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Abstract 

The behavior of dissolved organic carbon (DOC) at geological 

sequestration sites 

Michael E. Patson M.S. Geo Sci. 

The University of Texas at Austin, 2015 

Supervisors:  Daniel O. Breecker, Toti E. Larson 

Geologic carbon sequestration has been proposed as a means of mitigating 

anthropogenic greenhouse gas emissions. At depth, supercritical CO2 may rise above the 

surrounding fluid.  Detecting leaks from CO2 storage reservoirs is important to evaluate 

the effectiveness of carbon sequestration and address public concern for negative 

environmental impacts. Other attempts have been made to detect leaks, such as changes in 

pH, pressure and direct observation of CO2 in the AZMI (Above Zone Monitoring 

Interval).  Each has limitations and here we investigate dissolved organic carbon (DOC) as 

a potential indicator for fugitive CO2. 

This study uses a series of batch experiments to evaluate the interaction between 

dissolved CO2 and DOC. The batches consist of homogenized and sieved 250 micron to 

425 micron matrix samples of varying mass and type, 2mL of DI water and a headspace of 

pure carbon dioxide or air. The three different rock samples analyzed are Buffalo River 

Sediment, illite and Barnett Shale. A pure CO2 headspace results in lower amount of DOC 

in solution than an air headspace.  All matrix samples demonstrated this effect.  

The proposed mechanism to describe the observed results is that a lowered pH shifts 

speciation of weak organic acids and protonated humic substances causing decreased 
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solubility and increasing the adsorption of these compounds. These results suggest that a 

decrease in DOC concentrations could be used to detect CO2 leakage and that CO2 leakage 

would not deteriorate water quality by releasing DOC. 
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Chapter 1:  Introduction 

A growing concern that anthropogenic carbon dioxide emissions are contributing 

to global climate change has provoked a development in technologies to reduce CO2 

emissions.  An estimated 83% of anthropogenic greenhouse gas emissions in the United 

States are produced from the combustion of fossil fuels (Figueroa et al. 2008).  Methods to 

mitigate greenhouse gas emissions include CO2 capture at large point sources (i.e., 

combustion power plants and steel plants which contributed 26% and 19% of greenhouse 

gas emissions), transport, and finally geologic storage.  Before storage can be implemented, 

it must be demonstrated that CO2 can be injected into geologic formations and stored 

without adverse health, safety, or environmental effects.  Verification that CO2 remains in 

target formations is achieved by monitoring the subsurface distribution of injected CO2, 

and monitoring for leakage in the shallow subsurface above target formations.  In order to 

achieve the best results, a monitoring strategy which incorporates hydrology and 

geochemistry to reduce excess sampling is desirable. Extensive research has been 

conducted on geochemical changes in target reservoirs for sequestration as well as the 

overlying capstone (Olajire 2013; Lu et al. 2012; Gunter, Perkins, and McCann 1993; 

Kharaka and Cole 2011; Xu, Apps, and Pruess 2005; Xu et al. 2010; Zhang et al. 2009).  

What is less understood, however, is how CO2 will transport through and react with rock 

intervals that overlie the target storage formation if a leak occurs. One important parameter 

that has not received considerable attention is the effect that increased pCO2 may have on 

dissolved organic carbon (DOC) (Kharaka et al. 2006; Xu et al. 2010).  This study will 
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evaluate changes in water chemistry caused by an increase in pCO2 and how this may affect 

dissolved organic carbon (DOC) concentrations in the supra-injection reservoir aquifers.   

Identifying indicators of fugitive CO2 is essential for a successful monitoring 

system which maximizes detection and reduces false positives.  A 2006 pilot study was 

conducted in which CO2 was injected for geological storage in the Frio sandstone.  The 

Frio field test was studied for up to one year after CO2 injection and a marked increase in 

DOC concentrations (from 4-5 to 600-700 mg/L) was observed (Kharaka et al. 2009). 

Although an increase in DOC concentration was observed at the Frio site, the mechanism 

for the increase of DOC is not understood. Nonetheless, observing changes in DOC 

concentrations may be an indicator for where CO2 has migrated in subsurface, as well as 

having detrimental water quality effects.  This understanding of transport behavior is 

important for understanding detection and verification of DOC as a potential indicator of 

fugitive CO2 in the subsurface. 

In addition to potentially identifying pathways of CO2 leakage, changing 

concentrations of DOC also has the possibility of negatively impacting potable 

groundwater resources. This potential impact on groundwater may remove certain sites 

from consideration of long term geologic storage of CO2.  Elevated concentrations of DOC 

are associated with increased formation of trihalomethanes (THMs), which are pollutants 

and carcinogens (Chow et al. 2005; Chow, Tanji, and Gao 2003; Chow et al. 2006).  The 

U.S. Environmental Protection Agency (EPA) has set the maximum containment level 

(MCL) for total THMs at 0.100 mg/L.  Even more stringent requirements are placed on 

specific THM’s such as chloroform, 0.07 mg/L and bromoform, 0.00 mg/L (Fujii 1998).  
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Changes in DOC concentrations are of interest from a water quality standpoint.  In this 

study, we measured the effect of elevated pCO2 on DOC concentrations using batch water-

rock-gas experiments. 
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Chapter 2:  Background 

2.1 CARBON CAPTURE AND CO2 SEQUESTRATION 

The increase in atmospheric concentrations of CO2 measured since 1959 has been 

coupled to increased anthropogenic emissions related to the combustion of fossil fuels 

(Keeling et al. 1976).  Furthermore, land use change, such as replacing forests with 

agriculture, has reduced the carbon sequestration ability of natural ecosystems (IPCC 

2007). Energy consumption and production must be optimized in such a way that continues 

to provide reliable energy while reducing anthropogenic CO2 emissions.  In order to reduce 

the rate of increase of atmospheric CO2, thereby mitigating further climate change, carbon 

capture and sequestration (CCS) has been proposed as a means to geologically store CO2. 

Capturing and storing anthropogenic CO2 emissions in suitable subsurface geologic 

formations is considered to be an important approach to mitigate greenhouse gas emissions 

(Baines and Worden 2004; Schrag 2007).   

2.2 Geologic Sequestration 

Long-term geologic sequestration encompasses three main processes: 1) capturing 

carbon dioxide, 2) transporting carbon dioxide and 3) storing the carbon dioxide in a 

geologic formation.  In 2007, the Energy Independence and Security Act (Public Law 110-

140; U.S. Congress, 2007) requested the U.S. Geological Survey (USGS) conduct a 

national assessment of geologic storage resources.  The USGS evaluated sedimentary rocks 

of deep saline formations and existing oil and gas fields.  The study found that 65% of the 

United States potential onshore storage was in the Gulf Coast Coastal Plain Region which 

is defined as East Texas, southern Louisiana, Mississippi, Alabama and the Florida 

panhandle (U.S. Geological Survey Geologic Carbon Dioxide Storage Resources 

Assessment 2013).  Specific requirements for geologic storage are outlined by Brennan 
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(2010) and used in the assessment.  The storage assessment unit (SAU) is a mappable 

volume of rock which contains both a porous flow storage unit and a bounding regional 

sealing formation (Brennan 2010).  Both are necessary for consideration as a carbon 

storage site.  Water chemistry effects related to storage of CO2 in geologic formation is the 

focus of this study. 

The porous flow storage unit is the storage formation into which CO2 is injected.  

Many units have been evaluated for the possibility of long term storage of CO2, and general 

guidelines have been established for minimum criteria of effective storage. The upper 

vertical limit, or minimum depth required to store CO2 is 3,000 feet (914 meters).  At this 

depth, pressure and temperature preserve injected CO2 in a supercritical state SCCO2 

(Burruss et al. 2009). The lower vertical limit, or maximum depth CO2 can be stored is 

13,000 feet (3,962 meters).  At this depth, the required compression of CO2 gas at the 

surface limits the economic viability of CO2 injection (Burruss et al. 2009).  Additionally, 

formation water may exclude a SAU from consideration of geologic storage.  Salinities 

lower than 10,000 ppm (mg/L) have the potential to be used as a potable drinking supply 

and are not considered for sequestration (Holloway 1997). There may be additional 

physical and chemical properties, such as presence of DOC, which would remove sites 

from candidacy.   

Seal formations are regional strata that limit the migration of fluid. CO2 is not stored 

in these units rather the migration of the supercritical fluid is restricted by the presence of 

these strata which include confining units, aquitards and cap rock.  Any storage formation 

which does not have a regional seal formation is not considered for geologic sequestration.  

Seal formations limit the vertical migration of CO2, however, the main mechanisms for 

CO2 leakage through a seal formation is transport along factures and faults.  Although 

diffusive porous transport may allow formation water and stored supercritical CO2 to pass 
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through seals, diffuse flow is not considered to be a significant factor of fluid movement 

(Couples 2005). Conversely, fractures and faults studied in oil and gas fields have the 

potential to allow large volumes (5 – 100 billion bbl/m.y) of fluid to migrate through 

regional seals (Skerlec 1999). Risk with vertical migration of sequestered CO2 is associated 

with imperfections, faults and fractions in the seal formation. 

The potential for large volumes of fluid to migrate through overlying seal 

formations, such as observed in oil and gas fields, presents a problem for CCS.  Although 

the IPCC concluded that health, safety and environmental risks associated with CCS are 

comparable to current activities from natural occurring CO2 reservoirs and enhanced oil 

recovery, although they note an effective monitoring plan ought to be in place to detect 

such a leak if it were to happen.  The possibility exists that natural imperfections in the seal 

formation (fracture zones or faults) will be encountered by fugitive CO2 which may result 

in the leakage of CO2 to shallower crustal levels, thereby posing a threat to shallow 

groundwater aquifers.  In this leakage scenario with continued vertical migration of CO2 

through fracture zones or faults, the leaked CO2 may ultimately reach subcritical 

conditions.  Subcritical CO2 is highly soluble in water and will alter groundwater 

chemistry.  Increases in pCO2 will lower the pH, which alters groundwater chemistry which 

is described in more detail in 2.3 Subsurface Geochemistry.  While there are strict 

requirements for the units and the confining units directly above it, there are less 

requirements on the overburdened material. As CO2 migrates vertically, it may encounter 

shallow groundwater drinking aquifers that have properties and conditions that are 

considerably different than reservoir rocks. Importantly, these shallower rocks would likely 

have a lower pCO2 than the storage reservoir, thereby increasing the potential for chemical 

changes upon leakage and thus for measurable contamination and lowering the quality of 

water resources. 
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2.3 SUBSURFACE GEOCHEMISTRY 

Extensive research has been conducted with the specific goal to examine 

geochemical changes that occur during CO2 injection and how these geochemical changes 

could increase or decrease the effectiveness of sequestration (Hovorka et al. 2006; Freifeld 

et al. 2005; Kharaka et al. 2006; Xu et al. 2010; Kharaka and Cole 2011).  During the 

injection of CO2 and monitoring of the site for migrating CO2 the principle trapping 

mechanisms are structural trapping and fluid dissolution trapping (Iglauer 2011).  This 

emphasizes the importance of an effective sealing unit, which is key in identifying geologic 

storage sites. In dissolution trapping, CO2 dissolves into the formation water.  The density 

of the CO2 rich water is greater than the existing formation water which causes it to sink 

downward and become uniformly spread throughout the storage formation (Doughty and 

Myer 2013). Over a period of thousands of years, the CO2 rich water could lead to mineral 

formation.  This solution is ideal for long-term geologic storage as CO2 in the brine is 

expected to react with the formation to create solid carbonate minerals. 

When stored CO2 migrates out of the intended storage formation (i.e., CO2 

leakage), it interacts with formation water or brine and rock material that has not previously 

been exposed to high concentrations of CO2.  The high solubility of CO2 allows it to go 

into solution and forms carbonic acid as shown below (Neufeld et al. 2010). 
 

𝐶𝑂2 +  𝐻2𝑂 ↔ 𝐻2𝐶𝑂3 ↔ 𝐻 + + 𝐻𝐶𝑂3
− 

This reaction lowers pH making the formation water more acidic.  Although changes in pH 

are an indicator of CO2 leakage, changes in pH may also be caused by other factors, such 

as microbial respiration. Alternatively, pH decreases may not be observed despite pCO2 
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increase, due to pH buffering capacity of the rock matrix.  Therefore other indicators, 

besides a decrease in pH must be used to determine the movement of fugitive CO2.  

In reservoirs with carbonate minerals, a decrease in pH causes the dissolution of 

carbonate minerals (Chou, Garrels, and Wollast 1989).  The dissolution of these minerals 

buffers pH and increases the total alkalinity or measure of dissolved inorganic carbon 

(DIC) in formation water and has been observed at sequestration sites (Romanak et al. 

2012).  During the Frio test project (Xu et al. 2010; Kharaka et al. 2006; Kharaka et al. 

2009), dissolution of carbonate minerals was observed in the Frio Sandstone Formation 

which is the target storage formation at the Frio pilot project in Texas.  Calcite (CaCO3) 

and dolomite (CaMg(CO3)2) are two carbonate minerals present in the Frio sandstone and 

the reaction below shows how these mineral accept hydrogen and buffer increases in pH. 

CaCO3 + H+ = Ca2+ + HCO3
- 

CaMg(CO3)2 + 2H+ = Ca2+ + Mg2++ 2HCO3
- 

These are common carbonate minerals and other metals besides calcium and 

magnesium have been shown to be mobilized in the subsurface (Solomon 2007)  

Additionaly metal concentrations could be increases from desorption due to pH change 

(Bruemmer, Gerth, and Tiller 1988).  Increased metal concentrations in shallow 

groundwater was suggested as a geochemical indicator of fugitive CO2 (Little and Jackson 

2010).  Increases in metal concentrations were observed in laboratory experiments with 

sediment samples from the Mahomet Aquifer (Illinois). While increased metal 

concentrations has been shown to be true in some cases, the study overemphasizes select 

areas with known high concentrations of trace metals and does not represent most common 

aquifers (Gilfillan and Haszeldine 2011).  Finding additional indicators of CO2 leakage, 
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and developing a set of geochemical predictions is important for confirming the presence 

of fugitive CO2. Changes in pH have strong controls on water chemistry and control 

speciation of proton acceptors and donors. The sharp increase in concentration of DOC 

observed at the Frio test site suggests that DOC concentrations are altered by changes in 

pCO2, and therefore DOC may act as an indicator of fugitive CO2. We measured the effect 

of changing pCO2 on DOC in batch water-gas-rock experiments. 

2.4 TOTAL CARBON AND DISSOLVED ORGANIC CARBON 

Carbon is widely distributed in sediments and occurs in almost all terrestrial and 

aquatic environments.  Total carbon (TC) refers to all the carbon in a sample, which may 

be either organic or inorganic. Inorganic carbon and organic carbon have different sources 

and different chemical behaviors.  Dissolved inorganic carbon (DIC) is the sum of the all 

the inorganic carbon species:  DIC= [CO2] + [HCO3
−] + [CO3

2−].  Total organic carbon 

(TOC) refers to carbon that originates from carbon fixation, the processes in which CO2 is 

converted into biomass by phototrophic and chemotrophic organisms, which is an 

important natural CO2 sequestration process, and is responsible for storing 258 billion tons 

of CO2 annually (Geider et al. 2001). TOC is the sum of all organic carbon, whether soluble 

or insoluble. The labile organic carbon pool includes dissolved organic carbon (DOC) and 

particulate organic matter (POM).  For the purposes of this study, DOC and POM are 

differentiated based on size; DOC will pass through a 0.45 µm filter. Soluble organic 

carbon (SOC) is an important classification of organic carbon for this study because it 

includes carbon with pH-dependent solubility  that may either be in solution or adsorbed 

onto solid substrate (either inorganic or other organic substrate).  Equilibrium between the 

adsorbed phase and aqueous phase is dependent on the sorption processes and can be 

defined by an adsorption isotherm (Tao and Lin 2000). SOC speciation is influenced by 
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pH and changes in speciation alter the way in which SOC adsorbs onto solids (Kipton, 

Powell, and Town 1992; Milne, Kinniburgh, and Tipping 2001; Tipping 2002). 

Dissolved organic carbon in aqueous systems influences geochemical processes in 

several ways.  These include organic matter such as humic substances acting as a proton 

donor or acceptor and pH buffer (Weishaar et al. 2003).  In the pore space of soils, DOC is 

often characterized by a variety of low molecular weight organic acids.  Characterizing 

these humic substances and low weight molecular acids is important for determining and 

predicting the behavior of DOC in groundwater. 

 

 

 

Figure 1.  Different sources of carbon considered in the batch experiments. 
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2.5 OBSERVATIONS AT THE FRIO SITE 

The Gulf Coast Carbon Center the University of Texas at Austin participated in a 

field experiment east of Houston Texas, in which 1,600 tons of CO2 were injected into a 

brine-bearing sandstone.  The goal of the project was to collect and compare field data to 

conceptual, hydrological and geochemical models to improve future carbon sequestration 

projects.  The target formation is a 24 meters thick and 1500 m deep saline sandstone 

aquifer.  Field data was collected from the target formation as well as the above zone 

monitoring interval (AZMI). 

DOC measurements were not emphasized in the Frio study because there is no 

petroleum production from the Frio Formation at this site and DOC concentrations were 

expected to be low, but DOC concentrations were measured as a standard analytical suite  

(Kharaka et al. 2009).  Prior to injection of CO2, the initial Frio brine had low DOC 

concentrations ranging from 4-5 mg/L. During the CO2 injection, however, DOC 

concentrations increased slightly, to 5-6 mg/L.  Sampling 20 days after injection revealed 

an increase to 600-700mg/L, a 100 fold increase of DOC concentrations compared to 

preinjection.  Samples taken 6 months after injection showed a return to preinjection and 

injection DOC concentrations.  These results suggest that mobilization of DOC can occur 

from non-oil-bearing aquifers, an observation that may have implications for 

environmental impacts of CO2 storage (Kharaka et al. 2006; Kharaka et al. 2009).  

Changing DOC concentrations may also show where CO2 has migrated in a reservoir. 

DIC or alkalinity sharply increased from 100 to 3000 mg/L at the Frio Site after 

CO2 injection (Kharaka et al. 2006; Kharaka et al. 2009; Xu et al. 2010). The expected 

increase fell short of geochemical predictions and is attributed to pH buffering of carbonate 

minerals.  Dissolution of carbonate minerals in the storage rock may remove certain 

reservoirs from selection as the rapid dissolution observed could create pathways in the 
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seal formation or well casing through which CO2 and brine could migrate(Kharaka et al. 

2006).  The change in DIC occurred because of the presence of carbonate minerals and 

may not be as dramatic in other reservoirs.  Therefore looking for an indicator such as 

DOC, which is prevalent throughout the subsurface is desirable from a monitoring 

perspective.  

2.6 PH AND DOC 

The relationship between pH and DOC concentration in groundwater is complex, 

and remains poorly understood.  Little work has been conducted in determining the 

relationship between pH and DOC in subsurface water-saturated rocks.  However, research 

has been conducted evaluating changing concentrations in DOC in surface water (Clark et 

al. 2012; Evans et al. 2006; Kaiser, Guggenberger, and Zech 1996; Karlsson et al. 2009; 

Zimmermann et al. 2007; Nelson and Sommers 1982). The same processes which control 

DOC concentrations in surface waters may control DOC concentrations in the subsurface.  

Surface water research was designed to understand measured increases in surface water 

concentrations of DOC and possible implications for human health (Chow et al. 2005; 

Chow, Tanji, and Gao 2003; Chow et al. 2006).  Several hypotheses are suggested to 

interpret observed changes in concentration of DOC which include attributing the change 

to changing climate, eutrophication, and acid deposition (Aravena and Wassenaar 1993; 

Evans et al. 2012).  Several studies suggest that surface waters are recovering from 

acidification that began at the onset of the industrial revolution (Monteith et al. 2007; Evans 

et al. 2006).  These studies indicate DOC concentration decreases with decreasing pH, 

suggesting that pH does in fact have a control on the concentration of DOC.  The lowest 

concentrations of DOC are observed at pH of 4.0-4.8 (Kortelainen et al. 1992; Hruška et 

al. 2003) which is similar to the average dissociation constant (pKa) of carboxylate 
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functional group in humic substances (Nobili, Contin, and Leita 1990; Perdue, Reuter, and 

Ghosal 1980). When the pH is close to the pKa of an acid, small changes in pH can lead to 

large changes in dissociation and thus in speciation of that acid. 

2.7 SORPTION AND ADSORPTION ISOTHERMS 

Adsorption is the adherence of atoms, ions or molecules onto a surface (Brown, 

Parks, and O'Day 1995; Langmuir 1916). Adsorption occurs at the boundary between two 

phases and compares the amounts of the two phases (Dabrowski 2001; Sposito 1980).  For 

example, in soil sciences, adsorption is often described as the movement of an aqueous 

species onto the surface of a mineral which has the effect of lowering concentrations in 

water (Jardine, McCarthy, and Weber 1989).  Conversely, desorption is the increase of an 

aqueous species in solution.  Desorption increases the concentration of the sorbent in 

waters, making it subject to hydrological and biogeochemical processes.  The process of 

adsorption can be described as the accumulation of molecules on a surface layer while 

desorption is the depletion of molecules on a surface. 

An adsorption isotherm is a mathematical relationship between adsorbed and 

desorbed species at a single temperature over a range of pressures or concentrations.  The 

Langmuir Isotherm is the conventional approach used for determining the relationship 

between the amount of species adsorbed onto a solid and the solution concentration 

(Kothawala, Moore, and Hendershot 2008).  Langmuir adsorption isotherms make several 

assumptions, which help to create a simplified concept of adsorption/desorption processes 

(Harter and Baker 1977; Harter and Smith 1981; Mittal, Kurup, and Mittal 2007; Bleam 

2012): 

1.  Adsorbed species attach to definite points on the surface.   

2.  Only one molecule can adsorb to each of the definite points. 
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3. The definite point sites are discrete and do not influence other potential 

adsorption sites. 

The relevance that these fundamental assumptions have on real world applications are 

debated by environmental chemists.  In regards to DOC and carboxylic acids, the 

monolayer adsorption model is of particular debate.  In the presence of low pH, a diffuse 

double layer of molecules can form (McBride 1997).  A diffuse layer forms from a 

preference of positive or negative ions accumulating on a surface.  These particles have a 

net charge and electrostatic forces create a buildup of particles with the opposite charge of 

the surface layer (Jellander, Marčelja, and Quirk 1988; Secor and Radke 1985). In the case 

of carboxylate acids, the negative force of the double layer is minimized because the acid 

does not dissociate at low pH (Hu and Bard 1997).   

The reduced strength of the double layer does not form which may allow more 

particles to adsorb.  At higher pH, a charge forms and may keep particles in solution (Milne, 

Kinniburgh, and Tipping 2001). 

2.8 FUNCTIONAL GROUPS AND HUMIC SUBSTANCES 

Organic compounds demonstrate a wide array of chemical and physical properties 

that are based primarily on their molecular structure.  Saturated hydrocarbon chains and 

rings that are the skeleton of most organic compounds are mostly chemically inert.  Most 

organic chemistry involves functional groups, the substituents, attached to the hydrocarbon 

skeleton (Krause 1997) and molecules with the same functional group will display similar 

properties.  

Carboxylic acids are common and widely distributed in nature; carboxylate is the 

most abundant functional group of dissolved organic carbon in natural water (Evans et al. 

2006; Evans et al. 2012; Clark et al. 2012; Clark et al. 2011).  Formic acid, acetic acid, 
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amino acids and fatty acids are all examples of carboxylic acids.  The general formula for 

carboxylic acid is R-COOH.   

 

 

                                                                            ⇌                          +       H+ 

Figure 2.  Carboxylate acids dissociate in solution and create a carboxylate ion and a 

proton.  In the presence of another acid, dissociation of the hydrogen ion 

may not occur which alters solubility. 

Humic substances (HS) are complex and heterogeneous molecules (Tipping 2002).  

It has been shown that Humic Acids (HA) and other HS molecules contain functional 

groups, mainly carboxylic groups that can deprotonate which decreases the pH of the 

aqueous solution (Brigante, Zanini, and Avena 2009).  Solubility of HS and HA decreases 

as pH decreases (Kipton, Powell, and Town 1992).  Carboxylic acids are named from the 

combination of the two functional groups, the carbonyl and hydroxyl group.  The combined 

carboxyl group is characterized by its ability to both donate and receive protons (Cude 

1988; Krause 1997).  In solution, carboxylic acids act as Brønsted-Lowry acids, thereby 

acting as hydrogen donors. Being weak acids, carboxylic acids do not dissociate 

completely and thus only donate a small portion of their carboxylate group protons to 

decrease pH.  The presence of strong acids, in which the dissociation of protons is much 

greater, weak acids may not dissociate (pKa>pH).  Losing the hydrogen or deprotonation 

of the carboxylic acid results in the formation of carboxylate anions.  
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At lower pH the weak organic acids in DOC do not dissociate, rather they exist in 

their protonated forms.  An example of this is the carboxylic functional group existing as 

HA–COOH instead of HA-COO- (Anirudhan, Suchithra, and Rijith 2008).  The effect of 

pH on solubility of humic substances, humic acids and DOC has been shown in several 

studies (Aguilar and Thibodeaux 2005; Bleam 2012; Brigante, Zanini, and Avena 2009; 

Gardea-Torresdey, Tang, and Salvador 1996; Kipton, Powell, and Town 1992; Tipping 

2002).  When the humic substances are protonated (in the presence of a strong acid), more 

adsorb onto the surface of minerals.  It has been shown using atomic force microscopy 

(AFM) that adsorption of HA onto mica creates different structures at different pH 

(Plaschke et al. 1999). The study shows that at lower pH, larger more complex structures 

can form than the smaller structures observed at higher pH. The larger more complex 

structures allow for greater adsorption of DOC.  These challenge the basic assumptions the 

of Langmuir adsorption model.  Complex structures may allow for additional adsorption 

to occur (recall that adsorption sites are on the surface and discrete), decreasing the total 

amount of DOC in solution.  
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Chapter 3:  Methods 

3.1 BATCH EXPERIMENT SETUP 

Batch-style experiments were conducted to determine the effects of dissolved CO2 

on the adsorption and desorption behavior of soluble organic carbon (SOC) from rock 

samples.  Each batch experiment consists of a known rock mass and type, volume of water, 

and a headspace gas composition. Starting rock materials contained different amounts of 

total organic carbon ranging from 0.5 to 6.6 wt% TOC. All samples were sieved to a grain 

size between 250 and 425 microns. The batch experiments were conducted in 12 mL 

Exetainer® vials sealed with septum caps.  All glassware used was precombusted at 500OC 

for at least 12 hours to minimize all potential organic contaminants that may be present in 

the glassware.  New septum caps were used in each experiment.  Various masses of rock 

were recorded and added to each Exetainer®.  Typically, masses ranged from 0 mg 

(control) to 150 mg.  The maximum amount of rock added was chosen based on the 

sensitivity of the DOC analysis; too much sample produces results that are off-scale.  After 

adding rock material to the vials, 2 mL of water were added to each vial to ensure the same 

volume of headspace in each container. The small change in volume resulting from 

different amounts of rock was assumed to be negligible. The DI water used in the 

experiments was stirred for 20 minutes to allow equilibration with the air in the laboratory.  

The mixing ensures that the water from the DI tap has reached equilibrium with the gases 

in the air. After adding water, the vials were capped. Some vials were then purged with 

pure CO2 to a pressure of 1 bar. Purging was done with one long needle, which reached the 

bottom of the Exetainer® and introduced CO2 to the batch experiment while a shorter 

needle vented the headspace to ensure that the CO2-purged and air-purged Exetainers® 

were at the same starting pressure.  The rate of CO2 gas purging was 50 mL/min and the 

duration of purging was 2 minutes per vial.  Thus, the two headspace compositions 
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compared in these experiments are 1) laboratory air and 2) pure CO2. The goal was to 

evaluate these two end-member conditions which reflect typical conditions ` and a 

large CO2 leak into shallow groundwater.  The experiments represent one bar of pressure 

and an actual leak may have greater pressure. All samples were then placed on a shaker 

table at 37 OC and 55 rpm for at least 12 hours to equilibrate (Butler 1991). After 

equilibration, 1 mL of aqueous solution was removed from each Exetainer® and 

transferred to a new Exetainer® for analysis of DOC. 
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Figure 3.  Batch reactor setup showed two different headspace treatments, Air and CO2.  

Different headspace gases can alter the pH. Air samples were estimated to 

be neutral pH. 
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3.1.2 Description of Rock Material Used 

Three different rock materials were used 1) Buffalo River Sediment, 2) Green River 

illite and 3) Barnett Shale.  Buffalo River sediment 8704 is a well characterized sediment 

used as a standard for analysis of sediments and soils.  Green River illite was obtained from 

Ward’s Natural Science Establishment. Barnett Shale (Blakely #1 Well 7191 ft) was 

obtained and studied because high TOC shale are often seal formations for CCS. 

3.2 ANALYTICAL METHODS 

3.2.1 Analysis of Dissolved Organic Carbon 

A simple and accurate method for measuring stable carbon isotope ratios of 

dissolved organic carbon (DOC) using a ThermoElectron GasBench and Isotope Ratio 

Mass Spectrometry (IRMS) was developed by Lang et al. (Lang, Bernasconi, and Fruh-

Green 2012).  Most importantly, this method provides for simultaneous measurement of 

concentrations and carbon isotope values from µg-amounts of DOC in environmental 

samples that contain both DOC and dissolved inorganic carbon (DIC). Stable isotope 

values of organic matter can provide useful information to help trace carbon cycling 

dynamics, microbial metabolism, and paleoclimate environments (Elsig et al. 2009). Here, 

we summarize the methods outlined by Lang et al. (2012) that were used in this study. 

Briefly, 1 mL aqueous samples are acidified with H3PO4 and purged with helium to remove 

DIC.  Potassium persulfate is then added at 100°C to oxidize DOC to CO2.  The evolved 

CO2 gas is then analyzed on a coupled GasBench-IRMS for carbon isotope values and 

DOC concentrations.  Carbon isotopes were not utilized in this study, but may be useful in 

a future study which identifies DOC origin. 
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3.2.2 Sample Preparation for DOC 

Exactly 1ml of an aqueous sample is collected from each equilibrated batch 

experiment.  The sample is added to a precombusted Exetainer® vial after being filtered 

through a 0.45 micron syringe tip filter. Accurately measuring the concentration of DOC 

in solution requires first removing all of the DIC in solution. The samples are initially 

acidified to pH <3 by adding 100 µL of 85% phosphoric acid to each vial to remove DIC 

from solution.  Pure helium is aggressively bubbled through each capped Exetainer® for 

10 minutes at 100 mL/m.  This process increases the rate at which the DIC is removed from 

solution, but is done at room temperature so as to not affect DOC.  A 6 inch long flushing 

needle which reaches the bottom of the Exetainer® is used to inject the helium stream into 

the aqueous solution while a second needle allows the helium and evolved CO2 gas to be 

vented, thereby also creating a pure Helium headspace.  Following this procedure the 

Exetainers® no longer contain DIC, and DOC is the only form of remaining carbon. 

The oxidizing solution described by Lang et al. (2011) was used to convert DOC in 

solution to CO2 gas for analysis,.  The oxidizing solution is created from deionized water, 

potassium persulfate, and phosphoric acid.  Following the method by Lang et al. (2011), 

potassium persulfate, K2S2O8, was purified by creating a supersaturated solution by adding 

potassium persulfate to deionized water.  The supersaturated solution was allowed to cool, 

forming pure potassium persulfate precipitate.  The supernatant was removed and the 

process was repeated. Two grams of potassium persulfate and 80 µL of 100% phosphoric 

acid were then added to 50 mL of DI water in a 250 mL beaker on a hot plate.  Lang et al 

(2011) note that the solution can be used to oxidize organic material for approximately 24 

hours, after which time the oxidizing solutions loses potency and may not oxidize all 

organic carbon.  To convert DOC in solution to CO2 headspace gas exactly 1 mL of the 
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oxidizing solution was added by syringe to each of the capped Exetainer® vials.  The vials 

were then placed on a hot plate for 90 minutes at 99°C.   

3.2.3 Standard calibration  

A standard calibration curve was created to determine the relationship between 

aqueous DOC and CO2 in the headspace after oxidization (described in methods).  The 

GasBench and isotope ratio mass spectrometer (IRMS) analyzes CO2 and calculates a peak 

area.  By creating solutions with known concentrations of DOC (described below), a 

relationship can be obtained from the peak area measured and the amount of DOC added.  

Typically, 0.25 mL, 0.5 mL, .75 mL and 1.0 mL of the standard solution were used.  These 

volume correspond to 12.5, 24.9, 37.4 and 49.9 mg of C/L.  A linear regression was fit to 

the data. A typical standard error for peak area was 0.69 projection a strong fit (R2=0.99) 

between DOC concentration and peak area was generated. 

3.2.4 Generation of standards 

Two different standards were created.  These were 1) DOC (glucose) in DI and 2) 

DOC (glucose) and DIC (NaHCO3) in DI.  A third sample was created with glucose and 

bicarbonate generated from flushing the vial with CO2.  Since there are two potential 

sources of CO2 in the experiments (CO2 generated from oxidation of organic carbon and 

CO2 generated from acidification of a solution with DIC), it is important to demonstrate 

that DIC is not interfering with DOC measurements.  The DOC in each standard was 

prepared by dissolving 36.4 mg of glucose into 250 ml of deionized water.  The DOC and 

DIC solution was prepared in the same manner with the addition of 98.0 mg of NaHCO3. 

The DOC and CO2 headspace is similar to batch results  design, samples were purged with 

CO2.  The addition of bicarbonate in aqueous form and from a CO2 headspace to the DOC 

standard allowed us to monitor the efficacy of DIC removal using the acidification 
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technique of DIC sourced from both headspace gas and bicarbonate.  Standards were 

created immediately before analysis. 

3.2.5 Blank Analysis 

Water was used throughout the experiment.  Concerns of elevated DOC 

concentrations in different waters available in the laboratory is warranted.  DI Tap water 

has an average DOC concentration of 0.45 mg of C/L compared to the average DOC 

concentration of 18 ohm water at 0.17 mg of C/L. Experimental results produced much 

greater concentrations of DOC in solution than DOC found in blanks.  DI tap was used 

throughout the experiment and average DOC (0.45 mg C/L) was deemed insignificant 

compared to the peak areas of experimental samples which ranged from 1.5 to 96.8 mg 

C/L.  Regardless the size of samples and thus a small blank correction was applied to 

measured DOC concentrations of standards and samples. 
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Sample ID d13C/12C calc. microM of C at 

equilibrium 

calc. mg C/L 

@ eq 

18 ohm -30.94 0.00 0.02 

18 ohm -31.02 0.12 0.71 

18 ohm -31.76 -0.01 -0.05 

18 ohm -30.84 -0.01 -0.05 

18 ohm -30.82 0.03 0.21 

Average 18 ohm -31.07 0.03 0.17 

Average DI Tap -30.26 0.08 0.45 

DI tap -30.45 0.08 0.48 

DI tap -30.03 0.15 0.91 

Average DI Tap -30.26 0.08 0.45 

Table 1. Analysis of water used during experimentation. 
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3.3 Total Organic Carbon Measurements 

Total organic carbon of the rocks used in the experiments was determined using an 

elemental analyzer (EA).  The samples analyzed were Buffalo River sediment and illite.  

The amount of Barnett shale was limited and had been previously analyzed and reported at 

6.6 wt% TOC.  TOC can be determined for samples by comparing signal strength to a 

samples with a known TOC.  

3.4 PHREEQC Modeling 

PHREEQC is a free software used for geochemical modeling made available for 

use from the United States Geological Society (USGS).  PHREEQC can be used to 

calculate equilibrium speciation for a wide array of hydrogeochemical situations.  

PHREEQC version 3.0 and the Minteq database were utilized. 
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Chapter 4:  Results 

4.1 CREATION OF CALIBRATION CURVE 

The three different standards (DOC-only, DOC and DIC, and DOC and CO2 

headspace) were compared using two-way ANOVA test. No significant difference               

(p > 0.05) among the three series of standards was found.  The best-fit line to these data 

yields a calibration curve that is used to calculate DOC concentrations from measured peak 

area. This similarity between all three curves also verifies that coexisting DIC and injected 

CO2 headspace gas is effectively removed through acidification. The greatest standard 

error was for peak area was 0.69 which corresponds to a standard error of  0.89 mg C/L 
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Figure 4.  Three different standards with the same amount of DOC produce the same 

peak areas indicating all DIC is successful removed during sample 

preparation. 
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4.2 TOTAL ORGANIC CARBON MEASUREMENTS  

Total organic carbon measurements were performed on the EA.  Barnett Shale TOC 

was provided from a previous study and only the results are show. 

 

Table 2. Analysis of samples on the EA. 

 

 

 

Sample ID Amount mg d13C calibrated mg 

carbon 

% Carbon 

Buff 0.516 -19.79 0.02 3.43 

Buff 0.674 -18.89 0.02 3.04 

Buff 1.036 -20.02 0.03 2.78 

Buff 1.294 -19.99 0.04 3.37 

Buff 1.77 -20.31 0.06 3.52 

Buff 1.922 -19.72 0.06 3.38 

Buff 1.99 -20.32 0.07 3.47 

Buff 2.056 -20.11 0.07 3.38 

Buff 2.062 -19.98 0.07 3.22 

Buff 2.076 -20.27 0.07 2.94 

Buff 2.608 -20.61 0.09 3.40 

Buff 3.62 -20.60 0.12 3.35 

Buff 3.664 -20.63 0.12 3.30 
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Table 2 Analysis of samples on the EA (continued). 

 

 

 

Buff 5.416 -20.48 0.18 3.31 

Buff 7.524 -20.72 0.25 3.37 

Buff 8.642 -20.51 0.29 3.32 

Average Buffalo 

River 

   3.29 

Illite 1.858 -8.01 0.06 0.51 

Illite 2.012 -6.53 0.07 0.54 

Illite 2.28 -6.84 0.08 0.53 

Illite 2.378 -6.50 0.08 0.35 

Illite 4.762 -6.56 0.16 0.42 

Average 

Illite 

   0.47 

Barnett 1.606 -23.23 0.05 2.93 

Barnett 1.04 -23.67 0.03 5.16 

Barnett 3.874 -19.45 0.13 3.54 

Barnett 1.552 -24.90 0.05 5.30 

Average 

Barnett 

   4.23 
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4.3 DESORPTION EXPERIMENT RESULTS 

Desorption experiments were conducted on four different rock samples with 

different TOC.  Illite has a low TOC and was selected because it was expected to show 

little change in the presence of CO2 as less TOC would mean less DOC.  Buffalo River 

Sediment was selected because it has some TOC and may represent a shallow sediment 

that fugitive CO2 might encounter as it migrates vertically.  Barnette Shale was selected 

because it has high TOC and may represent seal formation in carbon sequestration 

projects.   

4.3.1 Buffalo River 

Buffalo River had a TOC content of 3.29±0.20 wt%.  Results from the buffalo river 

batch experiments are listed in table 3, and illustrated in figure 5 as concentration of 

desorbed DOC vs. mass of Buffalo River sediment added.  Batch experiments demonstrate 

a linear relationship between DOC in solution and mass of buffalo river sediment added 

(figure 5). Samples equilibrated with air headspace have significantly higher DOC 

concentrations than samples with a pure CO2 headspace (p < 0.05 two-way ANOVA). 

Samples with CO2 headspace consistently had less equilibrated DOC than samples with air 

headspace.  
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 Figure 5.  Comparison of two different headspace gases on varying amounts of buffalo 

river sediment.  
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Sample ID Treatment mg of rock added calc. microM 

soln at eq 

calc. mg C/L 

at eq 

0a Air 0 0.4 2.6 

0a2 Air 0 0.3 1.9 

5a2 Air 5 0.8 4.9 

5a Air 5 1.0 6.2 

25a2 Air 25 3.0 18.1 

25a Air 25 2.9 17.4 

50a Air 50 5.5 32.7 

75air Air 75 7.1 42.8 

75a Air 75 7.5 45.3 

150a Air 150 13.6 81.6 

150a2 Air 150 13.3 79.8 

0c CO2 0 0.3 2.0 

0c2 CO2 0 0.5 2.7 

5c CO2 5 0.9 5.2 

5c2 CO2 5 0.8 4.9 

50c CO2 50 4.2 25.4 

150c2 CO2 150 11.5 69.2 

150c CO2 150 10.9 65.7 

Table 3.  Results of the buffalo river desorption batch experiments 
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4.3.2 Illite 

Illite had a TOC content of 0.47±0.08 wt%.  Results from the illite batch 

experiments are listed in table 4, and illustrated in figure 6 as concentration of desorbed 

DOC vs. amount of illite sediment added.  Batch experiments did not demonstrate a trend 

relationship between DOC in solution and amount of illite sediment added (figure 6)            

(p > 0.68 two-way ANOVA).  The difference between the air treatment and CO2 treatment 

was not significant (p > 0.87 two-way ANOVA).   
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Figure 6.  Comparison of desorbed DOC from illite. Note the much lower concentrations. 
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Sample 

ID 

Treatment mg of rock added calc. microM soln 

at eq 

calc. mg C/L at 

eq 

5ai Air 5 0.2 1.2 

5a2i Air 5 0.3 1.6 

50 ia 3 Air 50 0.5 2.9 

50a2i Air 50 0.1 0.7 

50ia4 Air 50 0.5 3.3 

50ia5 Air 50 0.6 3.8 

50 ai Air 50 0.3 1.9 

150 a 2 i  Air 150 0.6 3.4 

150ai Air 150 0.7 4.0 

5c2i CO2 5 0.0 0.1 

5ci CO2 5 0.2 1.0 

50 ic5 CO2 50 0.7 4.2 

50 ic4 CO2 50 1.0 6.1 

50ic3 CO2 50 0.9 5.4 

50ci CO2 50 0.3 1.6 

50c2i CO2 50 0.3 1.6 

150 ci CO2 150 0.7 4.1 

150c2i CO2 150 0.6 3.6 

Table 4.  Results of the illite desorption batch experiments 
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4.3.3 Barnett Shale 

Barnett shale had a TOC content 6.6 wt% (Zhang et al. 2012).  Results from the 

Barnett shale batch experiments are listed in table 5illustrated in figure 7 as concentration 

of desorbed DOC vs. amount of Barnett shale sediment added.  Batch experiments 

demonstrate a linear relationship between DOC in solution and amount of buffalo river 

sediment added (figure 7). Samples equilibrated with air headspace have significantly more 

desorbed DOC than samples with a pure CO2 headspace (p < 0.05). Samples greater than 

80 mg of Barnett shale and air headspace have the similar concentrations of DOC in 

solution; all the samples with CO2 headspace had lower equilibrated DOC concentrations 

than samples with air headspace.  
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Figure 7.  Comparison of desorbed DOC from Barnett shale. 
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Sample ID Treatment mg of rock added calc. microM soln 

at eq 

calc. mg C/L at 

eq 

A02 Air 2.5 8.2 49.0 

A01 Air 2.5 7.5 44.9 

A51 Air 5 8.4 50.5 

A52 Air 5 9.2 54.9 

A251 Air 25 7.8 47.0 

A252 Air 25 9.0 53.8 

A501 Air 50 14.0 84.0 

A502 Air 50 13.5 81.0 

A751 Air 75 14.2 85.0 

A752 Air 75 16.1 96.5 

A1002 Air 100 16.0 95.8 

A1001 Air 100 14.8 89.0 

C01 CO2 2.5 2.9 17.3 

C51 CO2 5 5.2 31.4 

C52 CO2 5 5.1 30.4 

C252 CO2 25 6.3 38.0 

C501 CO2 50 8.1 48.6 

C752 CO2 75 9.0 54.2 

Table 5.  Results of the Barnett Shale desorption batch experiments 
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4.5 Adsorption experiments 

Adsorption experiments were performed by varying the amount of DOC added to 

batch reactions with the same amount of rock.  This type of experiment is different than 

the previously described desorption experiments in that the initial DOC in solution is 

known and the rock type used was only the low TOC illite.  The previous experiments 

analyzed DOC that was originally adsorbed on the rock and could consist of varied origin 

and chemical composition.  The purpose of conducting the adsorption or desorption 

experiments is to investigate the hypothesis that protonation of different functional groups 

influence the sorption of DOC. Two different organic compounds were used in the 

adsorption by making stock solutions using glucose and sodium acetate. These two 

compounds were chosen because speciation of glucose is only altered by the presence of 

strong acids (Moelwyn-Hughes 1928) (recall carbonic acid is a weak acid) and sodium 

acetate can be altered by weak acids (serves as a buffer). The amount of DOC adsorbed 

onto the illite can be calculated by 1) calculating the initial concentration in solution, 2) 

measuring the final concentration in solution and 3) assuming the DOC desorbed by the 

illite is negligible (shown in 4.4.2) 

 

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛𝐷𝑂𝐶 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 −  𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛𝐷𝑂𝐶 𝐹𝑖𝑛𝑎𝑙 = 𝐴𝑑𝑠𝑜𝑟𝑏𝑒𝑑 𝐷𝑂𝐶 

 

The aim of these experiments was to have a known concentration of DOC in solution and 

observe the amount which adsorbed onto the surface of the rock. The same illite is used 

through all experiments because it is shown to have very little DOC adsorbed onto its 

surface.  It is an ideal rock for adsorption experiments because it is expected to release very 

small amount of DOC into solution. 
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4.5.1 Glucose adsorption experiments 

A fixed amount of illite between 29.5 and 30.5 mg was added to different vials and 

different volumes of glucose solution were added.  Results are reported with blank 

subtraction (0.17 mg C/L) to minimize the effect that DOC adsorbed onto the illite 

(TOC<0.5) had on final equilibrium.  Note that negative glucose equilibrium reported for 

the CO2 headspace (glucose start <25 mg/L) represents all DOC in the water adsorbing 

onto the illite; all the glucose was adsorbed onto the surface of the illite.  Results of the 

glucose adsorption experiments onto illite are shown in figure 8. Both CO2 and air 

headspace experiments were conducted. Results illustrated in figure 8 show that there is no 

significant difference (p > 0.62 two-way ANOVA) between the two headspace gas 

treatments.  Most of the glucose added into solution adsorbed onto the illite. 
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Figure 8.  Known concentrations of glucose added to a constant amount of Illite (30 mg) 

sediment. The 1:1 lines shows the predicted results if no glucose were 

adsorbed. Data plotted below the line shows that more glucose is being 

adsorbed than remaining in solution. 
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Sample 

ID 

Micromole DOC 

added (std) 

mg C/L 

@ start 

calc. microM 

soln at 

equilibrium 

calc. mg 

C/L @ eq 

mg C/L 

sorbed 

AIR 00 0.0 0.0 642.2 7.7 -7.7 

AIR 02 831.4 10.0 543.0 6.5 3.5 

AIR 04 1662.8 20.0 691.5 8.3 11.7 

AIR 08 3325.5 39.9 1117.9 13.4 26.5 

AIR 10 4156.9 49.9 1263.7 15.2 34.7 

AIR 12 4988.3 59.9 1427.7 17.1 42.7 

AIR 16 0.0 0.0 686.2 8.2 -8.2 

AIR 20 831.4 10.0 683.4 8.2 1.8 

CO2 00 1662.8 20.0 913.6 11.0 9.0 

CO2 02 3325.5 39.9 1490.4 17.9 22.0 

CO2 04 4156.9 49.9 1315.4 15.8 34.1 

CO2 08 4988.3 59.9 1615.4 19.4 40.5 

CO2 10 0.0 0.0 642.2 7.7 -7.7 

CO2 12 831.4 10.0 543.0 6.5 3.5 

CO2 16 1662.8 20.0 691.5 8.3 11.7 

CO2 20 3325.5 39.9 1117.9 13.4 26.5 

Table 6.  Results of the glucose adsorption batch experiments 
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4.5.2 Acetate adsorption experiments 

A fixed amount of illite between 29.5 and 30.5 mg was added to different vials and 

different volumes of potassium acetate solution were added.  In solution, potassium acetate 

dissociates to potassium and acetate ions. Results are reported with blank subtraction to 

minimize the effect that DOC adsorbed onto the illite had on final equilibrium.  Both CO2 

and air headspace experiments were conducted. Results illustrated in figure 9 show that 

there is no significant difference between (p > 0.42) the two headspace gas treatments. 
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Figure 9.  Known concentrations of sodium acetate added to a constant amount of Illite 

(30 mg) sediment. The 1:1 lines shows the predicted results if no acetic acid 

were adsorbed. Data plotted below the line shows that more acetic acid is 

being adsorbed than remaining in solution. 
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Sample 

ID 

Micromole 

DOC added 

(std) 

mg C/L 

@ start 

calc. microM 

soln at 

equilibrium 

calc. mg 

C/L @ eq 

mg C/L 

sorbed 

AIR 00 0.0 0.0 561.0 6.7 -6.7 

AIR 02 831.4 10.0 684.0 8.2 1.8 

AIR 04 1662.8 20.0 1363.6 16.4 3.6 

AIR 08 3325.5 39.9 1917.4 23.0 16.9 

AIR 10 4156.9 49.9 2534.0 30.4 19.5 

AIR 12 4988.3 59.9 2760.6 33.1 26.7 

AIR 16 6651.0 79.8 3449.5 41.4 38.4 

AIR 20 8313.8 99.8 4192.0 50.3 49.5 

CO2 0 0.0 0.0 1120.0 13.4 -13.4 

CO2 02 831.4 10.0 1096.4 13.2 -3.2 

CO2 04 1662.8 20.0 1208.1 14.5 5.5 

CO2 08 3325.5 39.9 1761.9 21.1 18.8 

CO2 10 4156.9 49.9 2378.5 28.5 21.3 

CO2 12 4988.3 59.9 2907.8 34.9 25.0 

CO2 16 6651.0 79.8 3561.2 42.7 37.1 

CO2 20 8313.8 99.8 4410.1 52.9 46.8 

Table 7.  Results of the sodium acetate adsorption batch experiments 
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4.6 Desorption/Adsorption Experiments 

A series of four batch experiments were prepared for the overall purpose of 

observing natural DOC sorption from samples. 50 mg of Buffalo River sediment was used 

in each treatment.  Figure 10 summarized the four treatments: 1) CO2 for 48 hours, 2) air 

for 48 hours, 3) air for 24 hours to CO2 for 24 hours and 3) air for 48 hours, were prepared 

This experiment was designed to test if changing the headspace gas would allow for 

desorbed DOC to be adsorbed if the headspace gas was changed.  The treatment with CO2 

in the headspace at the time of analysis show no significant difference from one another  

(p < 0.05). 
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Figure 10.  Different amounts of DOC released from Buffalo River sediment depending 

on each treatments.  Five samples are averages with standard deviation 

shown as error bars. 
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4.7 PHREEQC Modeling and equilibria calculations 

4.7.1 pCO2 and pH  

PHREEQC modeling can be used to determine equilibrium and speciation 

concentrations.  In this case PHREEQC is used to model a changing pCO2 effect on pH of 

a solution.  A solution of 1 L was modeling with change CO2 gas headspace.  A headspace 

from 1 ppm to 1000000 ppm CO2 (pure CO2 atmosphere), to 10 atmospheres was modeled 

and is show in Figure 11. 
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Figure 11.  The change in pH of a solution from increasing the pCO2.  A headspace of 1 

ppm (10-8 atm) to 10 atm CO2 headspace is show.  Atmospheric 

concentrations of CO2 (350 ppm) is show as well as a pure CO2 headspace. 
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4.7.2 Acetate Speciation 

Speciation of acetic acid was modeled in PHREEQC as well.  Acetic acid was 

modeled because it has a carboxylate functional group which represents many weak 

organic acids as well as humic substances. Acetic acid dissociates in water to form an 

acetate ion and a proton which lower the pH.  In the model, the amount of acetic acid was 

held constant and the pH was changed.  The percent of each species is shown. The pKa, at 

which both species exists in equal concentrations, is 4.7.  At pH 4.7 a change in dominate 

species is observed. Note that the Frio test site was measured at pH 6.5 and post CO2 

injection was measured at pH 5.7. The lowest calculated pH from a pure CO2 headspace at 

atmospheric pressure is 3.99 pH. 

 

 

 

 

 

 



 51 

 

Figure 12.  The percent species present of acetate and acetic acid which represents a weak 

organic acid defined by a carboxylic functional group.  
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Chapter 5: Discussion 

LABORATORY RESULTS 

Dissolved organic carbon concentrations are shown to decrease with higher pCO2 

in the headspace gas. The main driver of this change in concentration is hypothesized to be 

pH.  Increasing the amount of CO2 in the headspace decreases the pH and shifts the 

carbonate equilibria towards carbonic acid. Similar effects of pH change on DOC 

concentrations have been reported by several studies (Brigante, Zanini, and Avena 2009; 

Clark et al. 2012; Clark et al. 2011; Evans et al. 2012; Karlsson et al. 2009; Sharp 1973) 

but not directly related to changing pCO2 relating to fugitive sequestered carbon in the 

subsurface. 

The three different rock matrixes that were evaluated for desorption of DOC 

include illite, Buffalo River Sediment, and Barnett Shale (Blakely #1 Well 7191 ft).  TOC 

concentrations range from 0.47 to 6.6 wt%, respectively, in these samples.  Desorption of 

DOC from the illite (0.47 wt% TOC) rock showed no significant difference between the 

two treatments, air and pure CO2 headspace.  Buffalo River sediment (3.35 wt% TOC) 

showed a significant difference between the two treatments; samples had greater 

concentrations of DOC in solutions with the air headspace and samples with pure CO2 

headspace had lower concentrations of DOC in solution.  The same results are observed 

with the Barnett Shale samples (6.6 wt% TOC) which showed significant difference 

between the two treatments and greater concentrations of DOC in solution with an air 

headspace compared to a CO2 headspace.    

In order to understand the process governing the changing concentrations of DOC 

in the desorption batch experiments, it is important to assess the different chemistries that 

may occur.  Each batch experiment contains some volume of rock, a fixed amount of water 

(2.0mL), and a fixed headspace volume (10mL). When the water and the rock are mixed, 
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some fraction of the total organic carbon goes into solution, which represents DOC.  

Additional pH dependent SOC may be in solution or adsorbed to the rock. In the 

experiments equilibrated with air, the pH remains neutral, 6.7-7.0.  In the batch 

experiments flushed with pure CO2, some of the CO2 goes into solution where it becomes 

carbonic acid, which lowers the pH of the solution to 4.0-4.5 pH.  At low pH humic 

substances and SOC are protonated (pKa of humic substances is between 4.0 and 5.0) 

which decreases solubility. When SOC becomes protonated the solubility decreases. The 

result is the protonated molecule adsorbs to the surface of the rock in the batch experiments.  

The adsorption of these protonated molecules may explain the decreased concentrations of 

DOC in solution observed for the CO2 headspace batch experiments. 

Adsorption experiments show the capacity of stock solutions of sodium acetate and 

glucose with DOC to adsorb onto illite surfaces. Adsorption experiments were conducted 

with acetate and glucose stock solutions to probe the behavior of these two different 

compounds. Illite used in this study has a low TOC (0.47 wt%) and  desorption experiments 

demonstrate that DOC from illite is a very small amount (0.17 mg C/L). Therefore in these 

adsorption experiments it can be assumed that the DOC in solution is derived from the 

stock solution and not part of the TOC of the illite.  There is no difference observed between 

the air and CO2 treatments for glucose.  There is no observed significant difference between 

the air and CO2 treatments for acetate. The lack of observable difference between the 

glucose experiments demonstrate that the glucose molecule is not affected by a decrease in 

pH at low temperatures (i.e., glucose cannot be protonated). A similar conclusion was 

reached by (Moelwyn-Hughes 1928) who only found evidence of a change in speciation at 

temperatures greater than  100°C value.  Acetate ion speciation is altered by pH and shown 

in PHREEQC modeling (figure 12).  Even though the acetate ion is protonated to acetic 

acid, acetic acid is completely miscible in water.  Therefore, there is no observed effect 
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between the protonated (acetic acid) and deprotonated (acetate ion).   Glucose and acetate, 

while DOC, do not represent naturally occurring DOC. However, they represent two 

different types of organic molecules: one that can be protonated and one that cannot. These 

results demonstrate that certain molecules and their change in solubility are poor indicators 

of pH change from an increase of pCO2. Using humic acid would have been a better 

indicator of change in DOC concentrations due to a change in pH. 

The change in pH is the driving force for adsorption and desorption of DOC.  The 

change in DOC concentration is shown to be reversible.  Protonated humic substanstances 

and humic acids are shown to have lower solubility and higher adsorption capacity 

(Brigante, Zanini, and Avena 2009; Kipton, Powell, and Town 1992; Tipping 2002).  As 

such, a generalized effect is that, in nature, raising or lowering the pH should effectively 

raise and lower DOC concentrations, respectively.  In the desorption/adsorption 

experiments, four treatments of batch experiments were used to see if DOC from Buffalo 

River sediment could be desorbed at a neutral pH (air treatment) and adsorbed at an acidic 

pH (CO2 treatment).  One experiment equilibrated the Buffalo River sediment with air for 

24 hours, one equilibrated with air for 48 hours, one equilibrated with CO2 for 48 hours 

and one equilibrated with air for 24 hours and then CO2 for 24 hours.  The samples of air 

treatment for 24 and 48 hours had the same amount of DOC in solution, demonstrating that 

equilibration in this system was reached within 24 hours.  Also, the samples which ended 

with the CO2 treatment, the treatment of CO2 and the treatment of air to CO2, had the same 

amount of DOC in solution (figure 10).  This indicated that desorbed DOC can be adsorbed 

if the pH is changed. 
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COMPARISON TO FIELD DATA FROM FRIO INJECTION SITE AND EXPECTED FIELD DATA 

Determining the effect that increasing pCO2 has on DOC concentration was 

motivated in part by observations at the Frio Injection Site (Kharaka et al. 2009; Kharaka 

et al. 2006; Xu et al. 2010).  After CO2 was injected at the Frio site, an increase in DOC 

concentrations was observed in the targeted storage formation.  SCCO2 is an organic 

carbon solvent (Hyatt 1984). The reported spike in DOC concentrations occurred in the 

porous flow storage unit into with SCCO2 was actively being sequestered 

Laboratory results and geochemical modeling reported here indicate that a decrease 

in DOC concentrations is observed as pCO2 increases in groundwater.  Although a sharp 

increase in DOC was observed in the Frio Sandstone immediately after injection, samples 

taken a year after injection, show DOC concentrations remain stable and return to 

preinjection concentrations (Burruss et al. 2009; Kharaka et al. 2006; Kharaka et al. 2009; 

Xu et al. 2010).  A sharp increase in DOC concentrations is typical in the storage reservoir 

where supercritical CO2 is being injected and is often seen in EOR sites with CO2 flooding 

(Shiraki and Dunn 2000).  During CO2 flooding, hydrocarbon viscosity is reduced which 

makes hydrocarbons have a greater mobility in the reservoir.  Dissolved organic carbon 

responds in the same way during SCCO2 injection. 

In a scenario where CO2 migrated vertically, which is the relevant topic this 

research is focused on, the migrating CO2 rich fluid would change from supercritical to 

gaseous CO2 as hydrostatic pressure decreased.  The way in which CO2 interacts with the 

formation water has been extensively described in Section 2.3.  In the Frio Injection Site, 

pH of the formation water decreases from 6.5 to 5.7.  This small change is not likely to 

produce any observable effect in DOC concentration because a pH of 5.7 is still greater 

than the pKa of most humic acids.  Even if CO2 were to migrate out of the injection zone 

and into a suprainjection reservoir, pH may not drop low enough to cause protonation of 
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humic acids.  The pKA of humic acids is estimated to be 4.0-5.0 (Kipton, Powell, and 

Town 1992; Plaschke et al. 1999) and the small change in pH will have little effect on the 

protonation of these acids.  This is the greatest pCO2 is at the injection site and here the pH 

is buffered by carbonate minerals.   

The goal of any monitoring network and geochemical indicator is to minimize risk 

(leaking of stored CO2) while maximizing the probability of parameter detection (Freeze 

et al. 1992).  Decreases in DOC concentrations are observed with an increase of pCO2.  The 

lower concentrations of DOC observed during batch experiments is much less than 

observed increase in DOC (5 mg/L to 700 mg/L) during SCCO2 injection.  Laboratory 

results indicate that changes in solubility and adsorption occur around the pKa of humic 

acids and humic substances (4.0-5.0) and the change in speciation, driven by a change in 

pH, is not suspected to occur in the subsurface. The small change expected in speciation 

from a reservoir pH change from 6.5 to 5.7 makes DOC a poor indicator of fugitive CO2, 

unless pH decreases below 4.0-5.0.  

Elevated levels of DOC have been shown to be a health and environmental risks.  

SCCO2 is an organic solvent and may carry elevated concentrations of DOC.  As SCCO2 

migrates vertically and loses supercriticality due to decreasing pressure, DOC 

concentrations will decrease.  Since a decreasing concentration of DOC (or no significant 

change) is expected, any concerns to health or environment from CO2 sequestration and a 

possible rise in DOC concentrations relieved.   
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