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ABSTRACT
Kinetics of Core Material Dissolution in the Presence of Inhibitors
for Application in Geologic Carbon Sequestration
By
Sarah Nicole Work

With increased attention on rising carbon dioxide levels, carbon capture and sequestration
(CCS) has become a commonly proposed solution. CCS has been studied for several
decades, but is being researched more and more seriously as to whether it may be a viable
and economically feasible long-term solution to climate change. Research conducted for
this project is for application at the site of a coal fired power facility in the Black Warrior
Basin of Alabama, and was funded by the DOE Recovery Act. Despite the excitement
regarding CCS, some major technical obstacles exist due to the nature of working with
acidic solutions and carbonate formations. This project explores the dissolution of
carbonate formations while exposed to an acidic brine solution. Dissolution kinetics, with
and without inhibitors, are presented and compared with modeled expectations.

ACKNOWLEDGEMENTS
A large piece of work such as this requires more than just the single author's
effort. I am greatly indebted, firstly, to my husband's patience and support at all times.
Then, to my family for their listening ear, support, encouragement, and perspective.
My research group has never showed any hesitation to help in any way. Each
member has helped by teaching me small things, and being patient with my questions.
Especially to my advisor, Mason Tomson. He never ceases to expect the most from me,
but will always take the time to meet with me and help with experiments and locating
resources so I can learn thoroughly myself. All the other grad students: Nan, Jesse,
Hamad and Ping- so wonderful and supportive. Amy, the postdocs and exchange students
show continued interest and support through discussion of my experiments. I always
appreciate their ideas and advice. I feel so blessed to be a part of this wonderful group
and greatly value the cooperative spirit I feel.
The research was supported by the Department of Energy, through the Recovery
Act [DE-FOA-0000033].

TABLE OF CONTENTS
List of Figures

xii

List of Tables

xv

1. Introduction

1

Organization of Thesis

5

2. Background and Review of Current Literature

6

Carbon dioxide: a blessing and a curse

6

The Greenhouse Effect

6

WhyC02?

7

CO2 Legislation

12

Waxman Markey/ American Clean Energy and Security Act of 2009 (H.R. 2454) 12
Energy and Natural Resources Committee bill (S. 1462)..

14

Current Review of Projects with CCS

16

Sleipner West (North Sea)

17

W. A. Parish Electric Generating Station (Thompsons, TX)

18

GreenGen (Tianjin, China)

20

Projects planned and already underway

21

Basics of Calcite Equilibrium

22

Equilibria of a closed system with no solid

22

Equilibrium of an open system with a solid

26

How these problems are solved in research

27

Experimental Dissolution of Calcite

28

Prospects for use of Scale Inhibitors

34

Application of scale inhibitors in the medical
3. Materials and Methods

field

34
43

1 M sodium chloride solution

43

C 0 2 Saturation

44

Temperature

45

Stirring the reaction solution

45

pH monitoring/recording

46

Calcite

47

Inhibitors

49

Experiments

49

xi

4. Results and Discussion

50

6. Conclusion

69

7. Future Research

71

8. References

72

xii

List of Figures
Figure 1 Schematics provided by IPCC demonstrating the increase in emissions and
which sectors account for them (IPCC 2007)

2

Figure 2 Map of the Black Warrior basin in Alabama showing steam plant
locations(Alabama 2009)

3

Figure 3 A simplified cartoon representation of Earth's energy balance, values are in
Watt/m 2 (Baird and Cann 2008)

7

Figure 4 a.) Annual global CO2 emissions since the industrial revolution. The black line
represents total emissions from fossil-fuel combustion and cement manufacturing, green
represents the liquid fuel contribution, gray the solids contribution, and dashed the gas
contribution, b.) Historical amounts of CO2 in the atmosphere; insert reveals seasonal
flucturations in C 0 2 (Baird and Cann 2008)

8

Figure 5 IR leaving the lower atmosphere compared with the theoretical intensity (green
line) that would be expected without the presence of greenhouse gases (Baird and Cann
2008)

10

Figure 6 Demonstrations of the two kinds of vibrations within molecules that may lead to
IR absorptive properties (Baird and Cann 2008)

11

Figure 7 A comparison of symmetic (non-IR absorbing) vs antisymmetric (IR absorbing)
stretching of C 0 2 (Baird and Cann 2008)

12

Figure 8 Sleipner Vest site located in the North Sea(2010)

17

Figure 9 Map of Sleipner site located in the North Sea (Statoil 2010)

18

Figure 10 Photo of Parish Power Plant near Houston to be retrofitted with CCS
technology (2010)

19

Figure 11 Location of Parish Plant in relation to Houston

19

Figure 12 A map of the Earth demonstrating the location of large scale projects
(Geosciences)

21

Figure 13 Schematic representing different open and closed systems (Stumm and Morgan
1996)

23

Figure 14 A comparison of how dissolution rate is affected by pH at various
PC02(Plummer, Wigley et al. 1978)

30

xiii
Figure 15 Demonstrates predominance of the reactions, which type is dominant under
what affecting conditions(Plummer, Wigley et al. 1978)

31

Figure 16 A compilation of calcite dissolution data at various CO2 partial pressures
(2008)

33

Figure 17 Images of calcite in various stages of dissolution showing step retreat and
pitting (2008)

36

Figure 18 Structure of DTMPM, a common phosphonate scale inhibitor

37

Figure 19 Structure of NTMP, another common phosphonate scale inhibitor

37

Figure 20 The cationic surfactant SDBS

39

Figure 21 Anionic surfactant TTAB

39

Figure 22 Non-ionic surfactant Tween 20

40

Figure 23 Prominent features of crystal morphology involved in crystal growth and
dissolution (Stumm and Morgan 1996)

41

Figure 24 Demonstrations of surface alterations that may lead to a hindrance or
advancement of dissolution (Stumm and Morgan 1996)

42

Figure 25 Gas pre-saturation system

44

Figure 26 Stirred glass jar in which the reactions were run

46

Figure 27 pH monitoring system with multimeter

47

Figure 28 Image of Iceland spar used in experiments viewed at 11.4 times magnification,
grains ranging in size from 600 to 850 um

48

Figure 29 Modeled calcium concentration based upon only pH

53

Figure 30 Barometric pressure over the period which the experiments were run (2010). 55
Figure 31 Determination of reaction rate constant for calcite dissolution

56

Figure 32 A comparison of calcite dissolution rates without treatment

58

Figure 33 A comparison of phosphonate inhibitor effectiveness

59

Figure 34 A comparison of surfactant inhibitors at 20 ppm

60

Figure 35 Data from the full length experiment of Tween 20 stepwise addition

61

Figure 36 Dissolution after the calcite had been sorbed with Tween 20 surfactant

63

Figure 37 Two SEM images of the calcite used in this experiment -before being put into 1
M NaCl for reaction

64

xiv
Figure 38 Two SEM images of calcite after Tween 20 was sorbed, and the reversibly
sorbed Tween 20 removed

64

Figure 39 Comparison of calcite dissolution slope for all types of treatment

65

Figure 40 Modeled slope of calcite dissolution versus inhibitor concentration created
using non linear least squares curve fitting of PsiPlot

69

XV

List of Tables
Table 1 Details regarding Tianjin's GreenGen plant development (adapted from (2010))
20
Table 2 Which factors affect calcite dissolution the most at which pH

30

Table 3 Which reaction drives dissolution at various pHs

31

Table 4 Correlation between surface charge and dissolution rate

34

Table 5 Inhibitors tested in this research

49

Table 6 Activity coefficient values at various ionic strength solutions, verifying the
assuming of constant activity coefficients

51

Table 7 A comparison of blank calcite dissolution slopes

57

Table 8 A comparison of phosphonate inhibitors at similar concentrations

59

Table 9 A description of the surfactants tested and their charge properties

60

Table 10 Conclusions about the slope change resulting from the stepwise addition of
Tween 20

62

Table 11 A comparison of all treatments and their effects on slope

65

1. Introduction
Increased concern over elevated carbon dioxide levels in the atmosphere has
encouraged scientific research in carbon capture and sequestration science. Since 1750,
global atmospheric concentrations of CO2, CH4 and N2O have increased significantly as a
result of human activities, and have now greatly exceeded pre-industrial levels, as
determined by analysis of thousands of years of ice core data. The atmospheric
concentrations of CO2 and CH4 in 2005 exceed by far the natural range over the last
650,000 years (IPCC 2007). This broad collection of data has convinced policy makers
that there needs to be changes in the approach to emissions. Despite the atmospheric
concentration increase in many gases, CO2 will be the focus of this research. Leading
scientists agree that continued green house gas emissions, including carbon dioxide, at or
above current rates would cause further warming and climate change are expected to be
more significant than those already observed during the 20 th century (IPCC 2007).
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Figure 1 Schematics provided by IPCC demonstrating the increase in emissions and
which sectors account for them (IPCC 2007)

One proposed solution to elevated CO2 levels is carbon capture and sequestration
(CCS). Despite the shift towards renewable energy sources, a broad consensus among
experts suggests that fossil based fuels will be the primary fuel until at least the middle of
this century. This necessitates a growth in understanding so we can sustainably live using
this fuel source until the technology allows us to have other reliable sources. There are
many aspects to CCS research, though one related to the sequestration aspect will be
discussed here. Novel science is being developed to segregate the carbon dioxide from
point emission streams(Shen and Bai 2010), such as power plants; though, there already
exists a robust method for carbon dioxide isolation known as amide scrubbing. However,
there is a great need for research in the injection and sequestration of CO2; if the process
does not end in permanent trapping of the CO2, then the goal was not accomplished.
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In response to the building levels of CO2, the U.S. National Research Council has
called for the building of 15 to 20 power plants that are to have CCS technology before
2020(2009). The response is quick and forceful because leaders want to have
demonstrations of the technology as soon as possible. The research presented in this
document is intended for one of these projects. Experiments conducted in this research
are intended to give a basic informative foundation regarding injection-caused dissolution
for a CCS system for the coal-fired power facilities in the Black Warrior Basin in north
central Alabama.

Figure 2 Map of the Black Warrior basin in Alabama showing steam plant
locations(Alabama 2009)

This project serves to give important basic information about the initial step of
CCS, CO2 injection. If basic science related to the injection process is misunderstood, the
well can easily cement up and ruin any prospect for the transport into formation of CO2.
These experiments were designed to allow scientists to better accommodate their
injection process to the soil system into which they are injecting. One of the major issues
presented by the injection process is the acidity of the CO2 saturated solution. When the

CO2 is injected, besides the expansion of the gas, other critical chemical changes occur.
The CO2 immediately begins to dissolve, mix and react with the fluid of the formation.
Dissolution can take the pH as low as 3. Stratification of the solution will occur due to
density changes, but more immediate is the concern of solubility of the formation under
acidic conditions. First, carbonates and oxides will increase solubility, and eventually
silicates. When the concentrated stream is injected into the typically carbonate formation,
dissolution of the formation occurs, seen in the equation below. This process is known as
sanding, and is seen near the well bore where the CO2 is injected. However, as the C 0 2
reacts, the pH will increase toward a value of 4 or 5, as it reaches equilibrium with the
gas, salt water, and carbonate rock. Released ions from the dissolved formation (i.e.
Mg , Ca )
are then transported with the injected solution. Their fate depends heavily on
the solution characteristics, which will change constantly in composition, pH,
temperature, etc., with transport. A major concern is re-precipitation of these ions far
from well bore as the pressure decreases and temperature increases.
C02s^percrirtica:

+ H20 -> HsC03,^ueous

+ (Ca,Mg,Fe)COa - (Caz+.Mg2*,Fez+

) + 2 HCO

The possible magnitude of the impacts of this project is great. With the increased
demand for power globally, and the persistence of coal as an energy source, CCS seems
to be a necessary science for our time. It is a practice that requires an understanding of
carbon dioxide and it characteristics, and how it will impact the subsurface environment
into which it is injected. In these experiments, common industry scale inhibitors were
tested for their effectiveness against mineral dissolution. Over-coming some
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fundamental issues with the reactive nature of carbon dioxide will be necessary, and this
research offers a way to address some of the issues encountered during the initial
injection stage, laying the groundwork for research on the science of acid injection far
from the injection point that aims encourage geologic sequestration of CO2.

Organization of Thesis
Before delving into the kinetics of calcite dissolution, it is important to first lay a
framework as to why this work is important. That is why I will begin by discussing why
we are observing climate change, and why CO2 in particular is such a problem in
encouraging warming. Also, basics of equilibrium chemistry regarding the carbonate
system will be discussed. Then, I will discuss previous experiments conducted on calcite
dissolution, and then how I intend to contribute to the field by testing inhibitors, and how
modeling these results can contribute to intelligent field decisions. Following this
introduction, I will discuss what I did and what it means for preventing calcite dissolution
in an application to carbon storage.

2. Background and Review of Current Literature
Carbon dioxide: a blessing and a curse
The Greenhouse

Effect

Despite the present discussion about carbon dioxide as an emission that should be
monitored carefully, it's warming affect is what has allowed the existence of life on earth
at all. It is the rapid global warming that is perilous, but we rely on carbon dioxide's
"greenhouse" effect. Were there no green house gases present on Earth, the average
surface temperature would be about -18 C, rather than the +15 C seen (Baird and Cann
2008).
Of all the energy the sun provides to the Earth, about 50% is absorbed by water
bodies, surface vegetation, soils, man-made structures, etc. (Baird and Cann 2008). An
additional 20% is absorbed by water droplets in the air and molecular gas. Principal
components of our atmosphere(N2 at - 7 8 % , O2 at -21%, and Ar at - 1 % ) are incapable of
absorbing IR light; however, water vapor and carbon dioxide responsible for
approximately two-thirds and one quarter of the warming, respectively (Seinfeld and
Pandis 2006). The remaining 30% of light is reflected back into outer space by reflective
surfaces, including clouds, atmospheric particles, ice, snow, etc. It is this reflected light
that is captured by atmospheric gases and prevented from escaping. See Figure 3 A
simplified cartoon representation of Earth's energy balance. All surfaces radiate heat,
mostly at wavelengths near 10 |am in the infrared (IR) region of the light spectrum
(Stewart 2009). On average, surfaces radiate 390 W/m ; this is more than the incoming
solar radiation (average of 343 W/m 2 )(Stewart 2009). Without greenhouse gases, this
phenomenon would drive the earth to cool to the aforementioned -18 C mentioned.
6
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Figure 3 A simplified cartoon representation of Earth's energy balance, values are in
Watt/m 2 (Baird and Cann 2008)

A local example of this warming effect can be seen in arid parts of the country.
The general absence of humidity or cloud cover leads to little trapping of emitted IR
radiation at night, while high daily temperatures result from direct absorption of solar
energy by the surface (Baird and Cann 2008). A lack of greenhouse gases, in this case
water, allows dramatic temperature shifts from day to night. However, the presence of
greenhouse gases facilitates a more moderate and pleasant climate.

Why C02?
Once the IR has been emitted by the Earth's surface, some gases will absorb
particular wavelengths of the radiation. After absorption by a gas molecule, the IR photon
may be re-emitted in any direction; or, it may be redistributed as heat among molecules
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that it collides with. This energy, which causes molecular vibration of absorbing gases,
warms the atmosphere to a temperature above freezing.
Greenhouse gases are composed of molecules with three or more atoms that absorb
infrared energy, and not visible light (Stewart 2009). There are four important greenhouse
gases including water vapor, carbon dioxide, methane (CH4), and nitrous oxides (N2O);
several less important gases that include CFCs, HFCs, and O3.
a.)

b.)

Year

Figure 4 a.) Annual global CO2 emissions since the industrial revolution. The black line
represents total emissions from fossil-fuel combustion and cement manufacturing, green
represents the liquid fuel contribution, gray the solids contribution, and dashed the gas
contribution, b.) Historical amounts of CO2 in the atmosphere; insert reveals seasonal
flucturations in CO2 (Baird and Cann 2008).

This warming effect described above is encouraged and hastened by the large
amounts of CO2 released each year by anthropogenic activities, mainly energy production
by fossil fuel combustion. See Figure 4.
CO2 is of great concern because the absorption of light by a molecule occurs most
efficiently when the frequencies of light and on the molecule's vibrations match almost
exactly. CO2 absorbs in its transverse vibrational mode at 15um (Seinfeld and Pandis
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2006). Absorption close to, or within, this range is particularly significant because the
wavelengths from 7 to 13 um are thought of as an atmospheric "window"; aptly named
because nearly 80% of the radiation emitted from the Earth in this region escapes to
space (Seinfeld and Pandis 2006). Many of the non-CC>2 greenhouse gases absorb in this
region. Because of this, relatively small changes in concentrations of these gases can
produce a significant change in the net radiative flux; this is the case with CO2. Though,
there has been some speculation about the possibility of the band saturation effect taking
place here. This idea suggests that of all the wavelengths being emitted by the Earth, once
a certain wavelength has been absorbed by a, or several, gas species, the effect of adding
more of that gas would decrease in significance (Seinfeld and Pandis 2006). This is
relevant to our present situation because CO2 absorbs well at 15um, and that band is close
to saturated. However, this does not mean that we are not having a dramatic impact on
absorption of outgoing radiation by continuing to add C 0 2 into the atmosphere.
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Figure 5 IR leaving the lower atmosphere compared with the theoretical intensity (green
line) that would be expected without the presence of greenhouse gases (Baird and Cann
2008).

To explain why a certain gas molecule absorbs in a certain region of the spectrum
requires quantum chemical calculations; but a simpler understanding is possible. It is the
geometry of the molecule that will determine the wavelength of radiation it will interact
with. For example, the geometry of H2O, O3, and CO2 cause it to interact with radiation
with wavelengths above 400nm (within the IR region); while, O2 and N2 aren't active in
that region (Seinfeld and Pandis 2006). To understand the origin of these specific
interactions, we will look at water as an example molecule. The molecule of water
exhibits an electric dipole moment, in that the center of negative charge is shifted toward
the oxygen nucleus and the center of positive charge is toward the hydrogen nuclei. It is
this dipole moment, characteristic of many molecules, that allows a strong interaction
with electromagnetic radiation. Interaction occurs because the dipole moment exhibited
in the molecule will interact with the electric field of the radiation waves, causing
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accelerations on the electrons and nuclei at one end of the molecule more than the other
end. This will in turn lead to transfer of energy and heating.
Light is most likely to be absorbed by a molecule when the vibrational molecular
frequency is close to the light frequency (Baird and Cann 2008). The simplest form of
vibrational motion in a molecule is the oscillatory motion of two bonded atoms; this is
also known as bond-stretching vibration. See Figure 6. This type of oscillation occurs to
every bond of every molecule all the time, even at a temperature of absolute zero. A
13
typical number of vibration cycles that may occur in a second can be 10 . The exact
frequency of vibrations is determined by the type of atoms involved: identity of the
atoms, and whether it is a single, double, or triple bond. Water and CO2 have similar
dipolar structures and are thus susceptible to this interaction with radiation. However,
and O2, which compose a greater percentage of our atmosphere, are symmetrical and are
not affected by radiation above 400nm (Seinfeld and Pandis 2006). This is because
homonuclear diatomic molecules like O2 and N2 have a dipole moment of zero at all
times in their stretching vibrations.

(a) Bond-sirelching vibration
XTY
X Y

XTY

X-Y

X—Y

(b) Angle-bending vibration

x ' N

/ \

Figure 6 Demonstrations of the two kinds of vibrations within molecules that may lead to
IR absorptive properties (Baird and Cann 2008).

Despite the linearity of the CO2 molecule, it can be bent by interaction with
radiation, leading to an inducible dipole moment. CO2 is also an active active absorber

12
when it undergoes antisymmetric stretching. See Figure 7. It is the vibrations of the
molecules atoms relative to each other that is important in determining if absorption is
possible(Baird and Cann 2008). In fact, the 15um frequency typically absorbed by CO2 is
caused by a transverse vibrational mode within the molecule; 15um is where the Earth
emits most of the IR making CO2 a large contributor to the greenhouse effect (Seinfeld
and Pandis 2006).
Q=C—0
symmetric
scretch

Figure 7 A comparison of symmetic (non-IR absorbing) vs antisymmetric (IR absorbing)
stretching of C 0 2 (Baird and Cann 2008)

CO? Legislation
Waxman Markey/ American Clean Energy and Security Act of2009 (H.R. 2454)
2009 saw an influx of legislation aimed at changing the way the United States
approaches its energy needs and responsibilities. One major piece of legislation was the
American Clean Energy and Security Act of 2009; also known as the Waxman-Markey
Bill after the sponsors: Democrats from California and Massachusetts, respectively. This
bill proposes new requirements concerning clean energy, energy efficiency, reducing
global warming pollution, transitioning to a clean energy economy, and providing for
agriculture and forestry related offsets. Though not law yet, this bill was introduced on
May 15th, 2009, and passed through the House of Representatives on June 26 th , 2009 by a
close 219 yes to 212 no vote count, with 3 not voting (2009). Before becoming law, it has
yet to pass through the senate and be signed by the President. Currently, the bill has been

placed on the Senate's Legislative Calendar but it is unclear when the vote will take place
(2009).
The purpose of this bill is to create clean energy jobs, strive for energy
independence, reduce climate change pollutants, and transition towards an economy
based on clean technology. Some of the quantitative goals outlined in the bill include (1)
creating a combined energy efficiency and renewable electricity standard, and requiring
electricity suppliers to meet 20% of their demand through renewable electricity and
electricity savings by 2020; (2) setting a goal of, and requiring a strategic plan for,
improving overall U.S. energy productivity by at least 2.5% per year by 2012 and
maintaining that improvement rate through 2030; and (3) establishing a cap-and-trade
system for greenhouse gas emissions and setting goals for reducing these emissions from
covered point sources by 83% of 2005 levels by 2050 (2009).
But in addition to these requirements for increased energy production and
efficiency, there is a significant section requiring the expanded development of CCS
technology, found in various sections in Title 1 (Clean Energy), Subtitle B (Carbon
Capture and Sequestration). Outlined specifically are requirements of reports to Congress
on a unified and comprehensive strategy to address the key legal and regulatory obstacles
to the commercial-scale deployment of carbon capture and sequestration. To address the
non-systematic way in which sequestration is currently approached, new requirements
will (1) establish a coordinated approach to certifying and permitting geologic
sequestration; (2) develop regulations, within two years, to protect human health and the
environment by minimizing the risk of escape to the atmosphere of carbon dioxide
injected for purposes of geologic sequestration; (3) report to the House and the Senate
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every three years on geologic sequestration in the United States and in North America
(2009). The framework proposed by this legislation would encourage advancement of
sequestration technologies, while giving a solid foundation to creating a well informed
and sustainable approach to CCS.
In addition to laying these guidelines about how CCS should be run/regulated
legislatively, the controversial "cap and trade" concept is introduced to demonstrate the
need for sequestration. Section 115 of Title 1 (Clean Energy), Subtitle B (Carbon Capture
and Sequestration) outlines an amendment to the Clean Air Act to require the EPA to
issue regulations providing for the distribution of emission allowances (established by
this Act) that are allocated to support the commercial deployment of carbon capture and
sequestration technologies in electric power generation and industrial operations. This
legislation would define eligibility criteria for facilities to receive allowances based on
the number of tons of carbon dioxide sequestered(2009).
The Waxman-Markey bill aims to generate a sweeping overhaul of the direction of
US resource usage and responsibility in an effort to live more efficiently and combat
climate change. It includes details of CCS and carbon credit trading that many feel we are
not ready for, or would want to economically justify.

Energy and Natural Resources Committee bill (S. 1462)
Many in the House and Senate feel that the language of the Waxman Markey bill is
too strong. The New York Times reports how some lawmakers propose passing another
less strict bill, claiming it takes smaller more attainable and agreeable strides in the right
direction: the (Samuelsohn 2010). And though President Obama has been pushing for a
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comprehensive overhaul to the energy sector throughout his campaign and presidency, it
is reported he may have to compromise and adopt a less rigorous overhaul (Samuelsohn
2010). Some, namely Rep. Richard "Dick" Swett (D-N.H.), feel that the United States
should tackle the issue of energy dependence "without having to do cap and trade and
other aspects with environmental controls that are going to have negative impacts on our
economy." The Energy and Natural Resources Committee bill may help address issues
like these.
Similar to the Waxman Markey bill, some of the proposed legislation in this
Energy and Natural Resources Committee bill includes establishing a nationwide
renewable electricity standard, along with numerous other energy incentives, and even a
condition that would encourage oil and gas rig product recovery off Florida's Gulf Coast.
Firstly, this legislation would establish: (1) the Clean Energy Investment Fund as a
revolving fund to encourage development of clean energy technology; (2) the Clean
Energy Deployment Administration within the Department of Energy (DOE) to provide
financial support for deploying clean energy technologies; (3) the National Commission
on Nuclear Waste to study waste management, disposal, storage, and chemical
reprocessing issues of spent nuclear fuel and high-level radioactive waste; (4) a Working
Group on Energy Markets; and (5) a standard that increasingly requires utilities to obtain
electricity that they sell to consumers from renewable energy or cut consumption by
energy efficiency modifications (2009).
But, in addition to finding cleaner sources of energy, this bill has many
requirements for DOE that encourage limited energy credits and various studies on water
and energy usage, and the feasibility of carbon capture and sequestration. This
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legislation would require DOE to: (1) establish a renewable energy credit trading
program and an energy efficiency credit trading program, and to comply with such
standards, utilities would submit credits; (2) conduct various studies and programs
concerning clean energy, water use and energy savings, and energy efficiency in vehicles;
(3) support manufacturers' use of clean energy and energy efficiency measures, including
implementing the State Partnership Industrial Energy Efficiency Revolving Loan
Program and a sustainable manufacturing initiative; (4) implement a program to
demonstrate the commercial application of integrated systems for the capture, injection,
monitoring, and storage of carbon dioxide from industrial sources; (5) support programs
to expand the domestic production of low-Btu gas and helium resources; (6) conduct a
marine-based energy device verification program; (7) implement a grant program to
develop and evaluate marine and hydrokinetic renewable energy; and (8) establish a task
force to report on climate change in China and India.
So the Energy and Resources Committee bill would also advocate a change to US
energy policy, but does not include cap and trade legislation. It still advocates more
efficient energy usage standards, and even carbon capture, but isn't as comprehensive as
Waxman-Markey. It is likely one of these bills will be passed in the near future and this
would expand the growing market for carbon injection research.

Current Review of Projects with CCS
As the interest in the field is growing, there are many projects planned and
numerous already underway. This section will give a brief discussion of some current
projects that employ CCS, or more specifically carbon storage.
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Sleipner West (North Sea)
It is appropriate to start with the first true carbon capture and sequestration
project. Started in 1996, it was the first commercial carbon capture project. Lead by
Statoil ASA, the project was initiated to evade Norwegian taxes on offshore CO2
emissions. The site is an offshore drilling rig that pumps natural gas from the North Sea.
After it has reached the surface, the CO2 is removed from the natural gas using the robust
amine scrubbing technology; the product has a naturally high level of CO2 of 9% which
is removed before shipping the product to an onshore customer (2010). With the capture
system in place, they actually receive CO2 credit in addition to avoiding the tax. Their
injection rate is lMt/yr and thus far, they have stored 8-9 MT of C 0 2 (2010).
The formation into which they are injecting contains porous rock and sand
saturated with salt water; formally called the Utsira formation. The Utsira formation is
an ideal location for injection because of an 800 meter thick rock formation, that serves
as a permanent cap, located over the formation (2010).

Figure 8 Sleipner Vest site located in the North Sea(2010)
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Figure 9 Map of Sleipner site located in the North Sea (Statoil 2010)

W. A. Parish Electric Generating Station (Thompsons, TX)
Closer to home is the Parish Power Plant, located just outside Houston. Announced
March 10th, 2010, NRG received $154 Million from DOE to fund this project; NRG will
match with their own equal investment. Funding is being provided as part of DOE's
Clean Coal Power Initiative, which aims to hasten the advancement of coal technologies
for commercial application, to ensure the energy security of the United States. The plant
aims to be fully operational by 2013 generating 60 MW, and capturing up to 0.5 mt/yr
CO2. Located southwest of Houston, this plant is one of the worst CO2 polluters;
however, this retrofitting will decrease the emission of CO2 by 90%. Injected CO2 will be
used to enhance recovery in the numerous Texas Gulf Coast oilfields. The removal of
CO2 will also facilitate removal of three other of the EPA's criteria pollutants, including
NO x , SOx, particulate matter, and mercury.
This project seems particularly interesting because it will employ so many new
techniques and technologies in the field of CCS. Capture of CO2 will be post-combustion,
and will employ a new capture technology: Fluor Corp's Econamine FG Plus.
Additionally, this new system will trial a supersonic carbon dioxide compression system
(Ramgen). DOE expects this project to demonstrate that post-combustion carbon capture
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can be economically applied to existing plants, especially when there are nearby oil
fields(2010).

Figure 10 Photo of Parish Power Plant near Houston to be retrofitted with CCS
technology (2010)

Figure 11 Location of Parish Plant in relation to Houston
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GreenGen (Tianjin, China)
This project will be very large when completed, though currently it is in stage
one. Three quarters of China's generated electricity is by coal, so achieving successful
CCS has great potential for application. The plan for completion and implementation
expects the project fully up and operational by 2020.

Table 1 Details regarding Tianjin's GreenGen plant development (adapted from (2010))
Stage

1
2
3

Date
Expected

Gasification

IGCC

2005-2010
2010-2015
2015-2020

2000 t/d
3000 t/d
3000 t/d

250 MW
400 MW
400 MW
GreenGen
Demonstration

Action
Hydrogen
production
X
X
X

C02 separation for
capture
Pilot scale
at 100 MW scale
full scale C02
capture

This project is part of the High Tech Research and Development Program of China. The
Chinese government has provided $46M, and industry has provided $3.3B for the fund
supporting this project (National 863 Program). In preparation for this project, a dry
pulverized coal pressure gasification plant was built at the Xi'an Thermal Power
Research Institute to test the technology that will be used in the GreenGen project. When
fully operational, the 400MW IGCC GreenGen power plant will be operating with
between 55 - 60% efficiency, while separating 80% C 0 2 generated for storage. This
project promises to lay a foundation for others in the Chinese energy sector to follow.
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Projects planned and already

underway

Only a few CCS projects have been discussed here in detail, but there are many
others not mentioned. With the increased legislation expanding taxes for carbon
emissions, countries all around the world are implementing CCS projects. The map
shown below in Figure 12 from the Scottish Centre for Carbon Storage demonstrates
locations of large scale projects (i.e. injection of greater than 0.7M tonnes C 0 2 per year).
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Figure 12 A map of the Earth demonstrating the location of large scale projects
(Geosciences)
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Basics of Calcite Equilibrium
The dissolution of calcite is a well studied topic. The basic equilibrium values and
dissociation constants are also well known. Before beginning to look at kinetic issues
with dissolution, it is important to understand carbonate equilibria.

Equilibria of a closed system with no solid
A closed system is defined as one that is defined as being closed off from the
atmosphere. This concept is particularly important when discussing carbonate equilibria
because there is a contribution to the system of CO2 from the atmosphere. The widely
accepted partial pressure of CO2 in the atmosphere is 10"3 5 atm is ignored in calculations
involving a closed system. Seen in Figure 13, depiction a.) demonstrates a systems where
volatile substances can be exchanged between the gas and liquid phase, but the system is
still closed. Picture b.) is a system that is closed with no exchange between aqueous
solution and atmosphere. Picture c.) is an open system where there is exchange with the
environment. This is the most common system encountered in aquatic chemistry,
representing an open system where atmospheric gases are interacting with the aqueous
system. Picture d.) shows an aquatic system completely isolated from any exchange of
energy or atmospheric interaction.
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Figure 13 Schematic representing different open and closed systems (Stumm and Morgan
1996)

To gain an understanding of carbonate equilibrium, it will be easy to look at
equilibrium calculations involving a simple aqueous system. To calculate the
concentrations of the species in the system, a series of equations can be easily generated,
which will demonstrate the interdependence of the species. A simple carbonate system
would include water and carbonate, but species in the system would include CO2, H2CO3,
HCO3", CO32", OH", and H + . To calculate concentrations of these species will require as
many equations as unknowns: six. The equations governing this system at equilibrium are
the ionization constants of the protonated carbonate species and two equations
demonstrating the concentration and electroneutrality/proton condition. To add one
simplification, it is common to consider the aqueous carbon dioxide as one species,
whether hydrated or not. By making this simplification, the number of equations needed
is reduced to five.
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[H2C03*] = [C02aq] + [H2C03]

As mentioned previously, the equilibrium constants are used to generate these reactions
[H22C033*]j =L[H J ] +
]
L [HCO:
3J

[H+][HCCX]
-—2CO*]
[H

lHCO~]
3 = [H>[CO"]

[H+][CCt]
„
— = K2 2
[HCO,]

+

Kw=[H+][OH

„
=1 Kx

]

Carbonic acid dissociation constants are well known for Ki and K2 to be 10"6 5 and 10"
10 33

, respectively.
Another equation can be generated using the concentration condition:

CT = [H2CO*] + [HCO;] + [CO1']

In order to solve these equations, it is best to convert them into similar form. By making
substitutions, they can be converted as to all be a function of pH and CO3

v

A]

is v

A.jA-2
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Now that we can express each of the components as a function just of equilibrium
+
2
• •
•
constants, [H ], and [CO3 "], substitutions can be made into the other generated equations.

C r =[C0 3 2 "]
V

K K

K

\ 2

2 J

The free carbonate term can be factored out and the remaining term can be referred to as
the hydrolysis term (hyd CO3). This term is only a function of pH and represents the
portion that interacts with the water.
The other equation required is a charge balance equation:

[H+] = [HCO3 ] + 2 [C032-] + [<OH']

Again, substitutions can be made into this equation similarly to above:

/
+2 +

[H+] = [co23-]
v K2

^ N
[ H

+

]

[jn

v Kw j

At this point we have only one equation and one unknown, pH.
This type of calculation is important because it will allow one to determine the
amount of free carbonate in a system at any pH. This amount of free carbonate in a
system can be used effectively in precipitation reactions when applied with the Ksp
value. As shown above,
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[C032"]=

c

hydCO3

Equilibrium of an open system with a solid
The method to solve this problem would remain the same as demonstrated in the
previous section. However, with a solid, the K sp value of the solid can be used. For
example, commonly, and in the case of this research, calcite may be the solid of interest.
K sp is the solubility product of the mineral of interest.

Kca,ale

=[Ca2+][C<932"] = l(r 8 3

Above, the concentration of free carbonate is shown how to be found. By a simple
manipulation of the K sp , the amount of Ca needed to form calcite under that condition of
the problem can be determined. All of the other species concentrations at equilibrium are
determined using their equilibrium constants and a given pH.
The addition of a gas phase only requires the use of one equation in order to insert
it into the problem successfully. That is Henry's Law:

Or, in the case of the carbonate system:

K„

[H2C03]
1

co2
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One can either start the problem with this information and find the concentration of
H2CO3 resulting from a certain partial pressure; or, knowing other values, can determine
the concentration of H2CO3, and then the partial pressure of gas that would be in
equilibrium.

How these problems are solved in research
Using substitution into equilibrium equations can be a tedious method to solve
calculational problems associated with aquatic systems. Many professionals in the field
use software that computes these equilibrium species distributions automatically. This
research made use of Visual Minteq and ScaleSofit Pitzer ™ V 12.1.
Visual Minteq is a freely downloadable software program released by the EPA, and
constantly being updated, that specializes in calculating aquatic equilibria. The software
accepts problem in put and information using a component system. It then uses the
tableaux generated from the component input and solves the required number of
equations simultaneously using matrix methods. It allows for activity and temperature
corrections as well. This software has many functions but is particularly useful when
performing tedious calculations for aquatic systems.
ScaleSoft Pitzer ™ V 12.1 is a similar software program maintained by the Brine
Chemistry Consortium at Rice. It specializes in equilibria calculations in very saline
conditions, and at unusually high temperature and pressure conditions. Mainly, it is used
for application in the oil industry, but proves very valuable in calculations such as these.
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Throughout this research, these equilibrium calculation tools were used to check
starting pHs, and verify CO2 saturation of the reaction vessel, among other verifications.

Experimental Dissolution of Calcite
Dissolution of calcite is well studied. It is an interesting system to study because it
is affected by many factors, including Pco2, pH, temperature and presence of a solid. If a
carbonate solid is present, the system involves three phases in equilibrium. Some of the
most classic experiments conducted on this topic are by Plummer et al. A few of their
findings are presented here. When looking at this problem, there are commonly thought
to be three contributing reactions to the dissolution of calcite:

CaCO, + H+ -> Ca2+ + HCO:
CaCO 3 + H2C03 ->Ca2+ + 2HCO ~
CaCO3 + H20

Ca2+ + HCO: + OH~

From these equations, the rate of dissolution or precipitation may be given by the
following equation. The overall rate is determined by the difference in forward and
backward rates (Plummer, Wigley et al. 1978).

R = kx[H+} + k2[H2C03} + k3[H20] -

k,[Ca2+][HCO-}

Or just the rate of forward dissolution can be described:
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Rf = kl[H+)+ k2[H2C03] + k3[H20]

In the previous equations, the rate is in units of mmol/sec*cm 2 . It should be noted all
reaction rate constants are temperature dependent, and can be adjusted by use of the
following equations(Plummer, Wigley et al. 1978). All temperatures for the reaction rate
adjustment should be in K. Note the added complex dependence of 1<4.

log

kx

= 0.198 - 444

IT

log k2 =2.84-2177/2"
log k3 = - 5 . 8 6 - 3 1 7 / r For T < 2 5 ° C
log k3 = 1.10 - 1737 / r For T>25 ° C
logk 4 - -7.56 + 0.016 T - 0.64 logP c02

As mentioned, there are many factors that affect the dissolution rate of calcite. It
is affected by temperature, as shown above, Pco2, and pH. The data presented below from
Plummer et al. demonstrates the dependence of Pco2 on the dissolution rate.
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Figure 14 A comparison of how dissolution rate is affected by pH at various
Pco2(Plummer, Wigley et al. 1978)

Table 2 Which factors affect calcite dissolution the most at which pH
pH range
Low
Intermediate
High

Controls the forward dissolution rate
Very little dependence on PCo2, rate proportional to bulk fluid activity of H~r
Rate dependent on Pco2, rates generally slow
Rate independent of both bulk fluid H (solution pH), and PCo2

One can determine where each reaction from the overall dissolution rate equation is
dominant. To do this, one can find where each individual term is balanced by the other
two terms. Figure 15 Demonstrates predominance of the reactions, which type is
dominant under what affecting conditions(Plummer, Wigley et al. 1978).results. The lines
represent locations where the forward rate is contributed to equally by more than one
species.
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Figure 15 Demonstrates predominance of the reactions, which type is dominant under
what affecting conditions(Plummer, Wigley et al. 1978).

Table 3 Which reaction drives dissolution at various pHs
Reaction rate
kt
k2
k3

Condition under which this term is dominant
Up to pH= 4.5 and 5.5
At intermediate pHs, and PCo2> -0.01 atm
pH>5.5 and lower PCo2

Even long before the comprehensive work by Plummer et al., there was work
published in 1933 by King and Liu. They studied the kinetics of dissolution of calcite in
an acidic environment, relevant to this work. Their findings include the temperature
dependence of dissolution, and that the rate was a function of the strength of acid used
and stirring speed of the reaction container. Also, that the dissolution rate was inversely
proportional to viscosity.
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Dissolution of a mineral can be either surface controlled or transport controlled. If
the reaction is surface controlled, that means it is slower than other processes involved in
the reaction, such as diffusive transport of the reactants, is fast. However, if the reaction
is transport controlled, the solution may be stagnant and the mineral interface may be
reacting more quickly than reactant can arrive and drive the reaction. The reaction rates
in the two scenarios are given by the following equations:

R =

^ L = kA
dt

(Surface Controlled)

9

1

9

Where k is the reaction rate constant in Mm" s" , and A is surface area in m .

r l C

R=z^L
dt

- -

=

jct 2

(Transport Controlled)

Where k is the reaction rate constant in M s" , and t is in seconds.
For calcite, both of these rate limiting situations can occur (2008). The rate limiting
step will be pH dependent. See
Figure 16. At lower pHs, the dissolution is fast enough that the system is transport
controlled, not surface controlled. When the reaction is fast, the solution around the
dissolving calcite will approach equilibrium concentrations, and remain distinctly
different than that of the bulk solution. But, at moderate to higher pHs, the system
becomes surface controlled because the reaction slows. At this time, the system is no
longer transport controlled and the solution concentrations equal the concentrations in
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solution around the dissolving calcite; these concentrations are less than equilibrium and
therefore dissolution in this region is more dependent on the solution chemistry (2008).
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Figure 16 A compilation of calcite dissolution data at various CO2 partial pressures
(2008).

Furthermore, reaction rates of the system will vary widely depending on where the
system is in regard to equilibrium conditions. As the system approaches equilibrium, the
rate of reaction will decrease significantly. Or in other words, as the acid is consumed by
the dissolution reaction, there is less driving force causing dissolution, and this will affect
the kinetics greatly.
One important consideration when viewing the overall dissolution rate is the
importance of surface charge on the mineral. The degree of surface charge will affect the
polarization of the lattice bonds on the surface of the dissolving mineral (Stumm and
Morgan 1996). Generally, the dissolution rate will be highly related to the surface charge
imparted by H + and/or OH", causing increased surface charge, and therefore dissolution
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rate, at each pH extreme. Lowest dissolution rates are observed at/near the pH pzc (Stumm
and Morgan 1996).

Table 4 Correlation between surface charge and dissolution rate.
Condition
Increasing positive surface charge or
decreasing pH
Increasing negative surface charge or
increasing pH

Impact on Dissolution rate
Increase
Increase

Prospects for use of Scale Inhibitors

Application of scale inhibitors in the medical field
The dissolution of calcium containing minerals is problematic in several fields of
study. It has been long studied that scale inhibitors may be effective and necessary in the
medical field for prevention of bone resorption as experienced by postmenopausal
women (osteoporosis). Bisphosphonates were studied in the early 1990s to determine the
effectiveness against bone loss, due to their high affinity for calcium phosphate. This
high affinity to calcium phosphate has been proven to stop the re-sorption of bone caused
by hormonal changes, but also prevents bone growth (Fleisch 1997). It is also suggested
that it may be possible to create a variety of bisphosphonates with distinct
physicochemical, pharmacological, and toxicological characteristics by simply
substituting hydrogen on the carbon atoms of the inhibitor. Since this discovery,
bisphosphonates and other "scale inhibitors" have become an important part of the
treatment and prevention of osteoporosis.
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Inhibitors in the Oilfield
Scale inhibitors are used commonly in the oilfield to prevent solidification of
product transfer pipes. However, they may have a new application with regard to CCS.
Typically they are used to prevent scale formation, but this research tests them as a way
to prevent dissolution of calcite (typically seen type of scale in the oilfield) downhole in
the formation; that is, they will be used to preserve the "scale" formation from dissolution
under acidic conditions. As mentioned in the medical field, scale inhibitors, regardless of
their exact identity, operate by binding strongly to mineral formations such as calcite or
hydroxyapatite (bone).
Gratz et al. looked at the atomic scale dissolution of calcite, and as published in
Science found in 1991 that calcite surface dissolution was only observed at steps and not
terraces in the mineral face (Gratz, Manne et al. 1991). Dissolution occurred by removal
of calcite molecules from pre-existing steps. Similarly, these authors observed that
growth of calcite crystals is also observed when CaCC>3 monolayers are deposited onto
the surface at these mineral surface ledges. This is significant because the processes
involved crystal growth and dissolution are strikingly similar. It is this phenomenon
which we hope to take advantage of in the use of scale inhibitors. These images can be
compared to images presented later in this thesis of the actual calcite used in these
experiments, from before and after dissolution.
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Figure 17 Images of calcite in various stages of dissolution showing step retreat and
pitting (2008)

Phosphonate

Inhibitors

Because of the extensive use of inhibitors by my colleagues conducting research
for the Brine Chemistry Consortium, there are nearly endless choices of inhibitors to try.
As mentioned previously, phosphonate molecules have a great affinity for calcium and
are therefore effective inhibitors. Despite the variety, some common inhibitors will be
tried first. These include, diethylenetriamine penta(methylene phosphonic acid)
(DTPMP), nitrilotris(methylenephosphonic acid) NTMP, and bis-hexamethylenetriamine
penta(methylene phosphonic acid) (BHPMP). Just a phosphate compound will be tested
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as well, NaF^PO^ for comparison purposes, though phosphate is not an inhibitor itself.
Phosphonate inhibitors are used in the oilfield scale prevention for calcite and barite scale
formation. Additionally, for use in Europe, it will be necessary to test polymer based
inhibitors that do not contain phosphate in their molecular structure. These alternative
inhibitors may become more important if concern regarding eutrophication increases.
Obvious options will include polyphosphinocarboxylic acid (PPCA) and an organic acid
such as maleic acid.

Figure 18 Structure of DTMPM, a common phosphonate scale inhibitor.
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Figure 19 Structure of NTMP, another common phosphonate scale inhibitor
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The mechanism of compounds such as these as inhibitors is that at increased pH,
the phosphonates become de-protonated and negatively charged. This anionic portion of
the molecule will have a high electrostatic attraction to the cationic Ca 2+ located on the
outer layer of the CaCC>3 mineral. Interaction that follows will occupy surface sites and
prevent dissolution/precipitation. The adsorption of these inhibitors is driven by
complexation of Ca and the phosphonate containing inhibitor (Tomson, Fu et al. 2003).
Sjoberg and Rickard suggest that Sc, Cu and PO4 are also strong inhibitors of dissolution
(Sjoberg and Rickard 1984).

Surfactant

Inhibitors

Surfactants are used throughout industry, including oil production. There are three
types of surfactants used in industry: cationic (positively charged), anionic (negatively
charged) and non-ionic. So far, one of each of these was chosen for experimentation in
this project. The Gibbs equation predicts that a substance will adsorb to a surface if it
reduces the interfacial tension, or is energetically advantageous(Stumm and Morgan
1996). Surface active substances adsorb well because they reduce the interfacial tension;
examples include long chain fatty acids, detergents, and surfactants.
A surfactant can be chosen effectively by knowing how the solution conditions
affect the substance of interest. In this case, a surfactant could coat and effectively
prevent dissolution of calcite. In order to know which type of surfactant should be
chosen, it is necessary to know the pH pzc of the substance. The pzc is the point of zero
charge and is the pH at which the species is neutral. It is important to know how the
surface is charged to know the types of interactions to expect in solution. Calcite has a
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well documented pH pzc of approximately 8. This means that a solution below the pzc
would facilitate a surface charge that is positive. In order to ensure sorption of the
surfactant to the calcite surface, an anionic surfactant should then be chosen. However,
the other types of surfactants were chosen as well for comparison purposes.
The inhibitors tested in this research were:
1. SDBS (sodium dodecylbenzene sulfonate)

O
01

Figure 20 The cationic surfactant SDBS.

Because the surface of the calcite at experimental pH of 4.6 has a positive charge, it may
be assumed that electrostatic repulsion may keep a cationic surfactant from adsorbing
well to the surface.

2. TTAB (tetradodecylammonium bromide)

Figure 21 Anionic surfactant TTAB

Next, a anionic surfactant was chosen. It can be assumed that poor interaction will be
observed because both species will be negatively charged, resulting in a repulsion.
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3. Polysorbate 20

Figure 22 Non-ionic surfactant Tween 20.

This surfactant is commonly known as polysorbate 20. It is commonly used in
industry as a surfactant and emulsifier because of its low toxicity. It is so safe it is used in
food products. A non-ionic interaction could be assumed to be only from van der Waals
interaction, not a strong electrostatic repulsion or attraction. These interaction forces are
small compared to covalent bonds or electrostatic interactions, but they are still an
attractive force. It is based upon the idea that neutral molecules are actually systems of
oscillating charges; these synchronized dipoles can attract each other (Stumm and
Morgan 1996).

Application of Inhibitors toward

dissolution

Typically, the rate determining step in the dissolution process is at the mineral
surface. Due to this fact, small amounts of additives (inhibitors) to the system may alter
the rate of crystal growth or dissolution. The retarding effect seen on the crystal may be
explained by a stearic obstruction of the participating lattice ions (Stumm and Morgan
1996). In this case, it would be seen that the amount of retardation would be a function of
the amount of additive adsorbed to the mineral surface. This is commonly observed when
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trace concentrations of organic matter or orthophosphates are added, and act as "crystal
poisons" toward the growth or nucleation of calcite mineral formations. It is understood
that the inhibition results from a capping at the active growth sites known as kinks,
preventing the activity along the mononuclear steps on the crystalline surface (Stumm
and Morgan 1996). Kinks are surface features on minerals that have excess surface
energy and are preferred sites of chemisorptions of inhibitors. Once they have been
adsorbed to, and thus immobilized, dissolution is effectively retarded.
H

;H

Figure 23 Prominent features of crystal morphology involved in crystal growth and
dissolution (Stumm and Morgan 1996)

If a substance is added to the system that blocks the active surface sites, or prevents the
approach of dissolution promoting H + , OH", ligands, or reductants to the active surface
sites, dissolution is thus inhibited effectively (Stumm and Morgan 1996). It has been
commonly noted that even a very small concentration of inhibitor solution may
effectively prevent dissolution, because it may be adequately covering the kinks and
ledges where dissolution may occur.
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With regard to metals, it is common to require a surface coating to prevent
corrosion. This process is known as passivation and involved the placement of an oxide
layer over the metal's surface to make it passive to further oxidation. This is a similar
concept as for prevention of dissolution (Stumm and Morgan 1996). There are several
main methods of inhibiting dissolution. Surface complexation reactions can cause
blockage of surface groups; or, surface groups may be blocked by hydrophobic entities.
See Figure 24.
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Figure 24 Demonstrations of surface alterations that may lead to a hindrance or
advancement of dissolution (Stumm and Morgan 1996)

3. Materials and Methods
1 M sodium chloride solution
Ionic strength of the solution was not a variable at this point in the life of the
project, but may be in the future. Current experiments were conducted with an ionic
strength of 1M. Though these conditions are quite saline, injection of CO2 will encounter
saline conditions, probably more saline than this. ScaleSoft Pitzer ™ V 12.1 and Visual
Minteq (once set to SIT activity correction method) are both capable of handling
concentration variations resulting from activity coefficient adjustments required when
working with an aqueous solution that contains 1 M ionic strength.
The experimental solution was made by adding the appropriate amount of NaCl
solid (Sigma Aldrich ACS reagent, >99.0%) to deionized water. The deionized water
used throughout this research was produced from Rice tap water that has been treated by
a reverse osmosis membrane, followed by four Barnstead column filters, including a high
capacity cation/anion exchange column, two ultrapure ion exchange columns, and an
organics removal column.
When working with a kinetics experiment, it is often helpful to be closer to
solution equilibrium to slow the reaction rate; as mentioned in the previous section the
reaction will be faster the farther from equilibrium because of increased driving force. To
slow the reaction and encourage inhibitor adsorption, ImM CaCl and 2mM NaHC03
were also added- though the solution will continue to be called just 1 M NaCl.
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CO2 Saturation
In order to emulate the field conditions of CO2 injection adequately, the 1 M NaCl
was sparged continuously with 100% CO2 (UNI013). The gas was provided by Matheson
Tri Gas. A gas flow regulator (Victor Equipment Company) was used to control the rate
of release.
Once the gas flowed out of the cylinder, it was bubbled into a glass jar containing
de-ionized water. This serves to saturate the gas and lessen the effects of evaporation on
the experimental solution into which it is subsequently bubbled. It was bubbled in the
reaction solution by a sparging stone. This stone was washed between experiments with
10% HC1 and DI was blown out through the stone pores to ensure removal of any
carbonate solids that may have formed from the solution constituents.

Figure 25 Gas pre-saturation system
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Temperature
The temperature of the reaction chamber was not controlled. These experiments
are a broad look at inhibition, and specific variables are not are important yet. In order to
accurately calculate equilibrium speciation, the temperature was taken during
experimentation and recorded; the value was 23.3 C. Though temperature was not a
variable in this experiment, it may be in the future being that injection site downhole
conditions are typically around 70 C.

Stirring the reaction solution
In order to assure the reactions were surface limited and not transfer limited, a
nylon stir bar and Fisher Stirrer were used throughout the course of each experiment. The
stir rate was set at 6 out of 10 for each experiment to ensure the calcite was stirred
constantly. Between each experiment, the stir bar was rinsed with 10% HC1 and then DI
water.

Figure 26 Stirred glass jar in which the reactions were run.

pH monitoring/recording
The pH was monitored throughout the course of each experiment with an OrionResearch combination glass-reference electrode calibrated to pH 4, 7, and 10 standards
from Fisher-Scientific. The internal reference solution was maintained at the full level.
The apparatus was designed to keep the electrode out of the reaction vessel, which
prevents flying water droplets resulting from vigorous stirred from getting up into the
hole at the top of the electrode that ought to be maintained open.
Meter View software was used to record the pH during the course of each
experiment. This was accomplished by a connector from the Fisher Scientific accumet
model 15 pH meter, into a Radio Shack digital multimeter that was set to read in mV.
When purchased, the multimeter was accompanied with a software called 22-812 Meter
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View 1.0. A PC was set-up on the lab bench and attached to this system. The file was
saved as a MeterView file, and was transferred into excel. pH readings were taken at 30
second increments throughout each experiment.

Figure 27 pH monitoring system with multimeter

Calcite
Iceland spar was chosen as the form of calcite for experimental use. The sample
used came from Creel, Chihuahua, Mexico. The arid environment of the Chihuahuan
desert is known for the subterranean strata of caliche/calcite. The sample taken in 2002
was ground to between 600 and 850 um grains. It was also washed with ImM acetic acid,
rinsed with DI water, and oven dried. This washing process removes any ultrafine
particles that may have been with the soil sample and may alter the calculated reactive
mineral surface area. The image in Figure 28 was provided by Q Imaging microscope,
Micro Publisher 3.3 RTV located on Rice campus, and demonstrates the blocky
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crystalline structure of the Iceland Spar used in these experiments. This larger size of
calcite was chosen for these experiments because dissolution rate is positively correlated
with surface area. A smaller grain size of calcite would have very large surface area and
dissolution would be much faster and more difficult to measure. Larger grains allow lab
experiments to reasonably measure kinetics involved in the dissolution process.

Figure 28 Image of Iceland spar used in experiments viewed at 11.4 times magnification,
grains ranging in size from 600 to 850 um.

Figure 29 SEM image of Iceland spar showing scale
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Inhibitors
Due to my research groups extensive ties to scale research through the Brine
Chemistry Consortium, there are many inhibitors to try. Though only starting with some
basic ones in this research, many more are available and will be tried in the future. Table
5 describes the inhibitors tested so far and some background information on each. As
previously mentioned, both surfactants and phosphonate inhibitors are suggested to
inhibit.

Table 5 Inhibitors tested in this research
Inhibitor
Type
DTMPM

Dequest

Identification
Number
2060S

NTMP

Dequest

2000

NaH 2 P0 4

EM

Tween 20

Sigma Aldrich

SDBS

Acros
Organics
Acros
Organics

TTAB

Company

Tween 20

Notes
Thick brown solution,
stored in HC1 solution
Clear liquid, water-like
viscosity
White, large crystals,
like small ice chips
Very viscous liquid,
yellow appearance
White powder, like
powdered milk
Small, white, crystalline
substance- like
powdered sugar

Molecular
Weight
573
299
137.99
1228
348.48
336.39

Experiments
During each experiment, the solution containing 1 M NaCl and the appropriate
inhibitor, if one was used, was brought to approximate equilibrium conditions, i.e. pH. As
the CO2 was sparged continuously into the solution, pH was monitored using the Orion
Combination Electrode until the pH of the solution was approximately that expected
according to Visual Minteq and ScaleSofit Pitzer ™ software.
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Once it was determined the solution was at equilibrium, the solid calcite was
added. Meter View began recording at that time. The results recorded in mV were
transferred into excel and translated into pH using a standard curve taken in mV with the
Fisher buffers.

Desorption experiment
One experiment was conducted differently than the others. This was a study of the
dissolution of calcite after it had already been coated with surfactant. Once the Tween 20
experiment had been conducted and the calcite had been coated with surfactant, the solid
was retained. A vaccum filtration system was used to capture and dry the calcite. Once
dried, the particles were placed into the reaction jar with fresh 1 M NaCl, that was called
time zero. Dissolution was observed again by tracking the pH.

4. Results and Discussion
Modeled Results
The concentration of calcium in the solution resulting from the dissolution reaction can
be modeled based upon the charge balance equation:

2 [Ca2+] + [H+] = [.HCO,] + 2 [CO$~] +

[OH]

Assuming the partial pressure of CO2 is constant, and making appropriate substitutions:
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2 + ] =

W c o ,
+

[H ]

1+

2K 2
7

[H ],

+•

+

[H ]

-[H+]

At 1M NaCl it is necessary to use activity coefficients instead of concentration. All
bracketed species are in units of activity. ScaleSoft Pitzer™ was used to verify that the
activity coefficients remain constant. The table below demonstrates that less than 1%
error will be associated with the changing activity coefficients under various ionic
strength changes.

Table 6 Activity coefficient values at various ionic strength solutions, verifying the
assuming of constant activity coefficients
Concentration
Just C0 2 +
NaCl
0.001 M
Ca(HC0 3 ) 2
0.01 M
Ca(HC0 3 ) 2

a
Kx

=

H2O
0.966

H
0.877

OH
0.609

Ca
0.221

HCO 3
0.548

co3
0.101

C0 2 , a.
1.156

0.966

0.867

0.608

0.221

0.549

0.100

1.151

0.966

0.867

0.599

0.223

0.558

0.096

1.161

H+ HCO,

a H2C03 ,aq
a H2C03 ,aq

K

h

=

yC0 2
rp
coJg

a H+ HCOl
KHPcoJ?2

1

0

]

KHPCOJ™2

iCO,

'• aH2CO,.aq ~ ^ H^CO-Ji

Substituting back into the charge balance equation:
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2-2 [Ca2+] + [H+] = [HCO~ ] + 2 [COz3~] + [OH~]
2 [Ca2+]

IQ-PH

+

K

- V
K

W

= a

H+

a

K

P

V

C

°

10 ~ pH'yHCOl

-

2

+ 2 [C02~] + [0H~]

OH-

Kw=aH+[OH]y,

OH-

[OH]=

Kw
pH

™~ rOH-

a
K

2

=

.a ,
H+ CO\~
a

CO,

where,

a hco;

10

HCO

10- p H a COI
K2

K^HPcoJs

=

10
K , K

1

[co]-]=

10 ~2PH[COZ~]Y(cot
CO,
K^HPcoJs

CO,

K,KHpcoyg

-pH

-pH

2

2

K

H

H

P

C

F F

O

2

COig

10

ycot

Now substituting the values of [OH"] and [CO32"] into the charge balance equation:

XQ-PH

K

2+

2[Ca ] +
-

R„+

K\K

K

x

h

P

,co,

c

o

K

y \

CO,

K

K

2

h

C

0

.CO,
y.

+

w

r

HPcor.

10

P

- 2 pH

10

10 ~ p H r HCO;

.

x

•

-pH
HCO

3

+

l0-pHv cot J

+

K , .

10- pH y tOH'

10 ~ p H y' 0 OH'
XQ-PH

/T J
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From this equation, the projected calcium concentration can be obtained at any given pH.
Once pH data has been collected, those values can be inserted into ScaleSoft Pitzer to
generate a predicted calcium concentration, resulting in the following plot.

Modeled Calcium Concentration

Time (min)

Figure 30 Modeled calcium concentration based upon only pH

One source of error that may occur in modeled calculations results from the
difference in molarity and molality. Most experimental measurements are in molarity
units (M), of mass or moles per liter of solution, e.g., mg/L. However, nearly all
thermodynamic calculations are in units of moles per kilogram of water, or molality(m).
This discrepancy is due to the advantage of molality, which is that it is not dependent
upon solution temperature or pressure, greatly simplifying thermodynamic calculations.
In addition, using weights instead of volumes of solvents in the laboratory greatly
increases routine accuracy of prepared concentrations. Conversion from one set of units
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to the other requires knowledge of the solution density (p). This is routinely calculated by
ScaleSoftPitzer™ for aqueous solutions. For example, if a solution contains both sodium
chloride and calcium bicarbonate:
mNaCi =

1 kg of water
n

_
C a ( H C 0 3 )2

, where nNaC] is the number of moles of sodium chloride.

Ca(HCQ3)2

1 kg of water

Then for a solution of mNaci plus mca(HC03)2 the total mass of solution to contains just one
kilogram of water would
be:
mass

(kg) =

soiution

m

Naci'

MWt(kg / mole)NaC1 + mCa(HCOi l2 • MWt(kg / mole)Ca(HC03)2 + lkgwater

The volume of this solution would be:
m a S S

Volume,
solution

solutio„(kg)

density of solution(kg / L)

Then, the molarity can be calculate:
_

M

NaCl

m

Tt

Volumesojutjon

y
M

NaCI

|

_
Ca(HC03)2

-

m

J
'

a n < 1

Ca(HCQ3)2

V o l u m e s o i u t i o n

To summarize for a solution containing NaCl plus Ca(HC03)2 plus any other material:
m
M

=

NaC1

NaCrPsolut,on(g

/ m l

)

m

Naci • MWt(kg / mole)NaC1 + mCa(HCQ3)2 • MWt(kg / mole)Ca(HC03)2 + • • • + lkgwater

For example, a 1.00 molal NaCl plus 0.001 molal Ca(HCC>3)2 solution has a density of
1.037 g/ml, as calculated using SSP software. The molarity and mg/L of each:
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M mNaC1
r, =

= 0.980 Molar
1.00 • 0.05834 kg / mole + 0.001 • 0.162 +1.00kg water

mg / LNaC1 = 0.980 Molar x 58,450mg / mole = 57,281 mg / L
Mr

mrn

, =

ca ( Hco 3 )2

= 0.000980 Molar
! .oo • 0.05834 kg / mole + 0.001 • 0.162 +1.00kg water

mg / L Ca(HCOj)2 = 0.000980 Molar x 162, OOOmg / mole = 158.8 mg / L

In this case, a 1.00 m solution of sodium chloride is 0.98 M, i.e., a 2% difference, and
similarly for calcium bicarbonate. Generally, this difference will not alter the
conclusions in this research because most conclusions are based upon changes in molarity
or molality. For example, this 2% difference in SSP with 0.969 atm CO2 gas at 25 C
decreases the calculated pH by 0.006 pH units, below the error associated with pH
measurement.
Modeled calcium concentrations will also be a function of Pco2- In order to assure
that reasonable error could be assumed, past barometric pressure readings in the Houston
area were obtained. They varied less than 1% over the period the experiments were run.

Barometric Pressure

Sunday

Monday

Tuesday

Wednesday

Thursday

Friday

Saturday

Figure 31 Barometric pressure over the period which the experiments were run (2010).
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Experimental

Results

Calculated Reactive Surface Area
2

.

In the literature, dissolution rates are commonly given in mmolCa/cm s. This
necessitates knowing the reactive surface area. This was done using data from an early
experiment where calcium concentrations of the samples were measured. Using 1 g/L
CaC03 means that at equilibrium, the concentration would be 400 mg/L Ca 2+ . Fitting this
into a zero order dissolution equation:

f

\

In Ca - Cax = kt
yCa0 - Cax

the reaction rate constant can be determined by inserting time and calcium concentration
at each sampling time into the equation.

Reaction rate constant determination

o
o

<t
o(0
"R2 = 0.980
50

100

•

ln(l-Ca/400)

X

ln(l-Ca/400)
- Linear (ln(lCa/400))

Time (min)

Figure 32 Determination of reaction rate constant for calcite dissolution
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K is found to be 4.23 x 10" sec" . Assuming the mass transfer coefficient is 0.5 x 10"3, the
Area of the calcite seed is found to be 17.8 cm 2 /g using the following equation:

SSA*m
reactor

However, performing another iteration with the first solution for the area and finding a
mass transfer coefficient more fitting to the system, and performing the calculation again,
yields a SSA of 858 cm 2 /g. This value can be used to calculate a comparable dissolution
rate if calcium concentrations are measured.

Baseline Calcite Dissolution
In order to determine the effects of each treatment method on the overall
dissolution rate, it is important to establish an expected dissolution baseline. Comparing
various experiments that had a beginning portion as a baseline allowed this to be
determined. The data from the first 10 minutes of baseline portion of each experiment
was taken and is presented in the table and plot below.

Table 7 A comparison of blank calcite dissolution slopes
Experiment #
Baseline 1
Baseline 2
Baseline 3
Baseline 4

Calcite Dissolution Slope
0.0027
0.0033
0.0033
0.0034
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Calcite dissolution, blank comparision

Time (mirt)

Figure 33 A comparison of calcite dissolution rates without treatment.

The calculated standard deviation is 0.00032, or - 3 % . This is acceptable error given the
many experimental variables in the system (sparging stone inconsistency, stirring rate,
pH meter interference). An average value for slope to be used in comparison with other
treatment methods will be 0.0032.

Phosphonate Inhibitors
As previously mentioned, phosphonate inhibitors are the most commonly used
calcite scale inhibitor used in industry. It may have been expected that the dissolution
would have been most halted by phosphonate inhibitors. A phosphate compound was also
tested for comparison purposes, though it is not an inhibitor like the phosphonate
containing molecules. Again, only 10 minutes following the injection of the
concentration were taken into consideration. Results are presented below.
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Table 8 A comparison of phosphonate inhibitors at similar concentrations
Inhibitor Name

Concentration

blank
DTPMP
NTMP
NaH2PQ4

-

10 ppm
20 ppm
27 ppm

Experimental Calcite
Dissolution Slope
0.0032
0.0023
0.0027
0.0032

Percent difference in slope
compared to blank
-

-28%
-15%
0%

Phosphonate inhibitors at similar concentrations

Time (min)

Figure 34 A comparison of phosphonate inhibitor effectiveness

Although these inhibitors were at different concentrations, they are comparable because
they are all within a 20 ppm range. Inhibitor use range from 1 ppm to 1% (10,000ppm)
and these are quite close on the inhibitor dose scale.
It is important to realize that the slope associated with the DTPMP was at a
different pH than the others. This significantly higher pH will slow the reaction kinetics,
and this must be realized.

It is interesting that the phosphate treatment produced no significant result (0%
change). That confirms that it is not an effective inhibitor. The NTMP produced a
decrease in dissolution.

Surfactants: Anionic, cationic, non-ionic
This compares just the effectiveness of the three types of surfactants used:

Table 9 A description of the surfactants tested and their charge properties
Surfactant Name
Tween 20 (polysorbate 20)
SDBS
TTBA

Charge
Non-ionic
Anionic
Cationic

Surfactant inhibitors compared for 10 min after
infection of 20 ppm inhibitor

4.95

4.9

y=0.0022st +4.8397

*

Tween20

K

Tween20-2

V= 0.0026*+ 4.7931

4.85

SDBS

4.8

V= 0.0020X +4.7836

*=H»«*TTAB

V =0.0019x +4.7839

—i

4.75
13

18

23

Time (m in)
Figure 35 A comparison of surfactant inhibitors at 20 ppm

Inhibitor Name

Concentration

Experimental Calcite

% difference in
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Dissolution Slope
Tween 20
Tween 20-2
SDBS
TTAB

20
20
20
20

0.0022
0.0026
0.0019
0.0020

slope compared to
blank
-31%
-18%
-41%
-38%

Stepwise addition of Surfactant Tween 20

The surfactant Tween 20 was chosen to look at more closely. It is a non-ionic surfactant;
it would rely on van der Waals attractions as the binding mechanism, and would not be
subject to the repulsive forces a cationic surfactant would.

Stepwise addition of Tween 20

Time (min)

Figure 36 Data from the full length experiment of Tween 20 stepwise addition

However, it is more instructive to look at the slopes of the individual time frames of each
surfactant concentration.
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Table 10 Conclusions about the slope change resulting from the stepwise addition of
Tween 20
Experimental Calcite
Dissolution Slope

Percent difference in slope
compared to blank

0 ppm

0.0033

+3%

20 ppm

0.0026

-19%

100 ppm

0.0017

-47%

300 ppm

0.0013

-59%

1,000 ppm

0.0011

-66%

3,000 ppm

0.0012

-63%

10,000 ppm

0.0012

-63%

Tween 20 surfactant
concentration

The dissolution kinetics appear to be constant after 300 ppm. From 0 to 300 ppm, there is
a steady decrease in the dissolution. This offers that Tween 20 may present optimal
dissolution prevention at 300 ppm; any concentration higher than that would have a low
diminishing returns effect, therefore the cost to benefit ratio would be low.

Dissolution of Calcite during desorption of Tween 20
Following the stepwise addition of the surfactant Tween 20 up to 10,000 ppm, the
solid calcite crystals were retained and a desorption study was conducted.
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Dissolution ofTween 20 surfactant sorbed calcite

Figure 37 Dissolution after the calcite had been sorbed with Tween 20 surfactant

Results demonstrate that once the particle has been sorbed, little dissolution is observed.
The slope of 0.0011 is a 65% decrease in dissolution from baseline.
The SEM located on Rice University campus was used to visually compare the
samples of calcite involved in this experiment.
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Figure 38 Two SEM images of the calcite used in this experiment -before being put into 1
M NaCl for reaction.

Figure 39 Two SEM images of calcite after Tween 20 was sorbed, and the reversibly
sorbed Tween 20 removed.

These images show the obvious signs of dissolution. However, there is no visible
surfactant on the calcite surface.

All Treatments Compared
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Now that each type of inhibitor has been compared within the type of inhibitor, it
is desirable to compare all the inhibitors tested against each other. The effects in the 10
minutes following the injection of 20 ppm inhibitor are compared.

Table 11 A comparison of all treatments and their effects on slope
Experimental Calcite
Percent difference in slope
Dissolution Slope
compared to blank
0.0032
blank
-15%
0.0027
NTMP
0.0032
0%
NaH 2 P0 4
0.0022
-32%
Tween 20 (1)
-19%
0.0026
Tween 20 (2)
-41%
0.0019
SDBS
-38%
TTAB
0.0020
Note: DTPMP has been excluded, although presented above, because the pH of
the experiment was significantly different than the other experiments and a fair
comparison is not possible.
Treatment Chemical

-

AH inhibitors compared for 10 min after injection of 20
ppm inhibitor

Time (min}

Figure 40 Comparison of calcite dissolution slope for all types of treatment.

Modeled Interpretation of Slope
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Because of the more complete data for the inhibitor Tween 20, a model was
formulated to associate the various inhibitor concentrations trialed and the calcite
dissolution slope observed. A model such as this would prove quite valuable in
application because it would allow the optimal concentration of inhibitor to be chosen.
Knowing the response curve of the inhibitor would allow the minimal concentration to be
chosen, while still maintaining effective treatment. The model was built off the traditional
dissolution rate equation as presented by Plummer et al.(Plummer, Wigley et al. 1978):

Rf=k1[H+]

+

k 2 [H 2 C0 3 a q ] + k 3 [ H 2 0 ]

where n Ca refers to mmoles of calcium carbonate dissolved and
Aca]cjte refers to the surface area of the calcite, cm 2 ; calculated as previously deomonstrated.

At low pH values seen in these experiments, and as expected in the CCS field site wells,
only first term is significant. See Figure 15 Demonstrates predominance of the reactions,
which type is dominant under what affecting conditions(Plummer, Wigley et al. 1978).:

Rf = kj[H + ]

dividing by reactor volume,
d[Ca 2 + ] _
calcite
- — - = k, [H + ]——
lL
dt
V
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With the hypothesis that dissolution occurs via this rate from the open, or surfactant free,
surface area of the calcite only
coated portion of the surface,

d[Ca2+]

dt

f 0„ =

(fopen)

and dissolves via a different rate from the surfactant

(f C O vered):

= (k.-f +k; . f ) [ H + ] ^ i * , with
1

V

0

!
and f c = b ' S u r f '
l + b-[Surf.]
1 + b • [Surf.]

1
1 K1 KH Pc o gya cs ° 2
[Ca ] = - [HCO~ ] =
^
from charge balance equation
2
2 yH+ [Ca ]
2+

d[Ca 2+ ]
• f , 1 K i K n P co 2 yga° 2 Acalcite
—__(k1.t0+k1.te)2
^[c&2+]
v

Since all the terms with Ca 2+ are constant, new constants can be defined:

C

| [Ca2+ ]d[Ca2+ ] = |(kj' • f 0 + kj11 • f c )dt

Ca0

0

again collecting constants into the right hand side and using [Ca 2+ ] a 1 / [H+ ]:
[Ca2+]t2

1_(kj

[Ca2+ f 0
[H+]Q
[H + ] 2

v

-f0+k1v-fc)t
[Ca 2+ ] 2

1=

(kr-fo+kr-fc)t
[Ca2+]02

The experimentally measured slope is given by:
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PH
at
pH, = pH 0 + Slope m • t
P e measured -

510

JQPh, _
1

[H + ] t
[ H

+

]

_

d

_

JQPH0+Slopem

t _

|

_ J _ +e 2 . 3 0 3 S l o p e

[H ] 0

QpH0|QSIopem t
m

t

2.303Slopemt

0

2-2.303-Slope m -t

=

j

2

.

2

m

.

g j

.

+

[H ] t
[H + ] t

- 1 = 2- 2.303 • Slope • t

This final approximate expression for the measured slope can be combined with the term
from the Plummer model:

2 • 2.303 • Slope m = (k^ • f 0 + kj™ • f c )
again collecting constants:
S l o p e m = ( k f . f 0 + k ; x . f c ) , or
Slope
m

k°pen
k^ o v e r e d -b-[Surf.]|
= <1
^
++ 1
1 + b • [Surf.]
1 + b • [Surf.] J
| l + b-[Surf.]

as [Surf.] - » 0, Slope m
as [Surf.]

k°pen and

Large, Slope m -> k,covercd

Using a nonlinear least squares curve fitting software, PsiPlot, values of
k° pen ,ki° vered ,and b were determined.
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Modeled dissolution slope versus inhibitor
concentration
0.004
0.0035

Slope
Calc Slope
—CorifL
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200

400
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800

1000

1200
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Figure 41 Modeled slope of calcite dissolution versus inhibitor concentration created
using non linear least squares curve fitting of PsiPlot

This model demonstrates that if some stepwise additions experiments are conducted and
slope data gathered, an optimized system can be determined for use with that particular
inhibitor. Non linear least squares curve fitting allows confidence in knowledge of the
inhibitor behavior. This tool can be applied to various inhibitors and the most intelligent
choice can be facilitated.

6. Conclusion
Through these various experiments run, it is seen that these inhibitors do hold
prospect for dissolution prevention in the field. Though field conditions were not
followed exactly, i.e. temperature, the CO2 saturation and ionic strength were similar to
field conditions. When all treatment types are compared, the surfactant SDBS is the most
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effective. However, SDBS is known to precipitate with calcium if applied in too high a
concentration. 20 ppm was injected into the 1 M NaCl and little to know cloudiness was
noticed. However, at 100 ppm, the solution became turbid. When 1% was surfactant, a
value common in the field, the solution became opaque. These high concentrations are
not useful, but decent inhibition is demonstrated at lower concentrations. The other
surfactants tried had noticeable inhibition as well.
Though the phosphonate inhibitors are most commonly used in the field for
calcite treatment, the surfactants were more effective in these experiments. And, as
expected, the phosphate tried had no effect, resulting in a 0% slope change. Despite the
little affect seen in these experiments, it may still be useful to try other phosphonate
inhibitors at various concentrations.
This data will be used to judge which types of inhibitors may be tried in the
future. There are polymeric "green inhibitors" that have not been explored in this
research, as well as organic acids. Though, it seems that surfactants may be more
effective and should be explore first. As expected, the anionic surfactant performed most
effectively, due to the positive surface charge of calcite under the experimental
conditions. Experimental support of this assumption encourages exploration of other
anionic surfactants first; followed by cationic and non-ionic last. Another anionic
surfactant that will be tried is sodium dodecyl sulfate. This inhibitor is fairly common and
has similar properties to SDBS.
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7. Future Research
The research presented in this project is meant to lay a foundation for my PhD
work in this same area. Only several of the innumerable inhibitors have been tried, as
well as only at limited ionic strength, temperature and pressure conditions. The insight
gained in this research will allow better direction for which inhibitors should be chosen
for testing in the future. Future work will also include looking at inhibitors for various
types of formations into which CO2 is proposed to be injected, including dolomite.
Dolomite is also a carbonate containing mineral, but the addition of MgC03 will change
the point of zero charge, making different inhibitors more effective at down hole
conditions. Realistic down hole conditions demand an expansion of ionic strength,
inhibitor concentration, temperature, and pressure variables in our lab experiments.
Research conducted throughout the course of this project is for direct application into
field sites, and the direction will change as the site characteristics are more certainly
determined.
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