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Abstract. Carbon capture and storage is a promising strategy for mitigating the CO2 contribution 7 

to global climate change. The large scale implementation of the technology mandates better 8 

understanding of the risks associated with CO2 injection into geologic formations and the 9 

subsequent interactions with groundwater resources. The injected supercritical CO2 (sc-CO2) is a 10 

nonpolar solvent that can potentially mobilize organic compounds that exist at residual saturation 11 

in the formation.  Here, we review the partitioning behavior of selected organic compounds 12 

typically found in depleted oil reservoirs in the residual oil–brine–sc-CO2 system under carbon 13 

storage conditions. The solubility of pure phase organic compounds in sc-CO2 and partitioning of 14 

organic compounds between water and sc-CO2 follow trends predicted based on 15 

thermodynamics. Compounds with high volatility and low aqueous solubility have the highest 16 

potential to partition to sc-CO2. The partitioning of low volatility compounds to sc-CO2 can be 17 

enhanced by co-solvency due to the presence of higher volatility compounds in the sc-CO2. The 18 

effect of temperature, pressure, salinity, pH, and dissolution of water molecules into sc-CO2 on 19 

the partitioning behavior of organic compounds in the residual oil-brine-sc-CO2 system is 20 

discussed. Data gaps and research needs for models to predict the partitioning of organic 21 

compounds in brines and from complex mixtures of oils are presented. Models need to be able to 22 
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better incorporate the effect of salinity and co-solvency, which will require more experimental 1 

data from key classes of organic compounds.   2 

1. Introduction 3 

Carbon capture and storage (CCS) is a technology which aims to capture CO2 gas from its point 4 

source of emission and deposit it underground with 99% permanence over at least 100 years.1 5 

Despite the scientific debate2 about the viability of implementing CCS on the scales necessary 6 

for climate change mitigation, it remains one of the most promising mitigation approaches for 7 

anthropogenic CO2 emissions and subsequent climate change.3 Many different types of geologic 8 

formations have been proposed as possible end-of-pipe CO2 receptors, and various 9 

demonstrations have been implemented in each of them.4 The most common geologic formations 10 

that may be deployed for CCS include saline aquifers, unmineable coal seams, organic-rich 11 

shales, basalts and depleted oil and gas reservoirs.4 Especially in the United States, depleted oil 12 

reservoirs are of particular interest because they have been proposed as the first adopters of CCS 13 

due to the potential to offset costs of CCS through enhanced oil recovery.4 Use of depleted oil 14 

reservoirs for implementing large-scale CCS projects is also a way to reduce infrastructure costs 15 

associated with the injection and pipeline transport of CO2 as an infrastructure of CO2 16 

transporting pipelines is already built close to oilfields undergoing enhanced oil recovery (EOR) 17 

using CO2.5 Depleted oil reservoirs generally also have had more extensive site characterization 18 

than brine aquifers and unmineable coal seems6 and there is considerable experience within the 19 

oil and gas industry regarding injection of sc-CO2 for EOR purposes. 20 

 21 

Enhanced oil recovery is often performed with sc-CO2 flooding for light and medium oils.  When 22 

CO2 flooding is practiced for EOR, injected sc-CO2 is typically obtained from natural sources 23 
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and is typically recovered for use elsewhere and, therefore it does not constitute CCS.7 However, 1 

once oil production from EOR operations drops, these oilfields can then be used for CCS. The 2 

amount of CO2 that can be stored in the oil and gas reservoirs of the United States of America 3 

and Canada alone have been estimated to be about 143 gigatons (Gt),which accounts for ~40 4 

years of storage potential; this does not account for unexplored oil and gas reservoirs.4 Globally, 5 

675 to 900 Gt of CO2 are expected to be stored in depleted oil and gas reservoirs. These numbers 6 

would increase up to 25% if undiscovered oil and gas fields are included.1 7 

 8 

Experience regarding EOR using sc-CO2 flooding can be used to devise a conceptual model for 9 

the types of phases present in a CCS scenario using depleted oil fields.  Typically, up to 30% to 10 

40% of the oil in a reservoir remains in the formations after primary production and EOR 11 

operations.4, 8 In EOR using sc-CO2, a sc-CO2 flood is injected to increase the bulk volume of the 12 

oil and decrease its viscosity which forces oil out of the pores.4 Upon injection of sc-CO2 for 13 

EOR, four phases are present: a) a CO2-rich phase with light hydrocarbons, b) an oil-rich phase 14 

with heavier hydrocarbons,9 c) a CO2-saturated formation water or brine, and d) the formation 15 

solids.  The solubility of the various organic compounds present in oils, in sc-CO2 and in CO2-16 

saturated brines is not well documented in the scientific literature, but is necessary to assess the 17 

potential migration of various organic compounds from the CCS site in sc-CO2 or brines that 18 

may migrate from the formation to an overlying aquifer. 19 

 20 

The possibility of CO2 leakage from these formations is one of the major concerns emanating 21 

from the large-scale deployment of the technology. Failure of the cap rock,10 well blow-out,11 22 

poorly plugged wells,12 and seismic activity13 are the most likely pathways of CO2 migration to 23 
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overlying formations. The migration of CO2 may occur either as sc-CO2 or as CO2-saturated 1 

brine. For either case the water resources along the migration pathways may be affected by the 2 

presence of naturally occurring organics or trace metal contaminants in the migrating CO2-rich 3 

phase.14, 15  4 

 5 

Depleted oil reservoirs contain a variety of organic compounds, many of which are toxic and 6 

carcinogenic (e.g. BTEX and PAHs found in oilfield brines)16–22 and their respective maximum 7 

contaminant levels in drinking water are very low.23 The solubility of many of the organic 8 

compounds typically found in oilfields in the injected sc-CO2 or in CO2-saturated brines under 9 

CCS conditions have not been measured. Therefore, their potential for migration from the 10 

storage reservoir to overlying waters is difficult to estimate with any certainty.  Obtaining 11 

knowledge about the partitioning behavior of organic compounds found in oil reservoirs is 12 

necessary for first order estimates of migration potential, migration modeling through seals and 13 

well bores, and overall predictive integrated risk assessment efforts for carbon storage systems. 14 

 15 

The solubility of organic compounds in water is affected by temperature, pressure, and salinity 16 

(TPX), which subsequently affects their partitioning between sc-CO2 and brine.  The conditions 17 

of CCS formations differ vastly by location which highlights the necessity for solubility data for 18 

a range of important compound classes over a wide range of pressure, temperature, and salinity 19 

conditions.24 These conditions entail temperatures in the range of 304-433 K, pressures of 73.9-20 

500 bar and total dissolved solids (TDS) between 10,000 and 400,000 mg/L.25  Under these 21 

conditions, water saturated sc-CO2 can exist as a separate phase along with CO2 saturated brine 22 

and the residual oil phase.   23 
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This study briefly reviews the basic principles affecting the solubility of organic compounds in 2 

sc-CO2 and CO2-saturated brine, the existing knowledge of specific classes of organic 3 

compounds typically found in oil reservoirs, and available data on their partitioning behavior 4 

between oil-brine-sc-CO2 phases under CCS conditions.  The objectives of this review are to 1) 5 

compile available experimental data on simple sc-CO2-organic and aqueous-sc-CO2 systems, 2) 6 

determine discernible trends in the partitioning behavior (i.e. solubility in sc-CO2,  and aqueous-7 

sc-CO2 partition coefficients) of selected, individual organic compounds to predict trends 8 

expected in a brine-crude oil-sc-CO2 system based on thermodynamic arguments, and 3) identify 9 

critical gaps in knowledge and data required to predict partitioning of organic compounds in an 10 

oil-brine-SC-CO2 system. Due to dearth of data on the partitioning of individual organic 11 

compounds between crude oil mixtures and sc-CO2, the data presented in this study is for pure 12 

phase or mixtures with only a select few compounds. The environmental implications of these 13 

findings on the potential for organic compound migration to overlying aquifers due to CO2 14 

injection are discussed. Future research directions are proposed which will provide the data 15 

required to make better predictions about the potential for organic compounds to affect water 16 

quality in overlying aquifers.  17 

 18 

2. Thermodynamic Principles and Environmental Factors Controlling the Solubility of 19 

Organic Compounds in an Oil-Brine-Supercritical CO2 system 20 

Modeling the partitioning behavior of organic compounds in depleted oil reservoirs requires 21 

information on the solubility of a variety of organic compounds in sc-CO2, as well as their 22 

solubility in brine (water). While the prediction of the solubility of apolar and some polar 23 
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organics in water is fairly well-understood, the solubility of these compounds in a system with a 1 

supercritical component, at very high TDS, and for a multi-component system such as crude oil, 2 

is less well understood.  The solubility of a compound in sc-CO2 is determined by its chemical 3 

potential, (𝜇𝑖), in the sc-CO2 rich phase (eq. 1). The chemical potential of a species is the same in 4 

all phases present when at chemical equilibrium. 5 
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The fugacity of a compound is used as a surrogate for chemical potential.  For an isothermal 6 

change for component i  in any system the relationship between chemical potential and fugacity 7 

is given by eq. 2 8 
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where 0
iµ  is the chemical potential of a compound in its standard state, R is the universal gas 9 

constant, T is the temperature, if  is the fugacity of the compound in the system of interest, and 10 

0
if  is the fugacity of the compound in its standard state.  The fugacity of a compound i is 11 

dependent on system pressure, temperature, and importantly, composition of the phases present 12 

(eq. 3).26 13 
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 14 
This composition will depend on the components of the oil and/or brine phase in equilibrium 15 

with the sc-CO2 phase, which is highly variable across sites. 16 

 17 
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In the crude oil-brine-sc-CO2 system, the fugacity of an organic compound in the supercritical 1 

phase can be estimated in order to predict the solubility of a selected compound in the sc-CO2 2 

phase.  Compounds with higher solubility in sc-CO2 would be of greater interest than those of 3 

lower solubility in a scenario where the sc-CO2 phase leaked from the storage reservoir.  Two 4 

types of thermodynamic models (section 2.1) can be used to estimate fugacity and/or solubility 5 

of organic compounds: Equations of state (EOS) and quantitative structure property relationships 6 

(QSPRs). However, both types of models are currently unable to accurately predict the solubility 7 

of the organic compounds in a crude oil-brine-sc-CO2 system, and certain limitations apply to 8 

each type of model.   9 

 10 

Factors that prevent accurate predictions include the high and variable electrolyte content of the 11 

brines and variations in the resulting pH of the brine after sc-CO2 injection (section 2.2). The 12 

entrainment of water into sc-CO2 is another factor that may affect the ability of these models to 13 

accurately predict the partitioning behavior of organic compounds into sc-CO2 as it has been 14 

shown to have effects (see section 7).  15 

 16 

2.1. Thermodynamic Principles and Modeling of Organic Compound Partitioning into 17 

Supercritical CO2 18 

Equilibrium solubility in either sc-CO2 or in CO2-saturated brines can be estimated using 19 

established thermodynamic methods including equations of state (EOS) and quantitative 20 

structure property relationships (QSPRs).  Each of these is briefly described here along with an 21 

indication of the data required to develop and calibrate these approaches for CO2 storage 22 

conditions.  23 
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 1 

Several EOS, all of which are empirical, including Redlich-Kwong,27 Soave modification of 2 

Redlich-Kwong equations,28 Peng-Robinson,29 Stryjerk-Vera modifications of Peng-Robinson,30, 3 

31 Patel-Teja,32 and Adachi and Lu,33 among others can potentially be used, with varying levels 4 

of accuracy, to model the partitioning behavior of organics in the depleted oil reservoirs. These 5 

EOS require an application of mixing rules to calculate the solubility of organic compounds in 6 

sc-CO2 (see Supporting Information); binary interaction parameters need to be incorporated into 7 

EOS to account for the repulsive and attractive terms between the various organic compounds 8 

and sc-CO2. Typical mixing rules include the van der Waals mixing rules, Panagiotopoulos and 9 

Reid,34 and Wong-Sandler,35 among others. Valderrama,36 in his review on EOS, stated Gibbs 10 

free energy models and nonquadratic mixing rules with interaction parameters in the volume 11 

constraints give the best results for mixtures containing a supercritical component.  However, the 12 

use of EOS to model systems with a supercritical component is still lacking; some organic 13 

compound solubility in sc-CO2 cannot be accurately modeled by these systems.36 Additionally, 14 

there is greater error when calculating solubility in multicomponent systems. For example, the 15 

error in solubility predictions using the Soave-Redlich-Kwong EOS, combined with van der 16 

Waals mixing rules, increased from 3% to 15% for single components (anthracene, 17 

phenanthrene, and carbazole) to 14% to 50% for a mixture of all three.37 This is a result of the 18 

need for more accuate binary interaction parameters for the system, and is indicative of increased 19 

uncertainty for modeling the partitioning of individual organic compounds in complex systems, 20 

such as crude oil mixtures, where hundreds of binary interaction parameters are involved.  21 

 22 
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An alternative to EOS is the development of quantitative structure-property relationships 1 

(QSPR). A QSPR tries to account for all of the variables that may affect the state of a compound 2 

in a particular phase. Only three reports of QSPRs for organic compounds in sc-CO2 are 3 

available,38–40 but the approach may be promising and appears to be applicable for both polar and 4 

apolar compounds.  Engelhardt and Jurs38 introduced a quantitative structure-property 5 

relationship (QSPR) to predict the solubility of organic compounds in sc-CO2. Seven solute 6 

descriptors were used in the QSPR, which include topological descriptors, electronic descriptors, 7 

geometric descriptors, and hybrid descriptors.  In the training set, solubility measurements of 52 8 

organic compounds, with a range of polarities and molar volumes, including naphthalene, 9 

anthracene, and benzoic acid at 308 K and 140 bar were used to create the QSPR model, and 10 

measurements of solubility of 2-aminobenzoic acid, 5-hydroxyindole, dibenzofuran, oleic acid, 11 

oxindole (enol), and 1-methylnaphthalene were used to test the model for its predictive 12 

capability. The QSPR resulted in errors of less than one log unit for both sets, however its 13 

applicability to CCS conditions is limited due to lack of information in the CCS temperature and 14 

pressure space. This suggests that a QSPR may be developed to predict the partitioning of a wide 15 

range of organic compound classes in sc-CO2 under carbon storage conditions. 16 

 17 

Another type of QSPR, termed a Linear Solvation Energy Relationship (LSER), has been used to 18 

estimate the partitioning of organic compounds from water to sc-CO2.39,40 The modeling of 19 

organic compound partitioning coefficients using LSERs requires solute descriptors such as 20 

hydrogen bonding acidity, basicity, molar volume, among others to predict the partitioning 21 

coefficient of organic compounds between water and sc-CO2. These descriptors are widely 22 

available in the literature. An LSER developed for solubility of organic compounds in sc-CO2 23 
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could predict the solubility of a variety of organic compounds in sc-CO2 within ±0.20 log units, 1 

however the LSER was developed for a specific temperature and pressure where the density of 2 

sc-CO2 was 0.76 g/cm3. Another LSER was developed that could predict the partitioning of 3 

organics between water and sc-CO2 within ±0.30 log units for a range of CO2 densities. This 4 

suggests that LSER could be developed for a range of values in the temperature and pressure 5 

space, however, they still need to be adjusted to account for salinity and solubility enhancement 6 

due to co-solvents (see Sections 4 and 5), which would change the partitioning behavior. 7 

 8 

 9 

2.2. Environmental Factors Affecting Solubility 10 

The high salt content of brines and the pH decrease due to dissolution of CO2 in the brine can 11 

affect solubility of organic compounds. The general decrease in aqueous solubility of organic 12 

compounds with increasing salt concentration can be estimated empirically with Setchenow 13 

constants (eq. 5).  14 

 0

,
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 15 

In eq. 5, 0γ is the activity coefficient of the organic compound in a salt solution, γ  is the activity 16 

coefficient of the organic compound of interest in an infinitely dilute solution, sat
iwc  is the 17 

solubility of the compound in an infinitely dilute solution, and ,
sat
iw saltc  is the solubility of the 18 

compound in a salt solution, [ ]totsalt  is the total molar salt concentration and s
iK  is the 19 

Setchenow constant in units of M-1. The values of Ks depend on the ion type and are determined 20 

empirically for different classes of organic compounds. Values of Ks exist for apolar organics 21 
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and for some monoploar and polar compounds for solutions up to the salinity of seawater.41 This 1 

equation is valid up to approximately 0.7 M ionic strength, after which the effect of the dissolved 2 

salts on the molar volume of the solution has to be taken into account.41 This is likely to be the 3 

case for saline geologic formations or depleted oil reservoirs which can have TDS in the 10’s of 4 

g/L. Pitzer equations are used to determine the activity of organic species in brines, which are 5 

valid for high salt concentrations.42 The Pitzer equations are semi-empirical ion-interaction 6 

models, and only applicable to organic electrolytes in solution. However, most compounds 7 

dissolved in oil are neutral (i.e. BTEX, PAHs), therefore another model is needed to account for 8 

the high levels of TDS in the brine. 9 

 10 

Other EOS, such as the others previously discussed, can also be used to model the effect of the 11 

salt content on solubility of organic compounds in brine.43–46 Most of these EOS use 12 

experimental data on light hydrocarbons (C1 – C5) for their correlations.43–46 These models have 13 

been shown to be fairly accurate for the conditions of interest; however error increases as salt 14 

concentration and temperature increase.44 15 

 16 

Small organic acids and some phenols can protonate as the solution pH is decreased and become 17 

neutral organic species. These can be major organic constituents in subsurface brines18 which 18 

display a pH dependent aqueous solubility. For simple monoprotic acids the relative 19 

concentrations of the undissociated ([ ]HA ), and dissociated ([ ]A− ) form of the organic acid can 20 

be determined using eq. 6.  21 

[ ]log
[ ] ia

A pH pK
HA

−

= −  (eq. 6) 

 22 
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As pH is increased, aqueous solubility of the compound increases as it becomes charged. Most 1 

important organic acids with relevance to depleted oil reservoirs have pKia between 4 and 10.41 2 

The pH of the brine in depleted oil reservoirs is expected to drop after CO2 injection so the 3 

solubility of some organic acids in brine and in sc-CO2 would be expected to decrease, however, 4 

this depends on the pKa for those acids and on the change in pH of the reservoir. 5 

  6 

Site specific aqueous phase concentrations of organics will therefore likely cover a wide range of 7 

aqueous phase concentrations, based on pH and on differences in the composition of the oil 8 

phase. Studies of organic compounds in produced water from oil reservoirs show that there 9 

indeed is a wide variation of aqueous concentrations of organic compounds.16–20  10 

 11 

3. Measured Solubility of Organic Compounds in Supercritical CO2 12 

3.1 Trends in Solubility of Organic Compounds in Supercritical CO2  13 

 14 

Supercritical CO2 has been used for decades in the food47,48 and pharmaceutical industry,49 in 15 

treatment technologies (e.g. soil remediation),50,51 and energy production (e.g. oil and gas 16 

extraction),37 among other areas, to extract organic compounds into the sc-CO2 phase. The 17 

solubility of many types of organics in the binary system of pure solute and sc-CO2 has been 18 

measured. This data set, albeit dispersed in the literature can be used to predict the types of 19 

compounds that are expected to be mobilized by sc-CO2, even if the mechanisms driving the 20 

solubility of these organic compounds are unknown.  21 

 22 
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The trends of solubility of several organic compound classes of importance in dry sc-CO2 (i.e. in 1 

absence of dissolved water in the sc-CO2 phase) follow the respective thermodynamic rules, e.g. 2 

.apolar and polar organic compounds with high vapor pressure have higher solubility in sc-CO2, 3 

and trends expected based on their structures and functional groups (Table 1). Small apolar and 4 

weakly monopolar compounds, such as hexane and benzene, have relatively high solubility in sc-5 

CO2.52–55
 Small polar compounds, such as acetic acid and phenol, have lower inherent volatility 6 

and lower solubility in sc-CO2 compared to small apolar and weakly monopolar compounds.56–58 7 

As temperature increases, the vapor pressure and the solubility of both apolar and polar 8 

compounds in sc-CO2 increase. Larger compounds, typically with a molecular weight greater 9 

than 200 g/mol, have lower solubility in sc-CO2 due to their lower inherent volatility whether, 10 

apolar, monopolar, or polar. These larger compounds include longer-chained alkanes, larger 11 

aromatic acids, long-chained aliphatic acids, large PAHs, and other larger organic compounds. 12 

As the length of a carbon chain or number of rings increase in an organic compound, solubility in 13 

sc-CO2 tends to decrease. 14 

 15 

The position of functional groups appears to affect the solubility of aromatic organic acids, 16 

where aromatics with functional groups on the ortho- position have greater solubility in sc-CO2 17 

than their meta- and para- counterparts.56, 59–67  Pfohl et al.59 explained the increase in solubility 18 

by steric hindrance; the group on the ortho- position acted as a shield to the hydroxyl group, 19 

decreasing the compound’s ability to form strong intermolecular bonds. This was found to be 20 

true especially for cresol, dihydoxybenzene, and hydroxybenzoic acid isomers.  21 

 22 

 23 
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Table 1. Measured Solubility of Selected Pure Phase Organic Compounds in sc-CO2 1 

 2 
Organic 

Compound 
Temperature 

(K) 
Vapor Pressure 
at 298 K (bar) Pressure (bar) Solubility 

(mol/mol) 

  Alkanes   

n-Hexane53 353 6.8E-0141 
75 5.10E-02 
92 7.00E-02 

107 1.14E-01 

n-Decane68 344 1.7E-0341 
90 3.2E-03 

105 6.0E-03 
126 3.4E-02 

n-Hexadecane68 308 1.9E-0641 
83 2.6E-03 
96 7.8E-03 

113 8.7E-03 

n-Octadecane68 310 1.7E-0741 
100 1.10E-03 
140 3.90E-03 
180 5.80E-03 

BTEX 

Benzene55 373 1.3E-0141 
40 5.5E-02 
52 4.4E-02 
59 4.4E-02 

Toluene55 373 3.7E-0241 
38 3.8E-02 
46 3.3E-02 
55 3.1E-02 

Ethylbenzene69 393 1.2E-0241 
81 2.7E-02 

121 3.4E-02 
161 7.7E-02 

o-Xylene70 353 8.9E-0341 
88 3.8E-02 

136 6.5E-02 
148 1.4E-01 

m-Xylene71 394 1.1E-0241 
102 2.8E-02 
125 3.7E-02 
161 7.1E-02 

p-Xylene55 373 1.2E-0241 
40 2.2E-02 
49 2.2E-02 
59 2.2E-02 

Aromatic Acids 

o-Cresol59 373 4.0E-0441 
104 4.5E-03 
201 3.2E-02 
252 9.4E-02 

m-Cresol59 373 2.0E-0441 
102 3.1E-03 
199 1.9E-02 
250 4.0E-02 

p-Cresol59 373 1.6E-0441 
103 3.2E-03 
202 2.0E-02 
302 3.9E-02 

o-
Dihydroxybenzene60 318 2.2E-0641 

109 7.9E-06 
130 1.1E-05 
141 1.2E-05 
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o-Hydroxybenzoic 
Acid61 328 2.0E-0741 

122 1.3E-04 
162 4.0E-04 
203 6.2E-04 

Benzoic Acid72 328 1.1E-0641 
120 4.5E-04 
220 4.0E-03 
270 4.6E-03 

Aliphatic Acids 

Acetic Acid73 323 2.1E-0241 
70 1.1E-02 
77 1.3E-02 
84 1.6E-02 

PAHs 

Acenaphthene74 308 3.1E-0641 
122 2.0E-03 
152 2.1E-03 
182 2.4E-03 

Phenanthrene37 308 2.2E-0741 
101 5.6E-04 
141 9.4E-04 
181 1.2E-04 

Anthracene37 308 9.8E-0941 
102 1.3E-06 
141 5.4E-06 
181 8.4E-06 

Other Groups 

Thiophene75 334 5.3E-0241 
80 2.3E-02 
90 3.0E-02 
96 4.1E-02 

p-Nitrophenol76 328 5.5E-0841 
122 1.6E-04 
162 3.1E-04 
203 4.6E-04 

 1 

The sc-CO2 is a nonpolar solvent with low polarizability and low dielectric constant, which 2 

theoretically makes it a good solvent for hydrocarbons.  However, the analysis above suggests 3 

that sc-CO2 is not a good solvent for larger molecules (e.g. MW >200 g/mol) such as large 4 

PAHs.77 Carbon dioxide is net apolar, but the polar C-O bonds allow it to act as a Lewis acid and 5 

Lewis base.78 In a sc-CO2-water system in a depleted oil reservoir, this allows for sc-CO2 to 6 

solvate small polar molecules, but not as strongly as H2O since the dipole moments between C-O 7 

bonds are not as strong as for H-O bonds in water. For the dissolution of large apolar molecules 8 

in water there is a diminishing effect of favorable entropy of dissolution, which accounts for 9 

lower aqueous solubility.41 Similar arguments can be applied to sc-CO2 as a solvent. Since both 10 

15 
 



water and CO2 are more greatly displaced by large molecules, dissolution of larger molecular 1 

weight compounds is not a favorable process.  2 

 3 

3.3 Effects of Temperature and Pressure on Solubility of Organic Compounds in 4 

Supercritical Carbon Dioxide 5 

 6 

The effect of temperature and pressure on the vapor pressure of an organic compound and 7 

therefore on its solubility in sc-CO2 has been well documented in the literature. An isobaric 8 

temperature increase results in a decrease in solubility of organic compounds in sc-CO2, until a 9 

“crossover pressure”, where their solubility in sc-CO2 increases with increased temperature at the 10 

same pressure (Figure 1).79 The crossover pressure, however, is characteristic of each solute. 11 

This phenomenon has been well documented by Foster, et al.79 who modeled the crossover 12 

pressure in fluid phase equilibrium. They emphasized that the crossover pressure is a function of 13 

the organic compound-sc-CO2 system, and the location of this point was in the vicinity of the 14 

critical density of the system.79    15 
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Figure 1. The crossover pressure of naphthalene.80, 81 2 

Isothermal pressure increase results in a decrease in solubility up to the critical point, but then 3 

solubility increases steadily after reaching the critical point (Figure 2).52,81 While solubility data 4 

for low pressures is not typically applicable to depleted oil reservoirs, it is interesting to note that 5 

the minimum solubility occurs at around the critical pressure of CO2; therefore the solubility of 6 

organic compounds in sc-CO2 should increase with increasing pressure given that reservoir 7 

pressures and temperatures are above the critical point for CO2.  8 
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Figure 2. Isothermal pressure increase of n-decane at 377.6 K.82 2 

 3 

4. Experimental Data on the Partitioning Behavior of Organic Compounds in a 4 
Supercritical CO2-Water-Pure Phase system  5 

 6 

4.1 Supercritical CO2 – Water – Pure Phase Organic 7 
 8 

In a CO2 storage scenario, e.g. a depleted oil reservoir, water is present mostly as brine. In many 9 

cases sc-CO2 will be in contact with brine containing dissolved organic compounds, but not 10 

necessarily the pure phase organics.  Partitioning coefficients (K factors) for some organic 11 

compounds between sc-CO2 and water have been reported (Table 2). This partitioning 12 
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coefficient (a ratio of the solubility of the organic compound in the supercritical phase to the 1 

solubility of the organic in the aqueous phase) is often used in risk assessment models for 2 

groundwater contamination from leakage of sc-CO2.14  K factors will depend on pressure as well 3 

as on temperature for water-sc-CO2 partitioning, especially near the critical point of CO2 where 4 

the density of the gas increases most with changes in pressure. Equations of state need to capture 5 

this dynamic behavior of K-factors over the temperature and pressure space relevant to carbon 6 

storage. Despite this, reported K-factors (determined experimentally) for partitioning of organics 7 

between water and sc-CO2 indicate trends that are consistent with expectations.  8 

 9 

Table 2. Partitioning coefficients (K) of Selected Organic Compounds in a Pure Phase-Water-sc-10 

CO2 System 11 

Organic 
Compound 

Temperature 
(K) 

Pressure 
(bar) 

K (mol CO2 
per mol H2O) Kaw at 298 K 

Alkanes 

Hexane40 300 80 9.0E+03 5.5E+0141 

Cyclohexane40 300 80 4.9E+03 7.8E+0041 

BTEX 

Benzene83 318 
80 8.6E+02 

4.5E+0041 90 1.6E+03 
101 2.8E+03 

Aromatic Acids 

Phenol84 313 
81 5.6E-01 

2.6E-0541 158 9.9E-01 
255 1.0E+00 

m-Cresol85 313 
97 6.0E-01 

3.8E-0541 124 2.2E+00 
165 3.9E+00 

Benzoic Acid84 313 
79 6.1E-01 

1.6E-0641 150 1.4E+00 
251 2.0E+00 

Aliphatic Acids 
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Acetic Acid86 313 146 4.3E-02 1.1E-0541 

PAHs 

Naphthalene83 318 
81 1.3E+02 

1.8E-0241 90 2.1E+02 
100 3.5E+02 

Other Groups 

2-Nitrophenol87 333 200 7.2E+01 7.9E-0441 

4-Nitrophenol87 333 200 1.8E-01 2.2E-0841 

 1 

Trends in the partitioning data follow those expected based on the relative solubility of the 2 

compounds in each phase (water and sc-CO2). Small apolar compounds, such as benzene and 3 

hexane,40,83,85 have relatively higher partitioning coefficients to sc-CO2, due to their high 4 

solubility in sc-CO2 and low solubility in water. Small polar compounds, such as phenol and 5 

acetic acid, which have only moderate solubility in sc-CO2, but high aqueous solubility, have 6 

low partitioning coefficients.84–88 Conversely, naphthalene has moderate solubility in sc-CO2, but 7 

low aqueous solubility, and thus exhibits a high partitioning coefficient to sc-CO2.83
 Phenol, 8 

which exhibits similar behavior in pure phase solubility to sc-CO2 as naphthalene, has a much 9 

lower partitioning coefficient from water to sc-CO2 than naphthalene because of its ability to 10 

form hydrogen bonds with water.84,85,87 Experiments investigating the extraction rates of various 11 

organic compounds from contaminated water and soil using sc-CO2 have shown similar trends. 12 

Organic compounds with the highest K-factors having the highest extraction rates in sc-CO2, and 13 

naphthalene extraction efficiency was higher than larger PAHs.50,51 While the trends in the 14 

partitioning data roughly follow the trends predicted from the relative solubility of each 15 

compound in each phase, currently K values must be determined experimentally since the impact 16 

of other organic phases (co-solvents) or water in sc-CO2 on the activity of each species in sc-CO2 17 

cannot be easily predicted (see sections 5 and 7, respectively).  18 
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 2 

4.2 Effects of Electrolytes and pH on Supercritical CO2 – Water – Oil Partitioning  3 

 4 

There are few studies on the effect of electrolytes in the aqueous phase on the partitioning 5 

behavior of organic compounds to sc-CO2. Curren and Burk89 measured the partitioning of 6 

pentachlorophenol (not found in depleted oil reservoirs) between water and sc-CO2. With the 7 

addition of NaCl they found that the activity of pentachlorophenol in water, and therefore its 8 

partitioning into sc-CO2 from the NaCl solution, increased with increasing ionic strength. Their 9 

findings are consistent with expectations based on the “salting out” effect, the increase in activity 10 

of organic compounds due to the presence of electrolytes. A review of the effect of salts on 11 

organic compounds in seawater by Xie, et al.90 showed that the salting out effect was greater for 12 

organics with large molar volumes. For example, at 298 K, the salting out effect for NaCl 13 

followed the order: Pyrene > anthracene > naphthalene > benzene which follows their trend in 14 

molar volume (Pyrene > anthracene > naphthalene > benzene).   15 

 16 

As the pH of the brine phase decreases, which is expected due to the dissolution of injected sc-17 

CO2, organic acids will protonate and partition to sc-CO2 to a greater degree. This is a result of 18 

their lower solubility in water and their increased solubility in sc-CO2.  Therefore, the K-factors 19 

of small organic acids between brine and sc-CO2 will tend to increase with decreasing pH.89   20 

 21 

5. Solubility Enhancement of Organic Compounds in the Presence of Volatile Organic 22 
Compounds 23 

 24 
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Solubility enhancement or co-solvency effect is the enhancement of the solubility or partitioning 1 

in sc-CO2 of one organic contaminant due to the presence of another. In equation of state models, 2 

these effects can in principle be handled using appropriate mixing rules and binary interaction 3 

parameters, however, implementation of these parameters into an EOS for a crude oil system 4 

with many components is challenging.  In QSPRs the co-solvency effect can potentially be 5 

incorporated using an appropriate parameter to capture the effect of single or multiple co-6 

solvents on the sc-CO2 properties. 7 

 8 

In the case of depleted oil and gas reservoirs the co-solvency effect may be particularly relevant 9 

for understanding the partitioning phenomena to the sc-CO2 phase because of the high 10 

concentration and large variety of organics present in each site. Lucien and Foster91 by reviewing 11 

the solubility enhancement presented two theories for why solubility enhancement occurs in 12 

multicomponent systems. The first theory, introduced by Kurnik and Reid,92 suggested that as 13 

the upper critical endpoint or critical point of the less volatile compound of the system is 14 

approached, solubility is increased. The addition of a co-solvent causes the upper critical 15 

endpoint to occur at lower temperatures than for a binary system. The second theory, by Dobbs 16 

and Johnston,93 suggests that the co-solvent behaves as an entrainer, where the compound with 17 

lower solubility is enhanced by the presence of the other solute. The physical reasons for the co-18 

solvent effect are not known.  The solubility of organic compounds in sc-CO2 increases with 19 

increasing concentration of co-solvent in the sc-CO2 phase (relative to the water and/or brine 20 

phase)94 (Table 3). Compounds with higher volatility and solubility in sc-CO2 have been shown 21 

to enhance the solubility of less volatile compounds (Table 3).   22 

Table 3. Solubility Enhancement of Organic Compounds with Higher Volatility Co-solvents in 23 
sc-CO2. 24 
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Organic 
Compound 

Temperature 
(K) 

Pressure 
(bar) 

Pure 
Phase 

Solubility 
(mol/mol) 

Co-solvent(s) 

Solubility 
with Co-
solvents 

(mol/mol) 

Solubility 
Enhancement 

(%) 

Aromatic Acids 

Benzoic Acid94 328 

200 3.8E-03 Benzene (3 mol %) 9.0E-03 136 

200 3.8E-03 Benzene (7.6 mol %) 1.6E-02 329 

200 3.8E-03 Acetone (3.5 mol %) 6.4E-03 67 

200 3.8E-03 Acetone (9.3 mol %) 1.8E-02 365 

200 3.8E-03 Cyclohexane (3 mol %) 5.2E-03 35 

200 3.8E-03 Cyclohexane (6.5 mol %) 1.1E-02 192 

200 3.8E-03 Methylene Chloride (5.4 mol %) 1.2E-02 224 

200 3.8E-03 Methylene Chloride (12.7 mol %) 1.9E-02 391 

o-Hydroxybenzoic 
Acid61,64 328 

101 3.4E-05 Acetone (3.5 mol %) 9.3E-04 2635 

101 3.4E-05 Methanol (3.5 mol %) 1.1E-03 3135 

121 1.3E-04 Acetone (3.5 mol %) 1.5E-03 1054 

121 1.3E-04 Methanol (3.5 mol %) 2.5E-03 1823 

202 6.2E-04 Acetone (3.5 mol %) 2.5E-03 303 

202 6.2E-04 Methanol (3.5 mol %) 5.1E-03 723 

PAHs 

Phenanthrene37, 95 308.2 

101 5.6E-04 Naphthalene 1.0E-03 84 
141 9.4E-04 Naphthalene 2.1E-03 123 

181 1.2E-03 Naphthalene 1.6E-03 26 

Others 

Carbazole37 308.2 

161 1.8E-05 Anthracene & Phenanthrene 2.3E-05 29 

181 2.3E-05 Anthracene & Phenanthrene 2.8E-05 23 

201 2.8E-05 Anthracene & Phenanthrene 2.9E-05 3 

Dibenzothiophene96 309 

104 4.9E-04 Naphthalene 9.9E-04 102 

139 9.7E-04 Naphthalene 2.7E-03 178 

208 1.3E-03 Naphthalene 4.1E-03 215 

 1 

Even though the co-solvency effects can be complex, they are predictable as illustrated with the 2 

case of aromatic acids.  The solubility of the isomers o-hydroxybenzoic acid and m-3 

hydroxybenzoic acid in sc-CO2 was enhanced by the addition of acetone and methanol, 4 

respectively (Table 3).64 Methanol provides higher solubility enhancement for the isomers than 5 
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acetone. Both methanol and acetone are more volatile than the isomers, but acetone has a higher 1 

vapor pressure. However, since methanol can act as a Lewis acid and base, it can associate with 2 

these aromatic acids better than acetone, therefore enhancing the solubility of the isomers.  3 

 4 

Aromatic acids have the ability to act as Lewis acids and Lewis bases, and have limited 5 

solubility in sc-CO2, and when the aqueous phase is present, their partitioning to sc-CO2 is 6 

further limited because they are relatively soluble in water. Roop and Akgerman97 found that 7 

benzene was relatively successful in enhancing the solubility of phenol in sc-CO2. Methanol, 8 

however, despite its high volatility and solubility in sc-CO2, decreased the solubility of phenol in 9 

sc-CO2 because it increased phenol solubility in water.  This occurred also for acetic acid, where 10 

the presence of alcohols in the aqueous phase decreased the K-factor of acetic acid.86  11 

 12 

The solubility of aromatic acids in sc-CO2 can be increased in the presence of co-solvents, with 13 

various aromatic acids exhibiting solubility enhancement in the presence of more volatile 14 

compounds, which include benzene, acetone, and methanol. In a ternary system with oil-sc-CO2 15 

and water, higher volatility compounds that cannot act as a Lewis acid and Lewis base, such as 16 

benzene or hexane, are the best co-solvents. This shows that multi-component mixtures, such as 17 

crude oil, will have an effect on the partitioning behavior of organic compounds to sc-CO2. 18 

 19 

6. Compilation of Data 20 

A compilation of data for the solubility of organic compounds in sc-CO2, typically found in oil 21 

reservoirs, is provided in Table 4. The temperature, pressure, and mole fraction solubility or 22 

partitioning coefficient range are presented. This compilation of data can be used by researchers 23 
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who need solubility data for organic compounds in sc-CO2, or by CCS researchers and policy 1 

makers for inputs into CCS models. This list also highlights the gaps in data that are necessary to 2 

understand the full partitioning behavior of organic compounds in sc-CO2, in particular the lack 3 

of co-solvency data for larger, less volatile compounds (such as PAHs, larger alkanes and 4 

cycloalkanes) in the presence of volatile organic compounds, such as BTEX or short-chained 5 

alkanes. 6 
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Table 4. Experimental Supercritical CO2 Solubility Data of Organic Compounds Found in Oil Reservoirs. 

Organic Compound Temperature 
Range (K) 

Pressure 
Range 
(bar) 

Mole Fraction 
Solubility Range   Organic Compound Temperature 

Range (K) 

Pressure 
Range 
(bar) 

Mole Fraction 
Solubility Range  

Alkanes – In order of carbon chain length 

n-Pentane98 278 – 378 1 – 96 1.0E-02 – 7.4E-01  n-Hexadecane99 393 100 – 1000 9.0E-03 – 3.1E-01 

n-Hexane52 298 – 313 4 – 77 1.3E-02 – 7.5E-02  n-Hexadecane68 308 83 - 124 2.6E-03 – 9.9E-03 

n-Hexane53 313 – 393 7 – 115 1.5E-02 – 4.9E-01  n-Octadecane68 310 – 353 100 – 200 1E-04 – 8.6E-03 

n-Hexane40 300 80 9.0E+03*  n-Tetracosane100 308 – 318 50 – 209 3.9E-04 – 7.7E-03 

n-Heptane101 310 – 478 1.8 – 134 5.0E-03 – 8.9E-01  n-Tetracosane102 310 88 – 261 5.4E-04 – 1.1E-03 

iso-Octane103 323 – 348 20 – 28 1.1E-02 – 3.1E-02  n-Pentacosane102 308 104 – 202 2.2E-04 – 6.0E-04 

n-Octane104 313 – 348 15 – 114 4.0E-03 – 4.2E-02  n-Octacosane105 308 – 325 82 – 327 1.1E-04 – 1.1E-03 

2,3-Dimethylhexane72 318 – 328 120 – 240 4.8E-04 – 7.1E-03  n-Octacosane106 308 – 318 80 – 250 1.2E-05 – 3.9E-04 

n-Nonane107 343 37 – 118 4.0E-03 – 3.3E-03  n-Octacosane100 308 – 328 50 – 209 3.8E-04 – 1.6E-03 

n-Nonane108 315 – 418 20 – 168 1.3E-03 – 1.1E-01  n-Octacosane102 308 100 – 340 3.9E-05 – 8.6E-05 

n-Decane103 323 – 348 20 – 30 7.0E-04 – 2.3E-03  n-Nonacosane102 308 126 – 215 3.1E-05 – 6.6E-05 

n-Decane82 277 - 511  3 - 188  1.0E-04 – 3.5E-01  n-Triacontane106 308 – 318 90 – 250 5.1E-06 – 3.0E-04 

n-Decane109 344 – 378 63 – 165 5.0E-03 – 8.4E-02  n-Dotriacontane99 393 100 – 1000 3.0E-03 – 3.7E-01 

n-Decane110 344 – 378 40 – 155 1.0E-03 – 3.6E-02  n-Dotriacontane100 308 – 338 46 – 206 2.5E-04 – 1.2E-03 

n-Decane107 344 43 – 119 2.0E-03 – 1.6E-02  n-Hexatriacontane100 308 – 338 30 – 207 2.5E-04 – 1.0E-03 

n-Decane68 344 89 – 128 3.2E-03 – 6.5E-02  Cyclohexane111 366 – 410 1 – 145 4.9E-02 – 2.3E-01 

n-Undecane108 315 – 418 20 – 200 5.0E-04 – 9.4E-02  Cyclohexane40 300 80 4.9E+03* 

n-Dodecane112 318 – 418 16 – 204 1.0E-03 – 5.7E-02      

BTEX 

Benzene52 298 – 313 8  – 76 4.1E-03 – 2.5E-02  Toluene83 318  79 – 108 1.1E+03 – 5.1E+03* 

Benzene54 313  7 – 77 9.0E-03 – 3.3E-02  
Toluene (+ Benzene, 

Naphthalene, and 
Parathion Co-solvents)83 

318 – 330 79 – 110 6.5E+02 – 5.2E+03* 

Benzene55 313 – 393 4 – 63 1.1E-02 – 4.5E-01  Toluene40 300 80 1.2E+03* 

Benzene83 318  79 – 110 8.5E+02 – 2.8E+03*  Ethylbenzene69 313 - 393 56 – 161 3.7E-03 – 7.7E-02 
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Benzene (+ Toluene, Naphthalene, and 
Parathion Co-solvents)83 318 – 330 80 – 110 4.4E+02 – 3.7E+03*  Ethylbenzene113 308 – 328 13 – 84 1.6E-03 – 6.6E-03 

Benzene85 313 – 323 96 – 165 9.8E+02 – 4.9E+03*  o-Xylene70 313 – 353 7.9 – 149 2.4E-02 – 1.5E-01 
Benzene(+ m-Cresol, p-Chlorophenol, and 

Benzene Co-solvents)114 313 – 323 96 – 152 9.6E+02 – 4.2E+03*  m-Xylene115 462 – 582 20 – 52 1.1E-01 – 8.2E-01 

Toluene103 323 – 348 20 – 28 7.6E-03 – 2.1E-02  m-Xylene70 313 – 353 7 – 104 3.2E-02 - 4.4E-02 

Toluene116 311 – 477 3 – 153 3.0E-03 – 7.3E-01  p-Xylene55 353 – 393 4 - 62 1.1E-02 – 1.8E-01 

Toluene115 393 – 543 9 – 52 5.2E-02 – 7.5E-01  p-Xylene70 313 – 353 6 – 124 2.5E-02 – 1.7E-01 

Toluene55 353 – 393 5 – 65 2.0E-02 – 2.5E-01      

PAHs and Substituted PAHs and Benzenes – In Alphabetical Order 

Acenaphthene74 308 – 348 121 – 354 1.3E-03 – 1.4E-02  Naphthalene (+Phenol Co-
solvent)95 308 – 318 54 – 280 2.3E-04 – 5.3E-02 

Acenaphthene (+Fluoranthene and 
Triphenylene Co-solvents)117 308 – 338 121 – 355 1.5E-03 – 9.9E-03  Naphthalene (+Biphenyl 

Co-solvent)95 308 – 318 54 – 280 1.4E-04 – 2.5E-02 

Anthracene118 303 – 343 104 – 415 3.5E-06 – 3.5E-04  Naphthalene96 309 - 328 75 – 275 8.0E-04 – 5.5E-02 

Anthracene93 308 120 – 350 5.0E-05 – 8.0E-05  
Naphthalene (+ 

Dibenzothiophene Co-
solvent)96 

309.15  75 – 275 1.9E-02 – 4.7E-02 

Anthracene (+Methanol Co-solvent)93 308 120 – 350 6.9E-05 – 1.04-04  Naphthalene83 318  81 – 100 1.3E+02 – 3.5E+02 

Anthracene119 308 – 318 104 – 276 8.9E-06 – 1.1E-04  
Naphthalene (+Benzene, 
Toluene, and Parathion 

Co-solvent)83 
318 – 330 81 – 120 6.5E+01 – 1.1E+03 

Anthracene (+Phenanthrene Co-solvent)119 308 – 318 104 – 276 3.2E-05 – 1.2E-04   Naphthalene120 308 140 – 244 1.6E-02 – 1.9E-02 

Anthracene60 323 92 – 293 3.1E-06 – 1.5E-04  Naphthalene (+n-Pentane 
Co-solvent)120 308 – 328 96 – 244 2.3E-02 – 1.1E-01 

Anthracene37 308 102 – 181 1.3E-05 – 8.4E-05  
Naphthalene (+2,6-

Dimethylnaphthalene Co-
solvent)120 

303 – 317 244 – 314 1.2E-02 – 5.3E-02 

Anthracene (+Carbazole and Phenanthrene Co-
solvents)37 308 102 – 181 3.6E-05 – 1.2E-04  Naphthalene121 308 – 338 74 – 280 4.0E-04 – 1.6E-01 

Benzo(ghi)perylene77 313 – 523 100 – 450 ND – 4.6E-04  Naphthalene (+Biphenyl 
Co-solvent)121 308  77 – 280 1.4E-03 – 4.0E-02 

Biphenyl80 309 – 330 105 – 489 4.5E-03 – 1.8E-01  Naphthalene37 308 98 – 200 9.3E-03 – 1.8E-02 

Biphenyl (+Naphthalene Co-solvent)95 308 – 318 57 – 277 3.0E-05 – 2.3E-02  1-Methylnaphthalene121 308 – 328 77 – 280 1.6E-03 – 5.9E-02 

Biphenyl121 308 – 328 77 – 280 8.0E-04 – 4.0E-02  
1-Methylnaphthalene (+2-

Methylnaphthalene Co-
solvent)121 

308 77.2 – 246 1.0E-03 – 2.4E-02 

Biphenyl (+Naphthalene Co-solvent)121 308  77 – 280 9.0E-04 – 3.1E-02  2-Methylnaphthalene121 308 – 328 77 – 280 1.7E-03 – 7.9E-02 

Chrysene122 308  84 – 251  7.3E-07 – 8.8E-06  2-Methylnaphthalene (+1-
Methylnaphthalene Co- 308 77 – 246 7.0E-04 – 2.7E-02 
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solvent)121 

Chrysene77 313 – 523 313 – 523 ND – 3.6E-03  Perylene77 313 – 523 100 – 450 ND – 7.0E-04 

2,3-Dimethylnaphthalene123 308 – 328 90 – 276 3.4E-04 – 9.0E-03  Phenanthrene123  318 – 338 120 – 280 3.3E-04 – 3.8E-03 
2,3-Dimethylnaphthalene (+Phenanthrene Co-

solvent)92 308 – 318 120 – 280 2.5E-03 – 7.0E-03  Phenanthrene118 303.2 – 343 80 – 415 2.3E-05 – 4.1E-03 

2,3-Dimethylnaphthalene (+2,6-
Dimethylnaphthalene Co-solvent)92 308 – 318 120 – 280 3.7E-03 – 1.0E-02  

Phenanthrene 
(+Naphthalene Co-

solvent)92 
308 120 – 280  1.7E-03 – 3.2E-03 

2,3-Dimethylnaphthalene124 308 – 323 101 – 144 3.1E-05 – 6.0E-04  Phenanthrene (+Benzoic 
Acid Co-solvent)92 308 120 – 280  1.0E-03 – 2.1E-03 

2,6-Dimethylnaphthalene123 308 – 328 97 – 276 3.1E-04 – 9.2E-03  
Phenanthrene (+2,3-

Dimethylnaphthalene Co-
solvent)92 

308 - 318 120 – 280  5.3E-04 – 2.3E-03 

2,6 –Dimethylnaphthalene (+Phenanthrene Co-
solvent)92 308  120 – 280 2.9E-03 – 4.3E-03  

Phenanthrene (+2,6-
Dimethylnaphthalene Co-

solvent)92 
308 120 – 280  1.1E-03 – 2.1E-03 

2,6-Dimethylnaphthalene (+2,3-
Dimethylnaphthalene Co-solvent)92 308 – 318 120 – 280 3.0E-03 – 8.1E-03  Phenanthrene (+Benzene 

Co-solvent)94 328 111 – 305 1.5E-03 – 8.6E-03 

2,6-Dimethylnaphthalene124 308 – 323 101 – 144 1.6E-05 – 1.8E-04  Phenanthrene (+Acetone 
Co-solvent)94 328 200.5 3.6E-03 – 6.7E-03 

2,6-Dimethylnaphthalene(+Naphthalene Co-
solvent)120 303 – 317 244 – 314 4.1E-03 – 1.70E-02  

Phenanthrene 
(+Cyclohexane Co-

solvent)94 
328 202 3.5E-03 – 5.9E-03 

2,6 –Dimethylnaphthalene125 308 – 328 80 – 150 5.1E-04 – 3.1E-03  Phenanthrene (+Methylene 
Chloride Co-solvent)94 328 202 5.3E-03 – 1.2E-02 

2,6 –Dimethylnaphthalene(+2,7 –
Dimethylnaphthalene Co-solvent)125 308 – 318 90 – 250 4.8E-04 – 7.3E-03  Phenanthrene (+ 

Naphthalene Co-solvent)95 308 – 318 86 – 280 4.8E-05 – 2.7E-03 

2,7 –Dimethylnaphthalene125 308 – 328 80 – 250 7.5E-04 – 1.2E-02  Phenanthrene (+ 
Anthracene Co-solvent)119 308 – 318 103 – 242 2.4E-04 – 2.3E-03 

2,7 –Dimethylnaphthalene (+2,6 –
Dimethylnaphthalene Co-solvent)125 308 – 318 90 – 250 6.8E-04 – 1.1E-02  Phenanthrene122 318 – 328 101 – 175 1.8E-04 – 1.5E-03 

Ethenylbenzene69 313 – 393 60 – 161 2.9E-03 – 5.5E-02  Phenanthrene72 318 - 328 120 – 270 4.0E-04 – 2.3E-03 

Fluoranthene122 308 – 328 86 – 247 9.1E-06 – 9.3E-04  Phenanthrene37 308 101 -181  5.6E-04 – 1.2E-03 

Fluoranthene74 308 – 348 121 – 355 1.0E-04 – 1.5E-03  
Phenanthrene 

(+Anthracene and 
Carbazole Co-solvents)37 

308 101 -181  7.8E-04 – 1.4E-03 

Fluoranthene (+Acenaphthene and 
Triphenylene Co-solvents)117 308 – 338 121 – 355 5.2E-05 – 1.6E-03  Pyrene118 308 – 343 83 – 483 2.7E-06 – 9.4E-04 

Fluorene118 303 – 343 69 – 484 1.1E-05 – 9.2E-03  Pyrene77 313 – 523 100 - 450 ND – 4.7E-03 

Isopropylbenzene69 313 – 393 56 – 183 1.8E-03 – 9.9E-02  1,2,4-Trimethylbenzene69 313 - 393 60 – 161 2.0E-03 – 3.9E-02 

Naphthalene80 308 – 338 81 – 291 1.3E-03 – 9.8E-02  1,3,5-Trimethylbenzene69 313 – 393 60 – 181 1.5E-03 – 9.0E-02 

Naphthalene (+Phenanthrene Co-solvent)92 308  120 – 280 1.5E-02 – 2.1E-02  Triphenylene122 308 – 328 85 – 251 1.0E-06 – 4.2E-05 
Naphthalene (+2,3-Dimethylnaphthalene Co-

solvent)92 308  120 – 280 1.9E-02 – 2.6E-02  Triphenylene74 308 – 348 121 – 355 2.0E-06 – 9.5E-05 
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Naphthalene (+Benzoic Acid Co-solvent)92 308 – 318 120 – 280 1.8E-02 – 3.7E-02  

Triphenylene  
(+Acenaphthene and 

Fluoranthene Co-
solvents)117 

308 – 338 121 – 355 2.0E-06 – 1.2E-04 

Naphthalene (+Phenanthrene Co-solvent)95 308 – 318 77 – 280 1.1E-03 – 1.9E-02      
         

Aliphatic Acids – In Order of Chain Length 

Acetic Acid73 313 – 323 73 – 139 9.0E-03 – 1.6E-02  Propionic Acid(+ Water 
Co-solvent)88 313 20 – 200 1.0E-03 – 4.5E-01 

Acetic Acid(+ Water Co-solvent)88 313 – 333 20 – 200 2.0E-03 – 4.1E-01  n-Butyric Acid(+Water 
Co-solvent)88 313 20 – 200 2.3E-01 – 6.4E-01 

Acetic Acid86 287 – 313 145 3.4E-02 - 4.3E-02*      

Aromatic Acids – In Alphabetical Order 

Benzoic Acid (+Phenanthrene Co-solvent)92 308 118 – 280 1.8E-03 – 3.7E-03  
m-Hydroxybenzoic Acid 

(+ o-Hydroxybenzoic Acid 
Co-solvent)66 

318  101 – 203 9.7E-07 – 7.9E-06 

Benzoic Acid (+Naphthalene Co-solvent)92 308 – 318 118 – 280 2.9E-03 – 1.3E-02  

m-Hydroxybenzoic Acid 
(+ o-Hydroxybenzoic Acid 

and p-Hydroxybenzoic 
Acid Co-solvents)66 

318  101 – 203 1.0E-06 – 8.0E-06 

Benzoic Acid (+Benzene Co-solvent)94 328 200 7.0E-03 – 1.6E-02   p-Hydroxybenzoic Acid63 373 200 – 400 1.3E-05 – 7.5E-05 

Benzoic Acid (+Acetone Co-solvent)94 328 202 6.4E-03 – 1.8E-02  p-Hydroxybenzoic Acid65 328 101 – 203 1.4E-07 – 3.7E-06 

Benzoic Acid (+Cyclohexane Co-solvent)94 328 202 5.2E-03 – 1.1E-02  
p-Hydroxybenzoic Acid(+ 
o-Hydroxybenzoic Acid 

Co-solvent)65 
318 – 328 101 – 203 2.1E-07 – 9.9E-06 

Benzoic Acid (+Methylene Chloride Co-
solvent)94 328 202 1.2E-02 – 1.9E-02  

p-Hydroxybenzoic Acid 
(+m-Hydroxybenzoic Acid 

Co-solvent)66 
318 – 328 101 – 203 1.7E-07 – 3.5E-06 

Benzoic Acid (+Methanol Co-solvent)93 318 - 328 120 - 200 5.8E-03 – 1.4E-02  

p-Hydroxybenzoic Acid 
(+m-Hydroxybenzoic Acid 

and o-Hydroxybenzoic 
Acid Co-solvents)66 

318  101 – 203 7.9E-07 – 7.2E-06 

Benzoic Acid84 313 – 333 79 – 297 1.6E-04 – 4.5E-04  Phenol57 309 - 333 79 – 250  3.5E-03 – 4.7E-02 

Benzoic Acid84 313 – 333 79 – 297 4.0E-01 – 2.1E+00*  Phenol (+ Naphthalene 
Co-solvent)95 308 – 318 54 – 278 2.9E-04 – 5.6E-02 

Benzoic Acid72 318 - 328 120 – 270 4.5E-04 – 4.6E-03  Phenol85 313 – 323 96 - 173 3.4E-01 – 1.7E+00* 

Benzoic Acid123 318 – 338 120 – 280 3.2E-04 – 9.8E-03  
Phenol (+ m-Cresol, p-

Chlorophenol, and Benzne 
Co-solvents)114 

313 – 323 96 – 152 3.2E-01 – 1.5E+00* 
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o-Cresol59 373 100 – 310 4.5E-03 – 1.3E-01  Phenol84 313 – 333 80 – 300 4.1E-04 - 1.5E-03 

m-Cresol85 313 – 323 96 – 166 6.0E-01 – 6.0E+00*  Phenol84 313 – 333 80 – 300 2.2E-01 – 1.4E+00* 
m-Cresol (+ Phenol, p-Chlorophenol, and 

Benzene Co-solvents)114 313 – 323 96 – 152 6.3E-01 – 4.9E+00  Phenol59 373  100 – 300  5.6E-03 – 8.4E-02 

m-Cresol59 373 100 – 300  3.1E-03 – 7.7E-02  Phenol58 333 – 363 100 – 350 1.1E-03 – 9.1E-02 

p-Cresol59 373 100 – 300 3.2E-03 – 7.2E-02  Phenol87 313 – 363 150 – 300 5.3E-01 – 1.7E+00* 

o-Hydroxybenzoic Acid63 373 200 – 400 2.1E-03 – 7.0E-03  Pyrocatechol (o-
dihydroxybenzene)63 328 310 1.8E-03 

o-Hydroxybenzoic Acid61 308 – 328 80 – 205 7.0E-06 – 6.2E-04  Pyrocatechol (o-
dihydroxybenzene)62 308 – 338 121 – 404 6.6E-04 – 3.9E-03 

o-Hydroxybenzoic Acid (+Acetone Co-
solvent)64 318 – 328 90 – 200 6.8E-04 – 2.5E-03  Pyrocatechol (o-

dihydroxybenzene)58 333 – 363 100 – 350 1.2E-04 – 4.6E-04 

o-Hydroxybenzoic Acid (+Methanol Co-
solvent)64 318 – 328 90 – 200 1.1E-03 – 5.1E-03  Resorcinol (m-

dihydroxybenzene)63 328 310 4.9E-04 

o-Hydroxybenzoic Acid65 328 101 – 203 3.2E-05 – 5.6E-04  Resorcinol (m-
dihydroxybenzene)62 308 – 338 121 – 404 1.1E-04 – 9.7E-04 

o-Hydroxybenzoic Acid(+ p-Hydroxybenzoic 
Acid Co-solvent)65 318 – 328 101 – 203 3.1E-05 – 5.5E-04  Hydroquinone (p-

dihydroxybenzene)63 328 310 2.1E-05 

o-Hydroxybenzoic Acid(+ m-Hydroxybenzoic 
Acid Co-solvent)66 318 101 – 203 7.9E-05 – 4.4E-04  Hydroquinone (p-

dihydroxybenzene)60 308 – 318 83 - 313  2.0E-05 – 1.5E-05 

o-Hydroxybenzoic Acid(+ m-Hydroxybenzoic 
Acid and p-Hydroxybenzoic Acid Co-

solvents)66 
318 101 – 203 8.0E-05 – 4.6E-04  Hydroquinone (p-

dihydroxybenzene)62 308 – 338 121 – 404 6.6E-04 – 3.9E-03 

o-Hydroxybenzoic Acid87 313 – 363 150 – 300 4.0E-02 – 4.1E-01*  Hydroquinone (p-
dihydroxybenzene)67 333 - 363 100 – 350 7.0E-06 – 5.6E-05 

m-Hydroxybenzoic Acid63 373 200 – 400 2.7E-05 – 1.1E-04  
Hydroquinone (p-

dihydroxybenzene) (+ p-
quinone Co-solvent)67  

333 - 363 100 – 350 1.0E-05 – 5.2E-04 

m-Hydroxybenzoic Acid (+Acetone Co-
solvent)64 318 – 328 90 – 200 1.5E-05 – 5.5E-05      

m-Hydroxybenzoic Acid (+Methanol Co-
solvent)64 318 – 328 90 – 200 1.6E-05 – 4.6E-05  

 
   

m-Hydroxybenzoic Acid66 318 – 328 101 – 203 1.9E-07 – 4.8E-06  
 

   
m-Hydroxybenzoic Acid (+ p-Hydroxybenzoic 

Acid Co-solvent)66 318 – 328 101 – 203 2.2E-07 – 4.6E-06      

Sulfur and Nitrogen Substituted Compounds – In Alphabetical Order 

Benzothiophene112 373 13 – 148 6.0E-03 – 8.5E-02  m-Nitrophenol76 308 – 348 121 – 486 1.3E-04 – 4.5E-03 

Carbazole37 308 103 – 201 1.4E-05 – 2.8E-05  p-Nitrophenol76 308 – 348 121 – 486 9.8E-05 – 2.0E-03 
Carbazole (+Anthracene and Phenanthrene Co-

solvent)37 308 103 – 201 1.2E-05 – 2.9E-05  o-Nitrophenol87 333 – 353 200 1.6E-01 – 1.8E-01* 

Dibenzothiophene96 309 – 338 75 – 275 1.9E-05 – 3.2E-03  Picric Acid76 308 – 348 121 – 486 2.2E-05 – 2.7E-03 
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Dibenzothiophene(+Naphthalene Co-solvent)96 309 75 – 275 9.9E-04 – 5.6E-03  Thiophene75 314 – 383 20 – 144 1.1E-02 – 1.5E-01 

m-Dinitrobenzene126 308 – 328 95 – 145 1.9E-04 – 5.5E-03  Thiophene (+ 1-Propanol 
Co-solvent)75 314 – 383 20 – 144 8.4E-03 – 8.5E-02 

2,4-Dinitrophenol76 308 – 348 121 – 486 3.9E-04 – 1.4E-02  Thiophene (+n-Pentane 
Co-solvent)127 314 – 383 20 – 144 6.6E-03 – 5.2E-02 

2,5-Dinitrophenol76 308 – 348 121 – 486 3.2E-04 – 9.4E-03  Thiophene (+n-Octane Co-
solvent)127 314 – 383 20 – 144 5.0E-03 – 2.7E-02 

o-Nitrophenol87 333 – 353 200 3.0E+01 – 7.2E+01*      
         

*Partitioning coefficient from water to sc-CO2 
ND – Not detectable 
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 1 

7. Water Solubility in Supercritical CO2 2 

Water will dissolve into the sc-CO2 phase and may affect the equilibrium partitioning of organic 3 

compounds into sc-CO2 because the addition of a polar fluid into the net nonpolar CO2 will alter 4 

its solvent properties. However, investigations on the effect of entrained water in the sc-CO2 5 

phase on the solubility of organic compounds in that phase are scarce. Water content in the sc-6 

CO2 phase was measured to be between 0.04 and 6 mol%, with the average value at 3.6 mol% 7 

(measured at 423.2 K).128 Models have indicated that in sc-CO2, molecules of carbon dioxide 8 

orient themselves in a T-shape, which is different than the slipped parallel orientation of CO2 9 

molecules in the gas phase.129 The weak hydrogen bonding between the CO2 and H2O molecules 10 

has little effect on the CO2-CO2 interactions, the distance between molecules, and the types of 11 

orientations. Water cluster formation occurs in sc-CO2, because of the hydrogen bonding 12 

between the water molecules, but these bonds are weaker in the supercritical state. At high water 13 

concentrations, known phase separations occur, as the dissolution of water clusters in sc-CO2 is 14 

entropically unfavorable.129 15 

 16 

The presence of water clusters in sc-CO2 may therefore enhance the solubility of soluble 17 

compounds such as organic acids, but may decrease the solubility of hydrophobic hydrocarbons. 18 

For example, the food industry uses sc-CO2 and water to extract caffeine from coffee beans; in 19 

fact saturating the beans with water and humidifying the sc-CO2 is a necessary step in extracting 20 

the caffeine from the bean.47,48 The presence of water increases the solubility of caffeine, a 21 

monopolar compound, in wet sc-CO2, suggesting that water-saturated sc-CO2 will increase the 22 

partitioning of more polar compounds. The extraction of naphthalene from soil by sc-CO2 was 23 
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measured with the water content of soil from 0 to 20 wt%.50 At lower water contents (under 1 

10%), the water was found not to have an effect on the partitioning of naphthalene from the soil 2 

to sc-CO2 (the partitioning coefficient of naphthalene from the soil-sc-CO2 system was at 1.5 g in 3 

soil/g in sc-CO2 at 0% water content), however at a water content of 20%, the partitioning 4 

coefficient dropped by a factor of 100 to 0.15 g/g at 315.2 K and 100 bar;50 suggesting wet sc-5 

CO2 will decrease the partitioning of nonpolar organic compounds. However, the decrease in 6 

partitioning to the sc-CO2 at higher water content could have been a result of the water layer on 7 

the soil preventing contact of sc-CO2 with the hydrophilic soil surfaces. Curren and Burk89 8 

measured the partitioning coefficient of pentachlorophenol from water to both wet and dry sc-9 

CO2. In contrast to naphthalene extraction from soils, these results showed only a small decrease 10 

in solubility of naphthalene due to the presence of low amounts of water (0.1 to 0.3 vol %); 11 

indicating that water in the sc-CO2 phase did not have a significant effect on the partitioning 12 

behavior of pentachlorophenol from water to sc-CO2. This experimental data suggests that the 13 

influence of water entrained in sc-CO2 is an important variable to consider in the partitioning 14 

experiments, especially in the presence of formation solids, and must be considered in models 15 

(either EOS models or QSPR) developed to predict the solubility of compounds in sc-CO2. 16 

 17 

8. Implications of Organic Partitioning in Supercritical CO2 and Future Research 18 

 19 

This review provides a comprehensive list of the solubility of organic compounds in sc-CO2 and 20 

ranges of measured partition coefficients between sc-CO2 and water for selected environmentally 21 

important compounds.  Discernible trends in the partitioning behavior of selected organic 22 

compounds commonly found in oil reservoirs have been discussed. For risk assessment purposes, 23 
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these trends can provide some insights into which classes of compounds have the highest 1 

potential for migration in the event that sc-CO2 or brine are mobilized away from a carbon 2 

storage site. Combined with existing toxicity data, this can be used for risk-ranking purposes and 3 

indicate which compounds should be studied in detail.  For detailed risk characterization, models 4 

will be used to quantify the mass of organic contaminants that can be transported away from 5 

carbon storage sites.  These models will require measured or estimated values of partition 6 

coefficients for a large range of organic compounds between a crude oil mixture, brine, and sc-7 

CO2.  However, there are significant gaps in available solubility and partitioning data, especially 8 

for important compounds like PAHs.  There is a lack of experimental data on how the solubility 9 

of organic compounds is affected by other components in a crude oil mixture. There is also little 10 

experimental data available on the partitioning coefficients between sc-CO2 and brine. 11 

Partitioning coefficients of representative compounds, over a range of crude oil compositions 12 

and salinities, are needed to determine the partitioning behavior of organic compounds from 13 

crude oil to sc-CO2 and brine to sc-CO2, respectively.  14 

 15 

There are at least two viable modeling approaches to estimate the partition coefficients. One is to 16 

develop an EOS for the numerous compounds of interest present at carbon storage sites.   The 17 

second approach is to develop QSPR relationships for the various classes of compounds present 18 

at carbon storage sites.  To develop these models, both will require a significant amount of 19 

partitioning data for organic compounds between sc-CO2, crude oil, and brine to calibrate them 20 

(e.g. binary interaction parameters in multicomponent systems are needed for EOS and empirical 21 

constants are needed for QSPRs).  This partitioning data under the pressures and temperatures 22 

relevant to storage conditions are still under development.  While EOS are most often used to 23 
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model sc-CO2-organic compound equilibria, they are computationally difficult (i.e. solved by 1 

iteration) and require the use of binary interaction parameters that must incorporated into mixing 2 

rules that account for altered solubilities due to relevant intermolecular interactions. QSPRs, the 3 

alternative, are computationally much easier, but a better understanding of the properties 4 

controlling solubility for a range of compound classes (e.g. alkanes and cycloalkanes, BTEX, 5 

organic acids, PAHs, and organosulfurs, etc.) in a multicomponent system is needed for these 6 

models to be accurate enough to be used in CCS models.  7 

 8 

Two important factors controlling the solubility of organics in sc-CO2 are co-solvency and the 9 

high salt concentration of brines. Neither of these factors is adequately handled in EOS or QSPR 10 

methods.  The large number of compounds in crude oil and the relatively high solubility of each 11 

will undoubtedly lead to co-solvency effects.  The solubility of many organic compounds has 12 

been enhanced by over 100% due to the presence of other organic compounds. The ability of 13 

different organic compounds (e.g. organic acids vs. small volatile apolar hydrocarbons) to 14 

increase the solubility of larger organic compounds like PAHs is poorly understood and currently 15 

not predictable.  These co-solvency effects need to be described in a solute descriptor term in a 16 

QSPR, or through the use of appropriate binary interaction parameters in EOS models, so that 17 

they can be implemented in risk assessment models.   18 

 19 

An undeveloped alternative, in regards to supercritical fluids, is to treat the co-solvency effect 20 

similarly to how completely water-miscible solvents affect the solubility of compounds with 21 

relatively low aqueous solubility.   22 
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The co-solvency effect in water assumes a log-linear relationship between the activity coefficient 1 

of a given organic compound in water and the volume fraction of the co-solvent.41 Typically, in 2 

the aqueous phase, cosolvents are completely miscible with water ( iwγ ≈ 1), and the cosolvency 3 

effect can be described by 4 

1log ( ) log ( ) ( )c
il il if f fν ν νγ γ σ= −  (eq. 7) 

Where ( )il fνγ  is the activity coefficient of the organic compound in the solvent-cosolvent 5 

system, 1( )il fνγ  is the activity coefficient of the organic compound in the pure solvent,  𝑓𝑣 is the 6 

volume fraction of the solvent, and c
iσ  is the slope, or cosolvency power of the solvent for the 7 

solute, which is given by: 8 

log log ( )
( )

c iw il
i

f
f

ν

ν

γ γσ −
=  (eq. 8) 

Where iwγ  is the activity coefficient of the organic compound in pure water.  9 

A similar process may be able to be applied to a crude oil-sc-CO2 mixture. Although there are 10 

hundreds of compounds found in crude oil and the exact composition of every oil reservoir may 11 

not be known, cycloalkanes, alkanes, and aromatics are generally accepted to be the largest 12 

groups of organic compounds found in oil.22 If the co-solvency effects of these groups of 13 

compounds could be generalized in a way to quantify their effects on less soluble compounds, 14 

this could be a more efficient way to accurately determine the solubilities of important (i.e. toxic 15 

and/or carcinogenic) organic compounds in a crude oil mixture. 16 

Methods are available to account for effect of high salt concentration in brine on the solubility of 17 

organic compounds (e.g. Pitzer equations for charged species and other EOS).  However, these 18 

equations require the use of binary interaction parameters, and have less accuracy for higher salt 19 
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concentrations, temperatures, and different mixtures of electrolytes. Pitzer equations are more 1 

applicable to polar ionic compounds, and other EOS have not explored the effect of brines on 2 

larger hydrocarbons (>C5). 3 

 4 

There are several additional considerations in the determination of the partition coefficients 5 

including the effect of pH, the presence of water dissolved in the sc-CO2, and factors influencing 6 

the density of sc-CO2.  Carbon dioxide dissolved in brine will alter the pH, which can alter the 7 

partitioning behavior of organic acids from brine to sc-CO2. Experimental data will be needed to 8 

determine the magnitude of pH effects.  Water present in sc-CO2 may affect the solubility of 9 

both apolar and polar compounds. The solubility of water in CO2 as a function of temperature 10 

and pressure must be determined. The density of the CO2, especially near the critical point, 11 

greatly affects the solubility of organic compounds in that phase.  If the dissolution of various 12 

components from crude oil sufficiently alter the density of the sc-CO2 in the range of 13 

temperatures and pressures at carbon storage sites, this could alter solubility of other compounds 14 

significantly. If any of these processes are shown to significantly affect the partitioning behavior 15 

of the various organic compounds, they will have to be incorporated into an EOS or a QSPR to 16 

provide better predictions of the partitioning. 17 

 18 
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