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Abstract 

The mineralization of carbon dioxide into calcite, and other carbonates, is a natural mechanism 

for carbon sequestration that has stimulated vigorous efforts to engineer carbon-capture 

solutions.  It is known that one can deposit calcite by shifting the pH during electroprecipitation, 

where an overpotential is applied between the substrate and a counter electrode. This process can 

occur even without the use of electrochemical instrumentation. The presence of dissimilar metals 

in a mineral-rich soil causes a galvanic couple to become established when the soil gets wet, thus 

electro-precipitating carbonaceous salts from the soil-based solution. That said, the viability of 

electro-precipitation (EP) as a soil-based carbon capture strategy is unexplored.  The goal of this 

research is more general; to measure calcite growth rates under a variety of different growth 

conditions. This growth can be driven by electroprecipitation, or be undriven growth in 

supersaturated solutions. To this end, we employ a purpose-built quartz crystal microbalance 

(QCM) coupled to a long working distance optical microscope; this permits the rapid nucleation 

of a known mass and number of calcite seeds on QCM plates. By transferring these seeded plates 

to the solutions we want to investigate, we can normalize the resulting growth rate by the active 

area of the crystal surface. We found that this normalization procedure works well, and that our 

growth rates in supersaturation are consistent with prior research. In addition, applied voltages 

can greatly increase growth rates, and are very effectively generated through galvanic coupling.  

Finally, we have found that a galvanic couple can be used to electroprecipitate carbonate 

minerals from water-saturated mineral-rich soil samples.



iv 

 

Table of Contents 
 

List of Figures ..................................................................................................................................v 

List of Tables ................................................................................................................................. vi 

Chapter 1 - Introduction ...................................................................................................................1 

Chapter 2 - Theory ...........................................................................................................................3 

Chapter 3 - Experimental ...............................................................................................................12 

Chapter 4 – Results and discussion ................................................................................................25 

Chapter 5 – Conclusion ..................................................................................................................37 

Bibliography ..................................................................................................................................38 

Appendix A – Python Code for Seeding........................................................................................41 

Appendix B – Python Code for Growth ........................................................................................48 

 

 

 

 

 

 

 

 

 

 

 

 



v 

 

List of Figures 

2.1  𝑅 versus seed size ................................................................................................................6 

2.2  Fitting of mass data ..............................................................................................................8 

2.3  Supersaturation versus alkalinity .......................................................................................11 

3.1 Image of crystals ................................................................................................................15 

3.2  Diagram of electroprecipitation setup ................................................................................16 

3.3  Analyzed seed bed .............................................................................................................17 

3.4  Nuclei and frequency vs time during EP ...........................................................................21 

4.1  Undriven growth plot .........................................................................................................26 

4.2  Typical plate before and after growth ................................................................................28 

4.3  Growth rate vs supersaturation ..........................................................................................30 

4.4  Potentiostatically driven growth ........................................................................................32 

4.5  Galvanically driven growth................................................................................................34 

4.6  Crystals formed in calcium-rich soil in galvanic couple ...................................................36 

 

 

 

 



vi 

 

List of Tables 

3.1  Table of solution properties ...............................................................................................13 

 

 

 

 

 

 

 

 

 

 

 

 

 



1 

 

Chapter 1 

Introduction 

Calcite and its carbonate relatives play essential roles in our modern world, having a presence in 

everyday materials such as toothpaste, concrete, plastics, and paper; however, one of calcite’s 

most critical roles is in making our planet livable. Atmospheric 𝐶𝑂2, which regulates planetary 

temperature through the greenhouse effect, is at equilibrium with dissolved 𝐶𝑂2 in waters and 

soils; the resulting precipitation of this 𝐶𝑂2 into carbonate minerals, both organically and 

inorganically, is a crucial part of the carbon cycle [3][4][5][7]. As a result, calcite precipitation 

has been studied as a potential method for carbon sequestration [6][8][9][10]. Thus, it is 

desirable to understand the processes by which calcite forms, as well as the ability to control the 

rate at which it occurs - the growth rate; this is the primary focus of this work.  

 The growth rates of carbonates are very commonly studied, and a plethora of different 

methods have been used to do it. Macroscopic methods work by measuring changes in solution 

properties, such as 𝑝𝐻 or calcium ion concentration, as mineralization and dissolution occur 

[13][14][15][16]. This mineralization is often induced by the seeding of supersaturated solutions. 

On the other hand, microscopic methods make a direct measurement of growth; this is 

commonly done by the repeated scanning the surface of a growing crystal via atomic force 

microscopy [11][12][17][18][19][20][21]. This method can yield a lot of information about a 

single crystal as it grows, and accurately measure the velocities of advancing (or receding) 

atomic steps. However, the singular crystal may not be representative of all of the crystals in the 

medium, presenting a challenge when relating the step velocity to the macroscopic growth rate. 
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Furthermore, due to scan rate limitations, AFM is unsuited to measuring fast growth rates.  In 

recent years, macroscopic growth rates have been quantified by a different method. In 2017, 

Lammers and co-workers used a quartz crystal microbalance (QCM) to measure the attached 

crystal mass as a function of time [1]. Since there are multiple separate crystals attached to the 

sensor, the measured growth rate has a larger sample size and is more representative of all the 

crystals in the medium. The growth rates they found were consistent with prior work, indicating 

the viability of measuring calcite growth rates via QCM.  

The goal of this work is to measure fast growth rates unsuited to AFM; in particular, fast 

growth driven by a galvanic couple. To do this, we use a combination of a QCM and a long 

working distance camera microscope to make simultaneous in situ measurements of mass and 

seed number, which allow us to calculate a growth rate. We then use this procedure to measure 

growth rates under a variety of influences. 
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Chapter 2 

Theory 

2.1   The microscopic growth rate 

Crystal growth in a homogeneous supersaturated solution that is free of contaminants is 

expected, on average, to proceed uniformly at each atomic level growth site with a constant 

growth rate of 𝑘+𝑐(𝑎).  We consider a crystal composed of the single component 𝐴, so the 

chemical reaction describing a growth unit of 𝐴 joining the crystal is 𝐴𝑠𝑜𝑙 ↔ 𝐴𝑐𝑟𝑦. 𝑘+ is the 

forward rate constant for this reaction, and 𝑐(𝑎) is the concentration of 𝐴 at the crystal-solution 

interface located at position 𝑎.  The growth rate 𝑘+𝑐(𝑎) has units of 
𝑔𝑟𝑜𝑤𝑡ℎ 𝑢𝑛𝑖𝑡𝑠

𝑢𝑛𝑖𝑡 𝑡𝑖𝑚𝑒 ∙𝑔𝑟𝑜𝑤𝑡ℎ 𝑠𝑖𝑡𝑒
. 

 

2.2 The intensive growth rate 

The macroscopic growth rate 𝑀̇ of the whole crystal, or of a population of many individual 

crystals, each with numerous growth sites (as typically characterized by a quartz crystal 

microbalance), is the microscopic growth rate multiplied by the number of growth sites 𝑛𝑠𝑖𝑡𝑒𝑠 on 

the active surface area 𝐴𝑎𝑐𝑡 of the crystal or crystal population: 𝑀̇ =  𝑛𝑠𝑖𝑡𝑒𝑠 ∙ 𝑘+ ∙ 𝑐(𝑎).  

Expressing 𝑛𝑠𝑖𝑡𝑒𝑠 in terms of the growth site density 𝜎 and the active area 𝐴𝑎𝑐𝑡,  𝑛𝑠𝑖𝑡𝑒𝑠 = 𝜎 ∙ 𝐴𝑎𝑐𝑡 

gives an absolute growth rate of: 
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𝑀̇ = 𝜎 ∙ 𝐴𝑎𝑐𝑡 ∙ 𝑘+ ∙ 𝑐(𝑎)  , (2.1) 

where 𝑀̇ has units of  
𝑔𝑟𝑜𝑤𝑡ℎ 𝑢𝑛𝑖𝑡𝑠

𝑢𝑛𝑖𝑡 𝑡𝑖𝑚𝑒
.  As this quantity depends on the size of the system (through 

𝐴𝑎𝑐𝑡), it will increase in time as the system grows.  This expectation suggests normalization by 

the active area 𝐴𝑎𝑐𝑡 to obtain an intensive rate 𝑅̅ =
𝑀̇

𝐴𝑎𝑐𝑡
 with units of  

𝑔𝑟𝑜𝑤𝑡ℎ 𝑢𝑛𝑖𝑡𝑠

𝑢𝑛𝑖𝑡 𝑡𝑖𝑚𝑒 ∙𝑢𝑛𝑖𝑡 𝑎𝑟𝑒𝑎
: 

𝑅̅ = 𝜎 ∙ 𝑘+ ∙ 𝑐(𝑎) . (2.2) 

This normalized growth rate is expected to be a constant function of time as long as the 

interfacial growth unit concentration 𝑐(𝑎) remains essentially constant.  Moreover, if 𝑐(𝑎) in 

Eq.h2.2 equals the bulk growth unit concentration, then the reaction barrier (as characterized by 

𝑘+) is the only limitation on growth and the growth rate is said to be reaction-limited.  We will 

illustrate that 𝑅̅ is maximized and constant in time when growth is reaction-limited. 

 

2.3 The diffusion limitation of growth 

To provide a simple picture of how diffusion limitations on the growth rate of a crystal arise, we 

consider the case of a single spherical crystal of radius 𝑎. As this seed grows, the interfacial 

concentration 𝑐(𝑎) may decrease with time due to growth-unit consumption by the crystal. Thus, 

we need to understand how the diffusion of additional growth units from the bulk solution to the 

interface affects𝑐(𝑎).   

Diffusive flux 𝑗𝐷 has units of  
𝑔𝑟𝑜𝑤𝑡ℎ 𝑢𝑛𝑖𝑡𝑠

𝑢𝑛𝑖𝑡 𝑡𝑖𝑚𝑒 ∙𝑢𝑛𝑖𝑡 𝑎𝑟𝑒𝑎
, and is defined as 𝑗𝐷(𝑟) = −𝐷∇𝑐(𝑟) 

where 𝐷 is the diffusivity of the growth unit and 𝑐(𝑟) is the growth unit concentration at radial 

position 𝑟 in the solution with respect to the center of the spherical crystal.  When the rate of 
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barrier crossing at the interface matches the diffusive current through a concentric spherical shell 

farther out in solution, the interface is in chemical equilibrium with the surrounding solution 

[23]. Equating these currents, we obtain  𝐴 ∙ 𝑗𝐷 = 𝜎 ∙ 𝐴𝑎𝑐𝑡 ∙ 𝑘+ ∙ 𝑐(𝑎), where 𝐴 = 4𝜋𝑟2 is the 

surface area of the shell.  This relationship can be rewritten as the differential equation: 

∇𝑐(𝑟) = −
𝑘+ ∙ 𝜎 ∙ 𝐴𝑎𝑐𝑡 ∙ 𝑐(𝑎)

4𝜋𝑟2𝐷
  , 

(2.3) 

which has the solution 

𝑐(𝑟) =
𝑘+ ∙ 𝜎 ∙ 𝐴𝑎𝑐𝑡 ∙ 𝑐(𝑎)

4𝜋𝐷
∙ (

1

𝑎
−

1

𝑟
) + 𝑐(𝑎)  . 

(2.4) 

Solving Eq. 2.4 for 𝑐(𝑎) by invoking the condition that 𝑐(𝑟 = ∞) = 𝑐0, where 𝑐0 is the bulk 

concentration, and substituting 𝐴𝑎𝑐𝑡 = 4𝜋𝑎2 yields  

𝑐(𝑎) =
𝑐0

1 +
𝑘+ ∙ 𝜎 ∙ 𝑎

𝐷

   . (2.5) 

Thus, 𝑐(𝑎) remains essentially constant so long as  𝑘+ ∙ 𝜎 ∙ 𝑎 ≪ 𝐷.  Substitution of Eq. 2.5 into 

Eq. 2.1 gives 

𝑀̇ =
𝑘+ ∙ 𝜎 ∙ 𝐴𝑎𝑐𝑡 ∙ 𝑐0

1 +
𝑘+ ∙ 𝜎 ∙ 𝑎

𝐷

  , 
(2.6) 

and dividing by 𝐴𝑎𝑐𝑡 yields a normalized growth rate of 

𝑅̅ =
𝑘+ ∙ 𝜎 ∙ 𝑐0

1 +
𝑘+ ∙ 𝜎 ∙ 𝑎

𝐷

  . 
(2.7) 

The two limits of this expression are i) Purely reaction-limited growth where 𝑅̅ → 𝑘+ ∙ 𝜎 ∙ 𝑐0 

when 𝑎 ≪
𝐷

𝑘+∙𝜎
 , and ii) Purely diffusion-limited growth where 𝑅̅ →

𝐷𝑐0

𝑎
 when 𝑎 ≫

𝐷

𝑘+∙𝜎
 .   Since 

the crystal size 𝑎 generally increases in time, growth must transition from reaction-limited to 
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diffusion-limited as the seed approaches a critical size of 𝑎∗ =
𝐷

𝑘+∙𝜎
 , where 𝑅̅ has decayed to half 

its initial value. Eq.h2.7 is plotted in Fig.h2.1, with the critical size marked in red. To quantify 

this plot, we used 𝑐0 = 80 𝑚𝑀 and 𝐷 = 8 ∙ 10−12  
𝑚2

𝑠
. Reasonable estimates of 𝑘+ = 1.4 ∙

10−19  
𝑚3

𝑠
 and 𝜎 = 1.0 ∙ 1015  

𝑠𝑖𝑡𝑒𝑠

𝑚2
 were taken from Qiu and Orme [2]. We see that 𝑅 remains 

constant and maximal for seed sizes up to ~1 𝑚𝑚. Beyond this value, diffusive limitations 

become increasingly apparent.  

 

Figure 2.1:  𝑅̅ versus seed size, as expressed in Eq.h2.7 using the quantities 𝑐0 = 80𝑚𝑀,   

𝑘 = 1.4 ∙ 10−19  
𝑚3

𝑠
 , 𝜎 = 1.0 ∙ 1015  

𝑠𝑖𝑡𝑒𝑠

𝑚2  , and 𝐷 = 8 ∙ 10−12  
𝑚2

𝑠
  [2].  
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2.4 QCM-derived growth rate 

In QCM-based studies of 𝐶𝑎𝐶𝑂3 crystallization, the experimental sample typically consists of a 

large number 𝑁 of calcite and vaterite crystals on a QCM plate.  The QCM measures the total 

mass of crystal 𝑀 on the plate as a function of time 𝑡, while optical microscopy characterizes the 

seed-number 𝑁.   Knowledge of these quantities permits estimation of 𝐴𝑎𝑐𝑡 of the 𝑁 crystals as 

𝐴𝑎𝑐𝑡 = 𝑐 ∙ 𝑁
1

3 ∙ (
𝑀

𝜌
)

2

3, where 𝜌 is the mass density of the crystal (2.71 ∙ 106  
𝑔

𝑚3
 for calcite) and 𝑐 

is a geometric factor relating surface area to (volume)
2

3. For a cube, 𝑐 = 6.  As differentiation of 

𝑀(𝑡) gives 𝑀̇(𝑡), all parts of 
𝑀̇

𝐴𝑎𝑐𝑡
 can be experimentally determined and the QCM-derived 

normalized growth rate is 

𝑅̅ =
𝑀̇(𝑡)

𝑐 ∙ 𝑁
1
3(𝑡) ∙ (

𝑀(𝑡)
𝜌

)
2
3

  . 
(2.8) 

A challenge with this approach, however, is that numerical differentiation algorithms often 

introduce uncertainties to data-sets, even after numerical smoothing.  Fortunately, there is 

another way to apply Eq. 2.8 that circumvents numerical differentiation. 

 For the case of reaction-limited — or even nearly reaction-limited — growth, 𝑅̅ is 

essentially constant.  Additionally, we have observed that pre-seeding a substrate with 𝑁 crystals 

essentially fixes the seed number for the rest of the growth period. So, 𝑁(𝑡) is a constant 𝑁. 

When these two conditions are valid, Eq.h2.8 becomes a homogeneous differential equation and 

can be rearranged to 𝑀̇(𝑡) = 𝑐 ∙ 𝑁
1

3 ∙ 𝑅̅ ∙ (
𝑀(𝑡)

𝜌
)

2

3.  Direct integration gives 
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𝑀(𝑡) =
1

27
(𝛼 ∙ 𝑡)3 +

1

3
𝑚0

1

3(𝛼 ∙ 𝑡)2 + 𝑚0

2

3(𝛼 ∙ 𝑡) + 𝑚0 , 

 

(2.9) 

where 𝑚0 is the initial mass of the 𝑁 seeds at time 𝑡 = 0 𝑠 and 𝛼 = 𝑐 ∙ 𝑁
1

3 ∙ 𝑅̅ ∙ 𝜌−
2

3.  Thus, 

Eq.h2.9 permits direct analysis of 𝑀(𝑡) data sets without complications from additional 

numerical errors, provided that growth is reaction-limited and that 𝑁 remains constant over the 

growth period. Fig. 2.2 demonstrates the single adjustable parameter (𝑅̅) fitting of mass-data 

(filled red circles) collected by QCM during calcite growth; the solid black line is the fit, and the 

fitted rate is 6.6 
𝜇𝑚𝑜𝑙

𝑠∙𝑚2   

 

Figure 2.2: Time dependent mass data fitted by Eq.h2.9 using a single adjustable parameter, 

6.6 
𝜇𝑚𝑜𝑙

𝑠∙𝑚2  . The dashed profile is the first (cubic) term of Eq.h2.9, using the same parameters. 

 

 When the initial mass 𝑚0 is negligible, Eq.h2.9 shows that the reaction-limited growth of 

crystals is cubic with time 𝑡: 𝑀(𝑡) = (
𝛼∙𝑡

3
)3.  While the cubic growth of calcite is often stated in 
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the literature, it is a special case.  The solid and dashed black profiles in Fig.h2.2 illustrate the 

difference between the fitted Eq.h2.9 and just its cubic term (when using the same values for 𝑁 

and 𝑅).  However, when valid, the cubic growth of the mass implies linear growth of the 1D size.  

Substituting for 𝑘 gives 𝑀(𝑡) = 𝑁 ∙ (
𝑐∙𝑅̅∙𝑡

3∙𝜌
2
3

)3.  Given units of 
𝑚𝑎𝑠𝑠

𝑢𝑛𝑖𝑡 𝑡𝑖𝑚𝑒
, dividing by the mass 

density of the crystal 𝜌 converts mass to volume 𝑉; thus, 𝑉(𝑡) = 𝑁 ∙ (
𝑐∙𝑅̅∙𝑡

3∙𝜌
)3.  Expressing the 

total volume of the crystals on the plate by the proportionality 𝑉 ∝ 𝑁 ∙ 𝑎3, where a is the mean 

size of a single crystal, yields 𝑁 ∙ 𝑎3 ∝ 𝑁 ∙ (
𝑅̅∙𝑡

3∙𝜌
)3.  Solving for 𝑎 gives 𝑎(𝑡) ∝

𝑅̅

3∙𝜌
∙ 𝑡, showing 

that the reaction-limited cubic growth of mass implies linear growth in the radial dimension. 

 

2.5   Solution design and characterization 

Calcite growth in an equilibrated aqueous 𝐶𝑎2+/𝐶𝑂3
2− solution relies on these chemical steps: 

𝐶𝑂2(𝑔) ↔ 𝐶𝑂2(𝑎𝑞) (2.10) 𝐾𝐷 =
[𝐶𝑂2(𝑎𝑞)]

[𝐶𝑂2(𝑔)]
 (2.16) 

𝐶𝑂2(𝑎𝑞) + 𝐻2𝑂 ↔ 𝐻2𝐶𝑂3 (2.11) 𝐾−1 =
[𝐻2𝐶𝑂3]

[𝐶𝑂2(𝑎𝑞)]
 (2.17) 

𝐻2𝐶𝑂3 ↔ 𝐻+ + 𝐻𝐶𝑂3
− (2.12) 𝐾𝐻2𝐶𝑂3

=
[𝐻+][𝐻𝐶𝑂3

−]

[𝐻2𝐶𝑂3]
 (2.18) 

𝐻𝐶𝑂3
− ↔ 𝐻+ + 𝐶𝑂3

2− (2.13) 𝐾2 =
[𝐻+][𝐶𝑂3

2−]

[𝐻𝐶𝑂3
−]

 (2.19) 

𝐶𝑎2+ + 𝐶𝑂3
2− ↔ 𝐶𝑎𝐶𝑂3 (2.14) 𝑄 =

[𝐶𝑎2+][𝐶𝑂3
2−]

[𝐶𝑎𝐶𝑂3]
 (2.20) 

𝐻2𝑂 ↔ 𝐻+ + 𝑂𝐻− (2.15) 𝐾𝑤 = [𝐻+][𝑂𝐻−] (2.21) 
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In order to systematically control and quantify the growth rate 𝑘+𝑐(𝑎) of calcite in 𝐶𝑎2+/𝐶𝑂3
2− 

solutions, we need to prepare solutions of known calcite supersaturation 𝑆. 𝑆 is equivalent to 

(
𝑄

𝑘𝑠𝑝
), where 𝑄 is defined in Eq.h2.21, and 𝐾𝑠𝑝 is the equilibrium constant of 𝐶𝑎𝐶𝑂3:   

𝐾𝑠𝑝 =
[𝐶𝑎2+]

𝑒
[𝐶𝑂3

2−]𝑒

[𝐶𝑎𝐶𝑂3]𝑒
. Supersaturation is one of many interdependent solution properties, such as 

𝑝𝐻, temperature, and the solute concentrations, that are related by the chemical equilibrium 

conditions (Eq.h2.16 – 2.21) and the charge neutrality condition. If enough properties are 

specified, these equations can be solved to find all solute concentrations and 𝑆; we use the 

software Geochemist’s Workbench (GWB) to do this for us. Our 𝐶𝑎2+/𝐶𝑂3
2− solutions are 

prepared by mixing sodium bicarbonate, calcium chloride, and sodium chloride with deionized 

water. To design a solution we specify temperature, 𝑝𝐻, the initial sodium bicarbonate 

(𝑁𝑎𝐻𝐶𝑂3), and the ionic strength. We then require that the activities of 𝐶𝑂3
2− and 𝐶𝑎2+ (both of 

which comprise a growth unit) be the same at equilibrium. From this, GWB can calculate the 

concentrations of 𝐶𝑎𝐶𝑙2 and 𝑁𝑎𝐶𝑙 that are necessary to satisfy these requirements, as well as the 

equilibrium concentrations of the key species, such as [𝐻𝐶𝑂3
−] and [𝐶𝑂3

2−], and the 

supersaturation level (𝑆). In Fig.h2.3, 𝑆 is plotted versus alkalinity; in our system, alkalinity is 

equal to the original molarity of 𝑁𝑎𝐻𝐶𝑂3, and is positively correlated with 𝑝𝐻. As you can see, 

supersaturation varies greatly with the amount of sodium bicarbonate, and as a result 𝑝𝐻.  
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Figure 2.3: 𝑆 versus alkalinity (total sodium bicarbonate content) 
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Chapter 3 

Experimental 

Our method for quantifying the growth rates of 𝐶𝑎𝐶𝑂3 crystals requires the production of 

aqueous supersaturated 𝐶𝑎2+/𝐶𝑂3
2− solutions, the use of quartz crystal microbalance (QCM) to 

measure crystal mass as a function of time, and optical imaging of the QCM plates during and 

after the nucleation and growth phases of the experiment. A number of properties of the 

𝐶𝑎2+/𝐶𝑂3
2− solutions need to be controlled (e.g. supersaturation level), and each growth rate 

study requires the simultaneous measurement of the crystal mass and the number of crystals on 

the QCM plate as functions of time. Details on these tasks are provided below.  

 

3.1   Preparation of 𝐶𝑎2+/𝐶𝑂3
2− solutions 

To prepare a solution we designed in Geochemist’s Workbench, we make two primary solutions 

(A and B); solution A contains the 𝐶𝑎𝐶𝑙2 (CAS 10035-04-8) and 𝑁𝑎𝐶𝑙 (CAS 7647-14-5), while 

solution B contains the 𝑁𝑎𝐻𝐶𝑂3 (CAS 144-55-8). The molarities of each salt are twice that of 

the desired solution, such that combining equal quantities of A and B produces the correct 

molarities. This is done so the primary solutions can be prepared well in advance without risking 

unwanted crystallization, and then mixed ~15 minutes before use. To make the primary 

solutions, deionized water (18.2 𝑀Ω ∙ 𝑐𝑚) is measured into one-liter glass bottles; salts are 

measured out (Ohaus Pioneer analytical balance, PA64), and added to the solution. Solutions are 
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mixed vigorously while open to the atmosphere, so that the dissolved gasses can come into 

equilibrium with atmospheric levels. This is important as dissolved oxygen is necessary for 

certain reactions and atmospheric 𝐶𝑂2 is our carbon source (see section 3.4). Finally, before use, 

the primary solutions are measured out and mixed together gently so as not to induce nucleation. 

Any adjustments to 𝑝𝐻 are then made by titration with 𝐻𝐶𝑙 (CAS 7647-01-0) while the solution 

is monitored using a benchtop 𝑝𝐻 meter (Thermo Scientific, Orion Star A211) and pH/ATC 

probe (Thermo Scientific, 8302BNUMD ROSS). The properties of our solutions are detailed in 

Tableh3.1. The term balanced solution refers to solutions that were designed to have equal  

𝐶𝑂3
2− and 𝐶𝑎2+ activities, as described in section 2.5. The term calcium-rich solution refers to 

solutions that contain an excess of 𝐶𝑎2+; these are used in experiments where we increase 

[𝐶𝑂3
2−] by electroprecipitation, described in detail in section 3.4. The term static solution refers 

to a dilute solution, having 𝑆 ~ 1 so that crystals neither grow nor dissolve; it is used for holding 

crystals in their current state.  

 balanced solution calcium-rich solution static solution 

𝐶𝑎𝐶𝑙2  (𝑚𝑀) 0.93 4 1 

𝑁𝑎𝐻𝐶𝑂3  (𝑚𝑀) 39.00 4 1 

𝑁𝑎𝐶𝑙  (𝑚𝑀) 39.30 0 0 

𝑝𝐻 8.25 8.25 8.25 

Temperature 22.5° 𝐶 22.5° 𝐶 22.5° 𝐶 

Supersaturation 12.5 24.2 2.2 

 

Table 3.1: Properties of our three most commonly used solutions 
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3.2  Optical characterization of seed beds 

To determine crystal growth rates, we need to count the number of calcite crystals, or “seeds” on 

the QCM plate. This can be done through the direct imaging of the plate’s surface, followed by 

image analysis to yield 𝑁.  

 While many different options for the imaging of a plate surface exist, most are limited in 

the sense that images of the surface can only be obtained out of solution. As such, we made use 

of an upright stereo microscope (Leica, S9-D) that has a sufficiently long working distance of 

12.2 𝑐𝑚 to visualize a mounted QCM plate in situ. The optical resolution is ~2.2 𝜇𝑚 (i.e. 

numerical aperture = 0.167). The microscope is equipped with a 12 𝑀𝑃 digital camera with 

1.5 𝜇𝑚 × 1.5 𝜇𝑚 pixels (Leica, Flexacam C3). Typical magnifications are in the 30 × − 40 × 

range, so resolution-limited features are comfortably imaged by this camera. Shown in Fig.h3.1 

is a seed bed at 55 × magnification. As can be seen, these seeds are well defined visually; cubic 

calcite is present, as well as non-cubic calcite (possibly nailhead).  
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Figure 3.1: Image of calcite crystals taken with S9D at 55 × magnification 

 

As the QCM heads need to be mounted vertically, a 45° mirror and a clear acrylic Roux 

bottle with an optically flat face facilitate imaging. This setup allows for the real time counting 

of the seed number 𝑁 during the seeding process. In conjunction with mass measurements, we 

can estimate our active area, 𝐴𝑎𝑐𝑡 = 𝑐 ∙ 𝑁
1

3 ∙ (
𝑀

𝜌
)

2

3 in real time. This feedback permits the creation 

of seed beds having a desired 𝐴𝑎𝑐𝑡, regardless of how many nuclei were formed in the nucleation 

phase. Fig.h3.2 is a diagram showing the key components of our experimental setup for the 

seeding of QCM plates. The microscope, camera, and mirror work to image the crystal while the 

QCM measures mass and the potentiostat performs the seeding (details in section 3.4). 

250 𝜇𝑚 
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Figure 3.2: Diagram of electroprecipitation setup 

 

 The image analysis is a simple yet crucial part of this process. All analysis is done using 

our own Python code which perform three main operations; i)hconversion of a color image to 

greyscale ii)hbinarization of the image based on a brightness threshold value, and iii) counting of 

connected white regions that lie within an acceptable size range. The required brightness, 

minimum area, and maximum area values to be considered a nuclei are supplied by the user. 

WE       RE      CE     

  

Camera 

Potentiostat 

QCM 

Mirror 
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Values are chosen such that the relatively bright and homogenous seeds are counted, but smaller 

and dimmer items such as scratches, dust, surface defects, etc. are not. A region of a typical 

analyzed image is shown in Fig.h3.3. The shown area is ~.12 𝑐𝑚2, about 1/3 of the total mass 

sensitive area of the QCM plate. The 19 seeds that meet the minimum area we specified (55 

pixels at a binary threshold of 150) have been highlighted in green.  

 

Figure 3.3: Analyzed seed bed, N = 19; nuclei are highlighted in green.  

 The analysis routine is capable of running while we electroprecipitate seeds onto a plate 

(detailed in section 3.4). Typically, we observe the optical images of a plate on a large monitor at 

an imaging rate of ~1 frame per second. The routine reports the seed count of each frame directly 

200 𝝁𝒎 𝑵 = 𝟏𝟗 
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on the displayed image. This feature allows us to monitor the progress of the seeding phase and 

provides an estimate of the final seed number, which is a useful piece of information in the 

subsequent growth phase of the experiment. The Python code for this process is provided in 

Appendix A.  

 

3.3   Mass Measurement 

In order to measure 𝑀(𝑡) of our seed beds, we utilized a Stanford Research Systems QCM200 

quartz crystal microbalance with dispersion. It contains a quartz crystal resonator oscillating at 

resonant frequency. This frequency, 𝑓(𝑡), is highly sensitive to any mass attached to the crystal 

surface or contact with viscous fluids. Attached mass will shift the resonant frequency according 

to the Sauerbrey equation: −𝐶𝑓 ∙ ∆𝑀 = ∆𝑓 , where 𝐶𝑓 is the sensitivity factor of the crystal. The 

QCM200 has a resolution of 0.1 𝐻𝑧 (~.7 𝑛𝑔) when a 1 second gate time is used. It should be 

noted that, due to temperature affecting the solution viscosity, the QCM is sensitive to small 

temperature changes. Additionally, due to the oscillating nature of the crystal, the QCM circuit is 

also very sensitive to capacitances. As such, it is critical to balance the QCM via the capacitance 

compensation knob of the QCM200. In this study, our sensors are 5 𝑀𝐻𝑧 AT-cut chromium/gold 

faced quartz crystals (𝐶𝑓 =  56.6 
𝐻𝑧∙𝑐𝑚2

𝜇𝑔
  at room temp) mounted in a rugged and immersible 

crystal-holder. The gold working electrode, of which the center . 4 cm2 is sensitive to attached 

mass, is our interface at which nucleation and then growth occur. Additionally, the QCM200 

provides a direct electrical connection to the WE, allowing us to perform the electrochemistry 

while measuring mass. 
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 To prepare the QCM for use in an experiment, a QCM plate is mounted in the crystal 

holder, or head; This head is placed in a 25% 𝐻𝐶𝑙 acid solution, rinsed with deionized water, 

and dried. The head is disassembled, wiped clean with isopropyl alcohol, and left to dry. 

Meanwhile, a new plate is sonicated for 1 minute in an isopropyl bath, thoroughly rinsed with 

deionized water, and dried with compressed nitrogen. The plate is plasma cleaned (Harrick 

Plasma, PDC-32G) on the medium RF level for 3 minutes, and then finally mounted in the QCM 

head, ready for use.  

 

3.4   Electroprecipitation to create seed beds 

The general experimental procedure is to first generate a seed bed of calcite crystals with 

a known 𝑁 and 𝑚0. The seed beds are then placed in the solution being investigated, and 

allowed to grow while mass is measured; this 𝑀(𝑡) is fit to Eq.h2.9, yielding a growth rate. 

However, an inherent issue is that nucleation is a random process which happens gradually over 

time; Eq.h2.9, which requires N seeds to be present at time 𝑡 = 0 𝑠, is not valid when nucleation 

occurs gradually. Fortunately, since the propensity for a solution to nucleate is dependent on 

supersaturation, we can induce nucleation by raising 𝑆. 𝑆 is heavily dependent on 𝑝𝐻, as 

reducing [𝐻+] increases [𝐶𝑂3
2−]. Thus, changes in 𝑝𝐻 can modulate supersaturation without 

changing the amount of each salt used to make the solution. A caveat is that an abundance of 

𝐶𝑎2+ must be present to make use of the increased 𝐶𝑂3
2−; to ensure this, our calcium-rich 

solution contains equal parts 𝐶𝑎𝐶𝑙2 and 𝑁𝑎𝐻𝐶𝑂3, as mentioned in sectionh3.1.   
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The 𝑝𝐻 can be changed in regions of the solution near an electrode surface via 

electrochemistry. The application of a potential between two immersed electrodes cause the 

reduction of oxygen at the cathode; 

𝑂2 + 4𝑒− + 2𝐻2𝑂 → 4𝑂𝐻− 3.1 

This reduction causes the formation of hydroxide, raising the 𝑝𝐻 and, as a result, 𝑆 in the 

interfacial region of the electrode. This process occurs readily following the application of a 

negative overpotential, inducing a wave of nucleation over a ~2-minute period. Fig.h3.4 depicts 

this process. The solid blue line is the frequency shift of the QCM and the solid red line is the 

number of seeds on the plate. The dashed green, purple, and teal lines mark the times where 

voltage was applied, nucleation was observed, and mass deposition was observed, respectively. 

Note that we resolve nuclei optically before we measure any mass; this is due to calcite 

effectively scattering light. 
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Figure 3.4: Nuclei count and frequency shift (mass) vs time in an EP experiment.  

 

To apply the overpotential, we use a three-electrode system as shown in Fig.h3.2. The 

working electrode (WE) is the face of our QCM crystal, the reference electrode (RE) is a 

silver/silver chloride probe, and the counter electrode (CE) is a strip of platinum. The electrodes 

are connected to a potentiostat, which flows whatever current is required to maintain the RE at a 

user-supplied command potential relative to the WE. To supply this potential, we use an Agilent 

33220A function generator, along with an SRS965 Analog low pass filter to remove all signals 

except DC. 

To prepare a seed bed for a growth study, we place a clean QCM head in the Roux bottle 

and add 150 𝑚𝑙 of calcium-rich solution. Next, we insert the CE and RE and connect the three 
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electrodes to the potentiostat, which supplies a potential of 0 𝑉 to prevent unwanted 

electroprecipitation. With the microscope focused on the plate surface, we monitor the surface 

for ~15 minutes while the temperatures of the head and solution equilibrate. Once the 

temperature, and as a result the QCM, are stable the QCM is balanced and tared. We start the 

data acquisition program, and allow it to collect data for 75 seconds. Then, we apply a potential 

of −450 𝑚𝑉 while observing and counting the following nucleation. We allow the seed to grow 

to a reasonable size (~5 − 10 𝐻𝑧 of total mass for a typical experiment), before stopping the 

program. The head is then rapidly removed from calcium-rich solution, and placed into static 

solution. This halts the growth and holds the seed bed in an inert state while the growth 

experiment is prepared.  

 

3.5  Measurement of growth rates 

When we measure the growth rate of a solution, we use our seeded plates and QCM200 in 

conjunction with two water jacketed beakers (Ace Glass, 5340-110). One contains balanced 

solution for growing the crystal; The other contains static solution for holding the plate (as 

mentioned in 3.4) and allowing it to reach thermal equilibrium. A water circulator (Fisher 

Scientific, Isotemp 6200) is used to maintain both solutions at a constant temperature (usually 

22.5°𝐶). For extended experiments, parafilm is used to seal the beaker from the atmosphere and 

thus prevent 𝑝𝐻 changes due to gas exchange. The A211  𝑝𝐻 meter is used to measure 𝑝𝐻 

before and after the growth period. It can also be used to continuously record 𝑝𝐻(𝑡); however, 

this is not part of our regular procedure due to complications it can introduce, such as poor 

sealing or difficulty balancing QCM capacitance.  
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 To measure the growth rate, we mix and adjust the solution we are investigating as 

described in section 3.1, and measure the 𝑝𝐻 one last time before starting the experiment. We 

then immerse the recently nucleated and thermally adjusted plate in 200 𝑚𝑙 of the solution being 

investigated. The beaker is sealed, and the QCM is once again balanced and tared. We run our 

Python code for collecting growth data, as provided in Appendix B. The crystals are allowed to 

grow for ~2 hours, or until ~500 𝐻𝑧 of mass is deposited. This ensures that the entire reaction-

limited regime is recorded, and also makes the seeds prominent and thus easily counted. The 

plate is removed from solution, rinsed with deionized water, dried with compressed nitrogen, and 

imaged by the Leica one final time. The 𝑝𝐻 of the solution is measured again, to verify that it 

had not significantly changed.   

 

3.6  Driven growth rates 

In addition to undriven growth in balanced solution, it is also of interest to measure the driven 

growth rate. Driven growth is simply growth that is intensified due to electroprecipitation, as 

described in sectionh3.4. Depending on what voltage is applied and how that voltage ends up 

affecting the interfacial 𝑝𝐻, a wide range of growth rates can be achieved. Growth can be driven 

by the same 3 electrode system as in 3.4, at any potential between 0 and −1.1 𝑉; much higher 

and the water itself is reduced. Growth can also be driven by a galvanic couple; essentially, a 

metal “driving electrode” which is dissimilar to our gold WE is submerged in solution along with 

the WE, and the two electrodes are coupled by a wire. The two metals form a galvanic cell, and 

current flows along the wire; with the right choice of driving electrode, the gold WE will be the 
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cathode and form 𝑂𝐻−, just like in the three-electrode system. This system is of interest, as 

galvanic couples in the presence of dissolved carbonates are very common in our soil and water.  

Unfortunately, the measurement of driven growth rates is significantly more challenging 

than that of undriven growth rates. This is primarily because driven growth rates are much faster: 

~25 × faster than undriven growth. Revisiting Eq.h2.7, we see that this results in the growth 

becoming diffusion-limited at a much smaller seed size. This results in a very brief, even 

nonexistent reaction limited regime. As a result, we often lack enough meaningful data points to 

fit Eq.h2.9 and thus measure the growth rate. The measurement of the driven growth rate 

becomes more feasible if a driving electrode made of less reactive metal is used in conjunction 

with a seed bed composed of small seeds.  

To measure a driven growth rate, we mix our solution, adjust the 𝑝𝐻 of our solution, and 

immerse the seeded plate in our jacketed beaker, as in section 3.5. Since we are performing 

electroprecipitation, we use our calcium-rich solution. If being driven by a three-electrode 

system, the CE and RE are immersed alongside the QCM, and connected to the potentiostat. If 

being driven galvanically, just the sanded and plasma-cleaned driving electrode is immersed in 

solution. Care is taken to leave several centimeters of space between the CE or driving electrode 

and the QCM plate as they can affect the QCM capacitance, making it difficult to balance. These 

experiments take much less time to grow, so sealing the beaker is not necessary. The QCM is 

balanced and tared, and the same Python code is executed. After 25 seconds, voltage is applied 

via either a command potential to the potentiostat, or by bridging the WE to the driving 

electrode. Growth occurs rapidly, and the seeds are grown to at least ~500 𝐻𝑧. The plate is 

rinsed, dried, and imaged, and 𝑝𝐻 is recorded. 
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Chapter 4 

Results and discussion 

4.1   Growth rates fit theory well 

A key result of our experiments dealing with the undriven growth of seed beds is that the 

collected 𝑀(𝑡) data fits well to Eq.h2.9. Shown in Fig.h4.1 (a) is a typical data set for undriven 

growth, which was fitted to Eq.h2.9 with  𝑅̅ = 7.1 
𝜇𝑚𝑜𝑙

𝑠∙𝑚2  . This plate was seeded with 𝑁 = 1550 

seeds, with an initial total mass of 𝑚0 = 41 𝑛𝑔, and then grown in solution of 𝑆 = 12.5 (details 

in Table 3.1). The mass data are the blue circles; the fit of Eq.h2.9 to the data is the solid red line. 

The black circles mark the beginning and end of the region that we fit. As can be seen, the 

growth agrees with Eq.h2.9 for ~6000 seconds, after which the growth slows; this is what we 

expect due to the growth becoming diffusion limited. The success of the fitting at early times 

implies that knowing 𝑚0 and 𝑁 of a seed bed is sufficient to characterize its growth kinetics by 

Eq.h2.9, and that growth is indeed reaction-limited at small seed size. These conclusions are 

important, as they validate the use of Eq.h2.9 to describe the growth of seeded plates. 

Fig.h4.1h(b) shows five additional data sets obtained for these same conditions, illustrating 

typical sample to sample reproducibility of our growth rate measurements. 
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Figure 4.1: (a) Undriven growth of a seeded plate in 𝑆 = 12.5 solution where 𝑁 = 1550 and 

𝑚0 = 41 𝑛𝑔. The red profile is the fit using Eq.h2.9, with 𝑅̅ = 7.1 
𝜇𝑚𝑜𝑙

𝑠∙𝑚2 . (b) the fitted region 

of five additional data sets obtained under the same conditions, plotted alongside the first; the 

profiles are labelled with their respective 𝑁 values. 

𝒃. ) 

 

𝒂. ) 
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These conclusions are contingent on the premise that 𝑁 does not change during growth; if 

it did, the differential equation of Eq.h2.8 would not be solvable without knowing 𝑁(𝑡). Here we 

illustrate that 𝑁 remains essentially constant during the growth phase. We have images our plates 

both before and after growth in order to determine the degree to which 𝑁 remained constant. 

Figureh4.2h(a) shows the pre-growth image of a typical plate. Figureh4.2h(b) is an image of this 

plate following growth in an 𝑆 = 12.5 solution (this is the same image as Fig.h3.3). In the post-

growth image, 19 seeds have area values that exceed the area threshold value in our seed-

counting algorithm. As can be seen, all of the 19 seeds present after growth were present before 

growth, demonstrating what we typically find; the seeds that contribute predominantly to the 

detected mass are formed in the nucleation phase. That said, there are more seeds present pre-

growth than the 19 seeds encircled in the post-growth image. Thus, some seeds disappeared, 

perhaps detaching naturally or when transferring to growth solution. In addition, some of the 

seeds present after the seeding phase never grow significantly never grow significantly during 

the growth phase. However, as long as we accurately count the post-growth seeds that grew 

during the growth stage to get 𝑁, and verify that few or no new seeds form during growth, the 

pre-growth count is irrelevant.  



28 

 

 

Figure 4.2: (a) A typical plate after seeding but before growth. (b) The same plate following 

growth in 𝑆 = 12.5 solution. 

𝒂. ) 

 

𝒃. ) 

 
Post-growth 

Pre-growth 

200 𝝁𝒎 𝑵 = 𝟏𝟗 
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4.2   Experimentally measured rates agree with prior research  

Another key result is the agreement of measured undriven growth rates with prior research of 

calcite growth rates; these data are plotted alongside each other in Fig.h4.3. The red profile is 

data taken by Lammers and coworkers, who used a QCM with multiple attached crystals to 

measure growth rate - similar to this work. Measurements were made at supersaturations in the 

range 1.02 ≤ 𝑆 ≤ 5.01 [1]. The green profile is data from Teng et al., 2017; in this research, 

microscopic growth rates were measured in situ using atomic force microscopy to scan a 

growing calcite crystal. Measurements were made at supersaturations in the range 1.12 ≤ 𝑆 ≤

3.63 [12]. The blue profiles are our data; the dark blue data are growth rates we collected in 

solutions with 14 ≤ 𝑆 ≤ 74. The light blue point is the average from the six growth rates for 𝑆 =

12.5 solution, as seen in Fig.h4.1 (b); the 95% confidence interval is shown with error bars. The 

black line is a fit of all of this data to the theoretical relationship between growth rate and S:  

𝑅 = 𝛼 ∙ (√𝑆 − 1), where 𝛼 is a constant. Our fit measured it to be 𝛼 = 1.8 ± .1 
𝜇𝑚𝑜𝑙

𝑠∙𝑚2 , which is in 

agreement with prior work by Qiu and Orme which measured 𝛼 = 1.83  
𝜇𝑚𝑜𝑙

𝑠∙𝑚2  [2]. 
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Figure 4.3: Calcite growth rates measured by various methods at various supersaturations; the 

data are fit to theory, 𝑅 = 𝛼 ∙ (√𝑆 − 1) with 𝛼 = 1.8 ± .1 
𝜇𝑚𝑜𝑙

𝑠∙𝑚2 , shown in black. 

As can be seen, the data are largely consistent with each other and with the theoretical 

relationship across two orders of magnitude. Teng slightly less so than the others; however, it is 

still in notably good agreement, as it is a measurement on a completely different scale (AFM) to 

Cao and this work (QCM-D). It should also be noted that our work dealt with much higher 

supersaturations, and thus growth rates, than either Cao or Teng. This is another key finding: 

QCM-D with uniform beds of small seeds can be used to measure fast growth rates for which 

diffusive limitations are a complicating factor. However; as S is increased further, it becomes 

increasingly difficult to measure growth rates that are reaction-limited. This limitation holds 

implications for the measurement of driven growth, as discussed below.  
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4.3   This approach permits measurement of rapidly driven 

growth rates  

We have found that our procedure is capable of measuring high growth rates, such as those 

found in potentiostatically-driven systems. Shown in Fig.h4.4 (a) is a typical data set for 

potentiostatically-driven growth, which was fit to Eq.h2.9 with  𝑅̅ = 128 
𝜇𝑚𝑜𝑙

𝑠∙𝑚2  . This plate was 

seeded with 𝑁 = 1566 seeds, with an initial total mass of 𝑚0 = 466 𝑛𝑔, and then 

electroprecipitated at an overpotential of . 613 𝑉 in calcium-rich solution (details in Table 3.1). 

The resulting mass data are the blue circles, the fit of Eq.h2.9 is the solid red line, and the black 

circles mark the beginning and end of the region which we fit. As can be seen, the growth slows 

down much sooner than for the undriven case of Fig.h4.2h(a). Hence, we fit a commensurately 

shorter period: ~200 seconds versus ~4000 seconds, a difference of  20 ×! After this period, the 

growth becomes increasingly diffusion-limited and theory no longer describes the data. This 

behaviour matches our expectations, as the growth rates we are dealing with are on the order of 

> 100 
𝜇𝑚𝑜𝑙

𝑠∙𝑚2  , over an order of magnitude larger than a typical undriven growth rate. Thus, the 

seeds should become diffusion-limited very quickly. Figure 4.4 (b) shows eight measured growth 

rates plotted versus overpotential, for driving voltages in the range 0 − 1.25 𝑉. 𝑅 scales with 

overpotential, and the linear fit was calculated to be 𝑅 = 212 ∙ 𝑉 + 4.5    
𝜇𝑚𝑜𝑙

𝑠∙𝑚2 . The right axis is 

in units of 4.5 
𝜇𝑚𝑜𝑙

𝑠∙𝑚2
 , i.e. the amplification factor relative to the growth rate when driven at zero 

volts.  
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Figure 4.4: (a) Typical data set and fit for potentiostatically-driven growth,  𝑅̅ = 128 
𝜇𝑚𝑜𝑙

𝑠∙𝑚2
 . 

(b) Growth rate versus supplies overpotential for eight potentiostatically-driven data sets, with 

line of best fit. 

𝒃. ) 

 

𝒂. ) 
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4.4    Galvanic couples are powerful drivers of growth 

We have found that galvanic couples are also powerful drivers of growth. Figureh4.5 (a) shows 

three datasets for stainless steel driven growth, which has an open circuit potential (OCP) of 

0.4 𝑉 relative to gold. The respective fits of these data are, from top to bottom: 𝑅 = 113, 𝑅 =

110,  and 𝑅 = 138 in 
𝜇𝑚𝑜𝑙

𝑠∙𝑚2 . These plates were grown in calcium-rich solution, as in table 3.1. In 

Fig.h4.5 (b), the growth rates of gold, copper, stainless steel, nickel, tin, cobalt, aluminum, lead, 

and zinc are plotted versus the measured open circuit potential (OCP) of that metal to gold, along 

with the potentiostatically-driven data from Fig.h4.4.  As can be seen, growth rate is positively 

correlated to OCP, similar to 𝑅 vs 𝑉 for potentiostatically driven growth; this implies that OCP 

and overpotential play similar roles. These relationships may allow for the comparison of 

galvanic drivers to potentiostat voltages. Furthermore, by revisiting the theoretical fit in Fig.h4.3, 

we can extrapolate that relationship to calculate the supersaturation required to reach these 

growth rates. For instance, 𝑅 = 100 
𝜇𝑚𝑜𝑙

𝑠∙𝑚2  corresponds to S ~ 3000. Thus, properties of the 

solution at the interface, such as 𝑝𝐻, can be gleaned from the resulting growth rates.  
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Figure 4.5: (a) three data-sets of growth driven by galvanic coupling to stainless steel. (b) 𝑅 of 

growth driven by both an overpotential applied by a potentiostat (blue), as well as various 

galvanic couples 

𝒂. ) 

 

𝒃. ) 
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4.5    Galvanic couples drive mineralization in soil 

Finally, we have found galvanic couples to be capable of driving the mineralization of 

carbonates in soil. A clean gold plate was placed in a soil-water solution (mud); The solution was 

made from deionized water mixed with calcium-rich soil, sourced from the Flint Hills of Kansas. 

An aluminum electrode was inserted, and connected to the gold via a wire. After 14 days, the 

gold was cleaned and imaged; this image is shown in Fig.h4.6h(a). There was a large amount of 

crystal on the surface, which effervesced when exposed to 𝐻𝐶𝑙, as would be expected for 

carbonates. Raman spectroscopy was performed on one crystal; the measured spectrum is shown 

alongside the calcite standard in Fig.h4.6h(b), confirming the crystal as calcite. Thus, we have 

shown the feasibility of driving calcite deposition in a soil sample using a galvanic couple.  
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Figure 4.6: (a) A gold electrode after being submerged for two weeks in wet soil while 

galvanically coupled to aluminum. (b) Raman spectroscopy from a resulting crystal, alongside 

the standard spectrum for calcite. 

 

𝒂. ) 

 

𝒃. ) 
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Chapter 5 

Conclusions 

We have successfully used a quartz crystal microbalance in conjunction with a long working 

distance microscope to measure the growth of calcite. The observed 𝑀(𝑡) fits well to the 

predicted relationship between seed number, initial mass, and growth rate. We found that our 

measured growth rates agree with prior research [1][12], as well as the theoretical relationship 

between supersaturation and growth rate. We used a three-electrode system and potentiostat to 

induce the nucleation of seed beds of known 𝑁 and mass. After placing these seed beds in 

solutions with various supersaturations to observe growth, 𝑁 was found to have not increased, 

validating the use of a constant 𝑁 when evaluating growth. We investigated the growth rates of 

seed beds under the influence of electroprecipitation, and found that galvanic couples and 

applied voltages are both powerful drivers of growth. Both are capable of driving growth at rates 

which are over an order of magnitude greater than the rate of undriven growth in that same 

solution. The fact that the resulting 𝑀(𝑡) still fits theory at early times indicates that this method 

is capable of measuring fast growth rates. The driven growth rate was found to be positively 

correlated to applied voltage in potentiostatic experiments; a linear fit yielded a slope of 

212 
𝜇𝑚𝑜𝑙

𝑠∙𝑚2   per volt applied.  The galvanically driven growth rate was positively correlated to the 

galvanic cell’s open circuit potential, indicating that open circuit potential may be analogous to 

driving voltage in potentiostatically driven growth. Finally, we have observed calcite to form on 

the gold electrode of a gold-aluminum galvanic cell when submerged in wet calcium-rich soil 

samples; this holds potential applications to carbon sequestration.  
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Appendix A –Python Code for seeding 
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Appendix B – Python code for growth 
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