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THESIS ABSTRACT
A calcium oxalate phase stability and dissolution study
By
NAUF SALEH Al-JUHANI

Thesis Director:
Dr. George Kumi

The presence of calcium oxalate (CaOx) hydrate crystals, which have low solubility in
water, is widespread in nature. These crystals cause undesirable effects in certain aspects
of human life, and many of these problems are still unsolved due to the lack of necessary
information about the crystallization and dissolution mechanisms of these crystals. To
obtain more insight into the thermal stability of CaOx crystals, a comparative study of
calcium oxalate monohydrate (COM) dendritic and calcium oxalate dihydrate (COD)
bipyramidal crystals has been undertaken using a combination of Raman microscopy and
thermal stage. Crystal structure transformations in these crystals with respect to various
temperatures were determined. Experimental results indicate that COM is stable up to
~110 °C, and above this temperature the anhydrous calcium oxalate (COA) forms. This
transformation is reversible since the COA crystals created convert back to the COM
phase upon cooling to temperatures below this transition temperature. In contrast, the
COD phase is stable up to ~120 °C, and above this temperature COD dehydrates and
transforms to COA. This is an irreversible transformation because dehydrated crystals
converted to COM upon cooling. The dehydration process for COD alters the overall
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crystal habit, resulting in cracks and crystal splintering. To further an understanding
about CaOx dissolution, an experimental protocol was also developed to study CaOx
crystal dissolution using a microfluidic device. CaOx dissolution was investigated in the
presence of various carboxylate-ion-bearing species at different solution pH values to
demonstrate the capabilities of this device. In the pH range studied (4 – 10), solutions
with molecular species containing multiple (more than three) carboxylate ions have a
noticeably higher CaOx dissolution ability than molecular species with only a few (two
or less) carboxylate ions.
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Chapter 1: Introduction

1.1 Calcium oxalate (CaOx): discovery, importance and challenges
CaOx is ubiquitous in nature and industry. For example, it is found in a large number
of plant species1 and in kidney stones.2 CaOx needs to be separated from living tissue
because it is toxic,3 and the low solubility of CaOx allows it to be isolated within
biological systems. Apparently, it is for these reasons that CaOx is biomineralized in
areas where it cannot contaminate the rest of the organism, such as in raphides (plant
crystal) or kidney stones.4 CaOx raphides in plants are believed to be a calcium reservoir,
and these raphides are also believed to deter animals from grazing on them.1
CaOx crystals were first isolated by M.A. Donné from urine in 1838.5 Determination
of the composition of this crystal was achieved several decades later. Initial report
describe CaOx precipitating from solution as a finely divided crystalline precipitate
resembling an amorphous sediment.5
CaOx affects certain aspects of human life, such as human health. Kidney stones, also
known as renal calculi, are the most widely recognized malady of the urinary tract
influencing around 10% of the worldwide populace.6 In industrialized populations, the
number of people who suffer from kidney stone disease has increased over the past 30
years. Gender, race, and ethnicity influence who may get kidney stones. For example,
men get kidney stones more regularly than women. However, a recent investigation
shows that the number of women getting kidney stones is rising, and a high percentage of
kidney stones are made of CaOx crystalline aggregates.7 These crystals form, by the
combination of calcium with oxalic acid, if there is a high amount of calcium in the urine.
This undesirable mineral agglomeration can lead to sickness, and it may prompt high
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blood pressure and promote diabetes mellitus.8,9 In addition, there are different types of
kidney stones such as uric acid, struvite and CaOx; CaOx is the most common type
(Table 1.1).
Currently, kidney stone disease can be treated according to the type of stone by
different methods including medication, lithotripsy, ureteroscopy and tunnel surgery.
However, the significant issue in CaOx-related kidney stone disease is the high
recurrence rate after stone removal.10 Up to now, the exact mechanisms for stone
pathophysiology and the formation of kidney stones disease are not known.11 In
particular, the mechanism by which CaOx monohydrate (COM) crystals grow into
pathological stones is still ambiguous.12 Understanding the properties of CaOx isolated
crystals and agglomerations may provide a route to alternative non-invasive surgical
treatments and may lead to methods of preventing kidney stone nucleation and growth (or
at least their recurrence).
CaOx is also found in patinas that exist widely in nature. A patina is a thin surface
layer that forms on artifacts, marble monuments, and limestone of different historical
periods at various locations. Studies show that the formation of CaOx can be ascribed
basically to the activity of oxalic acid secreted by lichens (or more rarely by other
microorganisms such as blue algae and fungi) which live and multiply on such surfaces.
The calcium carbonate of the stone surface reacts with oxalic acid giving rise to the
precipitation of calcium oxalate by the following equation:13
CaCO3 + H2C2O4

®

CaC2O4 + H2O +CO2

In addition, in many cane sugar mills, CaOx causes a huge problem by reducing the
transfer coefficient of the evaporator station. This reduction results from deposition of

	
  

	
  

3

CaOx on the Calandra tubes of evaporators, and therefore CaOx formation affects the
production efficiency of the machinery.14	
  

Table 1.1 Several types of kidney stones, their chemical formula and occurrence. The information obtained
from UW Health website.15

The study of the hydrates of CaOx has posed several challenges. For many years,
kidney stones were believed to be the trihydrate form of CaOx. They are actually a
mixture of monohydrate and dihydrate CaOx crystals.2 The Gibbs phase rule was invoked
to show that there is only one thermodynamically stable phase,16 and the monohydrate is
the thermodynamically stable solid phase. The dihydrate and the trihydrate are metastable
products formed during the precipitation process. The structural similarities between the
monohydrate and the trihydrate are believed to enable the trihydrate to easily dehydrate
to the monohydrate.17 It has been reported that the trihydrate transforms to the
monohydrate under thermal action,18 while the transformation of the dihydrate to the
monohydrate is reportedly not a direct crystal transformation. This transformation
involves a solvent-mediated step.18 This is due to the fact that the dihydrate and
monohydrate have vastly different crystal structures.
Computational simulations of CaOx formation are complicated because there is only
one thermodynamically stable crystal phase: the monohydrate. Hence, any computation
in which the molecules are provided with flexibility will naturally optimize to the
monohydrate structure. It is for this reason that existing computations generally only
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consider the monohydrate.19 Other challenges are that (1) it is hard to synthesize large
(more than 30 µm) CaOx crystals and (2) it is hard to synthesize only one specific phase
in whatever size. For example, COT crystal formation is difficult under normal
conditions because it is a kinetically stable product, and conditions that favor the
formation of an energetically unstable crystal must be created in order for it to form.
Moreover, oftentimes more than one phase of CaOx forms simultaneously, so it can be
difficult to isolate one form from other forms.
1.2 Crystal terminology
As with many crystals, CaOx has several forms. It is helpful to use crystal
terminology to describe these various CaOx forms. Thus, a brief description of crystal
terminology is presented in the following paragraphs.
All constituents of a solid can be classified into two classes, namely crystalline or
amorphous. The key difference between a crystalline and an amorphous solid is the
nature of their atomic-scale structure. In amorphous materials, such as plastic or glass, the
atoms and molecules are not organized in a definite lattice pattern. Also, amorphous
solids have curved or irregular surfaces, and melt over a wide range of temperatures.
There is no long-range order in amorphous substances.20 On the other hand, any crystal
consists of basic building blocks, each of which contains all the structural features and
symmetry elements of the crystal. These basic building blocks are repeated regularly in
three-dimensional space, and each of these blocks is termed a unit cell. Each unit cell has
at least one atom or molecule.20 Crystalline solids have sharp, well-defined melting
points. The location of an atom in a crystal shows a feature called long-range order or
translation periodicity, and atomic positions repeat in space in a regular array. The
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identification marker for any solid compound is its crystal structure, and the arrangement
of atoms in the crystal are specific and directly related to the natural properties of the
crystal. The patterns of arrangement of each atom in a crystal is called the crystal lattice.
In other words, a crystal lattice is a set of infinitely arranged points related to each other
by transitional symmetry. The external appearance of a crystal is related to the symmetry
properties of the lattice, and all lattices are described by one of the fourteen Bravais
lattices (Figure 1-1) that each belong to one of the seven crystal systems.21

Figure 1-1. Crystal systems, the 14 Bravais Lattices. I= Body-Centered, F= Face-Centered, and
C= Side-Centered.

Crystal systems can be defined by the relationship between the individual dimensions
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(a, b, and c) and the angles (a, b and g) of the unit cell.22 Indeed, any unit cell, is described
by a system of coordinates, i.e., 3 axes (a, b, c), and by the angles formed between these
axes. The angle a is between the b and c axis, b is the angle between a and c, and g is the
angle between a and b. These systems are the triclinic, monoclinic, hexagonal,
orthorhombic, tetragonal, trigonal, and cubic systems. Generally, triclinic crystals are not
symmetrical which can lead to some fairly strange shapes. In the monoclinic system, all
three unit cell axes are unequal in length, with two axes perpendicular to each other, like
skewed tetragonal crystals. Monoclinic crystals usually form prisms and double pyramids.
The monoclinic unit cell is distinguished by a single 2-fold rotation axis called an axis of
2-fold symmetry, about which the cell can be rotated by 180° without changing its
configuration, and/or a single mirror plane. In the orthorhombic system, all three axes are
unequal in length, but they all are perpendicular to one another. Crystals of this system
form rhombic prisms or double pyramids (two pyramids stuck together).
In crystals of the tetragonal system, two of the three axes are equal in length, and all
three axes are perpendicular to one another. Minerals of this system all possess a single 4fold symmetry axis. Tetragonal crystals commonly form double pyramids and prisms. The
trigonal unit cell possesses a single 3-fold axis of rotation. In contrast, minerals of the
hexagonal system possess four unique axes, three of which are (1) equal length, (2)
separated by equal angles, and (3) lie in the same plane. The fourth is perpendicular to the
plane of the other three. However, the unit cell for this class can also be represented by
three axes. The cubic class is also known as the isometric class. In this class, all three axes
are of equal length and intersect at right angles. All axes are perpendicular to one another.
All the lattices of the systems described above can be primitive (only one lattice point
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per unit cell) or non-primitive (more than one lattice point per unit cell). The fourteen
Bravais lattices are produced from the combination of the seven crystal systems with these
two lattice types.23 Furthermore, a crystal lattice can be categorized as either monatomic
or polyatomic (Figure 1-2). In a monatomic lattice only one type of atom is present to make
a face within the lattice structure. However, a polyatomic crystal lattice contains more than
one type of atom per crystal face.

a

b

Figure 1-2. (a) Sodium as an example of a monatomic lattice and (b) sodium chloride as an example of a
polyatomic lattice.

On the other hand, knowing the type of atoms and the arrangement of bonds predicts
what type of crystal will form. There are four main types of crystals, as grouped by their
chemical and physical properties: covalent, ionic, metallic, and molecular. Each crystal
type has a different bond connection between its atoms. Various types of crystals are
formed based on the arrangement of bonds between atoms. Covalent crystals are solid
substances in which atoms are covalently bonded with their neighbors thereby creating
very stable crystals. A known example of a covalent crystal is a diamond, which is one of
the hardest materials on earth. Ionic crystals, e.g., sodium chloride, are solids that contain
ionic bonds in their structure, and the atoms are arranged in a pattern based on charge.
Some examples of a metallic crystal, include iron, silver, and sodium. In molecular crystals,
atoms are held together by weak van der Waal forces or hydrogen bonds. A familiar
example is ice (solid H2O).
The term space group is used to describe the unique arrangement of points within the
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lattice. In three dimensions, there are 219 distinct types, or 230 if chiral copies are
considered distinct.20 Recently, a commission of the International Union of
Crystallography (IUCr) proposed a sufficiently broad definition of a ‘crystal’. The
definition “went beyond three-dimensional periodicity to include quasicrystals and other
unexpected structures that might be discovered”. According to the commission, “a crystal
is defined as any solid with an ‘essentially discrete diffraction diagram’.” 24
There can be more than one form of crystal for any material. Each of these forms can
be classified as a polymorph, solvate, hydrate, or desolvated solvate. Polymorphism is
defined as the ability of a chemical compound to exist in two or more crystalline structures.
Polymorphs have different chemical and physical properties (e.g., melting points, chemical
reactivity, different dissolution rates and bioavailability) due to their different crystal
structures. Polymorphs can be classified as either enantiotropic or monotropic, based on
whether or not one form can transform reversibly to another.20 Solvates or (pseudo
polymorphs) are crystalline solid adducts containing either stoichiometric or
nonstoichiometric amounts of a solvent incorporated within the crystal structure. If the
incorporated solvent is water, a solvate is termed a hydrate.25 Thus, a hydrated crystal is a
crystal that contains water as part of its chemical formula and structure.25 Desolvated
solvates are formed when (1) a solvate is removed and (2) the crystal retains the structure
of the solvate.
Polymorphs and solvates of a particular molecule show different physical properties
due to the relationship between structure and property. For example, diamond and graphite
are polymorphs. Both of them are composed of pure carbon. However, they have different
structures and different properties. For instance, diamond is the hardest substance known
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in nature, while graphite is soft and slippery to touch. Diamond is a poor conductor of
electricity, but is a good conductor of heat. However, graphite is a good conductor of heat
and electricity. Diamond and graphite are also known as allotropes because they are
composed of the same element that exist in more than one structural form. Water is another
substance that has polymorphs. Each one of the fifteen known crystalline solid phases is
called ice. On earth, the most abundant of these phases is hexagonal crystalline ice Ih. The
most common phase transition to hexagonal ice occurs when liquid water is cooled below
0 °C (273.15 K, 32 °F) at standard atmospheric pressure. On earth, ice can be found as
hexagonal ice in different substances such as hail and glaciers. Amorphous ice appears
more in outer space (whereas hexagonal crystalline ice is extremely rare in outer space).26
In summary, planes, axes, and angles are used to describe the unit cell of a crystal.
According to Steno’s law, even though a crystal may be broken or distorted, the angles
between the faces and sides of the crystal are constant. This fundamental law was a major
development in crystallography.
In a crystal, it is important to be able to specify a plane or a set of planes, and this is
usually done using Miller indices. Within a crystal lattice, Miller indices are used to
define directional and planar orientation. These planes have different arrangements and
density of atoms. Indices may be used to indicate a particular crystal face, a set of faces, a
direction or a set of directions. The Miller indices family of lattice planes is determined
by three integers h, k, and l. For example, to determine the Miller index of the (100) plane
in a simple cubic unit cell, the intercept of the plane with three axes should be found.
Then, the reciprocals are taken. Finally, by multiplying each intercept value by the least
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common multiple number, to make each an integer, the Miller indices (h, k, l) are
obtained (Figure 1-3).

	
  
Figure 1-3. The (100) surface of a primitive cubic crystal.

1.3 CaOx forms and structure
CaOx can exist in three different hydrates	
   forms, and each of these hydrates have
different overall shapes. The three different hydrates are called calcium oxalate
monohydrate (COM), calcium oxalate dihydrate (COD) and calcium oxalate trihydrate
(COT).
COM (CaOx • H2O) is known as whewellite. Whewellite is a monoclinic crystal that
belongs to the space group P2/c with eight formula units in each unit cell. 27 As previously
mentioned, crystals in this system have a unit cell with three unequal axis lengths (Figure
1-1). Two of these axes intersect each other at an oblique angle while the third axis is
perpendicular to the plane of the other two. A monoclinic unit cell has a specific symmetry
feature which is a single axis, called an axis of 2-fold symmetry. It is a proper axis of
rotation, and is denoted by the symbol Cn, where n is termed the order of the axis. The cell
can be rotated through an angle of 360/n about this axis to produce an equivalent
configuration. In the P2/c space group, the P refers to lattice type, which is a primitive unit
cell (one lattice point per unit). The number 2 refers to a 2-fold screw axis along b (the
unique axis). A two-fold screw axis, 21, refers to a rotation of 180°, combined with a
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translation of along the screw axis. The c refers to a glide plane (specifically a glide plane
along c axis) that involves a reflection in the a c plane, followed by a translation along the
c axis. The operation of a glide plane is a reflection and a translation of a specific length
parallel to the plane.
For COM, the lattice parameters for length and angles are a=6.250 Å, b=14.471 Å,
c=10.114 Å, and b=109.978.28 In COM, the Ca coordination polyhedra are distorted square
antiprisms (Figure 1-4). At each vertex of these polyhedra, there are oxygen atoms; seven
oxygens from neighboring oxalate groups and one oxygen from a water molecule (Figure
1-5). Four of the seven ‘oxalate oxygens’ are from bidentate oxalate ions and the other
three are from unidentate oxalate ions. Three edges are shared between each Ca
coordination polyhedron, i.e., each polyhedron is connected to three other polyhedra. The
polyhedral layers are formed parallel to the (100) plane.
Within these layers, Ca atoms exist at the vertices of hexagons with one of the two
types of oxalate ions at the center of the hexagon. The molecular plane for one group of
oxalate ions is aligned along the (100) plane (i.e., the plane containing the Ca ions) forming
a layer of Ca and oxalate ions, while the other type of oxalate ions exist in between these
layers or sheets. The oxalate ions between these ‘Ca-oxalate’ layers alternate with water
molecules to form a ribbon-like pattern (water molecules also form a ribbon-like pattern).27

Figure 1-4. (a) Square antiprisms and (b) distorted square antiprisms.
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(h)
(i)
Figure 1-5. The COM crystal structure showing: (a) the Ca coordination polyhedron, (b and c) the
bidentate and unidentate ligands, (d) the three edges shared between each Ca coordination
polyhedron, (e) the Ca layers that are parallel to the (100) plane (4 unit cells shown), (f and g) the
hexagons formed by the Ca ion, (h) the two types of oxalate ions in COM, and (i) the oxalate ions
between the ‘Ca-oxalate’ layers that alternate with water (water molecules also form a ribbon-like
pattern – shown by dashed blue line). Images created by using Crystal Maker version 9.2.9.
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CaOx dihydrate (CaOx • 2H2O) is known as weddellite. Weddellite is so-named

because it was first isolated from deposits in the Weddell sea.29 Weddellite crystallizes in
the I4/m space group to form a tetragonal crystal.27 I refers to lattice type, which is a body
centered lattice cell. The number 4 implies a 4-fold symmetry axis (360/4), while the letter
m refers to oblique glide planes. In this crystal system a = b ≠ c and α=β=γ=90°.The lattice
type is body-centered (I) which means lattice points at the corners and the body center. The
lattice parameters for weddellite are a=12.371Å, b=12.371Å, and c=7.357Å.30
The Ca coordination polyhedron in weddellite is a distorted square antiprism. In this
structure, six of the eight oxygens belong to four oxalate groups and the remaining two
oxygens belong to water molecules (Figure 1-6). Four of the six ‘oxalate oxygens’ are from
bidentate oxalate ions and the other two are from unidentate oxalate ions. In contrast to
whewellite, calcium is coordinated to one more water molecule and one less oxalic group.27
Each Ca polyhedron is linked to two different adjacent polyhedra. Thus, the Ca ion
coordination polyhedra form rows that run along the c direction.	
   The four-fold symmetry
of the arrangement of these polyhedra generates a channel where zeolitic water can
reside.27 With respect to the whewellite structure, the sheet structure with oxalate chains
does not appear in weddellite.28 This channel that has water molecules is a major
characteristic feature of weddellite, and this feature distinguishes weddellite from those of
whewellite and caoxite (which both have the sheet structure).28
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(a)

(b)

(c)

(d)

	
  

(e)
Figure 1-6. The COD crystal structure showing: (a) the Ca coordination polyhedron, (b) the fourfold symmetry of the Ca polyhedra arrangement, (c) the bidentate and unidentate ligands, (d) two
(of the four) different rows of Ca polyhedra in a unit cell; polyhedra in each row are connected,
and (e) each polyhedra shares two different edges with adjacent polyhedra. Images created by
using Crystal Maker version 9.2.9.
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Calcium oxalate trihydrate (COT), known as caoxite, is a form of CaOx that is rarely

found and hard to synthesize. To produce this trihydrate phase, low temperatures (10-37
°C) are required.31 CaOx trihydrate crystallizes into the P1 space group with two formula
units in the unit cell. The calcium polyhedron is a distorted antiprism with three water
oxygens and five oxalate oxygens (from three oxalate groups); two oxalate ions coordinate
in a bidentate fashion while one is a unidentate ligand. Adjacent polyhedra share an edge,
so COT crystals contain a chain of alternating polyhedra and oxalate ions.18
An anhydrous crystal for CaOx has also been reported.32 An anhydrous crystal is one
that has had all of the water molecules removed from it, usually by heating the hydrated
crystal to a constant mass. The complete dehydration of COM, COD and COT will produce
anhydrous CaOx (COA). As shown in equations (1-1) and (1-2), the complete dehydration
of COM and COD proceed in a one-step reaction.

However, the complete dehydration of COT takes place in two steps. According to equation
(1-3), COT first converts to COM, followed by a second step to form COA as shown in
equation (1-1).33

However, there is at least one study that suggests the temperature range for COM
dehydration is between 158.1 – 161.1 °C, which is a different temperature than the 150 °C
also reported.33, 34
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COA is monoclinic (Figure 1), belonging to the space group is P2/m. The lattice

parameters are a=6.247 Å, b=7.515 Å, and c=9.653 Å, while b=90.21°.33 The crystal
structures of COA and COM are closely related. They each have layers consisting of Ca
together with layers of oxalate, which are stacked along the a axis. The oxalate ions (Ox1
and Ox2) are in two various structural conditions: Ox1 is in a planar coordination with six
calcium ions and Ox2 is surrounded by four calcium ions.24, 33
1.4 Crystal characterization methods
Analyzing chemical substances and confirming their identities is an important part of
chemistry. Modern laboratories provide a wide range of analytical techniques. To
characterize a crystal structure, having the pure form of the crystal is beneficial. There are
three main techniques that can be used, namely single-crystal X-ray diffractometry
(SCXRD), computational techniques and Powder X-ray diffractometry (PXRD). In order
to determine crystal structure by conventional single-crystal X-ray diffractometry
(SCXRD), a satisfactory size (generally, the minimum dimension along each axis of the
crystal should exceed 0.05 mm) and a good (defect free) quality of crystal is required.20 In
fact, structure solution by SCXRD is the most reliable technique for crystal structure
determination.20 It provides detailed crystal structure information, including unit cell
dimensions, bond-lengths, and bond-angles.
If the determination of crystal structure using SCXRD is not possible because of the
difficulty in obtaining suitable single crystals, computational techniques can be applied to
predict crystal structures. Nowadays, there are various predictive techniques have been
developed, and these methods are being refined to produce more accurate results.20, 35, 36
The accuracy of a determined structure can be initially estimated by comparison with an
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experimentally predicted structure.20
Moreover, the determination of crystal structure can be attempted using a powder Xray diffraction pattern when the sample is available in powder form. PXRD gives a "unique
feature" of the solid phase which can sometimes be utilized to define crystal structure.25
PXRD is a powerful tool for distinguishing between different phases of the same
compound.37 The main advantages of PXRD are (1) it is considered a powerful and rapid
technique for identification of unknown mineral, (2) it offers an unambiguous material
identification, and (3) it is requires minimal sample preparation. On the other hand, this
technique has some limitations. For example, homogeneous and single phase substances
are best for identification of an unknown. Also, the unit cell prediction and indexing of
patterns for a non-isometric crystal are complex.38
1.5 CaOx phase stability and phase transformations
Solid state chemistry utilizes thermal analysis for studying reactions in the solid state,
phase transitions, phase diagrams, and thermal degradation reactions. Thermal analysis
provides information about changes in material properties as a function of temperature.
Several techniques are commonly used. These are distinguished from each other by the
property which is measured. Thermogravimetric analysis (TGA), thermovolumetry and
differential thermal analysis, are being utilized increasingly in the examination of chemical
reactions in the liquid and solid states at increased temperatures. These strategies include
the continuous measurement of a variation in a physical property, for example (volume,
weight, heat capacity) as the sample temperature is raised, ordinarily at a predetermined
rate.39
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COM is often used as a standard material to demonstrate TGA performance.40 COM

exhibits three weight losses with temperature in an inert atmosphere (e.g. N2). The
monohydrate is the commonly described phase, and as such it is usually used in
thermogravimetry (TG) to find both the reasonable temperature regions in which
decomposition happens and also to determine the accuracy of the mass losses taking place
in the different stages. The following sequence is commonly reported for COM, 41

The thermal treatment studies of some oxalate materials such as ferrous oxalate, copper
oxalate, and magnesium oxalate started in the 1960s, and these studies were related to the
progress in thermal analysis technology at the time.42, 43, 44 In fact, thermal analysis has
been applied to study the kinetics of formation of COD to mimic what is happening in renal
stones.45 Lozano and coworkers also determined the kinetics of the thermal decomposition
of COM.46 A (TGA) study in 1997 suggested COD transforms to COM by 100 °C.41 A
2003 study by Frost and Weier indicated that there are two processes taking place, and they
reported the existence of two different water molecule environments in the crystal
structure.42 They used Raman and infrared emission spectroscopy combined with a thermal
stage to analyze the decomposition of a naturally occurring sample of COD. Their results
indicate a weight loss step associated with water loss (which was confirmed by mass
spectrometry) over the 100-114 °C temperature range. At 114 °C, a phase change
reportedly occurred, producing COA. Surprisingly, the authors of this report also state that
COD transforms to COM at around 97 °C. The changes in molecular structure during the
phase changes were determined from shifts in the Raman vibrational band positions of the
symmetric stretching mode (500-3500 cm-1). In 2004, Frost and Weier also reported the
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thermal decomposition of COM using similar techniques. That study suggests COM is
stable to 161 °C after which it transforms to COA.34 The results of these studies are
confusing because they do not (1) clearly explain if COD converts directly to COA or if it
converts to COM then dehydrates to form COM and (2) clarify whether the COM to COA
transition occurs at 114 °C or 161 °C.
1.6 CaOx dissolution
Dissolution treatment has been broadly accepted as successful therapy for uric acid
stones,47 and it has also been investigated for other stone types such as cysteine,48 and
calcium phosphate.49 A dissolution agent would be an ideal strategy to dissolve kidney
stones. In addition, this strategy would also be ideal to prevent recurrent stones.47 Crowell
is believed to have reported the first case of stone dissolution; he was successfully able to
dissolve a cystine stone within 10 months.50 In 1939, Albright and coworkers reported that
human calcium phosphate bladder stones were dissolved by using isotonic citrate solutions
(pH = 4.0).51 Multi carboxylic acids, such as citric acid, have been shown to be effective
substances in the treatment of uroliths.52, 53 More recently, Bouropoulos and coworkers,
proposed that maleic acid copolymers are potent inhibitors for crystal growth of COM.54
Tartaric acid also has been recently studied as a CaOx dissolution agent. The proportion
of COM crystals in the CaOx precipitation reduced, and the percentage of COD or/and
COT increased, when the concentration of tartrates was increased. This demonstrated the
ability of tartrates to inhibit COM formation and to promote COD or COT growth. The
decrease of the percentage of COM crystals and the percentage increase of the COD or
COT crystals was linear with respect to the logarithm of the concentration of the tartrates.55
In clinical studies, the citrus extract from lemon juice has been shown to decrease urine
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acidity, thus reducing kidney stone incidence.56, 57, 58
In 2012, Chutipongtanate and coworkers suggested that citrate, not phosphate, had an
important dissolution effect on COM crystals as shown by reduction of crystal size (~37%
decrease), crystal number (~53% decrease) and total mass (~72% decrease). These results
were relative to a blank and negative control (deionized water). Citrate could remove
(dissolve or dislodge) up to 85% of the adherent COM crystals from a renal tubular cell
surface.59
Even though in vitro experiments have demonstrated the inhibition of carboxylic acids
on the crystallization of CaOx, the inhibitory mechanisms of various carboxylic acids on
urolithiasis remain ambiguous. So far, a dissolution therapy approach has not been
achieved for COM-related kidney stone disease, and there is a lack of characterizations of
COM dissolution agents.
1.7 Research goals and objectives
One of the goals of this research was to determine the phase transition characteristics
of COD by answering specific questions. What is the lowest temperature at which a
thermally-induced COD transformation can take place? Is this a reversible transition? What
does COD transform to; anhydrous CaOx or COM? With respect to the overall crystal
shape, what happens during a COD transition? The answers to these questions will
establish an upper limit for the drying of COD crystals, thereby assisting research exploring
the properties of COD crystals. To accomplish this goal requires (1) synthesis of COD
crystals and (2) use of a Raman microscope to monitor any CaOx phase transformation.
Another goal of this investigation was to explore calcium oxalate dissolution using
different carboxylic acid solutions to obtain preliminary results on developing a system to
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study more about CaOx dissolution. To achieve this objective, a protocol using a
microfluidic dissolution device has been developed to compare the dissolution ability of
various solutions.
1.8 Thesis outline
Chapter 1 provides the motivation for the fundamental research described in this thesis,
it also presents some background information and a literature review of current knowledge
about CaOx phase transformation and dissolution. The key objectives of this thesis and the
main questions that this research intends to answer are also outlined. Chapter 2 details the
CaOx synthesis process that was used in this work. Also, the details of how any CaOx
phase transformation was monitored will be provided. Chapter 3 presents the experimental
results and analysis, and Chapter 4 provides suggestions for future research.
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Chapter 2: Experimental Methods and Procedures

2.1 Materials
The oligomers that were used to make the resin were dipentaerythitol pentaacrylate
(Sartomer SR 399), and tris (2-hydroxy ethyl) isocyanurate triacrylate (Sartomer SR 368).
The photoinitiator for this resin was ethyl (2,4,6-trimethylbenzoyl) phenylphosphinate
(Lucirin TPO-L, BASF). Materials purchased from Sigma Aldrich were used as received,
and these materials were ethanol (99.5 assay %), 2-propanol (99.5 assay %), acetone (99.5
assay %), calcium chloride (CaCl2, > 93%), potassium oxalate monohydrate (K2C2O4 •H2O,
99.5-101.0 %), and sodium malonate (disodium propanedioate Na2C3H2O4). Calcium
oxalate monohydrate was purchased from Alfa Aesar. Acryloxypropyl trimethoxysilane
(95 %) and tridecafluoro-1,1,2,2-tetrahydroctyl dimethylchlorosilane (TFD) were acquired
from Gelest. Silicon substrates (~25 mm2) were cut from a silicon wafer purchased from
Ted Pella (Type P/100). Polytetrafluoroethylene (0.022” ID

C

0.042” OD, Cole Parmer)

tubes were used for all devices. Ammonia-based buffer solutions were made using
ammonium chloride and sodium hydroxide solution. Food coloring was used to make the
dye solutions. To fabricate a device, a polydimethylsiloxane (PDMS) elastomeric kit
(Sylgard, DowChemical) was used. Sodium citrate (trisodium 2-hydroxypropane-1,2,3tricarboxylate Na3C6H5O7), disodium Ethylenediamine tetraacetate Na2C10H14O8N2,
ammonium chloride, and sodium hydroxide were purchased from Fisher Scientific, while
sodium acetate NaC2H3O2 was acquired from EM Science.
2.2 Methods
2.2.1 Preparatory procedures
Preparatory procedures were conducted prior to fabricating any of the microfluidic
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devices used in this study. These microfluidic devices were made by the commonly used
soft lithography method. The necessary preparations steps are described briefly below.
Preparation of the acrylate-functionalized glass was done by placing microscope slides

in three different solutions (~30 secs each). These solutions were propanol, acetone, and
distilled water. Then, the clean slides were dried in an oven (~1 hour, ~100 °C). After
obtaining a hydrophilic surface on the glass slides by using an oxygen-plasma cleaner
(Harrick Plasma, PDC-32G), the slides were put in an acrylate solution (~15 hours). The
acrylate solution consisted of 3-acryloxypropyl trimethoxysilane (2 vol%), deionized water
(5 vol%), and ethanol (93 vol%). Next, the slides were put in ethanol (~1 hour) to remove
any excess of 3-acryloxypropyl trimethoxysilane. Finally, all slides were placed in an oven
(~1 hour, 100 °C).
Fluorocarbon-coated slides were prepared by placing microscope slides into a
desiccator that had a watch glass with a small amount (1-2 drops) of TFD. To make the
TFD vapor deposit onto the slide, the desiccator was evacuated and closed (i.e., the outlet
valve of the desiccator was closed). Slides were left in this closed environment for about
an hour.
The photoresist was important for making the acrylate polymer master microstructure.
SR368 (43 wt %), SR399 (54 wt %), and Lucirin TPO-L (3 wt %) were mixed (~18 hours)
to produce a homogenous composition. Polydimethylsiloxane (PDMS) was prepared by
using a 1:11 wt % ratio of the curing agent-to-base from PDMS. The PDMS mixture was
degassed after being well stirred.
2.2.2 Microfluidic crystallization device fabrication and properties
UV photolithography. To produce an acrylate polymer structure, a fluorocarbon-
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functionalized slide and an acrylated slide were needed. Five layers of scotch tape were
positioned as spacers on two sides of a fluorocarbon-functionalized slide to define the film
height. Next, some photoresist (~5 drops) was placed in the middle of the fluorocarbonfunctionalized slide. This photoresist was then covered by an acrylated slide. Then, a
transparent mask with the wanted design was placed above the acrylated slide (Figure 21). All slides were exposed (~220 sec) to UV light (Black-Ray B-100A, UVP). After
exposure, the mask was removed, and the two slides were separated carefully. The
acrylated slide, which contained the master structure, was then washed twice with acetone
(~1 min for each wash) to remove any unexposed resin. After this washing step, the master
structure was heated (~4 hours at ~75 °C) to ensure there was no photoresist within the
master structure. This heating step was needed because without it the PDMS in contact
with the surface of master structure did not crosslink.
Soft lithography. To mold the master structure, an acrylated slide was placed inside an
open box made of aluminum foil. This box was then filled with PDMS to cover the master
structure. The filled box was heated (~5 hours at ~75 °C), and then the crosslinked PDMS
was removed from the slide. After removing this PDMS mold, 3 inputs and 3 outputs were
bored into the mold (Harris Unicore, 1.20 mm). Tubes were inserted in each of the holes.
Another flat PDMS piece, made by the same method, was then adhered to this PDMS mold
from the same master structure (PDMS master). Before attaching these two PDMS pieces,
both PDMS structures were oxygen plasma-cleaned (~30 sec, ~600 mTorr O2).
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Figure 2-1. The UV photolithography process to obtain a master structure; all slides were exposed to UV
radiation through a mask.

2.2.3 CaOx crystal synthesis in the microfluidic crystallization device
Synthesis Method 1. The main goal in the Synthesis Method 1 was to produce a
significant amount of COD crystals, so as to be able to study the phase transformation of
such crystals. To form these COD crystals, the same reusable microfluidic device was used
in all experiments. The first step in the synthesis process was to inhibit bubble formation
inside the tubes and the device by placing the device in an ethanol bath. This ethanol bath
was placed in a desiccator and then vacuum-treated for ~30 minutes. After this vacuum
treatment, three ethanol syringes were attached to the three input tubes of the device. Each
syringe was placed in individual pumps (two pumps were from New Era, NE-1000, and
one was from Kent Scientific Genie Plus). The three output tubes were attached to needles
that funneled the solution into three separate beakers. The middle beaker contained the
collection slide, which was either a glass or a silicon slide. A stereomicroscope (Stereo
Zoom 4, Bausch and Lomb) was used to optically monitor the microchannel stream
throughout the experiment (Figure 2-2). The first solution, ethanol, was passed through the
device at a high rate (100 µL/min) for 3-5 minutes, while the three output syringes were in
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three ethanol beakers. Starting with an ethanol solution removes any bubbles that may
cause rapid and undesired crystallization that clogs the device and disrupts the desired flow
pattern.

Figure 2-2. The crystallization experiment set-up.

Next, the input tubes were switched to NaCit (0.01 mM) and dye solutions while
submerged in a distilled water bath. This switching while submerged is necessary to avoid
introducing any bubbles into the device. NaCit (0.01 mM) was passed through the middle
input, while the other inputs were switched to dye solutions. Passing dye solutions through
the channels was used to visually ensure the desired flow pattern was being obtained. The
three outputs tubes were then removed from the three ethanol beakers and placed in beakers
filled with distilled water. A flow rate of 20 µL/min was used for each of the two side
streams, while the middle stream was set to 60 µL/min. After 5 minutes, the two side input
tubes were switched (while submerged) to distilled water, and this distilled water was
passed through the two side streams to remove all of the dye solution. The two distilled
water syringes were exchanged with a solution of 200 mM K2C2O4 • H2O and 40 mM
CaCl2, which are the solutions with crystal components.
To prevent the dissolution of the CaOx crystals on the collection slide in the collection
beaker, the distilled water in the middle beaker was replaced with a beaker containing a
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supersaturated solution of CaOx. The channel stream was carefully monitored for detection
of the line of crystal (in the center of main channel). Once the crystal line was detected, the
experiment was run for an additional ~30 minutes (Figure 2-3). After this 30-minute run
time, the collection slide was removed from the middle beaker, and this slide was left to
dry at room temperature. To clean the device, any adhered CaOx crystals were removed
from the channel by passing 2 M HCl through the tubes and channel of the device. The
channels and tubes were then rinsed by flowing distilled water through them.

Figure 2-3. An optical image of the crystal line in the center of middle stream.

Synthesis Method 2. The goal in Synthesis Method 2 was to produce a significant amount
of COM crystals, so as to be able to study the dissolution of COM crystals. COM has
different habits such as dendritic, X-shaped, and prismatic. To form COM crystals,
equimolar side stream input concentrations (80 mM) were used. Distilled water was
introduced as the middle stream to allow COM crystals to form. Other than these changes,
the same procedures used in Synthesis Method 1 were applied to synthesize COM crystals.
2.2.4 Microfluidic dissolution device fabrication
To make the microfluidic dissolution device, a microscope slide and a silicon wafer
were used to make a particular structure with specific dimensions. Three layers of small
(1.5 ´ 0.5 cm) glass squares, cut from a microscope slide, were adhered to both ends of a
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piece of silicon (4 ´ 1.5 cm) which was placed on the center of microscope slide (Figure
2-4 a and b). The entire assembly was put inside a box made of aluminum foil. Then, the
aluminum foil container was filled with PDMS (see Section 2.2.1) and heated for ~30
minutes. Next, the PDMS mold was separated from the microscope slide. An input and an
output access hole were bored into the mold (Harris Unicore, 1.20 mm), and tubes were
inserted into the access holes. To produce an enclosed channel, a glass cover slide was
attached to the PDMS mold (by tape) on the upper part of the microfluidic device (Figure
2-4c).

a	
  

b	
  

c	
  
Figure 2-4. (a) A schematic of the microfluidic dissolution device fabrication from the top, (b) the
microfluidic dissolution device master structure, and (c) an optical image microfluidic device.
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2.3. Characterization techniques
2.3.1 Raman Spectroscopy
Raman spectroscopy is a method that is dependent on the scattering of light, and it is
used to observe a wide range of frequency modes in molecules, such as vibrational and
rotational modes.60 When light interacts with matter, energy can be exchanged through
absorption, simulated emission, Raman scattering, or spontaneous emission. In Raman
spectroscopy, laser light is directed onto a sample and the scattered light, which radiates in
all directions, is analyzed. This scattered light consists of radiation (1) that has the same
frequency as the frequency of the laser light and (2) that has different frequencies than the
laser light. The frequencies of the Raman scattered light, which are different from the laser
light frequency, depend upon the vibrational energies of the molecular species in the
sample. Compared to the intensity of the laser light, the intensity of the Raman scattered
light is small (less than 0.1%). Most of the scattered light usually has the same frequency
as the laser light, and this type of scattering is known as Rayleigh scattering. The laser light
in a Raman instrument is usually in the visible region of the electromagnetic spectrum.
Raman spectroscopy is a method which collects the chemical fingerprints that are
associated with molecules.
In Raman microscopy, the excitation laser light is focused to a small (few µm) spot by
a microscope, so as to limit excitation to a selected region of the sample; the size of the
excitation area depends upon the objective lens used. By positioning a sample on a stage,
it is possible to obtain the Raman spectrum from different areas of a sample. Confocal
Raman microscopy/spectroscopy brings together Raman spectroscopy and confocal
imaging, which produces high-resolution images and characterizes specimens and
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materials based on chemical composition.
Hot stage Raman spectroscopy (HSRS) is a useful method to study a mineral's thermal
stability when an extremely small quantity of mineral is available. In HSRS, the Raman
spectra collected is a function of temperature and is obtained using a thermal stage. 34, 42, 61
Any changes observed in the spectra are associated with changes in the molecular
structure.62 In this work the thermal stability of CaOx is studied using HSRS.
2.3.2 Scanning Electron Microscopy (SEM)
Scanning electron microscopy (SEM) makes use of electrons to form a high
magnification image (e.g., 40,000×). The advantages of SEM when compared to traditional
microscopes include huge field depth, high resolution, and clear images. An electron gun
at the top of the electron microscope produces a beam of electrons. The beam travels
vertically through a vacuum. The beam is focused directed to the sample by lenses and
electromagnetic waves. The sample releases X-rays and electrons when the beam strikes
it. The X-rays and electrons are collected by detectors and they are converted into signals.
The signals are displayed as an image on a monitor. SEM uses a vacuum and electrons to
produce the image. Hence, the sample is treated before it is used. Water is removed from
samples and non-metallic samples are made conductive. Metallic samples require no prior
preparation before they are used. There are concerns regarding radiation safety because
backscattered electrons and X-rays are produced during the operation of SEM. The images
that are produced by SEM provide information regarding surface morphology. Thus, it is
widely used in scientific research and industry. The applications of SEM include
examination of surface contamination, detection and analysis of surface fractures,
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identification of crystalline structures, micro-structure analysis, qualitative analyses of
chemical compositions, and detection of spatial variations in chemicals.63, 64
2.4. CaOx phase transformation
2.4.1 Experimental details and procedures
CaOx crystals were generated by flowing specific concentrations of K2C2O4 • H2O (200
mM) and CaCl2 (40 mM) through the two outermost input tubes of the crystallization
microfluidic crystallization device (see Synthesis Method 1). The solution flowing through
the middle tube was NaCit (0.01 mM). The substrate containing the synthesized CaOx
crystals was placed inside of an aluminum foil sleeve that had two holes which allowed
attachment of this foil to the temperature-controlled stage. The sample was covered and
placed under an objective of a Raman microscope (Figure 2-5). The instrument was
calibrated with a silicon wafer (520-nm line) by using a 532-nm excitation laser (6.25 W)
and a 100× objective. Each sample spectrum was recorded as an average of 4 scan
collections that were acquired with a 5-second acquisition time, using a 50× objective and
a 1200 gr/mm grating. Spectra were collected at various temperature intervals. The Raman
spectrum for any crystal examined was recorded at 25 °C to confirm its crystal phase before
heating the sample. Also, an optical image was collected before any heating. The
temperature was increased (~5 °C /min) until the desired temperature was obtained. Once
this desired temperature was reached, an image and the spectrum were recorded.

Figure 2-5. The phase transformation set-up.
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2.5 CaOx dissolution experiments
2.5.1 Experimental details and procedures
CaOx crystals were generated by flowing specific concentrations of K2C2O4•H2O (80
mM) and CaCl2 (80 mM) through the microfluidic crystallization device (see Synthesis
Method 2). These CaOx crystals were collected on various substrates (silicon and glass).
The slide containing the CaOx crystals was placed inside of the microfluidic dissolution
device, and covered by a cover slide. The dissolution device was placed under a microscope
objective, and images were taken as the experiment progressed. A syringe containing the
dissolving solution being studied was inserted into the input tube placed on the syringe
pump (see Section 3.2). The output tube was attached to an empty syringe which was also
placed on a syringe pump (Figures 2-6 and 2-7). A flow rate of 200 µL/min was set for
both pumps (“flow in” for the input pump and “withdraw” for the outlet pump). Images
were collected every 5 minutes for ~1 hour unless crystals dissolved in a shorter amount
of time. In this case images were collected up until all crystals had dissolved.

Figure 2-6. The dissolution experiment set up.
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Figure 2-7. An optical image of dissolution experiment set-up.
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Chapter 3: Results and Discussions

3.1 CaOx Raman spectroscopy using a thermal stage
The Raman band location and assignment obtained for COM, COD, and COA in the
regions of 1400-1550 cm-1, 1600-1700 cm-1, and 800-950 cm-1 from other studies are listed
in Table 3-1-1. The COM and COD data presented in this table were measured at room
temperature (20-25 °C).34, 42, 61, 65, 66, 67, 68 Our experiments were performed using single
isolated crystals that, according to our optical and vibrational characterizations, were
morphologically pure. Also, for the most part, crystals characterized in this study were not
agglomerated. Therefore, our results are free of any possible agglomeration-like or
ensemble- effects (e.g., from having a mixture of different forms).

	
  
	
  
Table 3-1-1 Raman bands region for COM, COD, and COA obtained from published data 34, 42, 61,
65, 66, 67, and 68.

3.1.1 COM phase transitions – dendritic
The COM solid phase has different habits, and they are usually named based on their
shapes.69, 70 It is difficult to control crystallization conditions such that only one habit
forms, and therefore there are usually several COM habit forms that crystallize during COD
formation. A particular form of COM dendrites tends to be more prevalent (than other
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dendritic forms) during CaOx synthesis in which Na-Cit is an additive (Figure 3-1-1).
Because the presence of Na-Cit favors the formation of COD crystals,71, 72 our synthesis
using NaCit as an additive yielded significant amount of COD bipyramids and these COM
dendrites. To allow comparison with COD phase transitions, this research focused on
determining the phase transformation of these COM dendrites. Figure 3-1-1 shows the
COM crystal habits that were acquired in this study.

Figure 3-1-1. (a) SEM and (b) optical images of COM dendrites. Scale bar in SEM images is 5 µm, and in
optical images is 20 µm. Dendrites encircled in Panel A tended to form in significant amounts under our
synthesis conditions.

Figure 3-1-2. Raman spectrum of a COM crystal at 25 °C.
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3.1.1.1 COM dendrites Raman spectra in 1400-1550 cm -1 region
COM crystal vibration studies using Raman spectroscopy have been undertaken for
some time. Many studies have investigated the vibrational spectra of COM crystals at room
temperature in the 400 - 4000 cm-1 region.34, 66, 67 Often, two peaks of relatively high
intensity (C-O vibrations of the oxalate group) in the 1400-1800 cm-1 region confirmed the
COM phase. These peaks are located at 1466 and 1490 cm-1. Spectra (peak positions,
intensities) of our single COM dendrites crystal exhibited identical peaks in the same
region. For instance, at 25 °C, the C-O stretching vibration was observed at 1464 and 1491
cm-1 for a dendrite COM crystal (Figure 3-1-2). This band position indicates the COM
structure, and this spectrum is in agreement with other previously published data.34, 66, 67
However, it is expected to have differences in the Raman intensity for the same crystal due
to changes in crystal orientation.73
The Raman spectrum for a single COM dendrites crystal at various temperatures is
shown in Figure 3-1-3. Clear changes in the Raman spectra were observed in the 14001550 cm-1 region between 75 °C and 175 °C. At 75 °C, the Raman spectrum showed the
same band positions as was obtained for this crystal at 25 °C (i.e., 1464 and 1491 cm-1).
This data suggests that up to 75 °C, COM was not converted to any other phase. However,
in this experiment, when the temperature was increased to 125 °C, the Raman spectrum
showed a significant shift in these band positions. These two bands were observed around
1467 cm-1 and 1477 cm-1, and these bands correspond to COA stretching modes. These
changes in peak position and intensity indicated that the COM crystal had dehydrated, and
these structural changes occurred as the temperature increased. These thermally-induced
spectral changes that occurred by 125 °C were observed in at least fifteen other isolated
COM dendrites. No more than six crystals were examined per substrate (either glass or
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silicon), and thus these crystals were distributed across at least three different substrates.
Therefore, more than three separate crystallization experiments were used to obtain these
crystal-containing substrates. The inferred structural changes for these crystals are not in
agreement with a 2004 study which indicated that the COM phase was stable, based on
Raman spectra, up to 150 °C and stable up to 161 °C according to the TGA.34However,
TGA does not accurately determine the specific temperature at which a phase
transformation occurs.

These differences may be due to differences in the crystal

properties (e.g., aggregation, mixture of habit, or crystal size) between our crystals and
those used in that study. As the temperature is increased to 175 °C, the band shifts remain
constant. This observation suggests that the crystal remained in the COA phase up to 175
°C.
In order to identify the precise temperature at which the phase change occurred, the
temperature of the sample was heated in smaller increments of 5 °C beginning at 100 °C
(Figure 3-1-4). At 110 °C, the spectrum changed to a broad peak around 1479 cm-1 with a
small shoulder at 1466 cm-1, indicating that the phase change happened by 110 °C for this
specific crystal. For dendrites crystals, the Raman spectral changes with temperature (in
the three wavenumber regions specified in Table 3-1-1) for five different crystals on the
same substrate were characterized. The spectrum for each crystal was taken one after
another, 5 minutes after the appropriate temperature had been attained. While there were
slight differences in the temperature of the phase transition to COA, all crystals showed
the described thermally-induced spectral change (i.e. spectral shift to 1466 and 1479 cm-1)
within the temperature range of 100-115 °C.
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The spectral features of COA and COM are expected to be different, (i.e., have some

differences) because of their differing unit cell structure. Considering two factors, we
conclude that our COM crystals convert to COA by 125 °C. First, by all accounts COM
crystals become COA by 175 °C (i.e., even though there are wide differences in reported
COM to COA transition temperatures, there are no reports claiming CaOx remains
hydrated at this temperature). Second, our Raman spectra at 125 °C and 175 °C for our
heated COM samples are identical.

Figure 3-1-3. Raman spectrum of a COM crystal between 75-175 °C.

Figure 3-1-4. Raman spectrum of a COM crystal between 100-125 °C.

	
  

	
  

39
Unlike previous studies, our crystals were cooled down to 25 °C in order to observe the

temperature impact on phase stability. Interestingly, a phase change was observed again
when the sample was cooled from 125 °C to 25 °C (Figure 3-1-5). Specifically, when a
COM crystal that had been heated to 125 °C was cooled back to 25 °C, the Raman spectrum
showed shifts (within 5 minutes) in band positions and relative intensities (1464 and 1490
cm-1) of the two peaks in this region. These bands positions agree with COM stretching
vibrations.
Since cooling down our heated COM samples results in the recovery of the original
spectrum, we conclude that the COA to COM transition is reversible and relatively fast
(within 5 minutes) at 25 °C. We also note that the COM to COA transition is fast (~5
minutes) at 110 °C (Figure 3-1-4). This observation is probably due to the similarity in
COM and COA structure.33

Figure 3-1-5. Raman spectrum of a COM crystal at 25 °C after 5, 20, 60 and 120 minutes.
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3.1.1.2 COM dendrites Raman spectra in 1600-1800 cm -1 region
Changes in the 1600-1800 cm-1 region of the Raman spectra were used to identify the
antisymmetric C-O stretch of our COM crystal. The Raman spectrum of a COM dendrite
showed a single band at 1630 cm-1 at 25 °C (Figure 3-1-2). At 75 °C, there was no shift in
the band position, which indicates no change in crystal structure (Figure 3-1-6). Between
the temperatures of 75 °C and 125 °C, there was a band shift from 1630 cm-1 to 1646 cm1

. This observation indicated that COM crystal had changed to the COA phase.
The spectra of a COM crystal between 100-125 °C is presented in Figure 3-1-7. The

spectra suggest that the change in band position (1649 cm-1) happened between 105 and
110 °C. When the crystal was cooled, the Raman spectrum exhibited bands located at 1631
cm-1 which is a COM spectral feature (Figure 3-1-8). This data confirmed that the COM to
COA phase transformation is a thermally reversible process. This conclusion suggests that
COA absorbs water molecules from the surrounding air to convert back to the COM phase.
Similar results, in this spectral region, were obtained from all five COM dendrites crystals
examined.

Figure 3-1-6. Raman spectrum of a COM crystal from 75-175 °C.
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Figure 3-1-7. Raman spectrum of a COM crystal between 100-125 °C.

Figure 3-1-8. Raman spectrum of a COM crystal at 25 °C after 5, 20, 60 and 120 minutes.
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3.1.1.3 COM dendrites Raman spectra in the 800-950 cm -1 region
The C-C spectral feature region was also used to obtain further evidence of crystal
phase changes during thermal treatment. Previous studies observed that C-C stretching
vibration was 896 cm-1 for COM and 904 cm-1 for COA.34 At 25 °C and 75 °C, a single
band was observed at 897 cm-1 and is assigned to this COM stretching vibration (Figure 31-9 and 3-1-10). As the temperature increased to 125 °C, a noticeable shift of this band to
904 cm-1 was observed. This band is identical to a COA band position in the same
stretching region. Upon further thermal treatment to 175 °C, the Raman spectrum
continued to show a band at 904 cm-1, which matches COA stretching mode (Figure 3-110). It is important to note that these spectral changes occur specifically in the 105 – 110
°C range (Figure 3-1-11).

Figure 3-1-9. Raman spectrum of a COM crystal at 25 °C.
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After cooling the crystal back down to 25 °C, the C-C stretching vibration was again

observed at 897 cm-1 (Figure 3-1-12). This corresponds to the C-C stretching mode of the
COM phase. Initially, after cooling down the COM crystals to 25 °C, two peaks were
observed; one at 902 cm-1 and the other at 896 cm -1. This suggests that the COA is being
converted to COM. Recovery of the original COM spectrum, and thus complete
transformation occurred within 20 minutes (Figure 3-1-12). Similar results were obtained
from all five COM dendrites crystals examined.

Figure 3-1-10. Raman spectrum of a COM crystal between 75-175 °C.
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Figure 3-1-11. Raman spectrum of a COM crystal between 100 -125 °C. The broad peak at ~960 cm-1 is
from the Si substrate.

Figure 3-1-12. Raman spectrum of a COM crystal at 25 °C after 5, 20, 60 and 120 minutes.

3.1.1.4 COM dendrites overall shape
It is unclear if a single dendritic crystal of COM transforms to one single crystal of
COA or if it transforms to several small COA crystals. We see no or little optical evidence
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for the latter. Moreover, if the latter occurred, we would expect to create small (i.e., smaller
than our original COM crystal) COA crystals that upon cooling would form small crystals
of COM. This occurrence would likely cause a distinct difference in the ratios of the Raman
peak intensities (not peak positions) between the original (unheated) COM crystal spectrum
and the one obtained after cooling down (Figure 3-1-13). Put differently, the same
polarization of light would yield different intensity ratios for the Raman bands when it is
exciting an ensemble of randomly oriented small crystals than when it is exciting a single
crystal. This is because it is presumed that the orientations of the unit cells in these small
crystals (with respect to the polarization light) will be different for each small crystal.
However, we observe very little difference in ratios, i.e., spectra look relatively identical.
This suggests that either (1) small crystals form but their crystal axes orientation is not
random but rather similar to the original unheated COM crystal or (2) COA transforms to
a single COM crystal and vice versa.

Figure 3-1-13. A COM crystal unheated and after being heated. The broad peak at ~960 cm-1 is from the Si
substrate.
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3.1.2 COD phase transition
Like other CaOx phases, the COD phase has different habits and in order to identify
COD crystals based on their habit, different names are used. For example, tetragonal
bipyramid, dumbbell, and rounded crystals are different habits of COD.69 In this study,
COD crystals were obtained by using non-equimolar Ca2+ (40 mM) and Ox2- (200 mM)
side stream input concentrations (see Section 2.2.3). Using NaCit (0.01 mM) as an additive
in the crystallization of COD bipyramid was necessary to promote the formation of COD.
Both the images (SEM and optical) and spectra of our obtained COD crystal are consistent
with previous reports in which the crystal morphology was also confirmed by SCXRD
(Figure 3-1-14).74, 75, 76, 77
In order to study the thermal transformation of a COD crystal, the sample was heated

Figure 3-1-14. (a) SEM and (b) optical images of COD bipyramids. Scale bar in SEM images is 5
µm, and scale bar in optical images is 20 µm.

and examined by Raman spectroscopy as described in Chapter 2. Based on previous
findings, CaOx crystals have a high intensity feature in the 1400-1800 cm-1 region which
is attributed to the C-O stretching vibration.66, 67
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3.1.2.1 COD bipyramid Raman spectra in 1400-1550 cm -1 region
The Raman spectrum of a COD crystal that was measured at 25 °C has a single band
at 1476 cm-1 (Figure 3-1-15). Mild heating to 75 °C showed no change in the position of
this 1476 cm-1 peak. This suggests there was no phase transformation up to this
temperature, and this result disagrees with a 2003 study, which suggests based on Raman
spectra COD transforms to COM by 50 °C.42 There was a noticeable change in our
bipyramid crystal spectral characteristic (e.g., peak shifts) upon heating to 125 °C (Figure
3-1-16). At 100 °C, a band was observed at 1476 cm-1, which indicates that no change
happened at this temperature. At 125 °C,

Figure 3-1-15. Raman spectrum of a COD crystal at 25 °C.

two peaks appeared at 1468 and 1479 cm-1, and these are bands associated with COA. The
peaks observed at 150 °C were consistent with those at 125 °C, and this suggests no phase
transformation between 125-150 °C. At these high temperatures (> 125 °C), the spectra for
COD look identical to the high temperature spectra for heated COM crystals (Figure 3-1	
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4). These thermally-induced spectral changes that occurred by 125 °C were observed in at
least fifteen other isolated COD bipyramids. No more than six crystals were examined per
substrate, and thus these crystals were distributed across at least three different substrates
(which were obtained in different crystallization experiments).
To be more accurate with regards to the temperature at which these spectral shifts
occur, the temperature was increased in increments of 5 °C, beginning at 100 °C until 125
°C. All spectra between 100-115 °C had the same band that appeared around 1475 cm-1
that indicated the COD vibration (Figure 3-1-17). However, at 120°C and 125 °C, the
spectra showed a peak with a shoulder, having band positions around the 1468 and 1479
cm-1. This implied a phase transformation.

Figure 3-1-16. Raman spectrum of a COD crystal between 75-150 °C.
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These band positions match the COA stretching vibration bands in this region. This
spectral shift suggests that the COD crystal had transformed into COA by 125 °C
(specifically between 115-125 °C).
Cooling the sample to 25 °C, did not provide a noticeable change in spectra within 20
minutes (Figure 3-1-18). It remained in the COA phase up to this point. After waiting for
180 minutes, a shoulder was observed near 1468 cm-1 and the peak was broader which
indicated the COA had begun converting to COM the most stable phase. In contrast with
COM dendrites, the phase transformation for a COD bipyramid was slow. The same

Figure 3-1-17. Raman spectrum of a COD crystal between 100-125 °C.

heating process was carried out on at least ten other crystals on different substrates. All
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crystals transformed (i.e., showed thermally-induced spectral changes) by 125 °C, with
most crystals transforming between 120-125 °C.

Figure 3-1-18. Raman spectrum of a COD crystal at 25 °C after 5, 15, 60, 120 and 180 minutes.

3.1.2.2 COD bipyramid Raman spectra in the 1600-1800 cm -1 region 	
  
Focusing on the oxalate stretching vibration in the 1600-1800 cm-1 region can give
more evidence about CaOx crystal structure. At 75 °C, a peak was observed at 1633 cm-1,
which shows that no change in phase occurred (Figure 3-1-19). Increasing the temperature
to 100 °C did not show any differences in band position, but when the temperature reached
125 °C the spectrum shifted to 1648 cm-1. The change to a 1648 cm-1 position suggests that
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dehydration occurred at this stage, and the COA phase was formed. Upon heating to 150
°C, no further changes occurred in the Raman spectra.

Figure 3-1-19. Raman spectrum of a COD crystal between 75-150 °C.

Spectra were collected between 100 -125 °C in order to identify at what temperature
the phase transformation happened (Figure 3-1-20). There was a change in the spectrum at
120 °C, (the vibration band shifted to ~1648 cm-1), which was an evidence of a phase
transformation. The COD bipyramid crystals were cooled to 25 °C and their spectra were
collected over a period of 180 minutes (Figure 3-1-21). At 25 °C, the spectra were identical
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to COA spectrum at 5, 15 and 60 minutes, so cooling down these COD crystals to 25 °C
does not produce recovery of the original COD spectra even after 20 minutes.

Figure 3-1-20. Raman spectrum of a COD crystal between 100-125 °C.

Figure 3-1-21. Raman spectrum of a COD crystal at 25 °C after 5,15, 60, 120 and 180 minutes.
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The same process was followed to examine 10 other crystals, but this time the samples

were heated to 100 °C, and then the Raman spectra were collected after (5 and 20 minutes)
reaching this temperature to verify there was no change in spectra after 20 minutes at 100
°C. The temperature was increased in increments of 5 °C between 100 °C to 125 °C to
determine the specific temperature range at which COD converts to another phase. Most
crystals were transformed between 120-125 °C.	
  
3.1.2.3 COD bipyramid Raman spectra in the 800-950 cm -1 region
Focusing on the C-C stretching vibration located between 800-950 cm-1 provides more
evidence about the structure of calcium oxalate. At 25 °C, a band was observed around 911
cm-1, which agrees with previously published data of COD vibrations (Figure 3-1-22).42, 65
Figure 3-1-23 shows the Raman spectrum of a COD crystal in this region as a function of
temperature. From 75 °C to 100 °C, there were no changes in peak positions. Similar results
were obtained from all

Figure 3-1-22. Raman spectrum of a COD crystal at 25 °C.	
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ten COD crystals that were examined. It is noted that the spectrum of C-C stretching
vibration was shifted to 905 cm-1 when the temperature reached 125 °C. The same band
position (905 cm-1) was observed at 150 °C, and this is the band position of the C-C stretch
of COA stretching vibration. Spectra collected between 100 – 125 °C showed the change
in spectrum occurred by 120 °C (Figure 3-1-24). The sample was cooled back to 25 °C,
and the peak ~905 cm-1 was observed after 20 minutes (Figure 3-1-25). Within 180
minutes, there was a shoulder observed in the band at 896 cm-1. This shift was identical to
COM stretching vibration. Similar results were obtained from all ten COD crystals that
were examined.

Figure 3-1-23. Raman spectrum of a COD crystal between 75-150 °C.
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Figure 3-1-24. Raman spectrum of a COD crystal between 100-125 °C.

Figure 3-1-25. Raman spectrum of a COD crystal at 25 °C after 5, 15, 60, 120 and 180 minutes.
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3.1.2.4 COD phase transformation temperature
Based on our results, the transition of COD-COA is: (1) indeed a one-step process (i.e.,
there is no change in spectral features prior to the transformation to COA) and (2) occurs
at temperatures higher than the temperatures at which COM transforms. This suggests that
if indeed the water molecules in COM are more tightly bound than the water molecules in
COD, the relatively large difference in crystal structures between COD and COA plays a
discernible role in preventing the loss of these hydrate (i.e., not the zeolitic) water
molecules within the lattice.
Between 115-125 °C, the transformation of 10 hydrate COD bipyramid crystals to
COA were detected. Chart 1 illustrates the range of temperatures obtained for 10 different
crystals. The reason for the range in transition temperatures is not clear. It may be an
intrinsic phenomenon (i.e., not all crystals transition at the same temperature). It must be
noted that it seems unlikely that the temperatures of these COD transitions are being
affected significantly by the contact crystals have with the surface, since preliminary work
with other COD crystal habit have shown similar results. Indeed, even if dendrites have
better contact with the underlying heat stage, one would expect that waiting for suitably
long times would allow even crystals with more limited contact to transform. Also,
considering that for some samples both COM and COD crystals were examined on the
same substrate and in the same general vicinity (within 100 µm), it is not likely that these
differences are due to different substrate temperatures.
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Chart 3-1-1. Comparing ten COD crystals with temperature.

Moreover, the cooling down of our heated COD crystals does not result in the recovery
of the original unheated COM crystal spectrum. Thus, it can be concluded (as expected)
that unlike the COM-to-COA transition, the COD-to-COA transformation is not reversible.
Furthermore, COA crystals derived from heating COD crystals transition to COM
structures over longer time scales (180 min) than COA structures derived from COM
crystals. Possible reasons for this COA stability may be due to the similar unit cell structure
of COM and COA, while COD has a very different unit cell structure than COM and COA.
3.1.2.5 COD and COM overall shape
The overall shape of our COD crystals also changes when the phase transformation to
COA occurs (Figure 3-1-26). Specifically, cracks form and some crystals break apart
(Figure 3-1-27). While the overall shape of the heated COD crystals changes during the
transition, it is still not clear if each COD transforms to one COA crystal or to several small
COA crystals. In contrast, the overall shape of our COM dendrites showed no changes
when these crystals transform to COA (Figure 3-1-28).
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Figure 3-1-26. Different COD crystals after being heated.

Figure 3-1-27. SEM images of CaOx crystals after being heated to 125°C. Prior to heating, the phase
for these various crystals was (a) COD (i.e., COD bipyramids) and (b) COM (i.e., COM dendrites);
the only bipyramid in panel (b) is encircled. SEM images were taken at room temperature (i.e., after
cooling samples and then sputter-coating with a metal film). Scale bar in SEM images is 5 µm.
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Figure 3-1-28. Different COM crystals after being heated.

Summary

	
 

We provide evidence that the COM-to-COA phase transition occurs at a slightly lower
temperature than the COM-to-COD transformation. Unlike previous results supporting this
conclusion that used CaOx agglomerations or powders,34,

42

our experiments were

performed using single crystals that by our optical and vibrational characterizations were
morphologically pure. Our results also indicate that at room temperature COD-derived
COA crystals transform to COM more slowly than COM-derived COA.
3.2 Dissolution results and discussion
Dissolution therapy has been explored as an effective method to treat kidney stone
disease,78 and dissolution strategies are also useful for removing scale from industrial
pipes.79 Ideally, dissolution agents could be utilized as a method to dissolve CaOx crystals.
A number of studies have been done to understand the effect of various solutions on CaOx
crystal structure.55, 71, 80, 81
In this work, the kinetics of dissolution of CaOx crystals, which were mainly COM,
was examined in the presence of 5 mM concentrations of four different carboxylic acid
solutions. Specifically, the effect of the monocarboxylate acetate ion (Acet), dicarboxylate
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malonate ion (Malo), tricarboxylate citrate ion (Cit), and tetra-carboxylate EDTA ion on
dissolving COM crystals was investigated (Table 3-2-1). These CaOx crystals were
synthesized by using equimolar side stream input concentrations of Ca2+ (80 mM) and Ox2(80 mM) solutions with distilled water in the middle stream (see Section 2.2.3). This
synthesis results in a variety of COM crystals, such as prismatic, X-shaped, and dendrites,
and a few COD crystals (bipyramids) (Figure 3-2-1). Based on previous findings in our
laboratory, COM crystals made using this procedure have differences in habit and size due
to two main causes: position of crystal formation and velocity. If a crystal is formed near
the exit of the middle stream it will be smaller than a crystal formed near the entrance of
the middle stream. The difference in velocity between the middle stream (where the
velocity is high) and the two side streams (where the velocity is low) can also contribute
to crystal size differences in the middle stream. Larger crystals form near the low velocity
side-streams because these crystals have a greater residence time than crystals in the center
of the middle stream (Figure 3-2-2).

Table 3-2-1. Illustration the fully deprotonated structures of acetate, malonate, citrate, and EDTA ions.
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Figure 3-2-1. (a, b) SEM images of COM crystals (prismatic and dendritic) and (c) optical images of COM
crystals (prismatic and dendritic). Scale bar of a = 1 µm, b = 5 µm, and c = 20 µm.

Figure 3-2-2. Illustration of different size of crystals due to the different velocity in the middle
stream (the square travels faster).

After synthesizing CaOx crystals, a microfluidic dissolution device was used to optically
observe the crystal size changes as a function of time. The flow rate for the dissolution
solutions was 200 µL/min. Several different flow rates (ranging from 50-500 µL/min) were
tried for the EDTA and citrate solutions. The low flow rates (~50 µL/min) did not show
any significant dissolution activity within an hour. At high flow rates (~500 µL/min),
crystals were easily dislodged.
Two sets of experiments were conducted. These experiments were designed to obtain
insight into the role of COO- concentration on the Ca2+ complexation process. In one set,
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the formal concentration (5 mM) of each solution was kept constant. In the other set, the
pH»10 and the formal concentration were kept constant. Three or more repeated
dissolution experiments were carried out for each solution (i.e., for each type of COO- ion).
The formal concentration was chosen based on a previous study which had shown that
EDTA and citrate ion solutions of this concentration dissolve CaOx crystals within an
hour.59
3.2.1 5 mM Experiments (varying pH)
Passing a solution of 5 mM sodium EDTA (pH = 4.92) over a collection of CaOx
crystals lead to removal (either dissolving or dislodging) of all crystals in 20 minutes
(Figure 3-2-3a). This “dissolution time” was the shortest for any of the solutions examined,
and this was not surprising since EDTA is one of the most effective Ca2+ complexing
agents. The binding of EDTA with Ca2+ ion in solution decreases the concentration of free
Ca2+ ion in solution, thereby shifting the equilibrium of the system such that more crystals
dissolve. This result fits well with other investigations that confirm the strong dissolution
effect of EDTA on COM crystals.59
Passing a solution of 5 mM Na-Cit (pH= 7.53) over several CaOx crystals had a
significant impact on CaOx crystal size and number. All crystals on the substrate, which
was placed in the dissolution device, dissolved after ~30 minutes of treatment with the
citrate solution (Figure 3-2-3b). This results also fit well with other published papers that
suggest citrate may be very useful in stone treatment.71, 82
In contrast, 5 mM of Na-Malo (pH=7.40) exhibited less CaOx dissolution ability than
the EDTA and citrate solution. CaOx crystals dissolved within ~40 minutes after contact
with this 5 mM solution (Figure 3-2-4a). While the 5 mM Na-Acet solution (pH= 6.87)
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slightly reduced CaOx crystals size, this solution had a weak affect compared to citrate
and EDTA (Figure 3-2-4b).

a

b

Figure 3-2-3. (a) Optical images of the dissolution action of EDTA and (b) optical images of the
dissolution action of citrate. The scale bar is 20	
  µm.
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b

Figure 3-2-4. (a) Optical images of the dissolution action of malonate and (b) optical images of the
dissolution action of acetate. The scale bar is 20	
  µm. The encircled object is most likely a piece of silicon.

The dissolution rate of a single CaOx crystal is expected to be different based on
different solutions that are used because of the differing number of COO- in the solution.
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All solutions used in this study were sodium salts (EDTA, citrate, malonate, acetate) so as
to eliminate the cation effect in this study. Moreover, Chutipongtanate and coworkers
reported that sodium chloride did not show any effect on COM dissolution.59 As a result,
any dissolving action in our study would be the result of the anions (EDTA, citrate,
malonate, or acetate). Our result seems to suggest that at the same formal concentration
(but different solution acidities), ions with more COO- groups are better dissolution agents
(Table 3-2-2).

Table 3-2-2. Illustration of 5 mM Experiments of EDTA, citrate, malonate and acetate ions (varying pH).
pKa values obtained from Quantitative Chemical Analysis.83

Carboxylate ions have the ability to form complexes with calcium ions, and this
promotes dissolution. This dissolution may be a result of competition for Ca2+ between the
oxalate ions and the carboxylate ion in the solution. The carboxylate ion in di and tri
carboxylic acids has the ability to inhibit the nucleation of, or may dissolve, the COM.19,
84, 85

Previous studies found that the solutions that contain more carboxylic groups are the

most active growth inhibitors for CaOx crystals.72, 84
EDTA has been explored as a therapy treatment to remove heavy metals such as
mercury from the blood and treat atherosclerosis. However, there is no current approval
for its use in dissolving kidney stones.86, 87 Citrate is a candidate that provides a promising
advantage in dissolving CaOx crystals, and should offer insight into the treatment of kidney
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stone disease. This advantage may be attributed to the strong competition between oxalate
groups and citrate anion.
3.2.2 5 mM experiment with constant pH
In order to examine the pH effect on the dissolution activity, the pH for all solutions
was increased to 10 by using a buffer solution (see section 2 for buffer materials). This step
can determine whether pH has an effect on CaOx crystal dissolution.
Passing a 5 mM Na-EDTA solution over the CaOx sample, after increasing the pH of
this solution to 10, had a significant effect on a CaOx crystal dissolution. The time of
dissolution activity decreased from ~20 minutes to ~10 minutes (Figure 3-2-5a). The
EDTA solution at pH»10 showed a greater dissolution rate relative to the rate when the pH
was 4.92. This is due to the full deprotonation (specifically deprotonation of the nitrogen
atoms) of EDTA at pH»10, and because of the strong ability of the COO- ions and nitrogen
atoms (specifically the lone pairs of electrons) to form complexes with Ca2+ ions. This
result was in agreement with other studies that showed EDTA at high pH had the best
dissolution activity of COM crystal.59 Other studies have demonstrated that EDTA causes
reduction in CaOx crystal growth rates, and it is the best CaOx crystal growth inhibitor.88
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a

b

Figure 3-2-5. (a) Optical images of EDTA the dissolution action at pH»10 and (b) optical images of
the dissolution action of citrate at pH»10. The scale bar is 20	
  µm.

At pH»10, the citrate agent data revealed that increasing the pH from 7.53 to 10 had no
effect on crystal dissolution. The CaOx crystal in this experiment had approximately the
same dissolution time when the pH =7.53 (Figure 3-2-5b). At pH =7.53, all citrate ions
were fully deprotonated, so increasing the pH does not further promote dissolving of the
CaOx crystals as this study showed. However, citrate may be the best agent to be used in
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dissolution therapy when compared to malonate and acetate since citrate showed better
CaOx dissolution than malonate and acetate.	
 
The crystal size of CaOx crystals was affected by the diprotic carboxylate ions (NaMalo ion). The result obtained when the pH»10.00 was nearly the same as when the pH =
7.40 before increasing the pH of malonate. This means there was no significant effect of
increasing the pH on CaOx dissolution activity.

a

b

Figure 3-2-6. (a) Optical images of the dissolution action of malonate at pH»10 and (b) optical images of
the dissolution action of acetate at pH»10. The scale bar is 20	
  µm.
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The malonate agent was able to dissolve CaOx crystals within ~40 minutes (Figure 3-26a). In agreement with a previous study that observed that pH does not have a significant
impact on the CaOx crystals dissolution action in the pH range from 5 to 10,59 our result
showed that Na-Acet had a similar dissolution rate when the pH was increased from ~6 to
~10 (Figure 3-2-6b). This similarity in dissolution rate because of all acetate ions were
fully deprotonated at pH =6.87, so increasing the pH does not further promote dissolving
of the CaOx crystals. Na-Acet showed the weakest dissolution effect amongst the
dissolution agents examined; it had the fewest COO- ions per molecule (Table 3-2-3). In
fact, one study reported that one COO- ion per molecule for a particular agent is not enough
to suppress COM formation, so acetic acid is a poor inhibitor of CaOx formation.89 This
study may explain the slow dissolution rate of our CaOx crystals; the single COO- ion of
an acetate ion probably does not form a tightly bound complex with Ca2+. This is because
each acetate ion (monodentate) can only coordinate weakly to one Ca2+ ion.
Overall, CaOx exhibited different kinetic dissolution behavior as compared to EDTA
at pH= 4.92 and pH»10. EDTA was the better candidate in dissolving CaOx crystals in this
study, and it is used widely in dissolving this kind of crystal.

Table 3-2-3. Illustration of 5 mM Experiments of EDTA, citrate, malonate and acetate (constant pH). pKa
values obtained from Quantitative Chemical Analysis. 83
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Summary
In summary, the dissolution of CaOx was determined in the presence of four different

types of carboxylate anions, i.e., the acetate ion, the malonate ion, the citrate ion, and
EDTA ion. Our present study indicated that the dissolution rate greatly increased when the
dissolution agent can interact with Ca2+ in a manner that creates several ligand bonds.
EDTA and citrate at 5 mM were found to be the best solutions to dissolve CaOx due to
their ability to form complexes with Ca2+. Most likely, this is because EDTA is a
hexadentate ligand and citrate is a tridentate ligand, which means that each of these
molecule can form more than one coordinate covalent bonds with Ca2+. Carboxylic groups
may play an important role in improving the dissolution activity of CaOx crystals because
the COO- ions can easily coordinate to the Ca2+. The solutions differed in their ability to
promote CaOx dissolution: EDTA > citrate > malonate > acetate acid. Increasing the pH
to 10 enhanced the dissolution of CaOx crystals in the presence of EDTA, but no significant
changes in dissolution occurred with the other carboxylate anions.
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Chapter 4: Future Directions
The details concerning CaOx transformations from one phase to another are relatively

poorly understood. The experiments described in this work provide insight into the
thermally-induced phase transitions of COM dendrites and COD bipyramids. However,
there are various habits of COD and COM crystals, and it is unclear if all COM and COD
crystals will exhibit the same thermal stability characteristics because there is no study
directly comparing these thermally-induced transformations for various habits. The
transformation of all COM habits at the same temperature would suggest that either (1) all
COM habits have the same metastability with respect to the COM-to-COA transition or (2)
no COM habit is noticeably metastable with respect to this transition. In contrast, it is
possible that the shape of certain habits may make these habits less inclined (kinetically)
to dehydrate, thus allowing them to exist as COM at temperatures slightly higher than the
thermodynamically-defined transition temperature. Furthermore, the thermal Raman
studies presented here examined isolated single crystals, and determining if agglomerations
of COM or COD display the same traits observed with single crystals is important since
such clusters often spontaneously form in various environments.
The several (>5) COM and COD crystals used in our Raman studies provided a
measure of the range of temperatures over which the thermally-induced transformations
occur in these crystals. However, the inclusion of a larger (~50) number of crystals would
provide a more representative distribution for these temperatures. Also, reducing the
heating rate (5 °C/min) and temperature intervals (5 °C) used in the 100 – 125 °C range
will yield a more precise transition temperature for each crystal.
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The ever-increasing discovery of polymorphic materials continues to drive research of

the details about polymorphic phase transitions.90 In such studies, the determination
whether a particular transformation is either a single-crystal-to-single-crystal or a singlecrystal-to-multiple crystal transition is often of prime importance.91, 92, 93 All image (optical
and vibrational) and vibrational data in the work presented in the preceding chapters
suggest that all the transitions discussed are most likely single-crystal-to-single-crystal.
However, more convincing experimental evidence must be collected for this to be a trusted
conclusion. Ideally, XRD characterizations of room temperature (~25 °C) CaOx single
crystals after heating to temperatures above 150 °C (to convert to COA) would provide
more compelling data about the nature of the transitions described here.
The metastable nature of COD crystals is also an area of interest with respect to CaOx
research. A recent study examined the impact of humidity on the stability of such crystals,
and it was reported that COD crystals transformed to COM at room temperature in high
humidity environments. To obtain a better temporal comprehension of this transformation,
a COD single crystal Raman microscopy study could be conducted in a microfluidic
device, much like the dissolution device described in Section 2.2.4. Raman spectra and
optical images collected at regular time intervals should provide data about the kinetics of
this transformation. Because this transformation is believed to be solvent-mediated, it
would also be interesting to determine the effect of various solution additives on this
transformation.
The direct synthesis of COA, e.g., in solution, has yet to be reported. Indeed, the
structure of COA was determined by heating a COM crystal to high temperatures (>200
°C) and maintaining the crystal in an inert atmosphere during and after cooling to prevent
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its conversion to the COM phase.33 As part of these studies, we attempted to extend the
'lifetime' of our COA crystals by flowing nitrogen (industrial grade) through our Raman
heating stage. However, these attempts were not successful most likely because gaseous
water molecules were not sufficiently removed from our system. Similar experiments could
be carried out using a higher grade of nitrogen or argon gas. Raman spectra of cooled COM
crystals (after heating to >200 °C) would confirm that without water vapor present, COA
crystals can be maintained at room temperature indefinitely.
In this research, a microfluidic dissolution device was used to examine the effect of
mono, di, tri, and poly carboxylate ions on CaOx dissolution. Effective CaOx dissolving
solutions are few due to the unclear understanding of crystallization and dissolution
mechanisms. Future studies could be designed to explore more CaOx dissolving solutions
so as to provide a good comparison of the best dissolving agent at different pH values and
to create a library of dissolving solutions that may demonstrate the specific properties of
ideal agent or mixture of agents. One of the obstacles encountered with dissolution device
used in this study was the dislodging, i.e., washing away, of some crystals as the solution
passed over the sample. While the flow rate was kept constant and relatively low to limit
this problem, a better solution would be to design a microfluidic dissolution system with
traps that hold the crystals in place. Prototypical microfluidic systems that accomplish this
task have already been reported.94
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