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On surfaces and within interfaces occur some of the most important reactions in 

chemistry, from world changing industrial reactions to critical environmental processes.  

It is even hypothesized that the chiral nature of life arose from reactions occurring on 

chiral mineral surfaces.  In any case adsorption typically plays a key role.  Adsorption 

can occur on rapid time scales, particularly in catalytic systems, and it can be the 

precursor to highly stable surface interaction mechanisms such as surface precipitation.   

Surface adsorption can have a dramatic affect on the resulting surface increasing or 

decreasing the propensity for further reactivity or adsorption.  In order to understand the 

processes occurring on a surface both the surface and the adsorbate must be understood. 

This includes a surface with any prior adsorbates.  This is why many catalytic studies are 

done in UHV environments where clean surfaces are prepared for each experiment.  The 

same is true with environmental surfaces, but obtaining pristine surfaces can be 

problematic, and systems are often extremely complicated involving organic, inorganic, 

and biological components.  Often research is focused on just one component.  A 
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significant portion of this dissertation is focused on the adsorption of organic and 

inorganic species on pristine mineral surfaces. 

While there is significant research done on environmental surfaces, often times 

the surface used in studies is not well characterized.  In essence lesser attention is paid to 

the substrate then the adsorbate.   This is particularly true of infrared studies similar to the 

type presented in chapter 5 where carbonate is shown to exist in significant quantity on 

all ferrihydrite surfaces.  Furthermore, chapter 4 highlights the potential for ion mobility 

on calcite surfaces under ambient conditions and the effect the adsorbates in chapter 3 

have on the mobility process.  The principal of this dissertation is to characterize 

fundamental surface processes which occur on calcite and ferrihydrite surfaces under 

ambient conditions.   The hope is that this can lay the ground work for future studies 

where native adsorption and restructuring is taken into account on mineral surfaces 

during experimental studies.     
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CHAPTER 1 
 INTRODUCTION 

 
Overview 

 
Processes occurring on surfaces and interfaces play important roles in both 

naturally occurring and anthropogenic chemistries.  While the significance of such 

processes were perhaps underappreciated until the late 19th to early 20th century; many of 

the 20th and 21st century’s luxuries can be attributed in some fashion to advances in the 

understanding of surface processes.   These include nearly all modern day electronics 

(microprocessors), clean running automobiles (catalytic converters) 1, and coatings on 

everything from the fibers in your jacket to the pan on your stove.  In fact, if it were not 

for advances in surface science and heterogeneous catalysis which lead to the discovery 

of the Haber-Bosch process allowing for the efficient production of nitrogen fertilizers, 

the planet would not be able to support a world population in excess of approximately 3.2 

billion2. The world’s current population was estimated to be approaching 6.8 billion in 

20083 and was last 3.3 billion in 19652.    

Due to their impact the significance of surface chemical processes became better 

appreciated during the industrial boom with much of this driven by advances in 

heterogeneous catalysis and discoveries like the Haber-Bosch process mentioned above, 

and Fischer-Tropsch chemistries 1.  More recently, as nanoscience has become prominent 

the wide scale relevance of surface processes has been recognized.  A significant portion 

of nanoscience, the study of objects < 100 nm, can be said to rely on a foundation of 

surface science.  After all, decreasing size inherently leads to greater surface areas, and as 

a consequence the importance of surface processes is inversely related to size.  
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With the potential impact of surface processes recognized, coupled with advances 

in nanoscale characterization, it was recognized that surface processes play critical roles 

in environmental systems1.   These systems include surfaces and interfaces in soils 4, the 

atmosphere5, and even space6, 7.  Environmental surfaces and interfaces are remarkably 

complex, but significant progress is being made due to advances in in-situ analysis 

methods8.  Naturally occurring surfaces are typically coated with nanoscale precipitates 

and organic matter8, which would have gone undetected by many common analysis 

methods before the advent of nanocharacterization techniques 9.  With a new approach 

and advanced equipment scientists including environmental chemists, geochemists, 

geologists, and biologists have collaborated in order to develop an understanding of 

molecular level processes in the environment, much of which are mediated on surfaces.   

This understanding is incredibly important in terms of contaminant and pollution control.  

An understanding of molecular scale chemistry is useful in remediation, but also in 

prevention. These processes also affect aspects of natural environmental systems 

including quality and composition of air, water and soil, mobility and uptake of nutrients 

and toxins, global cycling of elements, and even CO2 uptake from the atmosphere 4, 5, 8.     
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Processes on Mineral Surface in the Environment 
 

Mineral surfaces reactions are some of the most important occurring in nature 4,5,8.  

Due to their importance these types of reactions have been extensively studied for the last 

century or so.  This was long done mainly with batch type studies leading to a more 

engineering like approach due to the difficulty in defining and studying the molecular 

scale processes occurring at the surface.  In fact the focus of the bulk of current studies is 

typically on surface processes and naturally occurring nanomaterials either not know to 

exist or weakly understood prior to modern analytical techniques. Naturally occurring 

nanoparticles are prevalent and form in various processes like weathering, 

biomineralization, and under conditions with rapidly changing concentration, pH and or 

temperature such as a hydothermal vent or acid mine drainage outflow10.  Even studies on 

single crystals which have been common for extended periods of time, although often in 

vacuum, require modern day techniques to observe processes on the molecular scale.   

This dissertation focuses on understanding molecular level processes occurring on 

mineral surfaces.   In particular the types molecular scale processes which can have a 

substantial effect on macro scale observables, most notably water quality.   The types of 

molecular scale surface processes which have major impacts on natural systems include: 

surface hydration, molecular dissociation, adsorption and desorption, dissolution, 

precipitation and co-precipitation, and oxidation/reduction 5, 8, 11, 12.  More than one of 

these may be important in a particular environmental process leading to complex 

chemical problems.  Figure 1-1 presents a schematic overview of these interrelated 

processes.   Within this work particular attention is paid to surface 

dissolution/precipitation and adsorption processes in particular those involving surface 
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hydration.  In chapter 3 calcite standard dissolution as well as the surface interactions of 

the heavy metals Cd and Pb are explored.  Additionally, the resulting surface precipitates 

are characterized.  In chapter 4 a surface hydration dependent restructuring process is 

investigated and the effect of  heavy metals adsorbed along atomic step edges of the 

calcite surface is detailed.   Surface hydration is also an important factor in the 

adsorption/conversion of CO2 to carbonate on ferrihydrite surfaces, described in chapter 

5.   Surface adsorption can be affected by many factors and small changes in pH, 

concentration or the presence of competing species can have a dramatic effect on the 

extent of adsorption or the complex.  For example, the mobility of dangerous elements 

like arsenic and uranium in aquatic systems is dependent on adsorption to mineral 

surfaces, but the stability of the adsorption complex is highly dependent on the oxidation 

state of the element and the binding configuration 13-15.   A summary of common surface 

binding configurations like those utilized in chapter 5 is presented in figure 1-2.  This 

dissertation focuses on materials which due to their prevalence in natural systems have 

the potential to play a role in a wide variety of processes.   The occurrences and relevance 

of these materials as well as the particular adsorbates studied herein is discussed in the 

following sections below.    
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Occurance/Relevance of Carbonates 
 

Carbonate minerals constitute an important and widely abundant class of 

minerals.  Due in part to their ubiquity they play key roles in many environmental 

processes including the sequestration of heavy metal contaminants and the carbon 

cycle16,17.  Of all the carbonate minerals calcium carbonate, also known as calcite, is the 

most prevalent.  In fact, calcite (CaCO3) and dolomite ((Ca,Mg)CO3) account for more 

then 90% of all carbonates18.  Calcite is the most common carbonate constituent in 

sedimentary rocks like limestone, metamorphic rocks such as marble, and in vein 

deposits.  In addition, calcium carbonate in the form of calcite and aragonite is the 

primary component of the shell or skeletal structure of most marine organisms 19, 20.  

Furthermore, the synthetic formation calcium carbonate is currently one of the most 

popular means of CO2 sequestration 16. Such prevalence within the natural systems 

coupled with its excellent crystal cleavage makes calcite an ideal substrate for studies of 

atomic scale surface processes. 

One of the most important environmental processes in which calcite plays a role 

in is the sequestration of divalent heavy metals.  These metals are sequestered at the 

calcite surface primarily though adsorption, and surface precipitation mechanisms.  

Studies have shown that the calcite surface has an affinity for a number of species 

including Zn2+, Cu2+, Hg2+, Cr2+, Cd2+, Pb2+, U6+, SO2, CO2, NO3, 
21-26 to name a few.  

The adsorption and retention of surface sequestered species is a strongly dependent on 

the concentration of sorbate species and calcium26.    Once adsorbed, sequestered species 

may significantly affect subsequent processes, such as crystal growth and dissolution and 

the adsorption/retention of other species.    



 8 

Sequestered in the near surface region facile release of species might be expected 

under intermediate to under saturated conditions.  Though, as described in chapter 4, 

atomic force microscopy has demonstrated that the surface of calcite is dynamic and has 

the potential to restructure even under relatively dry conditions, potentially stabilizing 

sequestered species.  Surface adsorbed species such as cadmium and lead are retained in 

the near surface by different means and subsequently affect the restructuring process in 

different extents.    

 
Occurance/Relevance of Ferrihydrite 

 
Iron is the sixth most abundant element on the planet, and the 4th most common 

element in the Earth’s crust 27.  Iron within environmental systems is most prevalent as 

oxide and oxyhydroxide minerals.  There are numerous structurally distinct iron oxide 

minerals, with hematite (α-Fe2O3) being the most thermodynamically stable.   Hematite 

and other common iron minerals such as goethite (α-FeOOH) form under various 

conditions, often with varying morphologies12.  Larger more stable mineral phases can 

form from smaller rapidly formed phases such as ferrihydrite 28, 29.   

Ferrihydrite is an iron oxyhydroxide mineral which only exists as a nanomaterial 

in the range of 2-10nm 30, 31.  It is a challenge to characterize particles < 10 nm even with 

modern analysis equipment, a potential reason why the prevalence and impact of 

ferrihydrite went unknown for some time 9.  Originally depicted as a colloid, ferrihydrite 

has been used industrially for process such as metallurgical processing, coal liquefaction, 

crude processing, and as a catalyst precursor9.  Ferrihydrite has been referred to as 

amorphous iron hydroxide, colloidal ferric hydroxide, and Fe(OH)3, although ferrihydrite 

has a definitive structure and has been shown to be an oxide or oxyhdroxide32.   While it 
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is agreed upon that ferrihydrite has a structure, there is still significant debate over what 

that structure is31.  Part of this issue arises from the fact that ferrihydrite constitutes a 

class of highly similar nanocrystallites which are typically classified by the number of 

broad X-ray reflections they produce, most commonly denoted as 2 and 6-line. Without a 

bulk structure highly important surface studies become more challenging because surface 

terminations and resulting binding sites can not be accurately predicted.  Still due to its 

large surface area which can be in excess of 300 m2/g, prevalence, and high affinity for 

environmentally relevant species, in particular oxyanions like PO4
3- and AsO4

3- 33-36, 

ferrihydrite remains the focus of active research. 

 
Heavy Metals in Environmental Systems 

 
Heavy metals which are typically toxic to most large organisms37 occur naturally, 

but have been introduced into environmental systems in damaging concentration mainly 

due to anthropogenic activity. The metals which are most problematic as far as human 

health is concerned are lead, cadmium, mercury, and arsenic38.  Before their health 

effects were realized these metals were used extensively by humans for thousands of 

years as pigments and alloying materials.  Although industrial usage in the past century 

most likely exceeds usage from all the prior centuries combined.  Many common 

consumer products long contained metals like lead in gasoline, and cadmium in batteries.  

These metals were also utilized in fertilizers for  many years before the effects were 

realized, and are still being used today in some developing countries38.  Today and into 

the future computers and advances electronics will continue to contain large quantities of 

potentially dangerous metals39. 
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Being atop the food chain humans have the potential for increased exposure as 

many harmful metals bioaccumulate in fish and shellfish40.  Something of particular 

concern to females carrying young, who are particularly susceptible to exposure38.  

Cadmium and lead are two common and harmful heavy metal contaminants, and their 

interactions with calcite are explored in chapters 3 and 4.  Cadmium is a human 

carcinogen and long term exposure is known to cause kidney and skeletal damage 38.  

Lead exposure results in various problems associated with the nervous system which can 

often lead to mental impairment.   A significant impairment is seen in some cases of 

exposure to children.   Additionally, lead is classified as a possible human carcinogen.       

 
 

CO2 and Carbonates  
in Environmental Systems 

 
While some might argue over what the actual climate effects may be, there can no 

longer be an argument that humans must be affecting the global carbon cycle.  The 

amount of CO2 released into the Earth’s atmosphere by human activity has exponentially 

risen since the mid 20th century.  Global CO2 concentrations are now approaching 

300ppm, and are predicted to rise to 500ppm by 2100, levels that have not existed on 

earth during the last 500,000 years 41.   Although this is somewhat difficult to predict 

because the concentration of atmospheric CO2 is largely regulated by the oceans which 

currently still act as a sink42.  While continued anthropogenic output of CO2 may lead to 

climate change, increased CO2 will certainly result in increased acidity of the world’s 

oceans, something which is already being observed41.  The effects of this on ocean life 

are just beginning to be discovered, but some effects are easy to predict.   For instance, 

much of the ocean life which utilizes carbonates will be impacted as acidic condition will 
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impair nucleation and stability of carbonate phases.   This has the potential to effect 

shellfish, corrals and a host of other marine organisms43, 44.   Additionally, conditions of 

understaturation will lead to the potential release of sorbates and even coprecipitated 

species as carbonate materials dissolve.  This is of course beyond the effect which pH 

alone may have on the stability of sequestered surface species. 

Ocean acidification is occurring due to the absorption of atmospheric CO2 by 

water bodies, CO2 reacts with water resulting in carbonic acid, bicarbonate, and 

carbonate.  Increasing concentrations of CO2 leads to greater and greater proportional 

concentrations of bicarbonate44.  The increased solution phase concentration of carbonate 

and bicarbonate have the potential to influence the environmental availability of many 

contaminants as they may compete for adorption sites on non-carbonate mineral 

surfaces13.  This again provides a possible scenario for the release of surface sequestered 

contaminants, which could have a wide range of effects on almost all water bodies and 

ecosystems.     
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CHAPTER 2 

 EXPERIMENTAL 
 

Overview 
 

Environmental surfaces and interfaces play host to a wide range of species and 

processes in natural systems.  In order to investigate such complex systems a bottom-up 

approach using pure or synthetic materials is advantageous.    This approach enables the 

maximum amount of control over the complexity of the system, allowing for clear 

interpretation of results.  For this reason materials utilized for work contained within this 

dissertation were either prepared synthetically or obtained in as pure a form as possible.   

Large crystal faces of calcite needed for AFM studies are extremely difficult to create 

synthetically, so optically pure calcite single crystals were used.   A list of mineral 

preparation techniques can be found in appendix 1, and the TEM image gallery in 

appendix 2 may be used for rapid qualitative identification of particles size and range.    

Scientists are typically taught to be problem driven, but a good scientist invariably 

picks up techniques and expertise in the pursuit of their primary goal which can lead to 

additional scientific opportunities.  Much of the science I have become involved in 

beyond what is presented in this work is due to opportunities that have arisen from my 

expertise being relevant or necessary to the problem at hand.  An overview of 

experimental techniques used in this work in now presented.    
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Atomic Force Microscopy (AFM) 
 

Overview 
 

Atomic force microscopy (AFM) is a form of scanning probe microscopy (SPM) 

where an atomically sharp tip interacts with a sample surface.  SPM includes other 

surface techniques such as scanning tunneling microscopy (STM) and near-field scanning 

optical microscopy (NSOM).   These are all powerful techniques which allow the 

imaging of surfaces beyond optical limits down to the atomic level1.  All of the SPM 

techniques operate as the name implies, by using a small probe which is rastered over a 

sample surface to create a micrograph.   One of the key elements which allows atomic 

resolution and makes SPM techniques so powerful is their precision, which is on the 

order of angstroms to nanometers.  This is made possible by piezoelectric transducers, an 

element of all SPM devices1.  A piezoelectric material is a material which expands or 

contracts proportionally in response to an applied voltage 2.  The piezo element is used in 

SPM as part of the feedback loop (figure 2-1).  The feedback loop is set to maintain some 

set state which could be voltage in the case of STM, but is typically amplitude or 

deflection in AFM depending on the operation mode.  In AFM the state of the feedback 

loop is measured with a laser and a photodiode, where the laser is reflected off of the 

back of the cantilever into the photodiode.   As scanning occurs the feedback loop adjusts 

the voltage applied to the piezo to correct for the change in the set point, in doing this the 

real height or topography can be obtained from the calibration of the piezo.  There are 

many spin off techniques or modes which have arisen from AFM such as magnetic force 

microscopy, polarization force microscopy, electrical force microscopy, and scanning 

thermal micrscopy to name a few; and developers are always coming up with new modes.  
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All of these modes are either a function of utilizing a different drive mechanism or 

collection of an alternate signal, and can be related back to two primary modes of 

operation one where the AFM cantilever oscillates, and another where it does not.  These 

are commonly known as intermittent-contact and contact mode respectively.  Most newer 

instrumentation allows the collection of the alternate signals for phase imaging 

(intermittent-contact) and friction imaging (contact) without the need for additional 

equipment. 

 

AFM Contact Mode 

 Contact mode is the original and most straightforward method of scanning in 

AFM.  In this mode a sharp tip ( < 10 nm radius of curvature) is held at the surface, and 

the interaction the tip experiences causes a deflection of the cantilever resulting in 

movement of the reflected laser spot within the photo diode.  As the tip is scanned across 

the sample surface line by line the deflection is measured in the photodiode and can be 

displayed as a surface plot or micrograph.  The correction the piezo makes to adjust the 

deflection back to the set point at each point as the tip scans across the surface can also be 

plotted, this is the topography.  The vertical force which the tip applying to the sample 

surface can be determined from Hook’s Law (equation 1) if the spring constant of the 

cantilever is known. 

kzF =           (1) 

Where F is the force, k is the cantilever spring constant, and z is the deflection of the 

cantilever in the photodiode1.  Using this method the cantilever spring constant can be 

obtained from the slope of a force versus distance curve.   For applications which require  
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Figure 2-1 Schematic of AFM feedback loop 
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the exact force be know the Sader method can be used, but requires the physical 

measurement of cantilever properties which requires additional equipment3.  

 Contact mode AFM is useful for any robust sample surface such as a polymer 

film or crystal surface; however it does exert a lateral force on the sample and has the 

potential to damage a sample surface if not controlled correctly2. The primary advantage 

of contact mode over intermittent-contact mode is that it is capable of atomic resolution1.      

In addition to topography and deflection, friction data is typically acquired while 

scanning in contact mode.  

AFM Intermittent Contact Mode  

Intermittent contact mode AFM, which is often referred to by its trademarked 

name Tapping ModeTM is perhaps the most commonly used AFM drive mode.  In this 

drive mode the cantilever is excited to oscillate, typically acoustically, at or near its 

resonant frequency.  The breadth of the sweep the cantilever makes during oscillation is 

referred to as the amplitude (figure 2-2a, Equation 2), and is measured with the 

photodiode.  

2/12)4
11( Qk

FQ
Ares −

=           (2) 

Where A is amplitude at resonance, F is the resonant force applied, k is the 

cantilever force constant, and Q is the mechanical Q factor4.  The frequencies depend on 

the particular cantilever, but are typically on the order of kilohertz.  In this mode the 

amplitude is dampened as the tip interacts with the sample and the signal is analogous to 

the deflection signal in contact mode and can be plotted.  The topography signal is 

created in a similar way as in contact mode as well; where the applied piezo voltage is  
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Figure 2-2a Oscillating AFM cantilever with amplitude A 

 

 

Figure 2-2b Schematic of AFM phase imaging exemplifying the difference 

in topography and phase images from a flat sample where a portion of the 

sample has different physical properties 
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adjusted to maintain the set amplitude.   In intermittent contact mode phase imaging can 

be collected in addition to amplitude and topography.  

 
Additional Imaging Modes: 
 Friction and Phase Imaging 

 
 While AFM is a powerful atomic scale imaging tool, it is inherently chemically 

blind.  Still, there is a significant amount of information which can be obtained from 

AFM beyond morphology and topography.   Depending on the circumstance and imaging 

mode there are many additional imaging signals which can be obtained.   Two of the 

most common, which can also be collected typically without any additional equipment, 

are friction and phase imaging.   The friction signal is collected during scanning as the 

lateral deflection, the motion of the laser in the photodiode perpendicular to the normal 

deflection 2.  This is sometimes referred to as lateral force microscopy or LFM. Friction 

imaging is useful for investigating properties such as adhesive forces and surface 

roughness.    The phase signal is collected in intermittent contact mode, and is the 

difference between driven and actual phase of the of the cantilever amplitude (figure 2-

2b).  The phase signal is sinusoidal and can be recorded as described in equation 3. 

)(
2tan 22 Ω−

Ω= ω
αϕ      (3) 

Where φ is the phase, α is that amplitude dampening, ω is the effective resonant 

frequency, and Ω is the drive frequency5.  The phase of a cantilever interacting with the 

surface is always perturbed from the drive frequency.  As a result phase shifts are always 

relative to the substrate. Phase imaging can be used to map variations in surface 

properties and is widely used for the characterization of materials such as polymer 

blends6.     
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AFM: Practical Application Notes 

For the work within this dissertation two different microscopes were utilized from 

separate manufactures with significantly different designs.  Understanding the practical 

difference between the two allows one to correctly apply the theoretical background and 

obtain good results on either scope.   The AFM data in chapter 3 was acquired using a 

Digital Instruments Multimode SPM with a Nanoscope 3a controller and the J scanner 

using both contact and tapping mode.   The AFM data contained in chapter 4 was 

acquired with a Molecular Imaging (now Agilent) Pico LE SPM with a 5100 controller 

and the 100µm scanner.  The two instruments have a different design and one is 

essentially inverted from the other.   On the Digital Instruments microscope the sample is 

mounted onto the piezo and is rastered under a stationary AFM tip, this design is called 

tip scan.  The Molecular Imaging design has the AFM cantilever (tip) mounted to the 

piezo while the sample is stationary, referred to as sample scan.   Each instrument has its 

specific advantages.  The Digital Instruments machine is one of the first widely sold main 

stream models and is highly common.  Its design allows for clear visualization of the 

sample as it can be seen directly while scanning, the instrument also has a much better 

optical setup.   The Molecular Imaging machine is much better for in-situ studies 

particularly those requiring solution or atmospheric control.  Further experimental 

specific details can be found in the experimental sections of chapters 3 and 4.      
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X-ray Photoelectron Spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) is a surface analysis tool which provides 

elemental information from approximately the top 10nm of a sample surface.  XPS is 

based of the photoelectric effect where an absorbed photon (x-ray) excites and causes the 

ejection of a core electron.   

A + hν � A+* +e-      (4) 

Where A is an atom, molecule, or ion7.  The energy of the electron can be 

measured and the electron binding energy can be determined if the incident photon 

energy and work function is know (Equation 5).   

fkb WEhE −−= ν           (5) 

Where Eb is the electron binding energy, hν is the incident photon energy, Ek is the 

kinetic energy of the ejected electron, and Wf is the detector work function8.  XPS is 

surface sensitive due to the fact that the photoelectron is detected in the process; and 

while it is a function of energy, electrons ejected typically are in the range 10-1000eV of 

energy which equates to electron mean free paths <10nm8.  XPS provides information 

about the chemical state of the probe element, is useful for identifying the chemical 

composition of sample, and is the tool of choice typically for oxidation state analysis7.  

 

XPS: Practical Application Notes 

XPS is utilized in chapter 3 as a qualitative tool to asses the uptake of divalent 

lead and cadmium onto calcite surfaces.   All data were collected using the VG100AX 

hemispherical analyzer and a Mg Kα X-ray source.  There was no redox reaction taking 

place in these studies, so oxidation state of the investigated elements was not expected to 
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change.   Although still qualitative relative sensitivity factors for cadmium and lead were 

used to allow for quantification of the data.  Further experimental specific details can be 

found in the experimental section of chapter 3.      

 

Ion Scattering Spectroscopy (ISS) 

Ion scattering spectroscopy (ISS) is a highly surface specific analysis tool used to 

identify the mass of ions composing the uppermost atomic layers.   ISS is really low 

energy ion scattering spectroscopy (LEIS), operated at 0.1-10keV but is commonly 

referred to as ISS.   Medium energy ion scattering (MEIS) and Rutherford back-scattering 

spectroscopy (RBS) are related techniques with slightly different principles and will not 

be discussed here.  The basic principle of ISS comes from inelastic scattering theory and 

the mass of the surface ion can be determined from the mass of an ion scattered at a 

known angle.   

 
( ) 22/1222 cossin
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Where Ef and Eo is the measured and incident energy of the scattering ion respectively, M 

is the mass of the surface ion, Mi is the mass of the scattering ion, and Θ is the angle of 

incidence9.  ISS exhibits increased surface sensitivity over almost all other surface 

analytical techniques and is considered to provide information from the uppermost 

atomic layer only.  This arises from the fact that the scattering ions are predominantly 

neutralized in the process and only those which maintain a charge while being 

inelastically scattered contribute to the signal.  These scatters are typically noble gases 
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which readily neutralize if their surface interaction time is long or they penetrate the 

bulk9.    

ISS: Practical Application Notes 

While ISS is a powerful surface analysis technique, it does have the potential to 

damage the surface as you scatter off the surface.  The entire scattering process is not 

entirely different than sputtering, the differences are the angle of incidence and the 

incident ion.  Helium ions are typically used for ISS while argon ions may be used for 

sputtering.   Due to this collection time on samples of interest should be minimized by 

using another sample to tune conditions.   Within this dissertation ISS is utilized in 

chapter 4 to prove that calcium still exists in the outermost surface layer after exposure to 

cadmium and lead.  All data were collected using the VG100AX hemispherical analyzer.  

Further experimental specific details can be found in the experimental section of  

chapter 4.      

 
Attenuated Total Reflection-Fourier Transfer Infrar ed Spectroscopy 

(ATR-FTIR) 
 

Attenuated Total Reflection Fourier Transfer Infrared Spectroscopy (ATR-FTIR) 

is a form of infrared spectroscopy utilized for surface analysis and is ideal for in-situ 

experimentation.  ATR-FTIR is based on the optical phenomenon of total internal 

reflection, which occurs when a beam of radiation strikes a medium boundary with an 

angle which exceeds the critical angle.  ATR-FTIR utilizes an important side effect of 

total internal reflection, the evanescent wave.   The evanescent wave is the small portion 

of the reflected beam which propagates into the second medium even under total 
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reflection conditions7, 10.  The depth which the wave penetrates the second medium is 

described by equation 7. 

2
12

2
1 )/(sin2 nnn

d p
−Π

=
θ
λ              (7) 

 

Where dp is the penetration depth, λ is the wavelength, n1 is the ATR element refractive 

index, and n2 is the sample refractive index11. The penetration depth is a linear function 

of wavelength inducing a linear slope to the infrared spectrum obtained using ATR-FTIR.    

This can be corrected with various algorithms, allowing ATR spectra to be visualized as 

absorbance spectra. 

 

ATR-FTIR: Practical Application Notes 

 ATR units are accessories that can be used in most spectrometers.  Often times 

they will require different mounts to fit into different manufacturers spectrometers.   ATR 

units come in single and multi bounce systems, and each bounce is the evanescent wave 

penetrating into the sample.   Theoretically the multibounce systems should provide 

better signal to noise, but in reality the designs are not optimized as well as the single 

bounce.   Much of this seems to be due to the focusing optics included with the single 

bounce systems.  Figure 2-4 is a picture and schematic of a diamond single bounce ATR.  

Whether using single or multibounce systems particular care should be taken with the 

ATR element.  Many ATR element materials can only be used with certain solvents or 

under certain pH conditions, they also have vary properties as far as hardness (scratch 

resistance), brittleness (crystal breakage), and optical transparency (wavelength cutoff).  

All of these aspects should be considered when planning an experiment.     Even a unit  
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Figure 2-3 Diagram (top) and photograph (bottom) of a single bounce 

diamond ATR unit.   The diagram shows the laser of the spectrometer as it 

reflects off of a series of mirrors and passes through focusing optics before 

and after entering the diamond.  The uppermost circle shows the evanescent 

wave interacting with the sample. 
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made with a robust material like diamond may have condition limits which are most 

likely imposed by the mooting material and not the diamond itself.  The work in chapter 

5 heavily relied on ATR and acquired performed using the Thermo Smart Orbit single 

bounce diamond unit.   This unit uses mirrors for the focusing optics which makes the 

lower detectable wavelength determined by the detector and not the ATR unit itself.    

 

Transmission Electron Microscopy (TEM) 

 Transmission Electron Microscopy (TEM) is an imaging technique highly useful 

for the characterization of nanoparticles.  The most common TEM micrograph, a bright 

field image, is formed when high energy electrons are focused and transmitted through a 

sample onto an imaging device.  The contrast arises from the differential scattering and 

adsorption of different parts of the sample, thicker areas or those with greater density 

appear darker12.  An image of this type can be thought of simply as a two dimensional 

projection down the optical axis, and is ideal for rapid investigation of particle size and 

morphology.  Common laboratory scopes have electron sources capable of acceleration 

voltages between 120-200kV, and advanced systems can be up to 300kV.  Even with 

these high energies samples need to be a micron thick or less for efficient imaging.  The 

largest advantage of TEM is the spatial resolution, which is orders of magnitude better 

then the best light microscope, and due to the wavelength of an electron (100KeV, 

λ=0.004nm) 12.  This makes TEM an ideal choice for examining the size distribution, 

morphology, and other characteristics of nanoparticles.   
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TEM:  Practical Application Notes 

 While large enough to require their own room and expensive to both purchase and 

maintain, TEM is an extremely powerful tool which provides realistic images no other 

instrument can provide.   The images are realistic in the sense that they are very similar to 

the typical photograph everyone is familiar with.  TEM does not have the same electron 

effects that SEM does, nor effects similar to tip effects in AFM.  TEM images are by and 

large simple projections.  TEM was utilized in this dissertation work primarily to check 

the morphology of synthesized minerals.   The instrument used, a 120kV FEI Tecnai 12T, 

was located at the Microanalysis and Imaging Research and Training Center at West 

Chester University.             

 
X-ray Diffraction (XRD) 

 

X-ray diffraction (XRD) is a technique used for the identification of crystalline 

materials.  XRD uses an X-ray beam focused onto a sample surface and either the source 

or sample is rotated through a range of angles as the signal from reflected x-rays are 

recorded.  Reflection is well defined and follows Bragg’s law (equation 8). 

λθ nd =sin2              (8) 

Where d is the distance between atomic layers of the crystalline material, n is any 

integer, and λ is the x-ray energy.  

The full width at half maximum (FWHM) of the reflection peaks can provide a 

useful estimate of particle size when doing powder diffraction.   Larger (>100nm) more 

periodic crystals have sharp reflections with FWHM values approaching the line width of 

the x-ray used, while smaller more defective crystals give broad reflections.  The nominal 
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crystal size can be approximated from the FWHM using the Scherrer equation (equation 

9) 

θβ
λ

cos

k
L =              (9) 

Where L is the mean crystallite size, k is a Scherrer shape constant, λ is the wavelength, θ 

is the diffraction angle and β is the FWHM. 

 

XRD:  Practical Application Notes 

 XRD diffraction is the standard for identification of mineral phases and is more 

accurate then identification by morphology using TEM.  The XRD data utilized in 

chapter 5 was collected the Microanalysis and Imaging Research and Training Center at 

West Chester University. 

 
Hybrid Density Functional Theory 

 (B3LYP-DFT) 
 

Surface adsorption on mineral surfaces is an important process in environmental 

chemistry, but is often complicated and computationally expensive to model.  Modern 

software packages such as Gaussian coupled with the availability of powerful but cost 

effective computer systems is increasingly making it easier to calculate realistic 

quantities useful in supporting or interpreting laboratory findings.   There are many 

theoretical methods which can be utilized but DFT, in particular B3LYP has been shown 

to be effective  in predicting the electronic structure of many-body ground state 

complexes12-18.  B3LYP (Becke 3-Parameter, Lee, Yang, Parr ) is a hybrid functional 
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which modifies the DFT exchange-correlation energy functional incorporating a 

component calculated using Hartree-Fock theory 19.    

Molecular modeling using B3LYP-DFT allows for the accurate prediction of the 

geometry of atom clusters constructed to mimic mineral surface sites with adsorbed 

species.  Generating infrared frequencies of various surface adsorption complexes of a 

specific compound allows rapid interpretation of experimental results.   In this manner 

important information about adsorbate structure whether it be monodentate, bidentate, 

etc, can gained.    

 

DFT:  Practical Application Notes 

Adsorption complex models used to identify infrared modes in chapter 5 were 

calculated in collaboration with James Kubicki of Pennsylvania State University and 

some output files were generated on the Unix machines there as well as a dual core 

Windows laptop.     All output files were generated using Gaussian, and output was 

interpreted using ChemCraft, Molden, and Cerius 2 visualization software.   
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ABSTRACT 

The interaction of divalent Cd and Pb with the {10ī4} cleavage faces of calcite 

has been investigated with X-ray photoelectron spectroscopy (XPS) and atomic force 

microscopy (AFM).  Analysis of the {10ī4} cleavage planes of calcite was carried out 

with X-ray photoelectron spectroscopy (XPS) after exposure to divalent metal-bearing 

solutions in the 0.1–100 µM concentration range for times ranging from 1 to 24 h.  The 

uptake of Cd2+ by calcite was determined to be greater than that of Pb2+ under similar 

experimental conditions (1 µM, pH 8.2, 24 h exposure time).  In both cases, the majority 

of the divalent metal was postulated to exist in a surface precipitate.  AFM results showed 

that the exposure of calcite to a 1 µM Pb2+ solution resulted in ellipsoidal surface growths 

that were attributed to the nucleation of a PbCO3 bulk phase.  In the Cd circumstance, 

AFM showed comparatively flat growth features forming on the calcite surface even at 

concentrations down to 0.1 µM, where the solution would be expected to be 

undersaturated with respect to Cd bulk phases.  These features were attributed to a 

(Ca,Cd)CO3 solid solution.  The individual exposure of these Cd/CaCO3 and Pb/CaCO3 

samples to water pre-equilibrated with calcite (metal free) for 1 h led to the removal of no 

more than 20% of the divalent metal, suggesting that if there was an adsorbed Pb or Cd 

complex initially on the calcite surface, it was a minority species compared to the 

precipitate phase.  Exposure of calcite to 100 µM Cd and Pb resulted in the accumulation 

of precipitate on the calcite surface presumably due to the divalent metal initial solution 

concentrations exceeding the solubility products of CdCO3 and PbCO3, respectively. 
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Introduction 

The adsorption and retention of divalent metals by calcite surfaces has been a 

relatively well studied phenomena, due to its significant environmental relevance1–5.  The 

ubiquity of this mineral in many environmental settings makes its interaction with 

divalent metals in groundwaters and waste streams a likely possibility.  This affinity of 

calcite for a variety of metals not only makes it of interest for its role in environmental 

processes, but also for its potential practical use as a material to sequester toxic metals 

produced during anthropogenic activity6,7.   

Divalent Cd1–5 and Pb 8–10 are among the environmental toxins whose interactions 

have been investigated with calcite.  Both aqueous species show a significant uptake on 

the calcite surface.  With regard to Cd2+, a seminal study by Stipp et al.11 investigated the 

interaction of this metal cation on {10ī4} cleavage faces of calcite in deionized water.  It 

was concluded that not only does this surface show a strong affinity for Cd2+, but that 

adsorbed Cd can undergo solid-state diffusion into the calcite bulk under dry conditions.  

The accommodation of Cd2+ into the calcite is presumably facilitated by the similarity 

between the ionic radii of Ca2+ and Cd2+.   Consistent with this presumption is prior 

research by Reeder and coworkers that showed, using extended X-ray absorption fine 

structure (EXAFS), that Cd is well-accommodated in calcite octahedral sites under 

growth conditions12.    

Even though Pb2+ exhibits a roughly 20% increase in ionic radius compared to 

octahedrally coordinated Ca2+, this metal also can be accommodated within the 

octahedral sites of calcite under growth conditions13.  Prior studies, however, have 

suggested that the interaction of Pb with cleavage planes of calcite is fundamentally 
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different from that of Cd.  For example, the interaction of Pb with calcite cleavage 

surfaces was studied by synchrotron-based standing wave analysis8 and the experimental 

results suggested that the Pb resided primarily in the outer surface of the cleavage plane 

as an incorporated species and a smaller fraction formed an ill-defined disordered surface 

layer.  A later study investigated the adsorption of Pb on calcite powder using 

isotopically labeled Pb10.  The results of this study showed that the uptake of Pb on 

calcite powder was largely reversible, implying that a majority of the Pb resided on the 

outer layers of calcite as an adsorbed surface complex.  Diffusion into the calcite bulk, as 

was observed in the Cd case, was not a significant uptake mechanism in this particular Pb 

study.  This circumstance is perhaps due to the larger ionic radius of the Pb cation (1.2 

Å14) and the increased strain it would introduce into the calcite structure.  However, prior 

EXAFS studies mentioned above show that at least under growth conditions, Pb2+ is 

readily incorporated into the octahedral sites of calcite13.  This result raises some doubt in 

attributing the preference of Pb for the outermost layer of calcite on an ionic radius 

argument alone.  More recent results show that adsorbed Pb complexes on calcite adopt a 

non-octahedral coordination and it may be this non-octahedral to octahedral change in 

coordination that hinders Pb incorporation into the calcite near surface region15. 

Unfortunately, a similar structural study has not been carried out for the Cd-adsorption 

complex on calcite.  However, it might be hypothesized that the structural similarity of 

otavite, CdCO3, to calcite (i.e., isostructural)16 and the similar ionic radii of Cd2+ and Ca2+ 

(0.95 and 1.00 Å, respectively)14 might facilitate the uptake of Cd relative to Pb.   

The objective of the research presented here was to build on prior studies and to 

contribute to the understanding of the uptake of Cd and Pb on calcite cleavage planes in 
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at least three ways.  (1) Results presented in this research address the contribution of 

sorption, solid solution formation (e.g., coprecipitation), solid-state diffusion, and bulk 

precipitation to the uptake of Cd and Pb by calcite {10ī4} cleavage planes in solutions 

having divalent metal concentrations that were either undersaturated or oversaturated 

with respect to bulk Cd and Pb phases (e.g., CdCO3 and PbCO3).  (2) Experiments 

detailed in this contribution investigated the adsorption of Cd2+ and Pb2+ on cleaved 

calcite under similar experimental conditions so that the specifics of the uptake 

mechanism of these two metals could be compared.  (3) Experimental results presented in 

this contribution addressed the issue of whether the Cd and Pb concentration in the calcite 

outer and near surface region was stable under dry conditions for a period of weeks.  The 

behavior of Pb and Cd sorbed to calcite, which is then allowed to dry, may be particularly 

relevant to the vadose zone environment, where wetting–drying cycles are characteristic. 

In these particular experiments, calcite was initially exposed to Cd and Pb in water that 

was preequilibrated with calcite (pH 8.2).  In essence, results from these experiments 

complement those detailed in an earlier study that investigated the stability of Cd under 

dry conditions after calcite was exposed to this metal in deionized water.  Experiments 

pertaining to these three issues utilized XPS to determine the concentration of the metals 

in the near and outermost surface, and AFM to investigate any microtopographic changes 

resulting from Cd and Pb exposure. 
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 Experimental 

Calcite samples used in this study were prepared from optical quality Iceland Spar 

calcite specimens, obtained from Brazil.  Surfaces of calcite {10ī4} were generated by 

cleavage with a razor blade in a glove bag backfilled with nitrogen. Cd2+ or Pb2+ bearing 

solutions were prepared from the Cd(NO3)2 and Pb(NO3)2 salts, respectively.  Depending 

on the experiment of interest the salt was either dissolved in deionized (DI) water with a 

pH of 5.5 or in water that was pre-equilibrated with calcite.  With regard to the latter 

solution, pre-equilibrated calcite solution (pH 8.2 at 25◦C) was prepared by first mixing 

100 mg of a reagent grade calcite (CaCO3(s), Fisher Scientific) in a beaker containing 

three liters of deionized water (18 MΩ resistivity).  The mixture was continuously stirred 

using a magnetic stir bar and equilibrated with atmospheric CO2(g) for four weeks.  The 

suspension pH was measured at regular intervals and was found to stabilize at a pH value 

of about 8.2 after four weeks.  Prior to use, this pre-equilibrated solution was filtered 

using a 0.2 µm Nalgene filter to eliminate solid CaCO3 in the suspension.   

Individual solutions with a Cd and Pb concentration of 0.1 and 1 µM were 

prepared in pre-equilibrated water, and the 100 µM Cd and Pb solutions were prepared in 

deionized water.  Speciation of the solution compositions was quantified with the 

PHREEQC software using the solubility constants displayed in Table 1 (selected major 

reactions are given).  In both the 0.1 and 1 µM solution analysis, calcite was assumed to 

be at equilibrium with the fluid (pH 8.2, PCO2(g) = 10−3.5).  Saturation indexes (i.e., 

log(ion activity product/solubility product)) for otavite and cerussite of 0.9 and −0.2,  
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respectively, were calculated for the 1 µM solution.  Hence at this concentration, the Cd 

solution was slightly oversaturated with respect to otavite, while the Pb solution was 

slightly undersaturated with respect to cerussite.  Simulation of the 0.1 µM Cd and Pb 

solutions in preequilibrated water yielded saturation indexes for otavite and cerussite of 

−0.1 and −1.2, respectively.  Hence, it is the presumption in this latter case that the 

formation of pure bulk Cd and Pb carbonate phases was thermodynamically unfavorable. 

In general, freshly cleaved calcite crystals were immediately submerged in 

approximately 35 ml of Cd or Pb bearing solution in a Teflon beaker.  Studies revealed 

that Pb showed significant adsorption on glass surfaces.  Experiments in our laboratory 

also showed that Teflon was the preferred material and minimized the loss of Cd or Pb 

from solution.  The cleavage of the calcite surface, introduction into the solution of 

interest and removal for analysis was carried out in an inert atmosphere contained within 

a glove bag.  Samples could be transferred from the glove bag, directly to an introduction 

chamber attached to an ultrahigh vacuum chamber for analysis with XPS without 

exposure to the ambient atmosphere.  Samples for AFM were removed from the glove 

bag and were exposed to the ambient atmosphere during AFM analysis.  In all cases the 

calcite samples were only handled with a Teflon coated tweezer and after exposure to 

solution were blown dry with dry nitrogen.   

X-ray photoelectron spectra of all samples were obtained using a hemispherical 

electron analyzer that was operated with a 50 eV pass energy.  MgKα (1253.6 eV) 

radiation was used as the excitation source for all the XPS data.  Exposure times to the   

X-ray beam during analysis were kept as short as possible to minimize any beam induced 

desorption of Cd or Pb. Cd and Pb loss due to beam irradiation was experimentally 
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observed in prior research11.  Calcite is an insulator and samples charged during XPS 

analysis.  Binding energies quoted in this paper were determined by aligning the C 1s 

feature due to the CO3
−2 group of calcite to 289 eV, consistent with prior XPS studies of 

calcite17,18.  Finally, XPS data is used in this contribution to compare the concentration of 

Cd and Pb on the calcite surface after exposure to various solutions.  To quantify the XPS 

data, a relative sensitivity factor for the Pb 4f7/2 to Cd 3d5/2 core level (i.e., the (Pb 

4f7/2)/(Cd 3d5/2)) area ratio was taken to be 1.119. 

Ex situ AFM images were acquired in contact mode, using a multimode 

Nanoscope IIIa scanning probe microscope (Digital Instruments) equipped with a 

piezoelectric type-J scanner.  Commercially available oxide-sharpened Si3N4 

(MikroMasch cantilever CSC 11 without Al) probes were used for AFM imaging.  These 

probes consisted of V-shaped cantilevers that had lengths of 100 and 200 µm and force 

constants of approximately 0.6 to 6 Nm−1.  The square pyramidal shaped lever tips had a 

radii of approximately 4–50 nm.  Scan rates ranged from 2 to 4 Hz with 256 sampling 

points per scan line, and corresponded to a capture time of 180 to 100 s per image, 

respectively. 
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Results 

Atomic Force Microscopy 

AFM images were collected ex situ or after the calcite crystal was exposed to 

various aqueous environments.  These images presumably are closely representative of 

the surfaces that were analyzed with XPS, since data obtained from this particular UHV-

based technique is intrinsically confined to ex situ studies. Results obtained from XPS 

will be presented after the AFM results.  

 

AFM of calcite in the absence of Cd2+ and Pb2+ 

Fig. 3-1a exhibits an AFM image of a calcite cleavage plane that was exposed to 

pre-quilibrated solution for 24 h, was removed from solution and immediately imaged. 

Perhaps, the two most apparent morphological features in this particular image are the 

relatively large terraces, separated by macrosteps.  The total topographical relief of this 

image is 2.0 nm.  Fig. 3-1b displays an AFM image of a calcite cleavage plane that was 

exposed to deionized water with a pH of 5.5 for 90 min, and then removed from solution 

for AFM analysis.  This image shows the characteristic rhombohedral etch pits associated 

with the dissolution of calcite in solution that is at least initially undersaturated with  

respect to the calcite.  The ex situ image shown here and in situ images acquired 

at similar conditions in prior studies20 are qualitatively similar, suggesting that the surface 

is not being altered upon removal from solution.  The specifics of the dissolution kinetics 

that lead to the step structures associated with the etch pits have been well studied in prior 

research20–24.  More importantly, both of the images in Fig. 3-1 serve as comparison 



 44 

images to those obtained after exposing cleavage planes of calcite to solutions with 

divalent metal.  

 

AFM of calcite after exposure to Cd2+ 

Fig. 3-2 exhibits a collection of AFM images of calcite {10ī4} planes after 

exposure to solutions with different concentrations of Cd2+.  Fig. 3-2a shows a typical 

image for a calcite cleavage plane that was exposed to 0.1 µM Cd in a pre-equilibrated 

solution for 24 h and was subsequently removed from solution.  Apparent in the image 

are surface features that have nominal heights of 3 nm.  Fig. 3-2b exhibits an AFM image 

of a cleavage plane after it was exposed to a 1.0 µM Cd solution.  Compared to the 0.1 

µM Cd image, this image shows surface features that are larger in size in the plane of the 

surface (i.e., enhanced growth laterally), but show a rather homogeneous height 

dimension of 3 nm.  Fig. 3-2c shows that dramatic morphological changes occur when 

calcite is exposed to 100 µM Cd2+ in DI.  The ex situ image shown suggests that after 90 

min relatively small precipitate features with a nominal height of 1.5 nm appear on the 

calcite surface along with etch features that are dissimilar to those features that appear 

when calcite is exposed to DI without Cd2+.  In particular, the rhombohedral etch pits 

associated with the clean calcite surface dissolving in DI are replaced with a more oval 

etch pit implying that the Cd2+ changes the dissolution kinetics of the calcite cleavage 

plane and/or there is the growth of Cd-containing material on the calcite. 
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Figure 3-1 Ex situ AFM images of the {10ī4} cleavage face 24 h after 

exposure to water pre-equilibrated with calcite (a)  

and 1.5 h after exposure to DI water (b). 
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Figure 3- 2 Ex situ AFM images of the {10ī4}cleavage face after exposure 

to (a) 0.1 µM Cd2+ for 24 h, (b) 1.0 µM Cd2+ solution for 24 h, (c) 100 µM 

Cd2+ in DI water for 90 min, and (d) 100 µM Cd2+ in DI water for 24 h. 
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Fig. 3-2d, which was obtained after a 100 µM Cd2+ solution was allowed to equilibrate 

with a calcite sample for 24 h, shows that large precipitate features, with individual 

heights of roughly 15 nm, dominate the topography of the calcite surface.  It is tempting 

to assume that the composition of the features at this relatively high Cd2+ concentration is 

largely CdCO3, but the presence of a (Cd,Ca)CO3 phase cannot be ruled out. 

  

AFM of calcite after exposure to Pb2+ 

Figs. 3-3a and 3-3b exhibit AFM images of calcite after a 24 h exposure to individual 

pre-equilibrated solutions containing 0.1 and 1 µM Pb2+, respectively.  Fig. 3-3c exhibits 

calcite after a 1.5 h exposure to 100 µM Pb2+ in DI water.  The 0.1 µM Pb2+ image 

exhibits some evidence of growth features (heights not greater than 1 nm), but the vast 

majority of the surface is flat and devoid of any evidence of surface precipitation or 

dissolution.  We only show one image for this 0.1 µM Pb2+ circumstance, but the 

majority of the images (not shown here) show even less evidence for any surface 

precipitate.  Consistent with this result will be XPS results shown below that show the 

absence of any significant Pb on the calcite surface after exposure to 0.1 µM Pb2+.  The 

AFM image in Fig. 3-3b shows that ellipsoidal surface features (having a height range of 

3.0–7.5 nm) grow after the solution concentration of Pb is increased to 1 µM.  These 

features for the most part appear to form on calcite step edges. As exhibited by Fig. 3-3c, 

topographically similar features appear, albeit with a much higher surface coverage, after 

exposure of the calcite cleavage plane to 100 µM Pb in DI water for 1.5 h.  In this 

circumstance the ellipsoidal islands dominate the surface landscape. It is pointed out that 

these features are similar to those observed in prior research with AFM after calcite was  



 48 

 

 

Figure 3-3 Ex situ AFM images of the {10ī4}  cleavage face after exposure 

to (a) 0.1 µM Pb2+ for 24 h, (b) 1 µM Pb2+ for 24 h, and (c) 100 µM Pb2+ in 

DI water for 24 h. Images (b) and (c) exhibit ellipsoidal precipitate, that is 

likely due to bulk PbCO3 precipitation. 
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exposed to high concentrations on Pb2+ (>400 µM) in DI water, and were postulated to be 

associated with the PbCO3 (i.e., cerussite) phase9. 

 

XPS of Calcite Exposed to Pb and Cd 

Fig. 3-4 exhibits Cd 3d data for individual experiments that exposed calcite 

cleavage planes to a 0.1 µM Cd solution for 24 h, 1 µM solution for 1 h, 1 µM solution 

for 24 h, and 100 µM for 1.5 h.  The 0.1 and 1 µM Cd solutions were prepared in pre-

equilibrated water.  The peak positions for the different Cd 3d XPS features are relatively 

invariant and the 405 eV peak position associated with the Cd 3d5/2 level is consistent 

with prior XPS-based work of Cd on calcite surfaces11.  Not unexpectedly these data 

show that the Cd coverage is a strong function of the solution Cd concentration and 

exposure time.  Increasing the exposure time of calcite from 1 to 24 h in the 1 µM 

circumstance (spectra b and c), for example, leads to a threefold increase in the Cd 

uptake.  For the calcite planes that were exposed to a Cd solution concentration of 0.1 and 

1 µM, XPS showed that the intensity of the Ca 2p peak was rather invariant when 

compared to clean calcite that had not been exposed to Cd.  Fig. 3-5 illustrates this point 

by exhibiting Ca 2p XPS before (spectrum a) and after (spectrum b) exposure to 1 µM Cd 

for 1.5 h.  

There is a dramatic increase in the Pb coverage after exposure to the 100 µM Pb solution 

(spectrum d).  In this circumstance it is suspected that the large Pb signal is due in large 

part to the precipitation of a PbCO3 phase, which is consistent with the AFM data 

presented above.  Data is not shown, but the Ca 2p XPS intensity in the 100 µM Pb case  
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Figure 3-4 Cd 3d XPS data after calcite was exposed to Cd2+ under the 

following solution conditions: (a) 0.1 µM Cd2+ for 24 h, (b) 1 µM Cd2+ for 1 

h, (c) 1 µM Cd2+ for 24 h, and (d) 100 µM Cd2+ in DI water for 1 h. 
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is attenuated by 40% when compared to the Ca 2p intensity associated with a calcite 

surface that was exposed to pre-equilibrated water without divalent metal.  While it is 

difficult to derive a coverage of the PbCO3 phase on the calcite surface, the result does 

suggest that a significant portion of the calcite surface is covered by the secondary phase, 

consistent with AFM. 

 
Stability of the Cd and Pb on the Outermost Surface and in the Near 

Surface Region of Calcite 
 

Additional XPS based experiments were carried out to investigate whether a 

fraction of the Cd and Pb was reversibly bound on the calcite surface after exposure to a 

solution containing both 1 µM Cd and Pb.  These experiments were carried out by first 

exposing individual calcite cleavage planes to 1 µM Cd and Pb solutions, pre-equilibrated 

with calcite for 24 h.  The samples were then exposed to pre-equilibrated water 

(containing no Cd or Pb) for 1 h and subsequently analyzed with XPS.  XPS data 

associated with these experiments are presented in Fig. 3-7 that shows that the majority 

of the Cd and Pb is still present on the calcite surface after exposure to pre-equilibrated 

water.  Spectrum a in both the Pb and Cd data set was obtained after the initial exposure 

to the divalent metal.  Spectrum b in the Pb and Cd XPS data set was obtained after this 

post-treatment with pre-equilibrated water.  Analysis of these particular data shows that 

the concentration of Pb exhibits an experimentally discernible decrease in the near 

surface region, while Cd shows almost no decrease, after this post-exposure treatment. 

Spectra c were obtained after the calcite samples were exposed to DI water at pH 5.5 for 

1 h.  This post-exposure treatment results in a far greater removal of the Pb and Cd 

species than was the case for the pre-equilibrated water circumstance.   
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Figure 3-5 Ca 2p XPS data for calcite before exposure to 1 µM Cd2+ (a) and 

after a 24 h exposure to a 1 µM Cd2+ solution (b) 
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Figure 3-6 Pb 4f XPS data after calcite was exposed to (a) 0.1 µM Pb2+ for 

24 h, (b) 1 µM Pb2+ for 24 h, (c) 1 µM Pb2+ for 48 h, and (d) 100 µM Pb2+ in 

DI water for 1 h. 
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Table 3-2 quantifies this XPS experiment by presenting normalized Cd 3d and Pb 

4f intensity data, obtained by dividing the area of the Cd and Pb XPS peaks by the 

associated Ca 2p peak areas (data not shown).  This normalization minimizes possible 

errors due to fluctuations in sample position and detector sensitivity.  The tabulated 

values show that the Pb near surface concentration decreases by about 20% after 

exposure to pre-equilibrated water.  In contrast, within our experimental resolution, no 

more than 5% of the Cd measured by XPS is lost during exposure to pre-equilibrated 

water.  Hence, only Pb shows a significant reversibility in its sorption under our 

experimental conditions.  The greater than 50% decrease in both the Pb and Cd 

concentrations when the samples are exposed to DI water presumably is due to a 

significant etching of the sample surface that includes the precipitated phases apparent 

from AFM.  

Additional XPS experiments were used to investigate the stability of Cd and Pb 

on the outermost surface and near surface region of calcite under dry conditions.  Fig. 3-8 

plots Cd 3d/Ca 2p and Pb 4f /Ca 2p normalized data versus time for individual calcite 

crystals that were exposed to 1 µM solutions of either Cd or Pb for 24 h, removed from 

solution and analyzed with XPS.  Each sample was kept in the vacuum environment for 

the entire time of the experiment (e.g., 30 days).  These data suggest that the 

concentration of the Cd and Pb are relatively stable on the calcite surface over the time 

period investigated. There is an experimentally discernible decrease in the Cd and Pb 

concentration in the sample near surface region, but we believe that this is due to an 

experimental artifact.  Specifically, as has been shown in prior research11 the irradiation  
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Figure 3-7 XPS data after exposure to 1 µM Cd or Pb solution (a), 

subsequent exposure for   1 h to pre-equilibrated water having no metal 

solute (b), and (c) exposure to DI water for 1 h. Exposure of the Cd/calcite 

or Pb/calcite sample to pre-equilibrated water resulted in no greater than a 

5% decrease in Cd coverage and 20% in Pb coverage. In contrast, exposure 

to DI water resulted in the removal of the majority of divalent metal. 
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Figure 3-8 Cd 3d5/2 and Pb 4f7/2 XPS peak areas normalized by the 

respective Ca 2p peak areas plotted as a function of time. Calcite was 

exposed independently to solutions containing 1 µM Cd2+ and Pb2+. The 

initial Cd 3d / Ca 2p ratio is higher than the Pb 4f /Ca 2p ratio and this 

reflects the higher amount of Cd that sorbs compared to Pb under identical 

solution conditions. No significant loss of Cd or Pb occurs over extended 

periods of time under dry conditions. 
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of the calcite surface with sorbed metal results in a loss of surface divalent metal due to 

X-ray induced desorption.  We were also able to reproduce the same decrease in Cd and 

Pb concentration exhibited in Fig. 3-8 by irradiating the sample continuously for 2 h, 

which is the total time the sample was exposed to the X-ray beam in the multiple analyses 

over the 30 days exhibited in Fig. 3-8. 

 

Discussion 

There are at least three issues that have been addressed by the results in this 

contribution and they can be summarized as follows: (1) the location and structure of Cd 

and Pb on the calcite surface as a function of concentration and exposure time; (2) the 

relative uptake kinetics of Cd and Pb on {10ī4}cleavage planes of calcite; and (3) the 

stability of the divalent metal species in the near surface region of calcite. The 

experimental results will now be analyzed in view of these issues.  

 

Exposure of  CaCO3 to 0.1–1 µM Cd2+ and Pb2+ 

Based on XPS results, both Cd and Pb show a significant uptake on the {10ī4} 

calcite cleavage surfaces during exposure to calcite pre-equilibrated solutions having 

Cd2+ and Pb2+ concentrations that range from 1 to 100 µM.  Uptake of Cd also is 

experimentally observed after the calcite cleavage surface is exposed to a 0.1 µM pre-

equilibrated Cd solution for 24 h.  In contrast, exposure of the calcite surface to a 0.1 µM 

Pb solution for 24 h does not result in a detectable amount of Pb under our experimental 

conditions. 
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 AFM results associated with calcite cleavage planes, which were exposed to 0.1 

µM Cd and Pb solutions, are consistent with our XPS observations. Specifically, AFM 

results show that calcite surfaces exposed to 0.1 µM Cd exhibit growth features, while 

surfaces exposed to 0.1 µM Pb show no obvious morphological features that could be 

attributed to the uptake of this particular divalent metal.  Based on calculation, 

the 0.1 µM Cd and Pb solution is presumed to be undersaturated with respect to bulk Cd 

and Pb carbonate phases (e.g., the saturation indices of otavite and cerussite are −0.1 and 

−1.2, respectively). This analysis suggests that the uptake of Cd may be facilitated by the 

formation of a (Cd, Ca)CO3 solid solution.  Such a proposition is supported by prior 

research by Chiarello et al.25 that studied the interaction of Cd2+ with calcite in solutions 

undersaturated (by complexing excess Cd with EDTA) with respect to Cd bulk 

phases.  In all cases, the epitaxial growth of a (Ca,Cd)CO3 solid solution was inferred 

from synchrotron X-ray scattering experiments.  While our AFM images do not address 

the issue of epitaxial growth, they do support the presence of a (Ca,Cd)CO3 solid 

solution.  Our results also suggest that (Ca,Cd)CO3 solid solution formation may facilitate 

the uptake of Cd relative to Pb, at conditions where the divalent metal containing solution 

is undersaturated with respect to Cd and Pb bulk phases.   

The absence of a measurable Pb concentration after the exposure of calcite to    

0.1 µM Pb is probably more attributable to the sensitivity of our analytical techniques, 

rather than due to the lack of any Pb uptake.  First, AFM images do experimentally 

observe the limited formation of small surface growth features that appear to populate 

calcite step edges.  The images also indicate that these features populate a small fraction 

of the surface, consistent with the XPS result.  Second, prior research suggests that Pb 
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should be sorbed and/or incorporated on the calcite plane under our conditions.  For 

example, prior research by Sturchio showed using X-ray reflectivity that calcite cleavage 

surfaces in contact with Pb solutions, which were undersaturated (by using EDTA) with 

respect to Pb bulk phases, exhibited Pb coverages on the order of 0.08 monolayer (ML).  

It was postulated based on the experimental results that a fraction of the Pb was 

incorporated into Ca sites in the outermost surface and a lesser fraction of the Pb existed 

as a disordered overlayer.  We are unsure why Pb is not observed in our study after 

exposure to the 0.1 µM Pb solution, since the effective Pb2+ concentration is much higher 

in our experiment (e.g., the saturation index for PbCO3 is −1.2 for our solution conditions 

compared to −6.5 in the prior study).  A possible explanation is that the calcite cleavage 

plane has a low density of surface sites that are capable of incorporating Pb (e.g., at step 

sites) at solution concentrations that preclude significant bulk precipitate or solid solution 

formation.  Such a possibility is consistent with the prior study which found that the 

coverage of Pb was relatively insensitive to the Pb2+ solution concentration; albeit only a 

small range was investigated.  

 Pb uptake is experimentally observable on the calcite cleavage plane after 

exposure to a 1 µM Pb solution in preequilibrated water.  AFM shows the formation of 

ellipsoidal precipitate, preferentially populating step edges of the calcite surface.  The 

morphology of these features is similar to those surface growths that form after calcite is 

exposed to 100 µM Pb solutions (discussed later) that are oversaturated with respect to 

PbCO3.  Based on this argument we suspect that features forming after a 1 µM Pb 

exposure are due to the precipitation of the bulk cerussite phase.   
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AFM of the calcite cleavage plane after exposure to the 1 µM Cd solution shows 

features that are dissimilar to the Pb circumstance.  Specifically, relatively flat surface 

growths are present in the Cd circumstance.  A comparison of the AFM image associated 

with the 1 µM Cd solution to the 0.1 µMCd solution shows that in both cases the heights 

of the surface growths are similar (on the order of 3 nm), but the surface growths exhibit 

a significantly greater width in the higher Cd concentration circumstance.  This 

experimental observation is consistent with prior research of Chiarello et al.25, mentioned 

above, that suggested that mixed Cd–Ca solid solutions resulting from the interaction of 

the calcite cleavage plane with undersaturated Cd solutions grew by a layer advance 

mechanism. 

Analysis of the XPS experimental observations in view of the AFM results yields 

some insight into the initial relative amount of Cd and Pb uptake by the calcite cleavage 

plane after exposure to 1 µM divalent metal solutions.  Analysis of the 24 h exposure 

time XPS data for 1 µM Cd and Pb (Figs. 3-4c and3- 6b, respectively) shows that the 

peak area of the Cd 3d5/2 peak is more than 2 times greater than the area of the Pb 4f7/2 

peak. Assuming a similar sensitivity factor for these two core level features (see Section 

2), these data would seem to suggest that after a 24 h exposure the amount of Cd uptake 

was significantly greater than that of Pb under similar experimental conditions (pH 8.2). 

Some caution needs to be exercised in quantifying differences, since differences in the Cd 

and Pb derived XPS intensity will not only be affected by concentration, but also might 

be expected to be dependent on the morphology of the surface growth features. However, 

we believe that the XPS results are probably useful on a qualitative level, since while 

AFM showed that the Cd- and Pb-based precipitates exhibit different topographies, 
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their heights were primarily in the 4–5 nm range, although some of the Pb-based 

precipitate showed larger features with heights approaching 7.5 nm. Probably, a more 

important AFM observation related to this issue is that the Cd-based features covered a 

more significant fraction of the calcite surface than those features in the Pb circumstance, 

consistent with a more facile Cd uptake. This same inference concerning Cd uptake can 

be derived from the 0.1 µM data, although in that circumstance any quantification is not 

possible, since the Pb concentration is below our experimental detection limits. It is also 

mentioned that we have neglected possible differences in attenuation of the 

photoelectrons from these two core levels that would result if a fraction of the Cd and Pb 

resides at differing distances from the outermost surface. Actually, any XPS-based 

estimate of the relative amount of Cd and Pb uptake is probably a lower limit, since the 

lower kinetic energy of the Cd 3d photoelectrons is expected to attenuate more rapidly 

than the Pb 4f photoelectrons as a function of depth below the surface (e.g., in the 3-D 

surface growth features).  

 

Comparison with Cd2+ and Pb2+ Uptake on Calcite Powder 

Prior work26 suggests that the relative amount of reversibly or irreversibly bound 

Cd on calcite may depend on exposure time. Prior research, for example, investigated the 

interaction of Cd2+ with calcite powder and suggested that Cd2+ undergoes a rapid initial 

reversible adsorption, but for exposure times exceeding 0.7 h this is accompanied by a 

slow irreversible uptake, more consistent with incorporation of Cd into a recrystallized 

phase. Our results obtained for the {10ī4} calcite cleavage plane suggest that after a 24 h 
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exposure to a pre-equilibrated Cd solution, the amount of reversibly bound Cd is small 

(no greater than 5% of the total Cd), consistent with this prior calcite powder study26.  

With regard to Pb, it is useful to bring forward recent studies by Rouff et al., 

which used EXAFS to investigate calcite powder after exposure to 1 µM Pb2+ in pre-

equilibrated water (pH 8.2). Under the experimental conditions used in this prior study, 

adsorbed Pb was experimentally observed to be the dominant species. This particular 

sorption complex adopted a distorted trigonal pyramidal or square pyramidal 

coordination geometry15. Using Pb-210 radiotracer methods, Rouff et al.10 also showed 

that Pb adsorption was largely reversible upon resuspension in pre-equilibrated Pbfree 

solution. At higher Pb concentration (>5 µM Pb2+), Pb was additionally found to be 

present as a Pb carbonate (i.e., cerussite or hydrocerussite) phase. Our results suggest that 

after the {10ī4} cleavage plane of calcite is exposed to 1 µM Pb2+, a higher proportion of 

Pb resides in a crystallized phase (presumably PbCO3). One can only speculate on the 

reason for this difference, but a likely possibility rests on the different extent of Pb uptake 

on the calcite powder and single crystal. In the study of Rouff et al., there was a rapid 

depletion of the Pb from solution due to the high total surface area associated with the 

calcite powder. In particular, exposure of the calcite powder to the 1 µM Pb2+ solution 

used in this prior study led to the complete partitioning of the Pb2+ to the solid phase15. In 

essence, the rapid sorption leads to the solution being undersaturated with respect to a 

bulk PbCO3 phase. This is presumably why a PbCO3 phase is seen in this prior study only 

after the initial Pb concentration exceeds 5 µM, where the sorption capacity of the 

powder was exceeded, leaving the Pb2+ solution concentration saturated with respect to 

the bulk PbCO3 phase. In contrast, the low total surface area in our experiments on a   
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{10ī4} surface and the associated low sorption capacity for Pb favors formation of 

PbCO3 precipitate. We, however, suspect based on this prior work that an adsorbed Pb 

complex is likely present, and such a species may account for the reversibly bound Pb 

fraction experimentally observed on our calcite cleavage faces (see Table 2).  

 

Stability of the Near Surface Cd and Pb 

Prior research by Stipp and coworkers11 showed that calcite, which had been 

exposed to 100 µM Cd2+-bearing solution at pH 4, showed significant Cd uptake. 

Interestingly, in this study Cd was interpreted to have diffused over distances of 

nanometers through the near surface region and into the bulk of the mineral over a period 

of days under dry conditions.  This conclusion was primarily based on XPS data that 

showed that the Cd 3d5/2 intensity decreased dramatically over a relatively short course of 

time (e.g., 3 days).  To complement this prior study, our experiments investigated the 

stability of sorbed Cd and Pb in the near surface region of calcite after its uptake from 

water pre-equilibrated with calcite (pH 8.2) and containing 1 µM Cd or Pb (see Fig. 8). 

Under our conditions, we do not experimentally observe a loss of Cd (or Pb) from the 

near surface region over a period of 30 days under dry conditions that cannot be 

accounted for by accumulated exposure to the X-ray beam.  Additional experiments using 

non-pre-equilibrated solutions containing 100 µM Cd showed similar results.  Our AFM 

observations suggest that the majority of the Cd and Pb uptake is restricted to secondary 

phases under our experimental conditions: a (Cd,Ca)CO3 solid solution and PbCO3 phase. 

The experimental observation that there was no change in the Cd or Pb XPS intensity 
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over time, other than what could be explained by the accumulated exposure to the X-ray 

beam, suggests that diffusion of the divalent metal into the calcite plane from the 

secondary phase does not occur to any significant extent in our experiments.  The solid-

state diffusion of Cd reported in the prior study presumably reflects differences in the 

calcite cleavage samples (or their preparation) and/or the experimental conditions 

employed.  For example, the mechanism of initial Cd uptake may have differed in our 

experiments, perhaps limiting any subsequent mobility. 

 

Exposure of Calcite to 100 µM Cd2+ and Pb2+ 

Significant concentrations of Cd or Pb were present on the CaCO3 surface after 

relatively short exposure times to100 µM Cd or Pb in DI water.  AFM shows that these  

concentrations of Cd or Pb led to well-defined structures on the calcite surface.  It is 

implicit in our interpretation that the partial dissolution of the calcite in DI water leads to 

a solution composition that was oversaturated with respect to one or more Cd or Pb solid 

phases.   

AFM images of the 100 µM Cd exposed calcite surface show that after an 

exposure time of 90 min, there is the growth of features in addition to areas on the surface 

that are reminiscent of etch pit formation.  The presence of Cd2+ has clearly altered the 

step structure associated with calcite interacting with DI water in the absence of divalent 

metal.  Specifically, the well-formed etch pits (Fig. 3-1b) are absent and are replaced with 

a curved step structure.  This irregular rounded morphology is probably due to the 

adsorption of Cd at step sites.  Along with this morphological change at the steps is the 

formation of relatively well-formed growth features that show a strong preferential 



 65 

growth mode.  This latter observation is emphasized in Fig. 3-2d that presents an image 

of calcite after exposure to 100 µM Cd in DI water for 24 h.  Not only is the calcite 

surface populated with surface precipitate, but the precipitate has a more well-defined 

shape and apparent preference for growth along a specific crystallographic direction of 

the calcite crystal.  The image is qualitatively similar to in situ AFM images presented in 

a prior 

study that investigated the heteroepitaxial growth of MnCO3 on calcite27.  Whether the 

feature imaged in our study is a pure CdCO3 (otavite) or (Ca,Cd)CO3 solid solution also 

is difficult to determine from our data.  We speculate, however, that since Ca appears to 

incorporate into the (Cd,Ca)CO3 solid solution at lower Cd solution concentration, there 

will be significant Ca incorporation at these higher concentrations, although the relative 

proportion of Ca and Cd would be expected to be quite different from the low Cd 

concentration scenario.  

Exposure of calcite to 100 µM Pb, as in the Cd circumstance, leads to a significant 

amount of surface precipitate.  Unlike the Cd case, the precipitate particles show no 

obvious growth direction preference, although coalescence of particles appears to occur 

along steps.  These AFM images are in general agreement with those presented in a prior 

study that investigated the interaction of calcite in solutions initially containing about 5 

mM of Pb, which was well over the saturation limit for the formation of cerussite, 

PbCO3
9.  Furthermore, as mentioned above, Rouff et al.15 showed with EXAFS that 

cerussite formation on calcite powder became apparent at initial Pb solution 

concentration as low as 5 µM.  
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Summary 

Research has investigated the interaction of Cd2+ and Pb2+ bearing solutions with 

{10ī4} cleavage planes of calcite at divalent metal concentrations of 0.1, 1, and 100 µM.  

XPS results indicated that the uptake of these divalent metals on the calcite cleavage 

surfaces in DI water or water that was pre-equilibrated with calcite was significant. Cd2+ 

showed faster uptake kinetics than Pb2+ in the 0.1–1 µM concentration range in pre-

equilibrated solutions.  At least at the lowest concentration of 0.1 µM it is believed that 

the formationof a (Cd,Ca)CO3 solid formation leads to the more rapid uptake of Cd. XPS 

and AFM results pointed to a surface picture where Pb was bound on the calcite surface 

primarily as a (Pb,Ca)CO3 solid solution or PbCO3, and as an incorporated and/or sorbed 

species after exposure to a 1 µMCd and Pb solution, respectively.  XPS experiments 

showed that the concentration of both species remained relatively constant on the calcite 

surface and in the near surface region under dry conditions over a period of weeks. 

Exposure of calcite surfaces individually to 100 µM Cd and Pb in DI water led to the 

formation of precipitates, presumed to be primarily CdCO3 and PbCO3 phases. 
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Abstract 
 

The composition and topography of calcite {10ī4} cleavage surfaces, with and 

without exposure to divalent metals, have been investigated as a function of relative 

humidity.  Atomic force microscopy (AFM) was used to understand topographical 

changes on the calcite surface due to the presence of divalent metal and exposure to 

different humid environments.  Ion scattering spectroscopy (ISS) was used to determine 

the composition of the near and outermost surface of the calcite after exposure to Cd and 

Pb and before exposure to the varying humidity conditions.  In general, the extent of 

topographical changes observed on the calcite surface increased with the humidity level, 

though the initial step density of the cleaved calcite surface affects the extent of surface 

restructuring.  Pre-treatment of the calcite surface with aqueous divalent Pb prior to 

humidity exposure, did not appear to alter the humidity-induced structural changes that 

occurred on the calcite surface.  In contrast, calcite pretreated with divalent Cd, showed 

little topographical change following exposure to high humidity.  The results suggest that 

while Pb forms surface precipitates on the calcite surface, Cd exhibits a stronger 

interaction with the step edges of the calcite surface, which inhibits the ability of the 

calcite surface to restructure when exposed to a high relative humidity environment.   
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Introduction 
 
The dynamic nature of calcite surfaces in the aqueous environment has received a 

great deal of attention under dissolution and growth conditions1-14.  Calcite (CaCO3), 

while of great environmental relevance, also presents an excellent substrate for 

techniques such as atomic force microscopy (AFM) that can image the dynamics of an 

evolving surface.  This particular carbonate mineral has dissolution (in under-saturated 

solutions) and growth kinetics (in over-saturated solutions) that occur on a time scale that 

is conducive to the temporal constraints of laboratory experimentation.  Out of this 

aqueous-based research has evolved an understanding of how short range order on the 

calcite surface plays a role in the dissolution and growth regimes.  Two primary 

dissolution pathways are a double-kink step annihilation mechanism and an asymmetric 

etching of the obtuse and acute edges of eroding etch pits under conditions where the 

solution is under-saturated with respect to the calcite substrate6. 

Far fewer studies have investigated the dynamic behavior of calcite with scanning 

probe microscopy under conditions of variable humidity in the absence of visible liquid 

water, where prior studies have shown restructuring of the calcite surface15-20.  Stipp and 

coworkers initially showed using AFM that the exposure of cleavage surfaces of calcite 

to a humid environment resulted in nanometer scale holes and hillocks of varying sizes 

on terraces and cleavage steps20.  Restructuring of material on the faces of minerals may 

be important to the long term understanding of their interactions with environmental 

contaminants.  For instance, interactions between calcite and dissolved metals may 

effectively sequester the latter, with the extent of interaction varying by species.  It has 

been proposed that some of these metal species, including Cd, are transported into the 
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bulk by means of solid state diffusion. Surface restructuring presents a possible 

mechanism for this transport of metals into the subsurface layers of calcite21,22.  Even 

though the mass composing the restructured features was never directly identified, 

circumstantial evidence from a number of surface analytical techniques, such as time-of-

flight secondary ion mass spectroscopy (TOF-SIMS), performed on crystals exposed to 

ambient lab environments for up to several days suggested that the mobilized material 

was either an amorphous or crystalline combination of calcium carbonate, bicarbonate, 

hydroxyl or hydrate18.  The movement of mass on the calcite surface implies that a 

mobile solvating phase is present. Research conducted on calcite powder using FTIR has 

suggested that a 2-dimensional “ice-like” water monolayer is present on the calcite 

surface below 50% relative humidity, and above this value a 3-dimensional “water-like” 

layer evolves23.  Recent research using scanning polarization microscopy has shown that 

the conversion of the 2-d water layer to a 3-d structure occurs at 55% relative humidity 

on the calcite surface and that at 90% relative humidity the water layer behaves like bulk 

water16. 

The present contribution builds on this earlier research and adds to the 

understanding of calcite surface behavior in humid environments.  Results address how 

the presence of foreign divalent metals such as Cd and Pb affects the dynamic 

restructuring of the calcite surface in the presence of water vapor.  AFM studies 

presented here view the calcite surface under well-defined humidity levels (from 10-

100%) and show that the kinetics and details of the restructuring are a sensitive function 

of atomic step edge density and humidity level.   
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Experimental 

Calcite samples used in this study were optical-quality single crystals of Iceland Spar 

from Brazil.  Crystals were cleaved with a razor blade to obtain samples of the ((4110 )) 

surface.  100µM metal solutions of Pb2+ and Cd 2+ were prepared using non-pH adjusted 

de-ionized water and the proper nitrate salts, Pb(NO3)2 and Cd(NO3)2.   Freshly cleaved 

calcite samples were blown dry with a stream of nitrogen then immediately immersed 

into solution or placed in the AFM environmental chamber.  Samples were immersed in 

approximately 35 mL of metal solution in a Teflon beaker for times ranging from 1-24 

hours.   

AFM images were acquired using a Molecular Imaging Pico LE (PicoSPM II®) 

system equipped with a 10µm multipurpose scanner and an environmental cell.  The 

environmental cell is a hermetically sealed glass chamber which encases the sample, 

scanner, beaker for solution, and humidity meter.  Eight inlet/outlet ports allow for 

atmospheric control, easy introduction of solutions, and wiring of the humidity meter.  

The environmental cell was purged before the introduction of samples with pre-purified 

grade nitrogen for an hour, or until the humidity meter gave a steady reading of 0% with 

the purge turned off.  After sample introduction the purge was maintained until the 

humidity meter gave a steady reading of 0% with the purge turned off. Saturated salt 

solutions were used to control the humidity within the cell, and were pumped into the 

environmental cell through an inlet/outlet port. The system remained closed and static 

during the entirety of each experiment to prevent changes to the humid nitrogen 

atmosphere contained within the cell.   
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Commercially available Si3N4 AFM probes were used, specifically NSC 15 and 

CSC 11 probes from MikroMasch.  NSC 15 probes were used for non-contact acoustic 

mode operation; they had a 125µm long rectangular cantilever, a resonant frequency in 

the range of 325 kHz, and a force constant of 20N/m.  CSC 11 probes were used in 

contact mode for the acquisition of force versus distance curves; they had a 200µm long 

triangular cantilever with a nominal force constant of 0.35N/m.  Scan rates ranged from 

1-3 Hz with 512 sampling points per scan line. All images unless otherwise stated are 

phase images acquired in non-contact acoustic mode.  Phase imaging displays the 

difference in the oscillatory phase of the cantilever relative to the phase of the drive 

signal and is very sensitive to variations in material properties. This makes phase imaging 

ideal for monitoring the chemically homogeneous calcite starting surfaces as humidity 

induced changes occur. These starting surfaces can have significant variations in 

topography which can make tracking the evolution of small restructured surface features 

difficult.  In all experiments restructured material was observed as a distinct phase. 

A number of experiments were conducted to exclude the possibility that the 

observed calcite surface restructuring was induced or influenced by imaging with the 

AFM probe.  Specifically, a variety of AFM-scanning conditions were used during 

imaging to rule out the possibility that capillary condensation24 around the AFM tip had 

an effect on the restructuring process.    For example, calcite surfaces that were 

continuously scanned during the restructuring process in the humid environment yielded 

images after a given period of time that were very similar to those obtained in the 

circumstance where  calcite surfaces were scanned far fewer times during the same time 

period.   In addition surfaces that were not scanned until after 5 or more hours of 
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exposure to humidity were not significantly different then those scanned frequently up to 

the same point in time.  We inferred from experiments such as these that the restructuring 

process was not affected by the AFM imaging technique, consistent with prior work that 

studied the restructuring of calcite (albeit with a different emphasis than the present 

study) in the humid environment by AFM20.  

Ion scattering spectroscopy (ISS) was carried out by using a 1000 eV incident He+ 

beam at 45o from the surface normal.  The pass energy of the hemispherical analyzer was 

fixed at 75 eV for these experiments.  Each ISS spectrum required approximately 5 min 

to obtain.  The ion flux was kept as low as possible to limit damage to the calcite surface.  

Damage to the surface, as evidenced by changes in the relative intensity of the scattering 

peaks, was observed at longer scan times.  The ISS experiment is intrinsically sensitive to 

the composition of the outermost layer of the sample.  Data obtained from this technique, 

however, is used only qualitatively in this study, since the scattering intensity due to a 

particular element is often not a simple function of its composition25.  All ISS data is 

plotted as a function of E/E0 where E is the measured energy of the scattered He+ and E0 

is the energy of the incident He+ beam.  The location of each scattering peak plotted in 

this manner is a function of the mass, off which the He+ scatters.  Due to the insulating 

nature of calcite, each spectrum has been aligned so that the Ca2+ peak lies at E/E0 = 0.68, 

which is the expected value for our experimental scattering angle25. 
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Results 

Atomic Force Microscopy 

 AFM images were collected in-situ within an environmental cell after cleavage of 

the calcite, or after the calcite crystal was exposed to various aqueous solutions with and 

without divalent metal. 

  

AFM of freshly cleaved calcite as a function of humidity 

  Figure 1 exhibits three AFM micrographs of cleaved calcite ( 4110 ) surfaces that 

were exposed to relative humidity levels of 10, 75 and 95% at ambient temperature      

(20 Cº).  All three images show evidence of a humidity-induced surface restructuring, and 

a comparison of the three different images shows that the extent and details of the 

reconfiguration are a function of the humidity level.  Freshly cleaved calcite surfaces 

exposed to 10% relative humidity show the development of a few isolated humidity-

induced surface features within 2 hours of exposure.  A presumption is that Ca2+ and 

CO3
2- become mobilized during the humidity treatment and are the primary component of 

the precipitating phase. The patches of restructured surface exhibit heights on the order of 

2.5–5 Å, and the lateral dimensions associated with the features are relatively small (~10 

nm) compared to those associated with higher humidity levels. With regard to this latter 

point, the image associated with a 2 hr exposure to 75% humidity shows humidity-

induced features again with heights on the order of 2.5-5 Å, but with lateral dimensions 

ranging from 50 to 500 nm. In contrast to the lower humidity environments, the exposure 

of cleaved calcite surfaces to >90% humidity levels for 2 hr resulted in extensive  
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Figure 4-1 Freshly cleaved {10ī4} faces imaged in situ after exposure to 

controlled relative humidity levels of  a) 10%, b) 75% and c) 95% 

(Topography image).   For a fixed exposure time, the amount of surface 

restructuring increases with the relative humidity level.  The patches of 

restructured material have nominal heights of 2.5–15 Å. 
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restructuring of the surface (Figure 4-1c).  In this circumstance there is a significant 

roughening of the steps on the cleaved calcite surface. 

While the micrographs in Figure 4-1 show that the extent of restructuring 

increases as the humidity is raised (for a fixed exposure interval), the micrographs in 

Figure 4-2 show that for a fixed humidity level the extent of restructuring increases over 

time.  Figure 4-2a shows the cleaved calcite surface immediately before the introduction 

of water vapor.  Micrograph b shows the surface < 30 min after the humidity was raised 

to 75%.  At this point in time the surface exhibits many restructured calcite patches with 

nominal heights of 3 Å and lateral dimensions of approximately 125 nm.  After 18 hr 

(Figure 4-2c) the widths of the calcite patches increase to a 300–500 nm range, until 

finally after an exposure time of 110 hr the surface is almost entirely covered (80-85%) 

by the restructured material. A comparison of the time-zero micrograph to the 18 hr 

micrograph sheds some light on the morphological changes that occur during exposure to 

humidity.  Figure 4-3 shows corresponding regions from Figures 4-2a and 4-2c at higher 

magnification.   Evident from these micrographs is that in addition to the presence of 

restructured surface patches there is a noticeable roughening of the step structures after 

18 hr exposure compared to the cleaved calcite surface prior to exposure.  This 

observation is consistent with the source of material associated with the surface patches 

coming from neighboring steps.  However, our experimental observations could not 

consistently confirm this conjecture with definitive experimental evidence.  

 In general, the dimensions of the restructured surface patches grow with time (see 

Figure 4-2), but the number of identifiable isolated features (i.e., islands) increases at a 

much slower rate.  The AFM micrographs shown in Figure 4-4 emphasize this point.   
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Figure 4- 2 AFM micrographs of a calcite {10ī4} face a) immediately after 

cleavage and after b) 30 min, c) 18 hr, and d) 110 hr exposure to a relative 

humidity of 75%.  After the 110 hr exposure, more than 80% of the surface 

is covered with newly precipitated material. 
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Figure 4-3 AFM micrographs of a calcite {10ī4} face (a) immediately after 

cleavage and (b) after an 18-h exposure to a relative humidity of 75%. The 

18-h exposure results in a significant roughening of the calcite steps in 

addition to a significant concentration of surface patches. While the evidence 

is circumstantial in nature, the mass that makes up the surface patches 

appears to come from the step edges. 
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Figure 4-4: AFM images of a calcite {10ī4} surface a) that has been exposed to a 75% 

relative humidity, b) immediately after nano-shaving an area of the sample, and c) 15 hr 

later (in 75% humidity). Growth of the restructured calcite phase after the nano-shaving 

occurs primarily at sites where material was not completely removed during the nano-

shaving.  No new restructured patches form, suggesting that the surface mobility of ions 

on the calcite surface is significant.  
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Micrograph 4-4a was acquired after a 20-hr exposure at a humidity level of 75%.  At this 

point the smaller area indicated by the outlined box was repeatedly scanned using a 

higher force than would normally be used for non-destructive imaging26,27.  Image 4-4b 

exhibits an overview of this region showing the nano-shaved area, demonstrating that 

mass was removed during the repeated scans of the smaller area.  The nano-shaving 

procedure did not remove all the mass making up the features in micrograph 4-4a.  

Instead small portions of these features are still evident.  Three such features are labeled 

as 1, 2, and 3 in micrograph 4-4b.  Micrograph 4-4c shows the evolution of these features 

after an additional 1 hr exposure to 75% relative humidity.  All the labeled features in 

Micrograph 4-4b serve as "nucleation" sites for further growth, as is evident in 

micrograph 4c.  New isolated humidity-induced surface features do not form; instead 

existing features expand laterally across the calcite surface. 

             

AFM force versus distance curves as a function of humidity 

 Results presented in the previous section, which indicate movement and 

reconfiguration of material on the calcite surface under humid conditions, suggest the 

presence of a solvating, water-like phase.  To investigate this hydrating phase and to 

correlate it with surface reconfiguration, force versus distance curves for the AFM tip at 

the surface were acquired as a function of humidity.  The premise of this experiment is 

that the deflection of the AFM cantilever as it is swept through its vertical range is 

affected by the presence of a capillary interaction between the AFM tip and hydrating 

layer.  For hydrophilic surfaces and small asperity contacts the capillary interaction is  
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Figure 4-5  Plot of the AFM cantilever deflection versus relative humidity, 

using force versus distance measurements acquired in contact mode.  The 

inflection between 40 and 45% relative humidity is thought to represent a 

transition from a 2- to 3-dimensional structure of the hydrating water film on 

the calcite surface. 
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related to relative humidity and properties of the water film.  With the properties of the 

water film being controlled by the water surface interaction28.  When the tip is lifted away 

from the surface the hydration layer exerts an attractive force, which is manifested in the 

force versus distance curve as an adhesion peak.  In our experiments the change in the 

adhesion peak was measured as a function of humidity.  Figure 4-5 summarizes our 

results by plotting the tip deflection versus humidity value.  The sharp increase in force 

between 40 and 45% relative humidity is attributable to a change in the water-film layer 

on the calcite surface.  This change in force is likely to correspond to a change from a 

monolayer to 3-dimensional water layer, an interpretation that is consistent with prior 

studies16,23.  Furthermore, the positive slope of the force curve likely suggests that the 

coverage of water on the calcite surface is increasing with humidity, consistent with data 

presented above (see Figure 4-1) that suggests that there is an increasing amount of 

restructuring as the humidity level is raised for a given time. 

 

AFM of calcite pre-etched in de-ionized water and pre-equilibrated 

solution under varying humid environments 

    In addition to examination of freshly cleaved surfaces, surface reconfiguration 

behavior was investigated on surfaces pre-etched by exposure to de-ionized water or 

reacted with solution pre-equilibrated with CaCO3 because these reacted surfaces bear 

greater similarity to surfaces reacted with metal in solution; the general behavior of these 

surfaces is exhibited by the micrographs in Figure 4-6.  Image 4-6a shows the calcite 

surface after a 90 min exposure to DI water and subsequent exposure to a 35% humidity  
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Figure 4-6  AFM images of a) a calcite {10ī4} surface pre-etched in de-

ionized water for 90 min, then dried and subsequently exposed to 35% 

relative humidity for 15 hr (accompanied by topography cross section), and 

b) calcite {10ī4} surface exposed to pre-equilibrated calcite solution for 24 

hr, dried and then exposed to 75% relative humidity for approximately 2 hr. 

a

500nm

b

500nm
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level for 15-hr.  This DI-etched surface is decorated with rhombohedral etch pits and 

terraces that are relatively large compared to a freshly cleaved surface.  Within 2 hr the 

surface is populated with humidity-induced features with lateral dimension between 25 

and 200 nm and heights close to 5 Å.  Features expand both laterally and vertically 

during extended exposure.  Further growth and coalescence of features leads to lateral 

dimensions of 200-400 nm, and vertical dimensions approach 1 nm.   The features in this 

circumstance are consistently higher than the humidity-induced features associated with 

the freshly cleaved surfaces discussed above. 

 Figure 4-6b exhibits an AFM image of a calcite cleavage surface that was 

exposed to water pre-equilibrated with calcite followed by a 2-hr exposure to 75% 

humidity.  Humidity-induced features are evident, but they show an increased lateral 

dimension compared to the surface pretreated with DI.  The absence of rhombohedral 

etch pits in this case reflects the saturation of the solution with respect to calcite.  Another 

morphological aspect of this surface is the increased step density compared to the DI-

pretreated surface: the surfaces exposed to pre-equilibrated water tend to have more 

atomic layers exposed and subsequently a greater step density. While humidity-induced 

surface features found on freshly cleaved surfaces do not posses well defined morphology 

or structure, features found on pre-reacted surfaces typically have edges that are more 

jagged and often contain holes that extend down to the underlying calcite surface. The 

holes are most likely formed as a result of features coalescing to create larger surface 

islands.   Heights of features on these surfaces are typically in the range of 8-15 Å.  

Surfaces that have been pre-etched or reacted with pre-equilibrated solution have a 

greater tendency to form large islands of reconfigured material, which we attribute to the 
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larger terraces typically found on these surfaces. This difference in step density and its 

effect on the calcite restructuring will be discussed later. 

 

AFM of calcite individually pre-treated with Cd(II)  and Pb(II) prior 

to exposure to humidity 

 Figure 7 exhibits AFM images of calcite cleavage surfaces that were pretreated by 

exposure to an aqueous solution containing Cd or Pb and images of these surfaces after a 

subsequent 2-hr exposure to 75% humidity.  It is useful to highlight some aspects of the 

calcite cleavage surfaces immediately after 24-hr exposure to Cd and Pb.  The Cd-

pretreated surface does not show the rhombohedral etch pits that are characteristic of a 

dissolving clean calcite surface1,2,5,11,29-31.  Instead, the pits exhibit an irregular (i.e., 

rough) morphology (Fig. 4-7a).  These images are consistent with those obtained under 

similar conditions in prior studies30.  In contrast, the Pb-pretreated surface does show the 

characteristic etch-pits (Fig. 4-7c) in addition to a surface precipitate, which is likely 

PbCO3 or (Pb,Ca)CO3 based on prior studies30,32,33.  These Cd- and Pb-pretreated surfaces 

behave quite differently upon exposure to humidity, as shown in Figures 4-7b and 4-7d, 

respectively.  In the Cd-circumstance, there is little indication of the presence of 

humidity-induced features, while such features are evident on the Pb-pretreated surface.  

Possible reasons for the different behaviors of these two surfaces will be discussed later. 
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Figure 4-7 AFM images of a) calcite {10ī4} surface exposed to a 100 µM 

Cd2+ solution for 24 hr before exposure to a humid environment, and b) the 

Cd-pretreated surface after a 24 hr exposure to 75% relative humidity. c) 

Calcite {10ī4} surface exposed to a 100 µM Pb2+ solution for 24 hr and d) 

the Pb-pretreated surface after an exposure to a 75% relative humidity 

environment for 4 hr. 
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Ion Scattering Spectroscopy Cd(II) and Pb(II) Pretreated 
 Calcite Surfaces 

 
 ISS was carried out on the Cd-pretreated surface to rule out the possibility that the 

absence of humidity-induced features was due to the coverage of the calcite surface, for 

example, by a layer of otavite (CdCO3).  Prior XPS studies using the same experimental 

conditions showed that the attenuation of the Ca-2p XPS signal caused by Cd sorption on  

calcite cleavage planes was not indicative of coverage by otavite30.  The inherent 

sensitivity of the ISS technique to the composition of the surface-most portion of the 

crystal makes it useful to rule out such a scenario in the present study.   The scattering 

results for Cd- and Pb-pretreated surfaces are shown in Figure 8 along with data for a 

clean calcite surface.  The ISS spectrum associated with the clean calcite surface is 

dominated by a scattering peak due to Ca from the outermost layer of the surface.  The 

Cd-pretreated surface shows a 50% reduction in the Ca scattering peak and the 

appearance of a new peak at E/E0 = 0.82, which is due to scattering off Cd atoms.  Due to 

matrix effects and unknown scattering efficiencies it is not possible to quantify the ISS 

results in terms of the concentration of different atoms in the outermost layer.  The Pb-

pretreated ISS data show a greater attenuation of the Ca scattering signal compared to the 

clean cleavage surface, as well as a low Pb scattering intensity.  These phenomena are 

presumably due to the severe roughening of the calcite surface (exhibited by AFM), 

which would be expected to lower the scattering signals.  The presence of significant Ca 

and Pb scattering signals suggests, as in the Cd-circumstance, that both of these 

constituents are present in the outermost layer.   
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Figure 4-8 Ion scattering spectroscopy results for a) a cleaved calcite 

surface, b) calcite exposed to a 100 µM Cd2+ solution for 24 hr, and c) a 

calcite surface pretreated in a 100 µM Pb2+ solution for 24 hr.   The results 

show that in both the Cd and Pb circumstances, the outermost layer after 

treatment contains Ca, indicating that Cd and Pb phases do not entirely cover 

the calcite surface. 
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Discussion 

While humidity-induced restructuring of the calcite cleavage surface has been 

observed in prior studies14,20,34, the present research provides new experimental 

observations that further help to understand the restructuring process.  Specifically, 

results presented in this contribution indicate that i) the extent of the restructuring 

increases with the humidity level for a given exposure time, ii) the mass that composes 

the humidity-induced features appears to originate at step sites, and iii) the presence of 

Cd on the calcite surface inhibits the restructuring, while Pb has no discernable effect.   

 

The Effect of Humidity on the Restructuring Process 

 We attribute the restructuring of the calcite surface in the humid environment to 

the presence of a surface-bound water layer; higher humidity results in a higher 

concentration of surface water and greater restructuring for a given period of time. Recent 

research by Kendall and Martin used scanning polarization microscopy (SPM) to 

investigate the diffusion of ions on a calcite surface as a function of humidity.  Their 

results, which were obtained by determining the time evolution of the polarization force 

between an electrically biased tip and the surface as a function of humidity, suggested 

that the density and mobility of ions increased on the calcite surface as the humidity was 

raised16.  It was further concluded from the SPM experiment that there was a transition of 

the adsorbed water layer from a 2- to 3-dimensional structure at humidity levels close to 

50%16.  A similar conclusion was arrived at by Grassian and coworker who used infra-red 

spectroscopy to infer such a transition from analyzing changes in the O-H stretching 

region as the humidity level was raised35.  Computational studies have suggested that the 
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orientation of the water molecules composing initial surface hydration layer, as might be 

expected, is controlled by the calcite surface structure36.  Hence, the initial 2-d structured 

water would not be expected to serve as an efficient solvation layer for Ca2+.    At still 

higher humidity levels (90%) the research of Kendall and Martin showed that the 

adsorbed water behaved similarly to an aqueous layer16.  On a qualitative level, our 

results are consistent with these prior observations about the behavior of water sorbed on 

calcite as a function of humidity.  The step function-like increase in the adhesion of the 

AFM tip to the calcite surface between 40 and 45% humidity indicates a change in the 

nature of the water layer, which in view of prior studies we attribute to the formation of a 

3-d water layer.   

Our observations concerning the nature of the restructuring process also can be 

qualitatively understood in terms of the structure of the water layer as a function of 

humidity level.  At a relative humidity of 10% we observe a rather small degree of 

restructuring.  The humidity-induced features show small lateral dimensions and slow 

growth rates compared to higher humidity levels. Both observations point toward a 

limited amount of ion mobility on the surface compared to higher humidity levels.  At a 

humidity level of 75% there is a more extensive restructuring process, presumably due to 

the increase in hydration and the associated ion mobility.  Two additional observations 

support this statement.  First, the coverage of humidity-induced features present on the 

calcite surface after a 0.5 hr exposure to a 75% humidity level is more than what is 

observed on a surface exposed to 10% humidity for 2 hr.  Second, increasing the 

exposure time from 0.5 to 2 hr at 75% humidity leads to a significant growth of the lateral 

dimensions of the restructured features.  We believe that the initial features provide 
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nucleation sites for the subsequent growth of the restructured layer.  This contention is 

more definitively demonstrated by our experiment in which a section of the restructured 

surface was removed through nano-shaving; we observed that the subsequent growth of 

the restructured layer occurred around pre-existing seed sites (see Figure 4-4).  This 

observation suggests that the mobility of the ions is high, since the diffusing ions 

precipitate on an existing island rather than nucleating a new feature, as observed in the 

initial growth period. 

Key issues concerning the restructuring process include the origin of the mass 

composing the humidity-induced features as well as their composition and structure.  Our 

observations suggest that mass primarily originates from steps on the calcite surface.  We 

presume that both Ca2+ and CO3
2- become mobilized during the humidity treatment and 

are the primary components of the precipitating phase.  While our analytical techniques 

are not sensitive to the structure of the precipitate, it may be its structure is amorphous 

and/or hydrated material and not a crystalline calcium carbonate.  The presence of a more 

(hydrated-)amorphous material would be consistent with our experimental observations 

that show that in general the precipitate is characterized by irregular surfaces and edges, 

that might not be expected of a crystalline phase.   Furthermore, the contrast seen in AFM 

phase images highlights that the physical and/or chemical properties of the humidity-

induced surface features differs from that of the underlying calcite substrate.  Prior 

studies have speculated that ion release from step sites is the source of the hydrated and 

mobile ions18, but our observations offer more direct evidence for this view.  Results 

obtained from calcite cleavage surfaces that were pretreated with DI water or water pre-

equilibrated with calcite are consistent with steps being the source of the mass (Figure 4- 
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Figure 4-9 A schematic diagram depicting the hypothesized ion movement 

occurring while calcite surfaces are exposed to humidity: (a) ions exchange 

at step edges, (b) ion movement producing surface reconstruction features, 

and (c) long distance ion movement 
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8).  Treatment of the calcite cleavage surface with DI water, for example, leaves a lower 

step density than a freshly cleaved sample (compare Fig. 4-2a to Fig. 4-6a).  The amount 

of restructuring in a given time interval under similar humidity conditions is less on the 

DI-pretreated surface, consistent with step density playing a role in the kinetics of the 

restructuring.  This speculation is further supported by observations from the calcite 

cleavage surface pretreated in water equilibrated with calcite.  In this circumstance, the 

step density is higher on the DI-pretreated surface and more comparable to that of the 

freshly cleaved surface.  The behavior of this surface under 75% humidity is similar to 

that of the freshly cleaved surface, consistent with steps (and presumably kinks 

associated with the steps) playing a significant role in the kinetics of this process6,9,37. 

It is useful to analyze the experimental observations obtained in the present study 

in view of prior research that has investigated the dissolution of calcite cleavage surfaces 

in the aqueous environment.  Such a comparison seems most appropriate when 

considering our results for calcite cleavage surfaces in the highest relative humidity 

environment (90%) where prior studies have suggested that the properties of the hydrated 

layer are similar to the water layers associated with the mineral surface in the aqueous 

environment36.  In the aqueous circumstance where the solution phase is under-saturated 

with respect to calcite, dissolution at defects and step sites dominates the process and 

results in the creation of rhombohedral etch pits and the retreat of steps as observed with 

atomic force microscopy1,2,5,11,29-31.  Step retreat is influenced by many properties of the 

step structure, including the density of kinks in the steps (i.e. roughness of the step).  In 

our high humidity experiment, we observe a roughening of the step structures relative to 
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the clean freshly cleaved calcite surface, which we suspect is analogous to the 

morphology changes in the step structure in the aqueous environment.   

The origin of the driving force for the relocation of mass from step sites to new 

restructured surface patches is an intriguing question.  Qualitatively, this process appears 

to be accompanied by an increase in total surface, as indicated by the formation of 

irregular features and the roughening of steps.  While we can only speculate, it may be 

that the formation of new surface allows a higher concentration of more strongly bound 

water to be maintained on the mineral surface.  The creation of the restructured surface 

implies that through the dissolution of mass into the thin water film and the subsequent 

precipitation, calcium and carbonate  are mobilized from specific locations on the calcite 

surface (at least in part from steps) into a new energetically stabilized structure.  It may 

be that inclusion of water into or on the humidity-induced patches leads to a more 

favorable interaction with surface bound water than the original unrestructured surface.  

Nucleation of the solid precipitate may be facilitated at surface imperfections (i.e., defect 

sites) on the mineral surface and these sites accommodate further growth leading to the 

lateral growth over time that we observed with in situ AFM.      

    

The Effect of Divalent Metals on the Restructuring Process 

Results presented above show that calcite cleavage surfaces pretreated with 

aqueous Cd(II) show little restructuring upon a subsequent exposure to 75% relative 

humidity.  The AFM images of the calcite surface immediately after exposure to Cd-

bearing aqueous solution do not show the characteristic rhombohedral etch pits 

associated with calcite surface dissolution in DI water30.    Instead, surfaces exposed to 
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Cd-bearing water show a dissolution topography characterized by roughened steps and 

lacking well defined rhombohedral pits.  Prior studies have attributed this to the 

interaction and incorporation of Cd into the step structures of the calcite surface.  

Specifically, prior research has suggested that as Cd and Ca exchange along steps within 

forming etch pits the concentration of Cd at step sites within the pits increases and 

dissolution eventually suspends, following an asymptotic decrease in kinetics38.  Cd was 

shown to exhibit an inhibitory effect on dissolution by “pinning” acute step sites and 

small etch pits38.   Prior synchrotron X-ray scattering experiments that investigated Cd(II) 

uptake on calcite cleavage surfaces also concluded that Cd resided preferentially at steps 

on the surface39.  Presumably, the ease of Cd exchange for Ca is related to the similarity 

of their ionic radii, allowing the incorporation of Cd into the calcium site.  We attribute 

the inhibitory effect of Cd on the humidity-induced restructuring to a similar step-pinning 

phenomenon, which would be expected to limit the release of Ca2+ and/or CO3
2- into the 

water film.  The effect of Cd2+ on calcite dissolution lies in stark contrast to the 

dissolution of calcite cleavage surfaces pretreated with aqueous Pb2+.  In this latter 

circumstance, the calcite surface exhibits rhombohedral etch pits that are typical of 

calcite dissolution in de-ionized water30.  This observation suggests that Pb(II) has little 

effect on the dissolution-induced topographical changes associated with steps on the 

calcite surface.  Indeed, prior studies have suggested that the primary mechanism of 

Pb(II) [ionic radius of 1.19 Å] uptake onto calcite cleavage surfaces in the aqueous 

environment appears to be by the formation of mononuclear inner-sphere complexes as 

well as precipitation of cerrusite and hydrocerussite phase PbCO3, Pb3(CO3)2(OH)2
30,32,33. 
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Summary 

 Exposure of calcite cleavage surfaces to humidity leads to the formation of 

patches of restructured material at the calcite surface. The composition of these humidity-

induced features is believed to primarily be CaCO3, although may be hydrated, and its 

structure may be amorphous rather than crystalline. Such mobility of ions on the calcite 

surface and the resulting restructuring of material on the mineral surface have broad 

implications for understanding sequestration and contaminant immobilization in 

environmental systems, and may be expected to occur on other slightly soluble mineral 

surfaces.   At higher humidity levels (75% or higher), where the restructuring process 

occurs to a significant extent, the primary source of the mobilized material appears to be 

from step edges. Calcite cleavage surfaces pretreated with divalent Cd exhibit little 

topographical change when exposed to high humidity.  In contrast, surfaces pre-treated 

with aqueous divalent Pb behave in a similar manner to surfaces that have been freshly 

cleaved or pretreated with DI water and calcite-equilibrated water prior to exposure to a 

humid environment.    The results are consistent with the different sorption behaviors of 

Cd and Pb.  Pb commonly forms surface precipitates, whereas Cd exhibits a significant 

interaction with sites at step edges on the calcite surface, which then inhibits the 

humidity-induced restructuring process.     
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Abstract 

 
The reaction of ferrihydrite with gaseous CO2 was investigated with attenuated 

total reflection Fourier transform infrared spectroscopy (ATR-FTIR) and density 

functional theory (DFT) calculations.  ATR-FTIR results show that CO2 reacts with both 

2- and 6-line ferrihydrite resulting in surface adsorbed carbonate species. The carbonate 

species experimentally observed in view of theoretical calculations are shown to be in 

large part monodentate binuclear complexes.  These carbonate complexes exist as both 

inner-sphere and outer-sphere hydrogen-bonded complexes.   Under “dry” conditions 

CO2 reacts with a free OH site on the ferrihydrite surface resulting in a metastable bent 

CO2 (bicarbonate-like) complex.  Removal of the gaseous reactant leads to the loss of this 

metastable surface complex. Conversely, the reaction of CO2 with hydrated ferrihydrite 

results in only carbonate formation (no bicarbonate).  In this case, experiments and 

theoretical calculations suggest that hydrogen bound water on surface OH sites prevents 

the formation of the metastable bicarbonate species.  Ferrihydrite that was allowed to 

react with atmospheric levels of CO2 and water vapor resulted in the formation of surface 

carbonate coordinated as both inner and outer-sphere complexes.      

 

Introduction 

Surface reactions involving carbon dioxide play key roles in both industrial 1-3 and 

environmental chemistry 4-8.  Within the area of environmental chemistry, an increased 

scientific interest in CO2 has resulted from the appreciation that there is an increasing 

amount of CO2 in Earth’s atmosphere and the effect it is expected to have on climate 

change.  Proposed methods to limit the emission of CO2 into the atmosphere have 
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included the capture and subsequent sequestration of CO2 beneath the earth’s surface as a 

supercritical fluid4.  An understanding of how CO2 reacts with mineral phases present in 

the subsurface environment has relevance to the potential wide-scale application of such 

a method.   Within the industrial arena, CO2 has become the focus of research within the 

last decade as a C1 feedstock and is currently used in a variety of chemical processes 

occurring on solid surfaces1-3.  

Ferrihydrite, the subject of this contribution, is a naturally occurring nanoscale 

iron oxyhydroxide mineral.  The size of this mineral typically ranges from 2-6 nm in 

diameter and it is commonly found in both natural and industrial systems 9. Ferrihydrite 

plays a significant role in geochemical processes as the precursor to iron minerals such as 

goethite (α-FeO(OH)) and hematite (α-Fe2O3) 
10-15.  In addition, ferrihydrite plays an 

important role in the sequestration of many metallic and anionic contaminants in 

groundwater and soil due to its extremely high surface area and reactivity 16, 17.    

Industrially, ferrihydrite is a precursor for iron-based catalysts and is utilized in 

metallurgical, coal, and oil processing 9. Moreover, ferrihydrite has biological 

significance as it is found within living organisms as the core in the iron storage protein 

ferritin 18.  

Ferrihydrite has been shown to exhibit size dependent reactivity in both hydrous 

and gaseous systems.  For example, synthetic ferrihydrite particles have been 

demonstrated to oxidize hydroquinone 19 and photocatalytically degrade 4-chlrorophenol 

20 in solution.  In addition, studies from this laboratory using ferrihydrite assembled in 

ferritin have shown the ability to photocatalytically reduce Cr(VI) to Cr (III) in solution 21 

and convert adsorbed SO2(ad) to SO3
2-

(ad) 
22.   
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The interaction of CO2 with solid surfaces has been investigated extensively and 

adsorption has been shown to lead to the formation of carbonates, bicarbonates, formates, 

carboxylate and physisorbed/chemisorbed bent CO2 
1, 23, 24.   On mineral surfaces, the 

formation and/or presence of adsorbed carbonate is the most often cited species 5.  

Adsorption of carbonate and related species has the potential to affect many 

environmental processes by modifying surface charge and blocking adsorption sites, 

which can potentially play a significant role in the sequestration or retention of 

environmentally relevant contaminants such as arsenic and phosphates species 25, 26. 

Recent studies have shown that carbonate may be capable of occupying more than half of 

the available surface sites of iron-bearing minerals in soils and sediments 5.  Thus 

investigating the interaction of CO2 with high surface area mineral surface components 

known to be important in sequestration processes is of critical importance.     

In this investigation, the formation and speciation of carbonate/bicarbonate 

formed from the adsorption of CO2(g) on 2-line and 6-line ferrihydrite is investigated 

using infrared spectroscopy and molecular model calculations.  The results presented 

illustrate that ferrihydrite rapidly reacts with atmospheric levels of CO2 resulting in stable 

adsorbed carbonate species.  In addition to carbonate formation, specific OH surface 

groups on ferrihydrite are shown to interact with CO2 at high concentrations to form a 

weakly bound bent CO2 adsorbate resembling bicarbonate.  Hydrogen bonding 

interactions on the ferrihydrite surface play a prominent role on its reactivity and these 

interactions are shown to affect both the observed and calculated IR frequencies for 

surface complexes.   
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Experimental 

Samples of 2-line ferrihydrite were prepared by modification of the standard 

method of Cornell and Schwertmann 27.  Two types of 2-line ferrihydrite sample were 

prepared: a normal preparation and a CO2-free preparation.  Briefly 0.1M solutions of 

anhydrous ferric chloride were neutralized using 1M sodium hydroxide solution, 

resulting in the formation of a blood red 2-line ferrihydrite suspension.  Ferric chloride 

solutions were prepared with deionized water (18MΩ) used as is and deionized water 

(18MΩ) boiled and sparged with Argon for 1 hour.   Samples of 6-line ferrihydrite were 

prepared with the standard method using ferric nitrate 27.  After synthesis samples which 

could not be exposed to the atmosphere were typically centrifuge washed at least 5 times 

to remove the counter ions present from synthesis, while others were dialyzed.  Samples 

were stored in neutral solution and used within a few days of synthesis.   Samples 

exposed to solution phase fluoride were prepared by adding 0.5 mL of the appropriate 

concentration NaF solution to approximately 10 mg of ferrihydrite paste, followed by 5 

minutes of sonication and equilibration in a closed container overnight.  Samples were 

centrifuge washed with DI water once prior to experimentation.   Samples were analyzed 

with XRD and TEM to confirm that their size and degree of crystallinity corresponded 

with the traits of 2 and 6-line Ferrihydrite (Figure 1).  Normally a distinction is drawn 

between two types of ferrihydrite, referred to as 2-line and 6-line.  The 2 and 6-line 

designation is related to the number of the X-ray diffraction (XRD) peaks associated with 

the particular ferrihydrite sample.  The 6-line and 2-line ferrihydrite typically exhibit 

particle diameters of 4-6 nm and 2-3 nm, respectively.    
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Infra-red spectra were collected using a Smart Orbit ATR (Thermo Scientific) and 

a Nicolet 6700 spectrometer (Thermo Scientific) equipped with a DTGS detector.   

Spectra were collected as single beam spectra of 100 coadded scans reprocessed against 

the clean diamond ATR element in absorbance mode with an ATR correction.  Samples 

were dried on the diamond ATR element from solution with a home built gas flow cell 

using a nitrogen flow gas. Mixed gases with specific concentrations of CO2/N2 (10 parts 

per million (ppm) and 300 ppm CO2 in N2) were purchased from Matheson Tri-Gas.   

The flow rate of all gases was controlled with a rotameter to a flow of 5 standard cubic 

feet per minute (SCFM). 

 Data acquisition and analysis was performed using Omnic 7.3.  Peak positions 

were assigned either by peak fitting or assignment from second derivative spectra which 

were calculated using the Savitsky and Golay method 28, 29, with a second-order 

polynomial expansion around each data point and 19 point smoothing.  All comparison 

spectra were normalized to the Fe-O stretching mode (560 cm-1) to account for variability 

in the thickness of films dried on the ATR lens.  Peak fitting was performed using 

Gaussian line-shapes.     

All calculations were performed with the program Gaussian 03 E.01 30. Energy 

minimizations and frequency calculations were performed using the basis set B3LYP/6-

31G(d) 31, 32. Infrared frequencies were scaled using a value of 0.956, previously shown 

to be an accurate scaling factor for Fe organic complexes 33, 34.  Model clusters were 

based on either a Fe3+octahedron or a dimer of two Fe3+ octahedra connected via two Fe-

(OH)-Fe linkages as occurs in ferrihydrite. The relatively small model system is used as a 

first-order approximation for the interactions between carbonate and Fe-hydroxide  



 108 

Figure 5-1 TEM micrograph of aggregates of synthetic ~2nm 2-line 

ferrihydrite particles (A), and ~6nm 6-line ferrihydrite particles Select 

particles from each aggregate have been encircled as a visual aid. (B).  XRD 

diffractograms of 2-line (lower) and 6-line (upper) ferrihydrite (C).  The 

vertical lines denote the position of the normal reflections of ferrihydrite 

according to Cornell and Schwertmann27. 
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surfaces.  While neither the surface nor bulk structure of ferrihydrite is definitively 

characterized at this time, there is general agreement that iron is 75-100% octahedrally 

coordinated. 

 

Results 

Ferrihydrite Under Atmospheric Conditions:  
Normal Ferrihydrite 

 
While ferrihydrite has been known as a distinct mineral since it was classified as 

such more than thirty years ago, there is still somewhat limited literature concerned with 

the infrared spectroscopy of ferrihydrite.  Much of the available literature focuses on the 

transformation of ferrihydrite to other iron mineral phases 35, 36 or on the adsorption of 

environmental contaminants 37, 38.  Figure 5-2 displays the ATR-FTIR spectrum of 

synthetic 2 and 6-line ferrihydrite (dried from solution and then exposed to the ambient 

atmosphere) and Table 1 provides mode assignments from this work as well as others 

studies.  The spectra are dominated by broad O-H stretches, which have contributions 

from structural hydroxide near 3400 cm-1 as well as sorbed H2O (3200 cm-1).  The region 

between 1700 and 1200 cm-1 contains the deformation mode of H2O at ~1630 cm-1 and 

the ν3 C-O stretching modes of adsorbed carbonate; the asymmetric (νc-o,asym) and 

symmetric (νc-o,sym)  respectively at 1465 and 1345 cm-1 for 2-line and 1475 and 1345 cm-

1 for 6-line ferrihydrite.  In the region between 1200 and 700 cm-1 there is the C-O total 

symmetric stretch near 1000 cm-1 28 and several bands of low intensity that can be 

assigned to OH bends39.  In addition, adsorbed carbonate exhibits in and out of plane 

bending adsorptions below 900 cm-1 40.  These bending modes for hydroxyl and carbonate  
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Figure 5-2 ATR-FTIR spectra of 2-line (lower) and 6-line (upper) 

ferrihydrite from 3800-2400 cm-1 (A), 1800-1200 cm-1 (B), and 1200-400 

cm-1 (C) 
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overlap and are difficult to distinguish due to their weak absorbance and are not listed in 

Table 5-1.  Fe-O lattice stretching modes appear at 700, 570, 480, and 420 cm-1 36, 41, 42.  

Factors such as the degree of crystallinity, shape, and extent of particle aggregation have 

been shown to influence the infrared spectrum of iron oxide minerals 36.  A visual 

inspection of the spectra shows that the spectral modes associated with 6-line ferrihydrite  

are better defined and sharper compared to those for 2-line ferrihydrite.  Spectral data 

presented in Figure 5-3 shows the effect of drying 2 and 6-line ferrihydrite with a dry 

nitrogen gas flow.  A fraction of the surface bound water (relative to ambient 

atmosphere-exposed ferrihydrite) is removed resulting in loss of spectral intensity in the 

OH stretch region (Fig 5-3 a,c).  Removal of the adsorbed water allows the contributions 

resulting from structural OH and adsorbed OH in the form of H2O to be discerned.  

Structural OH adsorbs at 3400 cm-1 for 6-line and 3315 for 2-line.  Associated with both 

the 2- and 6-line dry ferrihydrite is a shoulder at 3660 cm-1 that we assign to a free 

surface OH group 39, 43, 44.   This free surface OH mode is not observed on ferrihydrite 

that has been exposed to the ambient atmosphere.  This experimental observation is 

presumably due to the fact that ferrihydrite readily adsorbs water from the atmosphere, 

and adsorbed water hydrogen bonds to the free OH shifting and broadening its spectral 

contribution.   Figures 3b and d show the effect of drying on the H2O deformation mode 

and carbonate modes.  As expected there is a decrease in intensity of the deformation 

mode of H2O at 1630 cm-1, although quantification of the amount of water loss is 

difficult, since C-O stretches also contribute to this spectral region.  Upon drying, modes 

assigned to the carbonate asymmetric (νc-o,asym) and symmetric (νc-o,sym)  stretches 

decrease in intensity.  Moreover, the spectrum associated with 6-line ferrihydrite displays  
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Figure 5-3 ATR-FTIR spectra of 2-line (A, B) and 6-line (C, D) ferrihydrite 

dry and under nitrogen flow (lower) and then exposed to the ambient 

atmosphere (upper).  There are evident changes observable between the 

spectra under dry and hydrated (atmospheric) conditions, such as the free 

surface OH mode which is observed only under dry conditions. 
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significant spectral changes in the C-O stretching mode region upon drying.  Specifically, 

the symmetric (νc-o,sym)  stretch at 1340 cm-1 splits in to 1315 and 1385 cm-1 peaks, while 

the asymmetric (νc-o,asym) stretch at 1470 cm-1 splits in to 1460 and 1530 cm-1 peaks.  The 

broader peaks associated with 2-line ferrihydrite make similar changes difficult to discern 

by a visual inspection of the associated data, but a second derivative analysis of the dry 2-

line spectrum indicates that the symmetric (νc-o,sym)  stretch splits from 1340 cm-1 to 1325 

and 1395 cm-1.  For the asymmetric (νc-o,asym) stretch, a shoulder appears at 1535 cm-1 in 

the 2-line spectrum upon drying.  The presence of symmetric and asymmetric C-O 

stretching modes is indicative of bound or coordinated carbonate species 1-3, 28.    

  

Ferrihydrite Under Controlled Conditions: CO 2 Free Ferrihydrite 
 

Figure 4 displays the spectral region between 1800 and 1200 cm-1 for 2-line 

ferrihydrite that was synthesized in aqueous carbonate/bicarbonate free water.  The lower 

spectrum shows the ferrihydrite after drying in nitrogen gas flow, and the upper spectrum 

was obtained from the same sample after it was exposed to the ambient atmosphere 

(~50% RH).  The “dry” spectrum still contains some amount of sorbed or structural water 

indicated by the mode at 1630 cm-1, but the intensity of the carbonate modes (i.e., at 1540 

cm-1, 1465 cm-1, 1395 cm-1, and 1325 cm-1) are reduced compared to ferrihydrite that was 

prepared in water that was not purged of aqueous carbonate/bicarbonate.  A five minute 

exposure of the ferrihydrite to the atmosphere results in significant intensity increases in 

the water deformation mode at 1630 cm-1 and C-O stretch modes (ν3,c-o)  at 1465 and 

1345 cm-1 .      
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Figure 5-4  ATR-FTIR spectra of 2-line ferrihydrite prepared CO2/carbonate 

free and dried under nitrogen flow (lower), then exposed to the atmosphere 

for ~5 minutes (upper).  The upper spectrum is identical to native 2-line 

under atmospheric conditions indicating that carbonate formation is rapid. 
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 In order to control the reaction conditions to a greater extent and explore 

the formation of carbonate on dry ferrihydrite surfaces, mixtures of CO2 and N2 were 

utilized.  Figure 5-5 shows vibrational spectra associated with 2-line ferrihydrite that was 

exposed to nitrogen containing 10 ppm CO2 and 300 ppm CO2, and after exposure to pure 

CO2 at 1 bar.  Exposure of ferrihydrite to 10 ppm CO2 results in a slow intensity increase  

of modes at 1485 and 1330 cm-1.  After a 15 minute exposure there was no further 

increase in the intensity of these modes.  Exposure of ferrihydrite to the 300 ppm CO2 

mixture results in the appearance of additional modes at 1620, 1400 and 1220 cm-1, and 

to spectral intensity increases in the modes at 1465 and 1340 cm-1.  The spectral features 

associated with the 100% CO2 circumstance are similar to those in the 300 ppm-

spectrum, although modes at 1620 and 1400 are slightly shifted and broadened.  The 

replacement of the pure CO2 by dry nitrogen results in the disappearance (10 minute 

exposure) of the 1620, 1400 and 1218 cm-1 modes.  Alternatively, the modes rapidly 

disappear upon exposure to the atmosphere within 5 min. The adsorption spectra from 

“dry” ferrihydrite under equilibrated N2 flow after either 300ppm or 100% CO2 are 

identical.  The same can be said of spectra taken under dry N2 flow after repeated cycling 

of N2 and atmospheric air, indicating that the adsorption sites for stable carbonate species 

are quickly occupied at atmospherically relevant conditions. 

 The C-O modes that appear after ferrihydrite has been exposed to CO2 can be 

assigned to adsorbed carbonate and bicarbonate species.   The ν3 asymmetric mode arises 

due to the perturbation of the D3h symmetry of solution or crystalline carbonate.  In the 

experimental data shown here the D3h symmetry is broken by coordination to the 

ferrihydrite surface through either O, or OH surface groups.  According to Busca and  
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Figure 5-5 ATR-FTIR spectra of CO2/carbonate free 2-line under (bottom to 

top) flow of N2, 10ppm CO2, 300ppm CO2, and 100% CO2.   At CO2 

concentrations of 300ppm and above sharp modes appear at ~1620, 1400, 

and 1220. These modes disappear under N2 flow and are assigned to a 

metastable bicarbonates species. 
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Lorenzelli the extent of splitting, ∆ν, is indicative of the structure of the adsorbed 

carbonate binding complex, with ∆ν of ~100 cm-1 for monodentate, ~300 cm-1 for 

bidentate, and 400 cm-1 or greater for bridged complexes 1.  While these parameters are 

useful for qualitative determination, we now present vibrational frequency calculations 

that provide a more detailed understanding of the molecular complexes that are 

associated with our experimental observations. 

 

Theoretical Treatment of Carbonate Modes 

Quantum mechanical cluster models were used to calculate the vibrational 

frequencies for various adsorbate complex configurations.  Figure 5-6 displays several Fe 

cluster models utilized to represent the interaction of the ferrihydrite surface with various 

adsorbed carbonate complexes.  Table 5-2 displays the calculated vibrational frequencies 

associated with these complexes.  Peak fitted spectral data were compared to the 

calculated vibrational frequencies to elucidate the CO2/carbonate ferrihydrite surface 

interactions within the region between 1800 and 1150 cm-1.  Comparison of the relative 

ratios of symmetric and asymmetric stretching components suggests that the monodentate 

binuclear carbonate species (Figure 5-6a) and outer-sphere carbonate species (Figure 5-

6d) are the major contributors to the experimentally observed data.  The monodentate 

binuclear carbonate species is present after ferrihydrite is exposed to any of the CO2 

concentrations used in this study.   The outer-sphere carbonate (Figure 5-6d), however, is 

a major component under humidity levels common to the ambient atmosphere (50% 

humidity).   
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The effect of additional surface hydration was examined on the monodentate 

binuclear carbonate complex as well as several of the other cluster models.  The level of 

hydration has a significant effect on the frequencies determined from the calculations, 

which correlates well with experimental observations. In particular, the hydrated 

binuclear carbonate complexes, νc-o,asym/sym  1323/1517 and 1333/1513 cm-1, correspond 

well to the experimental spectra obtained under “dry’ conditions (νc-o,asym/sym  1325/1535 

cm-1) and these are associated with the lower spectra of Figure 5-3b.  Under hydrated 

conditions (ambient humidity) the calculated νc-o,asym/sym  peak pair for the outer-sphere 

carbonate 1340/1454 cm-1 predominates and this result agrees well with the 

experimentally observed 1340/1470 cm-1 peak pair (upper spectra of Figure 5-3b).  

The modes observed experimentally for ferrihydrite that was exposed to 300 ppm 

and pure CO2 at ~1220, 1400, and 1620 cm-1 most strongly correlate with frequencies 

calculated for binuclear bicarbonate clusters. The calculated νc-o,asym/sym  peak pairs for the 

hydrated (1403/1593 cm-1) and unhydrated (1414/1613) correspond well with the 

experimentally determined 1400 and 1620 cm-1 modes that appear under CO2 flow.  We 

point out that to obtain a stable cluster, which exhibited the 1220 cm-1 mode, a two step 

optimization was invoked (Figure 5-6b).  First the cluster was optimized with the 

positions of the carbon on the CO2 and the oxygen of the OH surface group fixed.  After 

this optimization the entire cluster was reoptimized with no constraints.  The stable 

unhydrated monodentate bicarbonate cluster which results exhibits a symmetric C-O 

stretch at 1231 cm-1, which agrees well with our experimental data.  This species is a 

bicarbonate-like surface complex which arises from the interaction of a bent CO2 

molecule with a surface OH site.  We surmise based on experimental observations that it  
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Figure 5-6 Optimized carbonate surface complex geometries: (A) hydrated 

monodentate binuclear, (B) metastable unhydrated bicarbonate species, (C), 

hydrated monodentate mononuclear and (D) outer-sphere/hydrogen bonded. 
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is the free surface OH observed at 3660 cm-1 (see Fig. 2) that interacts with CO2 to form 

this complex.  Under CO2 flow there is a shift in this mode from 3660 to 3615 cm-1 

(Figure 5-7) that we attribute to the formation of the metastable surface bent CO2 surface 

complex.   

 

Ferrihydrite Surface Sites: Hydroxyl Exchange 

Calculations suggest that the bent CO2 complex (i.e., “bicarbonate”-like complex) 

interacts with ferrihydrite via an unhydrated surface OH on the dry ferrihydrite surface.  

In this section we present experiments that support this surface picture. Specifically, we 

show vibrational data associated with ferrihydrite that had been exposed to F- bearing 

aqueous solutions.  Prior research has shown that F- undergoes substitution reactions with 

hydroxyl groups on oxide surfaces 45.  Vibrational data is shown here that demonstrates 

that by using this chemistry the free OH group associated with ferrihydrite can be 

replaced with fluoride and that this substitution reaction allows us to better support our 

surface complexation model.   

 Figure 5-8 exhibits vibrational data for 2-line ferrihydrite that was exposed to 

various solution phase fluoride concentrations after the surface was dryed and exposed to 

CO2.  Consistent with the expected substitution of surface OH with fluoride is the 

reduction of the intensity of the free surface OH stretch with increasing fluoride 

concentration (Fig 5-8a).  Figure 5-8b exhibits the 1800 - 1100 cm-1 spectral region and 

an inspection of this region shows that the modes that we assigned to a bent CO2 

molecule interacting with free OH surface sites (1620, 1400 and 1220 cm-1) are 

diminished in intensity.  This experimental observation is consistent with the availability 



 123 

of free OH being a requirement for this particular bent CO2 surface complex.  An 

additional observation is that the position of the C-O stretching modes associated with 

carbonate are insensitive to the displacement of OH and the presence of surface fluoride.  

We infer from this observation that surface carbonate does not have a significant 

interaction with surface OH sites, consistent with the quantum mechanical modes 

presented above.   

 

Discussion 

Results presented in this contribution show that carbonate forms rapidly on both 

2- and 6-line ferrihydrite in the presence of atmospheric levels of CO2.  Experimental and 

theoretical calculations suggest that carbonate exists as a strongly bound complex that 

adopts a bridged binuclear monodentate configuration.  Under environmentally relevant 

conditions [~50% relative humidity (RH)] the presence of a hydration layer on 

ferrihydrite leads to the stabilization of an outer-sphere complex in addition to the inner-

sphere carbonate.  The concentration of inner-sphere carbonate appears to be the same for 

the unhydrated and hydrated ferrihydrite, suggesting that the outer-sphere complex most 

likely forms in the hydration layer and not through the inner sphere complex.   

With regard to the mechanistic details concerning the formation of carbonate and  

bicarbonate on ferrihydrite it is useful to draw relevant information from prior studies 

that have investigated  the interaction of CO2 with related materials such as goethite α-

FeO(OH) 39, 43, 44, 46 and hematite α-Fe2O3 
3, 28, 47. Recently, Bargar et el. characterized 

aqueous carbonate surface complexes on hematite using a combination of ATR-FTIR 
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Figure 5-7 ATR-FTIR spectra of 2-line ferrihydrite under N2 and 100% CO2 

flow.  The mode at ~3660 cm-1 shifts to ~3615 cm-1 under CO2 flow due to 

the formation of the metastable surface complex on the free surface OH 

group. 
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and vibrational frequency calculations.  It was found that a monodentate binuclear inner 

sphere complex and a solvated outer-sphere species were the two primary carbonate 

surface complexes on hematite in aqueous solution.   Although, it was the monodentate 

binuclear inner sphere complex that was found to be present over a wide range of 

experimental conditions 28.  Russell investigated the interactions of CO2 with moist and 

dry goethite surfaces and suggested that adsorption as carbonate predominated on moist 

surfaces and both carbonate and bicarbonate formed on dry surfaces 44.  More recently 

Baltrusaitis et el. showed similar behavior on nano-hematite surfaces under varying 

humidity 47.   Infrared spectra presented by Baltrusaitis in the region of 1700-1200 cm-1 

under dry conditions (< 3% RH) are similar to those presented in this work.  The 

interpretation by Baltrusaitis and co-workers was that in the absence of coadsorbed water 

CO2 reacts to form bicarbonate (1600, 1400, and 1220 cm-1) via an interaction with 

surface OH sites: 

 

Fe-OH + CO2(g) � Fe-OCOOH         (1) 

 

Our experimental observations are consistent with this contention and experiments 

presented in this study support this hypothesis.  We showed that on “dry” ferrihydrite, 

free OH sites are a prerequisite for the formation of a bent CO2 species that has 

associated vibrational modes that are reminiscent of bicarbonate.  The substitution of F- 

for surface OH was shown in this study to decrease the surface concentration of the bent 

CO2 complex. We infer from this experimental result that the interaction of CO2 with 
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Figure 5-8 (A) ATR-FTIR spectra exhibiting the decreasing intensity of the 

~3615 cm-1 mode observed on 2-line ferrihydrite samples exposed to 

increasing concentrations of solution phase F- before exposure to 100% CO2 

flow.  (B) Comparison of normal (upper) and F- exposed (lower) 2-line 

under 100% CO2 flow. There is diminished intensity for the modes 

associated with the metastable bicarbonate species (1620, 1400 and 1220 

cm-1) after exposure to F-. 
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surface OH is a prerequisite for the stabilization of this complex.  Quantum mechanical 

calculations presented earlier also support this binding scenario.  

 On hydrated ferrihydrite this reaction to form the bent CO2 complex is inhibited 

due to the blocking of the OH site by bound water.  Thermo gravimetric analysis has 

shown that for fully hydrated 2-line ferrihydrite (exposed to the atmosphere) undergoes a 

more than 25% weight loss upon heating to 95ºC, due to the loss of water. An additional 

17% weight loss associated with structural water occurs upon further heating before a 

phase transition to hematite occurs 16.  Hence, it is not unexpected that we experimentally 

observe no discernable bicarbonate formation when hydrated ferrihydrite is exposed to 

CO2.  We suspect that the exposure of ferrihydrite to dry nitrogen removes the majority 

of more loosely bound outer sphere water and perhaps some inner sphere water, but this 

latter point will need to be explored in future experiments. 

 Consistent with prior studies we observe only carbonate formation on hydrated 

ferrihydrite surfaces.  Prior studies have generally concluded that on hydrated oxide 

surfaces the reaction CO2 with surface bound water is a key prerequisite for further 

reaction. 

 

H2O(ad,l) + CO2(g) �  H2CO3(ad)           (2) 

 

We note here that H2O(ad,l) can include water directly bound to ferrihydrite or water 

making up a more liquid like layer as an outer sphere hydration complex.  Bicarbonate 

can then form through multiple pathways involving the deprotonation of carbonic acid.  
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Fe-OH + H2CO3 � Fe-OH2+ + HCO3
-         (3) 

 

Surface carbonate species can then form as bicarbonate species deprotonate. 
 
 

HCO3
-
 � CO3

2- + H+          (4) 
 
 

Fe-OH + HCO3
- � Fe-OCO2

- + H2O         (5) 
 

Liberated protons are believed to co-adsorb on adjacent surface sites similar to what is 

depicted in reactions 3 and 6. 

 

Fe-OH + H+ �   Fe-OH2+         (6) 

 

This proton coadsorption can lead to increased surface acidity and is the probable result 

of reactions 3, 4, and 6.   Looking at the above reactions a potential pathway to the 

binuclear monodentate complex commonly found on the ferrihydrite surface in this study 

can be proposed as reaction 7. 

 

Fe-OCO2
- + Fe-OH2

+ � Fe-CO3-Fe + H2O       (7) 

 

We emphasize at this point that even on what we refer to as “dry” ferrihydrite there is 

expected to be a strongly bound water monolayer.  This is consistent with our infrared 

measurements that show water modes on “dry” ferrihydrite.  Hence, the reactions to form 

carbonate are relevant on “dry” ferrihydrite and this contention is consistent with our 
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experimental observation that both carbonate and bicarbonate can exist on “dry” 

ferrihydrite.  In this case carbonate formation would be expected to occur though a 

reaction with adsorbed water.  Thermodynamics calculations by Navrotsky 48 have shown 

that the presence of an intrinsic strongly sorbed water species on ferrihydrite is a natural 

consequence of the nano-dimensions (2- 6 nm) of the mineral.  Hence, one might 

generalize that nano oxide materials would be particularly reactive with CO2 not only due 

their high surface areas, but also due to the presence of a sorbed water layer over a range 

of environmental conditions. 

 

Conclusion 

Results presented in this contribution show that in the absence of hydrogen 

bonded water on the “dry” ferrihydrite surface, free surface OH interacts with CO2 to 

form a metastable bent CO2 (bicarbonate-like) species.  This mechanism of interaction on 

the ferrihydrite particle surface occurs under relatively high gas phase CO2 

concentrations.  Removal of the gaseous CO2 reactant leads to the loss of this surface 

complex.  The reaction of CO2 with “dry” ferrihydrite, which is expected to still have a 

bound layer of water, also leads to the formation of carbonate (in addition to the 

bicarbonate complex), but only carbonate is present after hydrated ferrihydrite is exposed 

to gaseous CO2. In the latter case, water hydrogen bound to surface OH sites prevents the 

formation of the metastable bent CO2 species.  The carbonate species experimentally 

observed in view of theoretical calculations are in large part monodentate binuclear 

complexes, that exist in various states of hydration including outer-sphere hydrogen 
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bonded complexes.  Ferrihydrite allowed to react with atmospheric levels of CO2 and 

water vapor resulted in the formation of a surface carbonate saturated monolayer.      
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CHAPTER 6 
SUMMARY AND OUTLOOK 

  
  The work in this dissertation primarily serves as a basis to build upon or 

use in the interpretation of prior results.  Studies of metals interacting with calcite like the 

type in chapter 3 have been extensively published, yet very few if any mention the 

surface restructuring process described in chapter 4.  This process has the potential to 

affect surface morphology and related retention properties.  For instance, while the 

overall interpretation of cadmium forming a solid solution with calcite would not change, 

the morphological interpretation of some of the features related to cadmium solid solution 

surface features could have been misinterpreted due to a lack awareness/knowledge of the 

restructuring process.  In a similar manner many prior ATR-FTIR adsorption studies on 

ferrihydrite may not have correctly elucidated adsorption mechanisms or motifs because 

of a lack awareness/knowledge of the presence and persistence of surface carbonate 

formed from CO2(g).   In the course of preparing and analyzing samples for collaborators 

it has been noticed that some adsorbed species dramatically affect adsorbed carbonated 

modes while others have little or no effect.  This indicates two things: one that multiple 

adsorption sites exist, and two understanding competitive surface adsorption will be key 

to understanding the interaction of some adsorbates.  These are just some examples of 

how the foundations presented in this dissertation may help further the understanding of 

processes occurring on these surfaces as a whole.         

 Studies of environmental surfaces on the nanoscale are challenging for a number 

of reasons.   For one, the field itself is still quite young and there is much that is 

unknown.  Working on such a scale and often under ambient conditions is difficult one 

and must always be aware of possible artifacts in the data.    Relying on historical 
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literature can sometimes be a challenge because the experiments were either performed in 

a vacuum or in some other way which may change your system.   Due to this a lot of time 

is spent getting a “feel” for the material in order to understand what is normal or develop 

a baseline.    Though even with a baseline the extent of information which can be 

attainted from a surface or process may be technique limited.   Even with advanced 

nanoscale characterization techniques studies of subnanometer processes can be a 

process.  For example, this was a limiting factor in further developing an understanding 

of the calcite surface restructuring process.   The subnanometer surface features with 

nearly identical light element composition to their substrate proved to be undetectable in 

each analysis technique attempted beyond AFM including synchrotron based studies.  

Perhaps this is something which can someday be overcome.  Additionally 2 nm 

ferrihydrite particles are challenging to characterize not only due to their size, but their 

high levels of reactivity.   Special thought has to be paid as their surface and subsequent 

dispersion properties easily change requiring additional effort for experimental 

reproducibility.   Their size and tendency for aggregation makes them difficult to 

characterize with any technique other then TEM.  
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APPENDIX A  
MINERAL PREPARATION TECHNIQUES 

  

For each mineral type there are numerous published synthesis methods.   Many 

times published synthesis methods require equipment which is not readily available or 

use chemicals species which should be excluded.   Typically the best solution is to devise 

your own synthesis approach by incorporating and or modifying aspects of existing 

methods.   This may necessitate multiple trial synthesis which can be time consuming.  

For that reason brief descriptions of synthesis methods for minerals relevant to studies 

presented in this dissertation are described below.  

  
2-line ferrihydrite (2 nm particles) 
Adapted from Cornell and Schwertmann Method1 

Prepare a 0.1M Fe3+ solution in 25°C deionized water, quickly add 1 M OH 

(KOH of NaOH) to bring the pH to between 7 and 8.  The final ratio ratio of base to 

starting solution is typically 0.54.   Start by adding 75% of your calculated base volume 

and then add the remainder in small increments.  Dialyze or centrifuge wash the particles 

until their supernantant no longer has a conductivity reading and then air dry.    

This method is fairly robust and should work with most salts.   Fe(NO3)3 and FeCl3 have 

been used successfully, although nitrates and other oxyanion compounds have a tendency 

to stick to the ferrihydrite surface and require longer dialysis times.  1 liter of starting 

solution yields 3-5 grams of material. 

 
 
6-line ferrihydrite (6 nm particles) 
Adapted from Cornell and Schwertmann Method1 

Preheat a volume of deionized water suitable for a 25mM Fe3+ solution to 75°C in 

an oven or hot water bath.  Quickly add the required amount of Fe(NO3)3 to make a 
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25mM solution and return to the heating source for 10-12 minutes.    During the 10-12 

minute period of time periodically shake the mixture (every 3-4 minutes).  After heating 

rapidly transfer the solution to an ice bath until cooled below 25°C. Dialyze the particles 

until their supernantant no longer has a conductivity reading and then freeze dry. 1 liter of 

starting solution yields ~ 0.1 grams of material. 

 
 
Nano-Hematite (50nm cubic particles)  
Adapted from Hou Method2 

Begin by heating a suspension of dialyzed 2-line ferrihydrite to boiling in a 

sealable container capable of high temperatures and pressures, once boiling adjust the pH 

to 7 and seal the container.  Increase temperature to 130°C and maintain for 3 days.  After 

3 days remove from heat, cool, and then centrifuge was and air dry. 

 
Nano-Calcite (50nm cubic particles) 
Adapted from Hari-Bala Method3 

Starting with ~5 grams of CaO for every 250 mL of DI water, bubble CO2 with a 

controlled flow into a closed vessel.  The starting pH will initially be near 12 and will 

drop slowing as CO2 is added and the particles nucleate. Stop the reaction and centrifuge 

wash as soon as the reaction mixture reaches pH 7.   The rate of CO2 introduction and 

concentration can have some effect on the particle size.  The initial method calls for 

mixing N2 with the CO2, but this was not investigated. 
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APPENDIX B 
TEM MICROGRAPH GALLERY 
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  Hematite  α-Fe2O3                        Lepidocrocite γ-FeO(OH)  
                                             Sample synthesized by N. Bhandari 
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         Goethite α-FeO(OH), Sample from J. Kim of SUNY Stony Brook 

 
 
 
 
 

 
                              

Magnetite Fe3O4                                                    Nano Calcite CaCO3 
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Boehmite  γ-AlO(OH)                                             Corrundum  γ-Al 2O3 
 Sample sfrom W. Lei of SUNY Stony Brook 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Birnessite   Na (Mn(IV),Mn(III))O4*1.5H2O 
Sythesized by S. Kondavetti 

 
 
 


