways, that may not all be relevant to the ligand-exchange process involved in 
adsorption, and often have uncertainties of at least one order of magnitude.  It will thus not be 
possible to develop a linear free energy relationship between exchange and adsorption rates.  
However, the selected oxoanions cover a wide range of likely exchange rates (Table 1) and clear 
trends should be observed that can confirm or reject the major hypotheses being tested. 
 
B. Module 1 – Surface Site Dynamics 
 This module is designed to characterize the timescales of adsorption on specific surface 
sites of aluminum and iron oxides and relates these rates to fundamental properties, including 
functional groups coordination and rates of water exchange, by testing the following hypotheses: 

1. All oxoanions to be studied show rapid, mass transfer limited adsorption rates when 
binding to singly coordinated functional groups. 

2. When binding to doubly coordinated groups, oxoanion adsorption rates will be: 
a. Mass transfer-limited for rapidly-exchanging oxoanions (MoO4

2-, WO4
2-). 

b. Variable and reaction-limited for oxoanions that have intermediate exchange rates 
(AsO4

3-, SeO3
2-), indicating oxoanion ligand exchange controls the rates. 

c. Constant (at a given pH) and reaction-limited for slow-exchanging oxoanions 
(CrO4

2-, SeO4
2-, ReO4

-), indicating surface site ligand exchange controls the rates; 
these will be faster on hematite than on alumina. 

These will be tested using static and time-resolved surface X-ray scattering 
measurements of alumina and hematite single crystals as well as macroscopic studies of 
oxoanions adsorption rates using a series of suspensions of monodispersed hematite and alumina 
single crystal particles.  Each suspension in a series will contain uniform particles bound by 
distinct proportions of {001} and {012} surfaces, thus changing the relative site densities of 
doubly and singly coordinated functional groups through the series. 

Single crystal surface studies: Initial experiments will involve static measurements of 
oxoanion adsorption on alumina and hematite (001) and (012) surfaces after fixed reaction times 
using the element-specific surface crystallography method RAXR.  These studies will establish 
the interfacial structure in the presence of each oxoanion adsorbate as this is required to interpret 
the time-resolved measurements described below.  On the (001) surfaces, reaction times of 4 
hour and 5 days will be investigated as an initial screening to determine if oxoanions show 
changes in surface coverage on this timescale, which would be consistent with the hypothesized 
rate controls.  Following these static experiments, time-resolved X-ray reflectivity (XR) 
measurements (see section IV.D.) will be used to track oxoanion adsorption rates on (001) and 
(012) surfaces.  These studies will employ a flow-through sample cell [212] to allow for well-
mixed systems that minimize diffusion limitations and maintain a constant fluid composition.  
These measurements will record the temporal response of the interfacial structure to the addition 
of an oxoanion in the fluid phase with a time resolution of 1 to 3 s. Adsorbate surface 
concentrations, as mole fraction occupancies of specific surface sites, can be extracted as a 
function of reaction time if the equilibrium surface structures in the absence and presence of 
adsorbates are known; these will be determined in the static experiments described above. 
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In these studies, adsorption rates on (012) surfaces are expected to be transport-controlled 
for all oxoanions and thus only dependent on flow rate through the sample cell.  In contrast, 
adsorption rates are expected to vary on the (001) surfaces in multiple ways.  First, MoO4

2- and 
WO4

2-, which show rapid water exchange, are expected to show transport-limited rates.  Second, 
AsO4

3- and SeO3
2-, which have exchange rates that are likely faster than that of the doubly 

coordinated functional group that dominate (001) surfaces, will show adsorption rates that are 
reaction limited, differ between the two oxoanions, and are pH dependent.  These are the 
expected properties of rates controlled by oxoanion ligand exchange.  Third, CrO4

2-, SeO4
2-, and 

ReO4
-, which have slow water exchange rates, will show adsorption rates that are all 

approximately equal, are slower than for the other oxoanions, and uniformly vary with pH, 
indicating that surface site ligand exchange controls adsorption rate.  This surface site controlled 
rate is expected to differ on the two metal oxide surfaces because of different bond properties.  
Water exchange rates of singly coordinated functional groups are faster on small Fe(III) 
hydroxide clusters than on Al hydroxide clusters [10,17,18,21-23,213].  While similar 
comparable exchange rates are not available for doubly coordinated oxygens on such groups, 
these rates are ultimately controlled by bond energetics and lability, and it is expected that the 
exchange rate of doubly coordinated groups, and thus adsorption rates, will be faster on hematite 
(001).  A final set of measurements will investigate (110) surfaces, which have both singly and 
doubly coordinated surface functional groups that are sterically accessible to oxoanions.  For all 
oxoanions except MoO4

2- and WO4
2-, these are expected to show a fast, transport controlled 

adsorption rates as well as a slower, reaction controlled rate, corresponding to adsorption to 
singly and doubly coordinated groups, respectively. 

Monodispersed single crystal suspension studies: The single crystal studies will be 
complemented by wet chemistry studies of oxoanion adsorption rate on a series of suspensions of 
hematite and alumina single crystal powders.  These measurements seek to confirm that the 
hypothesized slow, reaction-controlled component of oxoanion adsorption manifests itself in 
systems composed of collections of particles.  Suspensions of each solid will be prepared with 
particles having three different morphologies: large tabular crystal with high aspect ratios and 
surface areas dominated by {001} faces, platelets with small aspect ratios and roughly equivalent 
areas of {001} and {012} faces, and pseudocubes dominated by {012} faces.  Existing synthesis 
methods exist for all particle morphologies [187-205].  Particle shape, size, surface topography, 
and geometric surface area will be characterized by atomic force microscopy (AFM) and field 
emission scanning electron microscopy (FE-SEM) measurements.  Specific surface areas will be 
separately determined by BET gas adsorption isotherms.   

Suspensions of these monodispersed particles will be prepared and used to conduct batch 
macroscopic adsorption kinetic experiments.  Experiments will be surface area normalized by 
varying the particle suspension concentrations. These studies will test the proposed hypotheses 
by investigating the following behaviors:  First, the kinetic behavior of adsorption reactions on 
each series of particles will be determined.  The rates will be modeled with fast and slow 
components, and it is predicted that particles with greater relative area of {001} surfaces, which 
are bound by slowly-exchanging doubly coordinated functional groups, will show a slow 
component that accounts for a larger fraction of total adsorption.  Second, the kinetic behavior of 
different oxoanions will be compared.  It is expected that similar trends in the rate of the slow 
component will be observed for suspensions as is observed for single crystal surfaces 
investigated using time-resolved XR.  Third, relative adsorption rates on hematite and alumina of 
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each oxoanion will be compared, with the slow component expected to show the same relative 
rates (e.g., faster on hematite then alumina) in the particle and single crystal experiments. 
 
C. Module 2 – Interfacial Water Restructuring 
 This module is designed to characterize water structure transitions and how they relate to 
changes in surface charge from protonation and adsorbates by testing the following hypotheses: 

1. Water restructuring transitions are discrete on weakly ordering surfaces, e.g., (001), and 
continuous on strongly ordering surfaces, e.g., (012). 
2. Water restructuring on weakly ordering surfaces occurs after a threshold surface charge 
has been crossed. 
3. Discrete water structure transitions affect the energetics of oxoanion adsorption. 

 As in Module 1, these will be tested through X-ray scattering studies of alumina and 
hematite single crystal surfaces and macroscopic studies of adsorption on monodispersed particle 
suspensions.  Single crystal studies will characterize the nature of water restructuring transitions 
and measure site-specific adsorption isotherms to assess the effect of such transitions on 
adsorption energetics.  Monodispersed particle suspensions will be used to explore how water 
restructuring manifest itself in the energetic of macroscopic adsorption. 
 Single crystal surface studies: The element-specific surface crystallography method 
RAXR (see section IV.D.) will be used to characterize the response of interfacial water structure 
to the adsorption of oxoanions.  By employing this technique to determine the interfacial 
distribution of the adsorbing oxoanion, the contributions of water and adsorbate to the total 
interfacial structure can be decoupled, allowing for a direct determination of interfacial water 
structure.  An example of this is shown in Fig. 2.  Initial studies will explore water structure 
transitions on (001) surfaces of alumina in response to AsO4

3- adsorption because such a 
transition was already observed in preliminary measurements (see section III.B.).  The effects of 
pH and arsenate surface coverage, both of which affect surface charge, will be investigated.  
These X-ray studies will be complemented by determination of the charge state of the surface 
using zeta potentials measurements. The electrophoretic mobility of polystyrene latex particles 
will be measured as a function of distance from the crystal surface. Near the surface an electro-
osmotic effect alters the apparent electrophoretic mobility of the particles, and by measuring 
particle electrophoretic mobility versus distance from the sample surface the surface zeta 
potential can be determined.  These measurements will thus provide information on surface 
charge that can be correlated to water structure transitions.  
 After establishing a relationship between AsO4

3- surface coverage, surface charge, and 
water structure transitions, additional measurements will be made with additional oxoanions.  
These will seek to determine whether water structure transitions on alumina (001) depend 
primarily on surface charging induce by adsorption or are also affected by interactions between 
the adsorbate and water molecules.  If the latter occurs, then water structuring will show a 
different dependence on surface charge for the various oxoanions to be studied.  As in the initial 
measurements described above, RAXR will be used to determine interfacial water structure and 
zeta potential measurements will characterize the charge state of the surface.  These 
measurements will be followed by studies on hematite (001) surfaces, which is isostructural with 
alumina (001) and should thus display similar transitions, and (012) surfaces of both metal 
oxides, which are expected to show less abrupt transitions in water structure because the singly 
coordinated functional groups that dominate these surfaces always exist in a charged state [8]. 
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 Monodispersed single crystal suspension studies: After relating the structure of 
interfacial water to adsorbate coverage and surface charge through single crystal studies, the 
effect of water structure transitions on the energetics of adsorption will be investigated using 
suspensions of monodispersed single crystal particles.  Oxoanion adsorption isotherms on series 
of hematite and alumina single crystal particle suspensions of different morphologies will be 
used to investigate whether water restructuring alters the thermodynamics of adsorption.  
Reaction times will be determined based on the adsorption kinetic studies described above 
(section IV.B.)  Deviation from ideal Langmuir adsorption is expected in systems with discrete 
water structure transitions.  Because such transitions are hypothesizes to occur on (001) surfaces 
but be continuous on (012) surfaces, adsorption isotherms are predicted to vary with particle 
morphology.  Tabular particles dominated by {001} surfaces should display substantial 
anomalous adsorption behavior near conditions where a water structure transition occurs.  This 
effect should not be observed on pseudocubes dominated by {012} surfaces and should be muted 
on platelets terminated in both surfaces.  EXAFS spectroscopy will be used in select systems to 
confirm that adsorption mechanisms are the same on particle and single crystal surfaces.   
 
D. Surface Crystallography Methods 
 The proposed work will employ novel surface crystallography methods that to date have 
seen limited use in the study of environmental interfaces.  These methods were adapted for this 
field by Dr. Paul Fenter at Argonne National Laboratory over the last decade and the only studies 
published to date that employ these methods have come from Dr. Fenter’s group or from former 
group members who have moved on to other positions, such as the PI (a postdoctoral fellow with 
Dr. Fenter from 2004-2007).  The methods are summarized below: 

RAXR.  RAXR is an extension of XR for obtaining element-specific structural 
information at a solid-water interface [214].  RAXR measurements involve a standard XR 
measurement and a series of RAXR scans, where the XR at fixed scattering condition is 
measured as a function of energy through the adsorption edge of a target element.  Resonant 
anomalous scattering causes a modulation in the XR signal that can be used to directly determine 
the spatial distribution of adsorbates on solid-water interfaces. Only ordered surface sites on the 
crystallographic plane under investigation contribute to an XR signal.  RAXR is therefore only 
sensitive to the target element when it occurs at the interface in a form ordered with respect to 
the underlying substrate.  Forms of the target element in bulk solution and disordered interfacial 
forms like non-epitaxial precipitates are effectively invisible to RAXR. 

Time-resolved XR.  XR and its three-dimensional extension crystal truncation rod (CTR) 
scattering have seen widespread use in studying mineral surface structure and reactivity 
[35,37,39,40,42-44,164-167,170,215-222].  In situ time-resolved XR allows one to probe 
dynamic changes in surface structure in real time [216,223-225].  These measurements examine 
the change in XR as a function of time at a fixed scattering condition sensitive to the process of 
interest.  To date this method has been mainly employed in investigating mineral dissolution 
processes where the change in XR is due to changes in roughness and step density [216,223-
225].  The application of time-resolved XR to probe adsorption-desorption is a straightforward 
extension of this method.  The adsorption of one or more species alters the surface X-ray 
scattering structure factor, thus substantially altering the measured XR intensity.  While not 
element-specific, all time-resolved XR measurements will be made on systems where the initial 
and final states have already been characterized by RAXR.  Under such conditions the rate of 
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change of individual components of the structure (e.g., adsorbates in different sites) can be 
determined directly.  Time resolutions of 1 to 3 seconds are expected. 
 Sensitivity of Surface X-ray Scattering to Interfacial Water Structure: It should be 
noted that X-ray scattering methods are insensitive to H positions because of the weak scattering 
by such atoms. However, structural changes in water caused by changes in the hydrogen bonding 
network should result in the rearrangement of the O positions of interfacial water because such 
bonding determines the structure of water.  An observation of O atom rearrangement thus 
indicates that rearrangement of hydrogen bonds and reorientation of water molecules has 
occurred because of simple geometric constraints.  Surface X-ray scattering is thus sensitive to 
structural phase transitions of interfacial water [39,216], just as X-ray diffraction is sensitive to 
phase transitions among the various polymorphs of ice [226]. 
 
E. Project Personnel 
 The proposed work will primarily be completed by the PI and a postdoctoral researcher.  
Undergraduate students and high school students on summer internships will also participate. 
The PI will be responsible for overall project management and acquisition of time at user 
facilities.  The PI and postdoctoral researcher together will design, conduct, and analyze the X-
ray scattering measurements.  The postdoctoral researcher will conduct the experiments with 
monodispersed single crystal suspensions and will perform the surface charge measurements.  
Students will assist with these activities (see section VII).  Support for a postdoctoral researcher 
is requested rather than a graduate student because of the technical nature of the X-ray scattering 
measurements and the frequent travel to synchrotron light sources. 
 
F. Project Timetable 
Year 1: Static and time-resolved surface X-ray scattering measurements of AsO4

3- adsorption 
kinetics on alumina (001). Effect of AsO4

3- on water structure on alumina (001).  
Synthesis of monodispersed single crystal particles. Kinetics of AsO4

3- adsorption on 
particle suspensions. 

Year 2: Studies of adsorption kinetics of other oxoanions on alumina (001).  AsO4
3- adsorption 

kinetics on alumina (012) and (110) and all hematite surfaces.  Adsorption kinetics of 
other oxoanions on particle suspensions.  AsO4

3- adsorption isotherms on particle 
suspensions. 

Year 3: Adsorption kinetics of other oxoanions on alumina (012) and (110) and all hematite 
surfaces.  Effects of other oxoanions on water structure.  Isotherms of other oxoanions. 

 
 
V. EXPECTED SCIENTIFIC IMPACTS 
 The proposed research will provide new insight into the roles of surface functional group 
dynamics in chemical reactions at environmental interfaces.  A fundamental model of the 
relationship between surface functional group coordination state, water exchange rates of ions, 
and adsorption kinetics will be directly tested.  The timescales of adsorption reactions will be 
established and previously unrecognized processes will be identified that are major contributors 
to net adsorption in systems having residence of times of hours or more.  This will greatly 
improve our understanding of the kinetic controls on the fate of contaminants and the availability 
of nutrients in soils, marine and lacustrine sediments, groundwaters, and other aquatic systems. 
Predictive models of the transport of chemicals will be improved by delineating reactions whose 
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rates are transport-controlled or reaction-controlled and determining whether equilibrium or 
kinetic models are required to describe the partitioning of dissolved species onto the solid phase. 
 The proposed research will also provide new insight into the role of interfacial water in 
chemical reactions at environmental interfaces. Water restructuring during interfacial reactions 
affects the mechanisms through which reactive molecules approach a surface, organize in the 
interfacial region, or transfer electrons to a solid substrate. This work will thus enhance our 
understanding of the fundamental reaction mechanisms involved in important environmental 
processes. The conditions where water restructuring affects adsorption reactions will be directly 
assessed and complex interfacial processes that control contaminant fate and transport may be 
identified.  Accounting for the energetic contribution of water restructuring in thermodynamic 
models of adsorption processes may improve our ability to predict environmental processes. 
Water restructuring may also explain the need to include both abundant normal reactive sites and 
a small number of highly reactive sites in some interfacial thermodynamic models [227]; the 
low-abundance high reactivity sites in thermodynamic models may be acting as empirical factors 
that account for deviations from an ideal adsorption isotherm because of a water structure 
transition. Water restructuring may also alter particle-particle interactions and may thus represent 
a new mechanism responsible for observed deviations of interparticle interactions from the 
predictions of DLVO theory. Water structural transitions may thus play an important role in the 
aggregation or mobilization of nanoparticles in aquatic systems. Finally, electron transfer rates at 
solid surfaces involving simple inorganic aqueous species or large enzymes in solution are 
highly dependent on the conformations taken as these molecules approach a surface [228-230]. 
Water restructuring transitions will affect these conformations and may thus substantial alter 
interfacial electron transfer rates during surface-catalyzed reactions and at electrodes used in 
environmental sensing. 
 
 
VI. EDUCATIONAL AND OUTREACH ACTIVITIES 
 This proposal incorporates a series of educational and outreach activities.  First, one 
undergraduate major in Chemistry or Chemical Engineering at Washington University will be 
recruited each year to participate in a summer research project supervised by the PI and 
postdoctoral researcher.  Research activities will focus on the synthesis and characterization of 
monodispersed metal oxide single crystal powders of defined morphology and the associated 
activities that employ these powders in the form of particle suspensions.  The students will be 
given the opportunity to continue this research during the following academic year.  Related to 
this, each summer the PI’s group will host as an intern a local high school student who is 
interested in majoring in a STEM field in college.  The high school students will be recruited 
through the St. Louis-area Students and Teachers as Research Scientists (STARS) program.  The 
PI has been a STARS student mentor since 2009. 
 The other major educational activity involves the training of the postdoctoral researcher 
in STEM pedagogies by the Washington University branch of the NSF-funded Center for the 
Integration of Research, Teaching, and Learning (CIRTL).  Through this center the postdoctoral 
researcher will complete a series of workshops on STEM pedagogies and professional 
development.  She or her will also enroll in a course on Teaching as Research (TAR), again 
through the new CIRTL programs, and will then complete a TAR project that involves 
designing, implementing, and then assessing active learning modules that will be incorporated 



15 
 

into a new introductory course being developed by PI about the connection between the 
environment and human health. 
 
VII. EXPECTED BROADER IMPACTS 
 This proposal will produce a number of broader impacts if funded.  Teaching, training, 
and learning will be promoted though research experiences and educational activities.  
Undergraduate chemistry and chemical engineering majors will be recruited to participate in the 
proposed research.  Such experiences provide robust inquiry-based learning opportunities that 
leave students with an improved understanding of science [231].  In addition, each summer the 
PI’s group will provide a research internship to a local high school student interested in pursuing 
a degree in a STEM field.  The postdoctoral research will be trained in pedagogies in STEM 
education and will then develop, implement, and assess new active learning activities for one of 
the PI’s courses.  This training and experience will prepare the postdoctoral research for a future 
career as an effective STEM educator.  In an effort to broaden participation of underrepresented 
groups the PI will specifically advertise undergraduate research research positions to student 
groups on campus representing women and underrepresented minorities in science and 
engineering field.  Finally, the proposed activities will benefit society by improving our ability to 
predict the behavior of toxic chemicals in natural and engineered aquatic system. 
 
 
VIII. RESULTS FROM PRIOR NSF SUPPORT 
 Catalano has received from the NSF two research grants (one completed, one active, both 
as the sole PI) and one instrumentation grant (again, as the sole PI) and is a co-PI on a MRI 
grant.  The recently completed research grant is summarized below as it is the most relevant to 
the proposed research: 
 ETBC: Hidden iron oxide redox processes during biogeochemical iron cycling: 
Controls on nanoscale transformations and the fate of contaminants (EAR-0818354, 
$340,505, 8/15/08 – 7/31/12).   This grant investigated nanoscale iron oxide surface 
transformations activated by aqueous Fe(II) and the resulting impact on contaminants and trace 
elements.  Major findings from these projects include: (1) Fe(II) induces nanoscale oxidative 
growth and reductive dissolution on hematite that vary among crystallographic surfaces under 
both acidic and circumneutral pH conditions; (2) Water ordering near hematite (001) surfaces is 
substantially weaker than near other surfaces, including (110), and this may affect how Fe(II) 
reacts with these surfaces; (3) Fe(II) activates divalent trace metal cycling through and release 
from hematite and goethite, with release dependent on pH and Fe(II) surface coverage and 
equilibrating on the same timescale as particle recrystallization determined from iron isotope 
exchange measurements; (4) Substitution of insoluble dopants (Al, Cr, and Sn) into iron oxides 
inhibits trace element release during Fe(II)-catalyzed recrystallization; (5) Coupled reduction and 
repartitioning of redox-senstive elements substituting in iron oxides (Cu, Co, and Mn) occur 
through reaction with dissolved Fe(II); (6) Unlike for transition metals, Fe(II) has no effect on 
the fate of arsenate sorbed to iron oxides; (7) The structure and trace element content of biogenic 
manganese oxides in a karst cave environment varies with the Mn(II) content of the contacting 
fluid. These projects have supported a portion of the research activities of one postdoctoral 
researcher, three graduate students and six undergraduate students, and facilitated 6-week 
summer internships for three high school students.  This grant resulted in 1 Ph.D. dissertation 
and 9 peer-reviewed journal articles [41,43,232-239]. 
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Synergistic Activities:
1. Chair (2011) and Panelist (2009-2010), Chemical, Biological, and Environmental Scattering 

Proposal Review Panel, Advanced Photon Source
2. Mentor, Summer High School Research Interns, Students and Teachers As Research 

Scientists (STARS) program (2009-Present)
3. Reviewer, National Science Foundation, CHE-Environmental Chemical Science Program 

(2011), EAR-Geobiology and Low-Temperature Geochemistry Program (2008-Present), 
EAR-Instrumentation and Facilities Program (2009-Present), and MRI: Major Research 
Instrumentation Program (2012-Present)

4. Session Organizer and Theme Team Member, 2011 and 2013 Goldschmidt Conferences
5. Reviewer for Scholarly Journals (In last 24 months: Canadian Mineralogist, Chemical 

Geology, Environmental Science & Technology, Frontiers in Microbiological Chemistry, 
Geochimica et Cosmochimica Acta, Journal of Environmental Monitoring, Journal of the 
American Chemical Society)
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Fike, D.A. (Washington U.), Giammar, D.E. (Washington Univ.), Greenberger, R. (Brown U.), 
Icenhower, J.P. (LBNL), Jun, Y.-S. (Washington Univ.), Lee, S.S. (ANL), Lichtenberg, K.A. 
(JPL), Moynier, F. (Washington Univ.), Park, C. (HP-CAT), Pasteris, J.D. (Washington Univ.), 
Rosso, K.M. (PNNL), Scherer M.M. (U. Iowa), Serne, J.R. (PNNL), Shaw, A. (Washington U.), 
Siebach, K. (Caltech), Skemer, P.A. (Washington U.), Sturchio, N.C. (U. Illinois), Squyres, S.W. 
(Cornell U.), Wang, A. (Washington U.), Zhang, Z. (ANL)

Graduate and Postdoctoral Advisors: Dr. Gordon E. Brown, Jr., Stanford University; Dr. Paul 
Fenter, Argonne National Laboratory

Thesis Advisor and Postgraduate-Scholar Sponsor: Andrew J. Frierdich (Ph.D. 2012); Alison 
R. Beehr (A.M. 2012); Margaret Anne Hinkle (Ph.D. exp 2015); Katherine G. Becker (Ph.D. exp 
2017); Karyn M. Blake (Ph.D. exp 2017); Ryan D. Nickerson (Ph.D. exp 2017); Yun Luo (Post-
doc 2009-2011); Fabien Maillot (Post-doc, 2011-Present)



BUDGET JUSTIFICATION 
 
Senior Personnel: 
The PI will spend substantial time managing the project and conducting experiments at the 
Advanced Photon Source.  However, to maintain a reasonable budget support is requested for 
only 0.5 months of summer salary per year. 
 
Other Personnel: 
Support is requested for one postdoctoral scientist each year.  The postdoctoral salary reflects the 
typical starting rate for postdoctoral scientists at Washington University.  An additional $3000 
per year is requested to support an undergraduate student in summer. 
 
Domestic Travel: 
Travel support is requested for: 

a. 1 person-trip per year ($1200/trip) for the postdoctoral scientist to attend one ACS 
National Meeting each year to present the results of her or his research. 

b. 6 person-trips per year ($750/trip for the PI and postdoctoral scientist to conduct surface 
X-ray Scattering measurements at the Advanced Photon Source in Argonne, IL.   

Costs were estimated based on previous trips, current airfares and conference registration fees, 
federal per-diem rates, and standard mileage rates. 
 
Materials and Supplies: 
$3000 per year for consumable supplies.  Expenses include chemicals and equipment for particle 
syntheses, crystal polishing supplies, partial replacement costs of filter for the ultrapure water 
system, additional alumina single crystal substrates, parts for maintenance of the tube furnace, 
AFM cantilevers, components for sample cells, plasticware, syringe filters, trace metal grade 
acids, and standards for ICP analyses. 
 
Shipping: 
$250 per year for shipping samples to and from the Advanced Photon Source. 
 
Analyses: 
$2500 per year to pay hourly instrument usage fees.  These are determined based on the 
estimated number of hours of use per year and the current rates for instrument time.  Major 
annual expenses include powder XRD, Zeta potential, SEM, AFM, BET surface area, ICP-OES, 
and ICP-MS measurements. 
 
Labor Costs at Physics Machine Shop: 
$2000 in year 1 and $1000 in year 2 are requested to pay for hourly labor costs in the machine 
shop hosted by the Physics department at Washington University for construction of sample cells 
to be used in the surface X-ray scattering measurements. 



Current and Pending Support 
 Other agencies (including NSF) to which this proposal has been/will be submitted 

 
 
 

Investigator:    Jeffrey Catalano       
 Support:  Current   Pending   Submission Planned in Near Future   *Transfer of Support  
        Project/Proposal Title: 
  Early Career: Acquisition of a Powder X-Ray Diffractometer for Earth Science Research and Education at  
Washington University in St. Louis (Single PI) 
 
 Source of Support:  NSF/I&F 
 Total Award Amount:  $175,000 Total Award Period Covered: 8/15/12 - 7/31/14 
 Location of Project:  Washington University 
  Person-Months Per Year Committed to the Project.  Cal:   Acad:      Sumr:   
 Support:  Current   Pending   Submission Planned in Near Future   *Transfer of Support  
        Project/Proposal Title: 
  Dominant Mechanisms of Uranium-Phosphate Reactions in Subsurface Sediments 
 [Catalano is PI; Giammar (Wash U) and Wang (PNNL) co-PIs] 
 
Source of Support:  DOE-BER/SBR 
 Total Award Amount:  $594,000 (WU portion) Total Award Period Covered:  09/01/11 – 08/31/14 
 Location of Project:  Washington University 
  Person-Months Per Year Committed to the Project. 1.0 

 
Cal:  Acad:      Sumr:  1.0 

Support:  Current   Pending   Submission Planned in Near Future   *Transfer of Support  
        Project/Proposal Title: 
  Nanoscale Mineral Transformations During Biogeochemical Cycling and the Fate of Trace Elements and Nutrients 
 (Single PI) 
 
Source of Support:  NSF/CAREER 
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 Location of Project:  Washington University 
  Person-Months Per Year Committed to the Project. 1.0 

 
Cal:  Acad:      Sumr:  1.0 
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        Project/Proposal Title: 
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Source of Support:  NASA/MFRP 
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 Location of Project:  Washington University 
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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

Catalano Laboratory
Dr. Catalano’s laboratory is located in the Scott Rudolph Hall (opened 2004) and consists 

of a 1250 ft2 general purpose wet chemical laboratory equipped with standard equipment needed 
for solution chemistry, solid-water interface chemistry, and sample preparation.  Major 
equipment includes an Agilent Technologies model 5500 Atomic Force Microscope, two Coy 
Laboratory Products environmental chambers for studies under anaerobic or controlled CO2
conditions, a Thermo Scientific Evolution 60 UV-Visible spectrophotometer, a Branson SLP 
ultrasonicator, Beckman Coulter Avanti 30, Allegra X-22R, and Microfuge 16 centrifuges, a 
Lindberg/Blue M vacuum oven with digital temperature controller, a Milli-Q water purification 
system, Mettler Toledo analytical balances, Barnstead Thermolyne F21100 tube furnace and 
FB1400 muffle furnace, and a South Bay Technologies grinding/polishing wheel. The laboratory 
also maintains computing facilities needed for analysis of X-ray scattering and spectroscopic 
data and thermodynamic modeling or aqueous solutions, as well as equipment, including a 
Princeton Instruments PIXIS-XF CCD area detector, needed for making surface X-ray scattering 
measurements at X-ray light sources.

Shared Instrumentation
The PI and Prof. David Fike co-own a Metrohm Compact IC Pro ion chromatography

system for measuring the concentrations on inorganic anions and organic acids in water samples.  
The PI has on order a powder X-ray diffractometer, funded by NSF, which will arrive before the 
start of the project and will be operated as a shared facility in the PI’s department.  The new 
instrument will be a Bruker D8 Advance powder diffractometer with a 3.0 kw generator, a Cu Ka 
X-ray source, and a LynxEye XE energy-dispersive strip detector for measuring 3° of 2 at once.
The will replace the existing powder XRD instrument (see below) and will provide a factor of 
200 to 400 improvement in data collection time.

Department of Earth and Planetary Sciences
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 currently done on a Rigaku Geigerflex D-MAX/A Diffractometer using Cu K 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.

Department of Energy, Environmental, and Chemical Engineering
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.  Relevant analytical equipment housed in these laboratories 
include a Quantachrome Autosorb-1 BET surface area analyzer, an Agilent 7500ce inductively 
coupled plasma mass spectrometer (ICP-MS), a Nicolete Nexus 470 Fourier transform infrared 
spectrometer with accessories (including ATR crystals) for the analysis of solids, liquids, and 
suspensions, a TA Instruments Q5000 IR thermogravimetric analyzer, and a Shimadzu TOC-
LCPH total organic carbon analyzer with attachments for both solid and liquid samples. Also 
available is a Malvern Zetasizer Nano S/ZS instrument capable of particle size analysis by 
dynamic light scattering and zeta potential measurements and a Labconco freeze drier.

Department of Physics
The machine shop in the Department of Physics is available to produce sample cells for 

surface X-ray scattering measurements.  They charge an hourly fee to cover the cost of labor.

Institute for Materials Science and Engineering (ISME)
Advanced transmission and scanning electron microscopy instrumentation is available in 

the Institute for Materials Science and Engineering, an interdisciplinary research effort of which
Dr. Catalano is a core faculty member.  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.

Nano Research Facility (NRF)
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.

NATIONAL USER FACILITIES

Advanced Photon Source (APS), Argonne National Laboratory
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-BM, 10-ID, 12-BM, 
13-BM, 13-ID, 20-BM, and 20-ID, and surface X-ray Scattering measurements at 5-ID, 6-ID, 
13-ID, 20-ID, and 33-ID-D. Sample preparation space is available in wet chemistry laboratories 
at this facility.



Data Management Plan

The proposed research will generate produce electronic data from use of instruments at 
Washington University and the Advanced Photon Source as well as solid and fluid samples.  
Electronic data will be collected using procedures standard for each technique.  This data will be 
archived on the instrument computer, on a computer in the PI’s laboratory used for data 
archiving, and on both the PI’s and postdoctoral researcher’s computers.  Software needed to 
read the data will be archived as well or the data will be exported in ascii format prior to 
archiving.  All data collected in this project will be provided to other researchers once that data 
has been published in peer-reviewed journals.  Data that has not been published will also be 
made available as long as it is deemed reliable and is not intended for publication.  Fluid and 
solid samples will be retained if they are stable.  Some samples, such as the aluminum and iron 
oxide single crystals, will be reused because they replacement expense is exceedingly high ($20 
per aluminum oxide crystal, $500 to $700 per iron oxide crystal).  After the project is completed, 
samples for which data has been published in peer-reviewed journals will be disposed of because 
the samples will become compromised with age (e.g., from continued reaction or fluid 
evaporation) and because many will contain toxic elements that require safe disposal.  
Educational products produced during this project will be archived electronically by the PI and 
made available upon request.



POSTDOCTORAL RESEARCHER MENTORING PLAN

During this project the postdoctoral researcher will receive mentoring from the PI and provided 
opportunities for professional development in order to prepare the researcher for a scientific 
career.  These mentoring and development activities will include:

Creation of a personal development plan for the researcher.  This plan, developed jointly by 
the PI and postdoctoral researcher, will outline the professional development goals of the 
researcher and establish a series of experiences, training, and development activities to be 
accomplished during the appointment.  This plan will include a set of responsibilities for both 
the postdoctoral researcher and the PI.
Enrollment in the Professional Development Program organized by the Office of Post 
Graduate Affairs at Washington University.  This consists of an approximately monthly 
seminar series that covers all aspect of professional development, including obtaining 
funding, mentoring, communication, presentation skills, research integrity, lab management, 
and time management.
Training in accessing and conducting research at national synchrotron lightsource facilities.  
This will include not only how to perform the methods employed in this project but also how 
to obtain time, the selection of beamlines to work at, and understanding the bureaucratic and 
organizational structure of these facilities.  These are essential but underappreciated skills.
Providing a number of opportunities to develop presentation skills.  The PI’s research group 
has bi-weekly group meetings at which members present their recent results.  The 
postdoctoral researcher will give presentations at these meetings at least 4 times a year.  The 
postdoctoral researcher will also be encouraged to present his or her research annually at a 
departmental brown bag lunch seminar as well as at the Center for Materials Innovation 
research forum that occurs twice a year.
Attending at least ACS National Meeting per year to present research associated with this 
project and to establish contacts in the field.
Providing opportunities to meet with and/or attend dinner with scholars visiting campus to 
present research in the colloquia of a number of departments.
Providing training and experience in scientific writing (including proposals).  Obtaining 
beamtime requires submission of short (3-page) proposals that go through a peer-review 
process.  The postdoctoral researcher will prepare 2-3 beamtime proposals per year with the 
assistance of the PI. The researcher will also author and co-author publications with the PI 
and students, receiving guidance throughout the process.  The postdoctoral researcher will 
also participate in workshops on grant writing and publishing in scientific journals offered by 
the Office of Post Graduate Affairs.
Providing opportunities to develop and improve teaching skills. As described in the proposal, 
the postdoctoral researcher will receive training in STEM pedagogies and teaching as 
research through Washington University’s CIRTL program.  The postdoctoral researcher will 
also conduct a teaching as research project that will in involve creating new learning 
activities and leading them in a new course being developed by the PI
Providing opportunities to develop mentoring skills. The postdoctoral researcher will mentor 
undergraduate students working with the PI as well as high school students that the PI hosts 
for 6-week summer internship organized by the St. Louis-area Students and Teachers as 
Research Scientists (STARS) program.


