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Abstract

Current levels of anthropogenic carbon dioxide in the atmosphere are responsible for global warming at scales not seen before. 
To mitigate this global warming trend, the Intergovernmental Panel on Climate Change (IPCC) has universally adopted the 
geological carbon storage option. The technical implication of geological carbon storage is that carbon dioxide with a very low 
dynamic viscosity will be injected to push formation brine with a high viscosity contrast. Consequently, problems of interfacial 
instability responsible for poor sweep efficiencies encountered in the petroleum industry’s improved oil recovery projects 
are inevitable. The petroleum industry has used costly mobility control agents in the form of carbon dioxide thickeners to 
solve problems of poor sweep efficiency in carbon dioxide enhance oil recovery projects. This experience is useful to the 
geological sequestration community because carbon dioxide geological storage under supercritical conditions is considered 
an optimized approach. In this paper, We have reviewed literature to show the solubility of waste organics in supercritical 
carbon dioxide and the possibility to increase its dynamic viscosity to reduce interfacial instability problems. We have, also, 
reviewed literature to show sources and availability of cheap soluble organics for carbon dioxide thickening. Our review 
shows promising sources of these soluble organics. Finally, the technical implications of dynamic viscosity increase on a given 
geological storage project have been discussed in the context of interfacial stability theories.  
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Introduction

Global warming and the attendant climate change [1] 
due to anthropogenic sources of greenhouse gases – (CO2) 
and oxides of Nitrogen (NOx) from combustion sources is the 
major environmental problem of the twenty-first century 
[2]. This environmental issue has prompted the evolution 
of socioeconomic agenda at all levels of economic and 
technological development to deal with economic and social 
dimensions of the phenomenon [3]. The huge increase in 
demand for energy in the wake of the industrial revolution 
and the periods after coupled with the relatively low 

technology available for hydrocarbon fluid exploration and 
production led to unprecedented combustion of coal to meet 
the energy needs of society. This caused exponential growth 
trends [4]. The immediate effect of the exponential release of 
CO2 and other greenhouse gases into the atmosphere was not 
seen until the latter part of the twentieth century.

In the context of the global carbon budget which 
reflects the balance between anthropogenic emissions and 
the dynamics of sinks which removes them, anthropogenic 
carbon growth rate is governed by two principal factors or 
carbon fluxes [5]. They are carbon emissions fluxes from 
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fossil fuel combustion and industrial processes and the 
fluxes from land use practices which are further governed 
by socioeconomic factors. Accordingly, recent trends in 
anthropogenic carbon emission data show that emission is 
strongest in developed and rapidly developing economies 
of the world. These economies together accounting for 80% 
of global population were directly responsible for 73% of 
global emissions in 2004 while in the mid-18th Century 
they only accounted for only 41%. These represent definite 
accelerating trends in fossil fuel combustion with the growth 
increasing from nearly 1.1% between 1990 and 1999 to 
over 3% between 2000 and 2004 [6]. These concerns led to 
the international Convention on climate change and global 
warming held in Kyoto [7] and Copenhagen [8]. Furthermore, 
radiative forcing due to the well-mixed greenhouse gases 
indicates that CO2 accounts for 64% of the total radiative 
effect [9].

To curb global warming due to greenhouse gas release 
requires not only reducing emissions but also reducing the 
level of greenhouse gas present in the atmosphere. The global 
consensus about emission reduction is to isolate greenhouse 
gases, notably CO2, which accounts for the major composition 
of flue gas from fossil fuel combustion [10]. The isolation of 
CO2 can be carried out in several potential locations; namely 
deep unmineable coal seams, depleted oil and gas reservoir, 
salts caverns, and deep saline aquifers [11]. In addition to 
these geologic repositories, sequestration in deep oceans is 
also a possibility [12]. Accordingly, judging from experience 
gained by the petroleum and environmental industries about 
fluid injection into hydrocarbon reservoirs for improved oil 
and gas recoveries and for disposal of waste waters into 
geologic repositories respectively, such operations involve 
two-phase flow of immiscible fluids in porous media. The 
efficiency at which this task can be accomplished for a given 
project depends very much on the stability of the two-phase 
flow hydrodynamics. In this regard, a well-documented 
instability problem known in the petroleum industry is 
viscous fingering which occurs when an injected fluid of 
low dynamic viscosity is made to displace a resident fluid 
of higher viscosity resulting in an unfavorable viscosity 
contrast [13].

Viscosity modifiers that can increase the viscosity of 
injected fluids have been used in the petroleum industry 

to solve the viscous fingering instability problem. These 
are costly mobility control agents. In view of geological 
sequestration being an added cost to the power industry, a 
cheaper mobility control agent must be sought. Considering 
the recommended supercritical sate for CO2 sequestration to 
ensure maximization of available pore space, certain organic 
solutes that are by-products from other industries as well 
as waste grease from households can be made to dissolve in 
supercritical carbon dioxide because of the enhanced solvent 
ability supercritical state fluids [14]. 

This work has three principal objectives. The first is 
to make the carbon geosequestration community aware of 
abundant resources as potential mobility control agents that 
are either cheap or are by-products [15] of certain industries 
and can be taken free of charge or without significant cost. 
The second is to create awareness in the geosequestration 
community of the potential for sustainable availability of 
these cheap potential mobility control agents in the light 
of current and anticipated future technological advances 
in those industries that produce them [16]. The third is to 
discuss the effect of viscosity increase on geological storage 
of anthropogenic carbon dioxide in the context of existing 
theories on interfacial stability.

Dynamic Viscosity of Supercritical Carbon 
Dioxide and Brine under Geological 
Sequestration Condition

One characteristic of SC-CO2 injection for geological 
storage is the extent of plume evolution. Generally, the 
extent of plume evolution is period dependent such that 
during the injection period plume evolution will depend on 
the relative strength of gravity to viscous forces. During the 
post injection period, the dominant forces are gravitational, 
and this favors dominant plume evolution. To predict plume 
evolution, Nordbotten, et al. [17], specified the dynamic 
viscosity of supercritical carbon dioxide and brine based 
on basin classification into colder and warmer ones. In this 
regard, basins with geothermal gradient of 25 oC/km are 
referred to as colder basins while those with a geothermal 
gradient of 45oC/km are warmer ones. Table 1 shows values 
of phase viscosities.

  Colder basin (mPa.s) Warmer basin (mPa.s)

Shallow formation
gas 0.0577 0.0233

brine 0.795-1.58 0.491-0.883

Deep formation
gas 0.0611 0.0395

brine 0.378-0.644 0.195-0.312

Table 1: Dynamic viscosity of Supercritical Carbon Dioxide and Brine for Colder and Warmer Basins [17].
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Figure 1 below from Preuss and Garcia [18] shows a 
generalized chart of carbon dioxide viscosity as function of 
temperature and pressure. The figure shows that at typical 

geologic conditions of carbon dioxide sequestration (31oC, 
73.7) and above, the dynamic viscosity is far lower than that 
of formation brine.

Figure 1: Dynamic viscosity of carbon dioxide as a function of temperature and pressure [18]. 

Hydrodynamic Instabilities during CO2 
Injection

Convective and Viscous Fingering Instabilities

In addition to the geomechanical effect related to cap rock 
mechanical loading during CO2 injection into geologic media, 
significant difference between injected CO2 and resident 
brine viscosity constitutes a major hydrodynamic instability 
problem related to viscous fingering [19]. Campbell and 
Orr [20] studied Flow visualization for CO2/crude-oil 
displacements in a porous system. They noted two principal 
causes of interfacial instability. They are heterogeneities 
and adverse viscosity ratio. For a homogeneous system with 
nearly the same pore size distribution, the flood advance was 
uniform as opposed to a system with heterogeneity. When 
the viscosity ratio of oil-to carbon dioxide was 22, the front 
was characterized by viscous fingers compared to a sharp 
front where the ratio is 50.

The other type of instability is convective instability that 
becomes manifest during the post injection periods [21]. 
One fundamental dimensionless parameter that governs 
displacement during CO2 injection into a saline aquifer is 
the gravity number defined as the ratio of viscous forces to 
gravity forces. During the injection period, viscous forces 
dominate the hydrodynamics of the system resulting in 
a gravity number greater than unity. In the post injection 
periods, gravity forces dominate and this causes the gravity 
override effect where buoyant CO2 migrates upward and by 
encountering fresh brine at higher depths, corresponding to 

low temperature-salinity environments dissolves to produce 
brine of higher densities. These high-density brines sink 
causing fresh brine to be made available to ascending CO2 gas. 
This type of instability is an essential requirement for carbon 
sequestration by solubility trapping, which is expected to 
lead to ultimate safe and permanent carbon geosequestration 
by geochemical reactions. This will lead to stable carbonates 
after hundreds or thousands of years [22]. Compared to 
convective instability, viscous fingering hydrodynamic 
instability is an unfavorable condition that has the obvious 
potential to compromise both fluid injection efficiency and 
geostorage capacity and, therefore, deserves attention. To 
mitigate the effect requires increasing the viscosity of the 
injected gas phase with the prime aim of increasing the 
sweep efficiency of the displacement by enhancing favorable 
viscosity ratio [23]. This is mobility control because the 
viscosification of the injected gas reduces its phase mobility.

Effect of Low Viscosity Ratio on Geological 
Sequestration Capacity

A gross reduction on the storage capacity of a geologic 
repository is to be expected because of low viscosity ratio. 
For example, van Engelenberg and Block [24] contended 
that a reduction of about an order-of-magnitude of the 
sequestration capacity of aquifers in the Netherlands can 
occur if the low viscosity of carbon dioxide is taken into 
consideration in capacity estimates. This means if the 
dynamic viscosity of carbon dioxide could be increased, this 
trend in reduction can be reversed [20].
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Viscosification of Carbon Dioxide

CO2 Thickeners in the Petroleum Industry

Experience from hydrocarbon field development 
shows that out of the original oil in place only a third can 
be produced using conventional depletion drive mechanisms 
which rely on rock and fluid expansion to cause flow of 
hydrocarbon fluids to production wells. The remaining oil 
in place can be produced using conventional secondary 
recovery by water injection. To optimize resource recovery, 
production of additional oil from the reservoir at residual oil 
saturation is possible using tertiary oil recovery, such as CO2 
flooding [25]. This technology can pressurize the reservoir 
as well as reduce the dynamic viscosity of oil by dissolution. 
However, in view of the sharp contrast between injected CO2 
and resident oil viscosity the efficiency of the flooding can 
only be improved by increasing the viscosity of the injected 
gas. The United States Department of Energy has estimated 
that if the viscosity of CO2 could be tripled or quadrupled, 
domestic oil production rates could increase from 180,000 
barrels per day to 400,000 barrels per day [26]. Consequently, 
the petroleum industry has used CO2 thickeners to achieve 
this goal. Some of these thickeners have been in the form of 
trialkytin fluorides [27], and low molecular weight telechelic 
ionomers that are considered suitable [28].

Apart from these compounds, polymers having higher 
molecular weights that have the capability to increase 
solubility mostly by chain enlargement were also used as 
thickeners in the petroleum industry [29]. However, due 
to the very low solubility of these thickeners in CO2 it is 
obvious that their solubility in the dense phase gas is even 
far lower unless the use of co-solvents can be promoted. 
Under normal reservoir conditions CO2 is generally found 
in the super critical state (SC-CO2). Consequently, to meet 
the ultimate objective of tertiary oil recovery by CO2 
flooding, highly soluble molecular weight thickeners have 
evolved in the petroleum industry in the form of CO2-philic 
functional groups consisting of fluoroacrylates, fluoroethers, 
fluoroethanes and silicones [30]. The CO2-philic functional 
groups and nonfunctional groups mentioned earlier have 
solubility characteristics determined by temperature, 
pressure and co-solvent proportions and the most significant 
aspect of their utilization in tertiary oil recovery must do 
with cost analysis. Another most promising CO2 thickener 
has been identified [31]. This polymer has a number average 
molecular weight of 540,000 with a polydispersivity index of 
1.63 with high solubility in dense CO2.

Cost Overview of CO2 Thickening

Copolymers used in traditional carbon dioxide 
viscosification are very expensive. For instance, the lowest 

price of fluoroacrylate polymers is on the order of 50 USD-per 
1001 lb [32]. Enick, et al. [32] identified an environmentally 
friendly carbon dioxide-thickener that is two orders of 
magnitude less expensive that the fluoroacrylate-styrene 
copolymer. Consequently, an inexpensive CO2-thickener 
that can increase the mobility ratio would enhance the 
sequestration capacity of aquifers and oilfields.

Sources of Soluble Organics for Carbon 
Sequestration

Concept

In this paper, we consider soluble organics as those 
organic materials derived from animal and plant sources 
that exhibit various degrees of solubility in SC-CO2 and 
are cheaper to use for viscosification and mobility control 
purposes. These are invariably, fats from animal and plant 
sources that mostly constitute by-products from domestic 
and commercial activities of the agrosectors of the economy.

Soluble Organics from Slaughterhouses

Fats are important sources of slaughterhouse waste/
by-products that can be of economic value in a number of 
respects. In Belgium, approximately 20 companies collect 
animal fats from slaughterhouses and render this into 
homogeneous substances that are sold to animal feed 
producers [33]. In cattle alone, 39% of the live weight 
comprises organs, fat tissue, bone and blood [34]. Apart from 
by-products from the slaughterhouses, the fish industry is 
also a significant source of waste soluble organics in the form 
of fats. Also, waste products from fish processes are known 
to contain 19% percent fatty components. Elsewhere [35], 
waste products from fish processes is known to contain 19% 
percent fatty components.

Shea Butter

The shea butter tree (Vitellaria paradoxa) is found solely 
in Africa’s Sudano-Sahelian region where it thrives with just 
500–1,000 mm of rainfall [36]. It is generally long lived and 
can attain an age of 200–300 years with a slow characteristic 
growth. The tree begins fruiting after five years and attains 
full fruiting capacity after fort–fifty years [37]. The fruiting 
begins during the month of May and continues until the late 
September. An adult tree produces an average of 20 kg of 
fresh fruit annually and a corresponding 4 kg of dried nut 
and between 0.7 to 2.5 kg of butter annually, this amount of 
butter being dependent on the extraction method. The global 
demand for Shea butter has stimulated production and 
exportation throughout the Africa Sahel region. Burkina Faso 
is the region’s leading Shea butter production and exporter 
accounting for about 25% of global annual export. Medieval 
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Arabic and European sources document the prevalence of 
Shea butter in the market and households throughout the 
West African savannah and Sahel regions [38]. Export for 
Shea nut and shear butter continue to grow. Between 1995 
and 1997 exports from Ghana leaped from 15,000 tonnes 
to 32,000 tonnes and this constitutes an increase in annual 
revenue from two to seven million dollars United States 
Dollars. For Burkina Faso, the export increased from 9,964 
tons to 34975 tons over the period lasting from 1997 to 2002 
as shown in Table 2.

Year Shea nuts (tons)
1997 9,964
2000 11,575
2001 17,980
2002 34,975

Table 2: Shear Export from Burkina Faso for Selected Years 
(1997-2004) [39].

Soluble Organics from Waste Cooking Oil

Waste cooking oil is defined as oils generated during 
cooking from the use of fresh cooking oils or from sources of 
proteins of animals and plant origin. Generally, the physical 
and chemical properties of waste cooking oil are almost like 
those of fresh edible oils and vary from one source of waste 
cooking oil to the other. The water content is generally higher 
than that of fresh cooking oil with dynamic viscosity, heat 
capacity and surface tension being higher. These changes 

result from normal cooking processes such as frying which 
can induce oxidative, hydrolytic and thermolytic reactions 
[40]. Waste cooking oil is generated after routine cooking in 
restaurants and household kitchens and can be a mixture of 
fats from different sources viz animal and vegetable proteins. 
In China, environmental authorities take large quantities 
of waste cooking oils from restaurants for safe disposal in 
accordance with environmental regulations [40]. The annual 
amount of waste cooking oil generated as waste grease in 
each country depends on the use of vegetable oil. A 1998 
report Wiltsee G [41], showed that ~ 4kg of yellow grease 
per person was produced annually in the United States. With 
the increase in population this amount has likely increased 
proportionally.

The desire to consider waste cooking oil as a potential 
feed stock for biodiesel production through the process of 
transesterification has led to studies that have revealed a 
huge potential of waste cooking oil generation worldwide 
[42]. In the European Union alone the total waste cooking 
oil production was estimated to be approximately 700,000 
– 1,000,000 tonnes/yr [40]. Cost wise waste cooking oil is 
much cheaper compared to fresh cooking oils with yellow 
grease, a waste cooking oil from soya bean oil being 1.09 USD 
per gallon with a possibility price rise to 1.21 USD per gallon.

Table 3 sums up trends in waste cooking oil generation 
for selected countries. The statistics revealed by this table 
testifies to the potential for sustainable use of waste cooking 
oil not only for biodiesel but also for CO2 viscosification.

Country Quantity 106 tonnes/y) Source of oil
Canada 0.12 Animal fat, canola oil
China 4.5 Salad oil, animal fat
Japan 0.45–0.57 Soybean oil, palm oil, animal fat

Malaysia 0.5 Palm oil
Taiwan 0.07 Soybean oil, palm oil, beef oil, lard oil

United States 10 Soybean oil

Table 3: Waste cooking oil generation from selected countries after [43].

In addition, large quantities of water cooking oils and 
animal fats are available worldwide, much of this coming 
from developing countries. Due to disposal problems, their 
availabilities in such huge volumes pose environmental 
and waste management challenges. In the United States, 
alone the per capita wastes cooking oil is 9 pounds and this 
amounts to an estimated 100 million gallons per day [44]. 
Per Statistics Canada, the total population is 33 million. Total 
produced waste cooking oil could be 135,000 tons/year 

[45]. The European Union contribution to waste cooking 
oil production by the advanced countries is reported to be 
approximately 700,000-1000000 tons/year [40], with the 
United Kingdom producing over 200,000 tons per year [46]. 
In some places, large amounts of waste cooking oils are 
illegally dumped into water bodies and landfills which come 
with environmental degradations.
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Solubility in Supercritical Carbon Dioxide (SC–
CO2)

 The great potential of SC-CO2 as an extraction solvent is 
well established in the food and pharmaceutical industries. 
This potential coupled with its readily accessible super 
critical state and nontoxicity has prompted a number several 
studies in these industries designed to explore commercial 
scale applicability [47]. In this study, cholesterol extraction 
from egg using supercritical carbon dioxide at varying 
temperatures and pressures was found to be encouraging. In 
addition, SC-CO2 has been used for extracting and fractionating 
essential oils that deteriorate at higher temperatures from 
sources of vegetables [48]. The solubilities of organics in SC-
CO2 suggested by the present paper as potential for mobility 
control agents stems from the observation that vegetables 
are important and abundant sources of these organics [49]. 
While much of the solubility data for these organics abounds 
in the scientific community it is only known to the industries 
concerned and for that matter useful to chemical engineers 

and the pharmacists. It is, therefore, appropriate in this paper 
to endeavor to give an overview of their solubility potential 
in SC-CO2 for the benefit of the carbon geosequestration 
community. The solubility of animal fats in SC-CO2 has 
already been documented about the extraction of fat from 
pig skin animal skins [50]. In the leather industry, increased 
solubility of animal fat in SC-CO2 has been exploited for 
producing high grade leather product [51]. Consequently, 
in view of the promising availability of waste cooking oil, 
coupled with its cheaper prices, the solubility of these 
organics in addition to fats from animal and plant sources 
constitute a potential for mobility control agents for carbon 
geosequestration projects. Table 4 shows the extractability 
of fats with SC-CO2. The residual fat reported in Table 3 was 
determined by extraction with methylene chloride after the 
degreasing process. The data reported in Table 4 are the 
mean and standard deviations taken from the replicate runs 
presented in Marsal, et al. [51].

CO2 density
(g/ml)

Extracted fat[01]

(mg) Residual fatb [02](mg) Total fat
(mg) Degreasing efficiency (%)

0.55 (104 bar) 2.38 ± 1.18 39.90 ± 3.89 42.50 ± 3.02 5.70 ± 2.99
0.70 (133 bar) 7.88 ± 3.92 34.95 ± 4.84 42.83 ± 4.39 18.33 ± 8.29
0.85 (240 bar) 23.58 ± 0.87 20.20 ± 1.63 43.78 ± 1.11 53.88 ± 2.78

Table 4: Extractability in SC-CO2 [51].
[01]Fat extracted by supercritical CO2
[02]Fat determined by extraction with chloride after the degreasing process

Solubility of Waste Cooking Oil

Waste cooking oil is the product of used cooking oils 
which are lipids containing high proportions of triglyceride, 
an ester derivative of glycerol and fatty acid [52]. Generally, 
they are fats that have both polar and nonpolar parts, but 
the extensive chain of carbon hydrogen bonds renders them 
generally non-polar. It is, therefore, expected that since likes 
dissolve likes triglycerides will dissolve in carbon dioxide 
or in its super critical form and this forms the basis for 
supercritical carbon dioxide extraction of the lipids or fresh 
cooking oil. To determine whether waste cooking oil derived 
from fresh cooking oil in the process of cooking will have 
an appreciable solubility required to viscosify supercritical 
carbon dioxide it is appropriate to understand the various 
chemical reactions and transformation of the oil in the 
cooking process. Generally, three types of chemical reactions 
are distinguished in the process of cooking. Thermolytic 
reactions occur at temperatures in the range of 180oC in 
the absence of oxygen and result in the production series of 
normal hydrocarbons (alkanes, alkenes) lower fatty acids, 
symmetric ketones, oxypropyl esters, carbon monoxide and 

carbon dioxide. Subsequent reactions result in the formation 
of dimmers. Oxidative reactions occur in the presence of 
oxygen and this involves unsaturated fatty acids via free 
radical chain reactions with products being hydrocarbons, 
aldehydes, semi aldehydes and acids. Hydrolytic reactions 
result from the interaction of steam derived from food and 
the cooking oil leading to the formation of free fatty acids, 
glycerol, mono and diglycerides. Generally, the change 
in fresh cooking oil composition during the hydrolytic 
reaction is measured by quantifying the monoglyceride and 
diglyceride content of the oil after the cooking process. Figure 
2 shows the intensities of triglyceride (TG), monoglycerides 
(MG) and diglycerides (DG) of fresh palm oil while Figure 
3 shows similar compositions for treated waste cooking 
oil for different time of extraction, which includes high 
molecular weight components (HMWC). Table 5 compares 
the composition of fresh cooking oil, which includes Low 
molecular weight components (LMWC), used cooking oil and 
treated waste cooking oil compositions while Table 6 gives 
the composition and properties of fresh palm oil (FPO), heat 
treated palm oil (HTPO), fresh soybean oil (FSO) and waste 
soybean oil (WSO).
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Figure 2: Intensities of components in waste cooking oil [53].

Figure 3: Intensities of components in waste cooking oil [53]. 

Liquid fraction (%) Fresh frying oil Used frying oil One stage treated oil[3] Two stage treated oil[4] 
TG 92.7 70.1

Polar 7.3 29.9 15.1 9.1
MMWC 3.4 13.0 2.5 1.6
LMWC 3.9 16.9 12.6 7.5

Table 5: Comparison of the composition of fresh cooking oil, waste cooking oil and treated cooking oil [54].
[3]P = 300 kg/cm2, T= 40 oC, cosolvent type = hexane, cosolvent concentration = 10%.
[4]Composition of the fraction obtained after 4 h of extraction.

Sample HMWC
(%)

TG
(%)

DG
(%) MG FFA Acid

value CD TPC 

FPO 0 91.2 2.5 5.6 0.7 0.22 0.077 9.19
HTPO 4.6 70.1 16.2 6.8 2.4 0.49 0.114 22.8
FSO 0.3 97.9 0.45 0.55 0.8 0.12 0.098 10.4
WSO 4.4 77.7 9.88 6 2 0.52 0.193 26.1

Table 6: Composition and properties of fresh palm oil, heat-treated soybean oil, and waste soybean oil [53].
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Generally, the mono and diglycerides are polar in nature 
and their production during the hydrolytic reactions result 
in an increase in the composition of the polar fraction of 
cooking oils as seen in Tables 4 and 5. 

Viscosity of SC–CO2 Containing Organic Solutes

Supercritical carbon dioxide has a liquid like behavior in 
view of its high density and a gas like behavior in view of 
its viscosity being in the ranges of the viscosity of gaseous 
materials. This unique physical property coupled with the 
fact that its critical point is comparatively lower than other 
potential solvents; it is used extensively in supercritical 
fluid extraction. To obtain an idea about the potential for 
supercritical carbon dioxide thickening using dissolved 
organics this paper will exploit already existing published 
works relating to super critical carbon dioxide viscosity 

measurements where different organic solutes have been 
used.

The viscosities of supercritical carbon dioxide (SC-CO2) 
containing different levels of methyl oleate and oleic acid were 
measured with a high-pressure capillary viscometer. The SC-
CO2 -methyl-oleate system was evaluated at 313.15, 323.15 
and 333.15 K and 11.5, 13.7 and 15.5 MPa, respectively. The 
SC-CO2 -oleic acid system was evaluated at 313.15 K and 20.5 
and 30.0 MPa and 333.15 K and 30.0 MPa. The increase in SC-
CO2 viscosity was as high as 15-20% at the maximum methyl-
oleate concentrations (4-5 wt%) and 6-12% at the maximum 
oleic acid concentrations (2-3 wt%). The increase of relative 
viscosity with concentration was linear. Tables 7 & 8 indicate 
viscosity increases of SC-CO2 containing oleic acid.

T= 313.15 K; P =5 MPs
SC-CO2 viscosity = 5.610 Pa.s
Correction factor = 1.1603

T = 313.15 K; P =13.7 MPs
SC-CO2viscosity =5.610 Pa.s
Correction factor =1.1428

0.11 0.995 0.14 1.002
0.92 1.022 1.34 1.058
1.77 1.106 2.08 1.082
2.5 1.088 2.48 1.096

2.69 1.111 2.21 1.077

Tables 7: Viscosities of Supercritical Carbon dioxide with Different fractions of Oleic acid mixtures [55].

T = 333.15 K; P = 15.5 MPs
SC-CO2 viscosity = 4.930 Pa.s
Correction factor = 1.1485

0.17 1.007
0.61 1.021
1.3 1.047

1.96 1.067
2.29 1.077
2.53 1.081
2.89 1.094
3.28 1.109
3.36 1.108
3.57 1.121
4.01 1.144
3.84 1.124

Tables 8: Viscosities of Supercritical Carbon dioxide with 
Different fractions of Oleic acid mixtures [55].

An Overview of the Cost of Cheap Soluble 
Organics

Cost per Ton

Table 9 shows the price of soluble organics. In addition 
to waste cooking oil, Zhang, et al. [56] report a price of USD 
200 per ton.

Crude palm oil 703
Rapeseed oil 824
Soyabeen oil 771

Waste cooking oil 224
Yellow grease 412

Table 9: Price in United Sates Dollars per ton of soluble 
organics [57].

Table 9 shows that the price of waste cooking oil (or used 
frying oils) is 2.5–3.0 times cheaper than virgin vegetable oils 
and this coupled with its huge availability makes it attractive 
for used on carbon dioxide viscosification. Compared to waste 
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cooking oil, soluble organics from slaughterhouses are waste 
and the use of these whether as feed stock for anaerobic 
digesters [58-60] or as soluble organics represents effective 
waste management [61].

Theoretical Models of Solute Containing Carbon 
Dioxide 

Theoretically, the effect of solutes on the viscosity of SC-
CO2 has been described using the following equation [62]:

(1)

In which rη  is the relative viscosity defined as the 
viscosity containing solute divided by the viscosity without 
solute, c  is the concentration of solute, and A and B are 
constants.

The coefficient, A, arises from ion interaction, which for 
is zero for non-electrolytes; hence Equation (1) reduces to:

 (2)

The B coefficient is related to the size and shape of 
solutes and its effect on the solvent structure. Generally, 
negative values result from breaking up of solvent structure 
and positive values show that the solution is more ordered 
than the solvent structure. For non-electrolyte, the coefficient 
B has been related to the partial molar volume (Vm) of the 
solute using the Einstein equation as:

mVB 5.2=  (3)
Equation (2) can now be written as:

cVmr 5.21+=η  (4)
The implication of Equation (4) is that since there cannot 

be negative values of concentration or partial molar volume 
of organic solutes [63] (Table 2), the relative viscosity of SC-
CO2 containing soluble organics will be greater than unity. 
This indicates that the viscosity of SC-CO2 will be increased 
by soluble organics and this explains the trends as seen in 
preceding tables.

Relevance of Carbon Dioxide Viscosity on 
Interfacial Instability in Two-phase flow 
Regime

Interfacial Instability in Fluid Injection into 
Porous Media

Saffman and Taylor [64] demonstrated theoretically and 
experimentally that the interface between two immiscible 
fluids in a porous medium can become unstable if accelerated 

and the condition of stability will be governed by whether 
the acceleration is directed from the denser or less dense 
phase fluid. In this regard, the most important lesson to be 
learned about immiscible displacement is that when a low 
viscosity fluid is injected to displace a more viscous fluid, 
fingering instability occurs [65,66]. Accordingly, viscous 
instability fingering has been reported in carbon dioxide 
enhanced oil recovery [67]. When instability develops related 
to a vertical fluid interface it can be amplified depending on 
the hydrodynamic conditions of the displacement. In this 
regard, if instability results in an initial displacement that 
becomes amplified with time then the ratio of the interfacial 
disturbance at a time to the initial disturbance is given as 
[68].
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Where;

 η = interfacial disturbance at a given time
0η = initial interfacial disturbance
1g = vertically downward accelerationg = vertically upward acceleration
2ρ = density of accelerated fluid
1ρ = density of accelerating fluid

λ = wavelength of the disturbance
t  = is time

Equation 5 shows that interfacial instability is directly 
proportional to density difference and since there is a 
correlation between density and viscosity; instability must 
be proportional to the difference in the dynamic viscosity 
of fluids. The interfacial instability that is characterized by 
a rich variety of interfacial pattern or morphology is like that 
observed in a Hele-Shaw cell, but the hydrodynamic stability 
associated with this system has been difficult to resolve. This 
is because as the unstable mode of perturbation becomes 
amplified, they become coupled in a weakly nonlinear 
stage of evolution and finally evolve into a complicated 
finger like structure that is dominated by nonlinear effect 
[69]. However, the pioneering work of Saffman and Taylor 
[64] motivated subsequent theoretical and experimental 
study of interfacial instability related to porous media 
immiscible fluid displacements. The obvious motivation for 
this is that the porous medium is characterized by a complex 
domain of varying pore size distribution which enhances 
interfacial problems. In this regard, Stokes, et al. [70] found 
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experimentally that some parameters govern interfacial 
morphologies under viscous instability conditions. The 
factors are the dynamic viscosity of fluids, flow rate, the 
surface tension between fluids, the absolute permeability of 
the porous medium and the ease with which the two fluids 
wet the porous system. They reported that if the displacing 
fluid preferentially wets the porous system, then the width 
of the finger-like instability is larger than the characteristic 
pore size. Under this condition, the width follows a scaling 
law that is governed by the interfacial tension, flow rate and 
the permeability of the porous medium. On the contrary, if 
the displaced fluid preferentially wets the porous medium 
then the width of the finger is of the same order as the 
characteristic pore size and independent of other factors.

In furthering the work of Saffman and Taylor [64], 
Chuoke, et al. [71] showed that when an initially planner 
interface between two fluid is displaced by a constant 
velocity normal to the front, an instability arises when the 
velocity exceeds a critical velocity. He presented the following 
theoretical finding:

 (6)

Where:

1µ = dynamic viscosity of displacing fluid
2µ = dynamic viscosity of displaced fluid

1k = effective permeability of displacing fluid
2k = effective permeability of displaced fluid
1ρ = density of displacing fluid

2ρ = density of displaced fluid

cU =critical rate

g = gravitational acceleration constant

= is the direction cosine between the vertical 
Cartesian coordinate z’(positive upward) and the z coordinate 
normal to the initially plane macroscopic interface taken 
positive in the direction from Liquid I to Liquid 2.

When the disturbance occurs, the front will have a wavelength 
greater than a critical wavelength given as:
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Where:
U = velocity of displacement

cλ = critical wavelength of in stability*σ = effective interfacial tension which integrates 
information on wettability

Chuoke’s work introduced the concept of a dimensionless 
group that characterizes a combination of the factors 
governing interfacial instability. Following his work, several 
interfacial stability analyses [71-73] have shown that the 
fundamental factors affecting interfacial instability are 
mobility or viscosity ratio, displacement velocity, capillary 
and gravitational forces, permeability and wettability.

Peter and Flock [74] studied interfacial stability of a 
radial and rectangular system. Their study resulted in the 
definition of a dimensionless lumped parameter defining a 
stability index. Based on this stability index, the condition for 
a stable displacement is given as:
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Where:

γ = wave number m-1

work = effective permeability of water at residual oil 
saturation

oiwk = effective permeability of oil at residual water saturation
v  = average velocity of flooding

cv = critical velocity of flooding
ar = radius of core for the cylindrical system

The following stability number was presented for a 
cylindrical system

 (9)

Where:

= dimensionless stability number for a cylindrical 
system*C = wettability number
k = absolute permeability
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Implication of Viscosity Increase of 
Supercritical Carbon Dioxide on Geological 
Sequestration Projects

Implications for Sweep Efficiency

For multi-phase flow in porous media, the mobility of 
a fluid is defined as the ratio of its effective permeability to 
its dynamic viscosity. For water injection for improved oil 
recovery, a mobility ratio is defined as the ratio of the mobility 
of the injected gas to the mobility of the displaced oil in the 
porous medium. For gas injection into a saline aquifer, this 
parameter is defined as the reciprocal of the ratio given as 
[74]:

wgwr

gwig

k
k

M
µ
µ

=
 (10)

Where:
M = mobility ratio

wigk
= relative permeability of water at irreducible gas 

saturation

gwrk
= relative permeability of gas at residual water 

saturation

wµ `= dynamic viscosity of water
gµ = dynamic viscosity of gas

In the literature, a favorable mobility ratio is the one 
where the mobility of the displacing fluid is lower than that 
of the displaced fluid. Generally, higher mobility ratios are 
characterized by higher relative permeabilities, permeability 
heterogeneities and adverse viscosity ratios where the 
viscosity of the injected fluid is significantly lower than that 
of the displaced fluid. An interesting correlation between 
injection sweep efficiency and mobility ratio is seen in Figure 
4. Accordingly, lower mobility ratios are required for higher 
sweep efficiencies for a given fractions flow of the injected 
fluid.

Figure 4: Areal sweep efficiency versus mobility ratio as function of injected fluid fractional flow [75].

One major problem associated with fluid injection 
for improved oil recovery has long been encountered in 
the petroleum industry [76]. This is the adverse mobility 
ratio problem that arises when the viscosity of the injected 
fluid is less than that of the displaced fluid in the porous 
medium. In carbon dioxide, enhanced oil recovery from 
petroleum reservoirs, the adverse mobility ratio coupled 
with heterogeneity has been one of the causes of poor 
sweep efficiency [77]. To circumvent this problem, carbon 

dioxide thickeners have been used to increase viscosity 
[78] and this has led to enhance mobility control in carbon 
dioxide enhanced oil recovery [79]. Evidence from relative 
viscosity data of supercritical carbon dioxide containing 
soluble organics reported in this paper is an indication that 
the increased viscosity could result in a favorable mobility 
ratio in carbon dioxide injection into saline aquifers where 
significant viscosity contrast exists [80]. The increase 
advantage on mobility ratio can be seen from the above 
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equation if the viscosity of water, which is the injected fluid, 
is substituted for the viscosity of injected carbon dioxide. 
The result is an increase in the denominator of the equation, 
implying a decrease in mobility ratio.

Implication for Maximum Gas Saturation

The effect of carbon dioxide viscosity increase on 
maximum gas saturation can be correlated with the critical 
velocity equation. Considering the mobility ratio for gas 
injection as being the reciprocal of that for water injection, 
the criterion for stability number becomes:

 (11)

From this equation, the critical velocity can be obtained as:
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By writing flooding velocity in terms of injection rate 
Equation 12 becomes:
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Where:

injQ
= gas injection rate

cA = cross sectional area of injection

From this equation, increasing injected carbon dioxide 
dynamic viscosity means increasing the denominator which 
corresponds to decreasing the last term on the right-hand 
side of the equation. This will result in a net decrease of 
this term and a corresponding increase in critical velocity. 
Consequently, larger flow rates are required to achieve critical 
velocities, which is an added advantage because above the 
critical velocity instability occurs with increasing number of 
fingers leading to fractal interfacial morphology and viscous 
fingering. This means increasing gas- water viscosity ratio or 
decreasing water-gas viscosity ratio will result in maximum 
gas saturation at the end of the injection due to increase 
stable displacement. Figure 5 represents a plot of water-gas 
viscosity ratio versus maximum gas saturation. Accordingly, 
the figure shows that as water-gas viscosity ratio decreases 
there is an increase in maximum gas saturation as expected 
from Equation12 of our work.

Figure 5: Effect of water-carbon dioxide viscosity ratio on maximum gas saturation [81].
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Implication for Critical Velocity from Chuoke 
Model

The effect of increase dynamic viscosity of carbon 
dioxide on critical velocity can be realized from the work of 
Chuoke, et al. [73]. His equation for instability conditions is 
given as:

 (14)

From this equation, the critical velocity for the onset of 
instability is given as:

 (15)

This equation written for carbon dioxide injection into a 
saline aquifer gives:

 (16)

For a given injection scenario, the wettability factor in 
a saline aquifer will decrease [82]. The presence of soluble 
organics in supercritical carbon dioxide will increase the 
density of brine under aquifer temperature and pressure 
conditions. Gravity is constant at a given location and 
effective permeabilities will be determined by prevailing 
wetting conditions. Therefore, increasing the dynamic 
viscosity of supercritical carbon dioxide corresponds to 
decreasing the denominator of Equation 15. Increasing the 
density of this phase also means decreasing the denominator. 
Therefore, decrease in density difference coupled with 
decrease in effective interfacial tension due to wettability 
decrease means an overall decrease in the numerator. The 
net effect is an increase in critical velocity of flooding since 
the density difference is negative. The critical velocity of 
flooding for a given injection scenario is the velocity at which 
the onset interfacial instability cannot be damped leading to 
amplification. Therefore, the lower the value of this velocity 
the greater the chances of instability occurring. One would, 
therefore, prefer a higher critical velocity because this gives 
the option to increase injection velocity without any danger 
of instability growing [83]. Figure 6 illustrates the effect of 
flooding rate on interface morphology. 

      

Figure 6: Photograph of the interface between injected and displacing fluid for different fluxes [71].

The photos in Figure 6 show that at the onset of 
instability, increasing flooding velocity or flux results 
in increasing the number of fingers at the interface. 
Consequently, at a flux of 0.41 cm/s, the number of fingers 
is 7. At a flux of 0.87 cm/s, the number of fingers is 9 while 

at a flux of 1.66 cm/s, the number of fingers is 13. This has 
the potential to introduce a fractal advance nature which 
reduces sweep efficiency. 
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Implication for Interfacial Stability

Experience from the petroleum industry shows that while 
unfavorable mobility ratios are some of the principal causes 
of poor sweep efficiency, interfacial instability characterized 
by viscous fingering [84] is another cause of poor sweep 
efficiency. Consequently, to deal with interfacial instability 
problems in improved oil recovery, linear stability analyses 
approaches have been employed. The principal objective of 
such analyses is to first, theoretically and mathematically 
describe the instability problem and to use this as the basis 
for predicting the onset of instability. Thus, the theoretical 
works so far cited in this paper provide fertile grounds for 
predicting the onset of instability in each carbon dioxide 
injection project. The reason is that interface instability 
is the direct result of several factors including viscosity 
contrast and this is characteristic of carbon dioxide injection 
into geologic repositories. Therefore, the implication of 
viscosity increase due to the presence of soluble organics 
in supercritical carbon dioxide will be discussed in the 
following contexts:

Implication for Stability Number

Generally, the condition for instability based on Peters 
and Flock [74] work is that this dimensionless number must 
be positive for a given injection scenario. This number is 
given as:

 (16)

To be able to determine the effect of injection fluid 
dynamic viscosity increase requires rewriting this equation 
in a more objective manner. This can be done by inserting 
the definition of mobility M, into the definition for stability 

number criterion. The result gives Equation 11 as before:

 (11)

For an injection project, the wettability of the system 
fixes the endpoint effective permeabilities 

woroiw kk , of the 

fluids found in this equation. Also, for given flooding velocity,
v , the critical velocity cv for the onset of instability is 
constant. The wave number and effective interfacial tension 
are also constant. Consequently, increasing the dynamic 
viscosity of injected carbon dioxide means increasing the 
quantity in the numerator. Wettability studies of the system, 
carbon dioxide-brine-solid so far has shown that the 
wettability of the system will decrease with carbon dioxide 
injection [82]. This means the effective interfacial tension in 
the denominator will decrease. The net effect has the 
potential to increase the left-hand side of the equation and 
will result in higher values of the stability number for a given 
geometry. Theoretically, this corresponds to increasing 
flooding velocities with less chances of attaining critical 
velocities.

Effect of Critical Velocity Increase on Equilibrium 
Saturation of Injected Carbon Dioxide

In geological carbon storage, the equilibrium saturation 
defined as injected gas saturation that is free gas in the 
formation at the end of injection is of interest because it 
correlates with the volume of subsurface pore space that 
has been effectively unitized [85]. Generally, low capillary 
number injections are responsible for viscous fingering 
which reduces the equilibrium saturation. Figure 7 shows 
a plot of free gas saturation versus the logarithm of the 
capillary number. 

Figure 7: Equilibrium gas saturation versus the logarithm of capillary number [86].
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The figure shows that higher capillary numbers favor 
higher free gas saturation for a given injection scenario. 
Higher capillary number here correlates with increase 
injection gas velocity or increase velocity of injection or both. 

Implication for the Critical Wavelengths of the 
Instability

Choke, et al. [87] critical wavelength is calculated using 
Equation 7 as:
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The viscosity has a qualitative effect on the wavelength 
at the onset of instability such that the wavelength increases 
for higher viscosities of the injected fluid [88]. The effect of 
increased dynamic viscosity 1µ  of injected carbon dioxide 
is to reduce the quantity related to viscosity in the bracket 
found in the denominator. The net effect will be an increase 
in the wavelength of the critical instability. 

Summary and Conclusion

Global warming due to unprecedented emission of 
anthropogenic greenhouse gases is the major environmental 
challenge in the 21st Century. Among the greenhouse gases, 
anthropogenic carbon dioxide has the greatest presence in the 
atmosphere and the most notable greenhouse gas regarding 
the gaseous radiative forcing effect on climate warming. 
To reduce climate warming, geological sequestration of 
anthropogenic carbon dioxide has been accepted as a 
technically and economically viable option. However, in 
view of the rate of current emissions from sources as well as 
possible trends in projected emissions during this century, 
efficient geological sequestration is necessary to meet 
reduction targets set by the Intergovernmental Panel on 
Climate Change (IPCC). 

Technically, efficient geological storage of anthropogenic 
carbon dioxide is linked to efficient displacing of formation 
brine. Inherent in the displacement process is the interfacial 
instability due to the sharp contrast between the dynamic 
viscosity of carbon dioxide and formation brine. In the 
petroleum industry, enhanced oil recovery using carbon 
dioxide depends on using costly polymers for carbon dioxide 
thickening. However, due to the emphasis on the supercritical 
state of carbon dioxide geological sequestration, the 
solubility potential of cheap or waste soluble organics can be 
a means of increasing the dynamic viscosity that can reduce 

the interfacial instability problem. In this paper, we have 
reviewed literature to bring to the attention of the geological 
sequestration community some important facts about the 
availability of cheap soluble organics and their potential in 
increasing supercritical carbon dioxide viscosity. We have 
also discussed the effect of dynamic viscosity increase on 
interfacial stability. The following sums up our conclusion of 
this paper:
1. There exists a huge potential for using cheap soluble 

organics for increasing the dynamic viscosity of carbon 
dioxide

2. Among the cheap soluble organics, waste cooking oil 
which has a sustained promising global abundance due 
to the growth trends in world population

3. Increasing dynamic viscosity of carbon dioxide using 
soluble organics will increase the critical velocity of 
injection required for the onset of interfacial instability. 
The advantage is that it offers the opportunity to inject 
carbon dioxide at higher rates without exceeding the 
critical velocity.

4. Increase injection velocity without the risk of exceeding 
the critical velocity means increased capillary number 
which could undermined capillary forces and increase 
displacement efficiency of formation brine leading to 
maximization of carbon dioxide geological storage
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Nomenclature

rη  is the relative viscosity-cp 

c  is the concentration of solute
A and B are constants of Equation 1.
Vm is molar volume
s is distance 

 η is interfacial disturbance at a given time

0η is initial interfacial disturbance

1g is vertically downward acceleration

g is vertically upward acceleration

2ρ is density of accelerated fluid
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1ρ is density of accelerating fluid

λ is wavelength of the disturbance

t  is is time

1µ is dynamic viscosity of displacing fluid

2µ is dynamic viscosity of displaced fluid

1k is effective permeability of displacing fluid

2k is effective permeability of displaced fluid

1ρ is density of displacing fluid

2ρ is density of displaced fluid

cU is critical rate

g is gravitational acceleration constant

= is the direction cosine between the vertical 
Cartesian coordinate z’(positive upward) and the z 
coordinate normal to the initially plane macroscopic 
interface taken positive in the direction from Liquid 1 to 
Liquid 2.

U is velocity of displacement

cλ is critical wavelength of in stability

*σ =iseffective interfacial tension which integrates 
information on wettability
M is relative mobility ratio

γ  is wave number 

work is effective permeability of water at residual oil 
saturation

oiwk is effective permeability of oil at residual water 
saturation

v  is average velocity of flooding

cv is critical velocity of flooding

ar is radius of core for the cylindrical system

 is dimensionless stability number for a cylindrical 
system

*C is wettability number

k is absolute permeability

wigk  is relative permeability of water at irreducible gas 
saturation

gwrk is relative permeability of gas at residual water 
saturation

wµ `is dynamic viscosity of water

gµ is dynamic viscosity of gas

injQ is gas injection rate

cA is cross sectional area of injection
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