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Review article 

Carbon dioxide thickening: A review of technological aspects, advances and 
challenges for oilfield application 
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A B S T R A C T   

The relatively low density and viscosity of carbon dioxide (CO2) in supercritical state create several drawbacks, 
including gravity override, viscous fingering, water production/treatment problems, and poor proppant trans-
port for the petroleum industry. The introduction of CO2 thickeners offers a promising additive technology with 
sufficient solubility and viscosity enhancement attributes. The current article reviews the technical advances, 
challenges, and applicability of thickened CO2, particularly for hydrocarbon recovery. Different types of thick-
eners, including polymers, tailor-made surfactants, and small associating compounds, were investigated in terms 
of their nature, physicochemical traits, cost, and applications. The molecular weight and concentration, shear 
rate, co-solvent composition, temperature, and pressure play a significant role in the intermolecular forces and 
miscibility effect of thickeners in the presence of dense CO2. Binary co-polymers (non-fluorinated non-siloxane 
materials) and small molecule (associating) compounds are promising options for CO2 thickening owing to their 
enhanced performance, cost-effectiveness, and low ecological footprint. This study provides a comprehensive 
review of existing technologies, outline the gaps, potential, and required area for improvement.   

1. Introduction 

Carbon dioxide (CO2) assisted technologies have attracted wide-
spread interest in the oil & gas industry [1–3]. Being a major greenhouse 
gas contributor to environmental pollution, the requirement for CO2 
utilization (e.g., as a cushion gas for hydrogen production) and storage is 
a game-changer in sustainable energy economies [4–8]. Competing 
processes with natural and anthropogenic carbon cycles affect the con-
centration and stability of CO2 in the atmosphere, depending on its rates 
of consumption and release [9]. CO2 has met a rapidly-booming market 
in food and agriculture [10,11], biological remediation [12,13], refrig-
eration [14], coalbeds [15,16], recovery of oil and gas deposits [17–20], 
manufacture of fuel and chemicals [21–24], power generation [25], 
mineralization [26], and storage in sub-surface deposits [27–29]. 
Moreover, CO2 for enhanced oil recovery (EOR) and fracturing tech-
niques have received prominence for applications in depleted and low- 
permeability oilfields, though it is necessary to explore large deposits 
of CO2 close to the emission sources. 

For petroleum production operations, chemical fluids such as sur-
factants, polymers, and tailor-made emulsions constitute efficient routes 
if designed properly, as evident from the earlier works of Pal et al. 

[30–34]. However, the field of CO2 thickening exhibits promising 
alternative to enhance oil production from “hard-to-produce” zones. 
CO2 has two important features of interest that make it appealing for the 
petroleum industry. Firstly, CO2 is miscible with crude oil above mini-
mum miscibility pressure (MMP), and is cheaper than other miscible 
gases [35]. Secondly, CO2 dissolves in and swells the oil, which also 
results in decreasing its viscosity [36,37]. Recent studies have suggested 
that CO2 injection is more sustainable and effective as compared to 
water injection in reservoirs [38–41]. There are also reported benefits of 
CO2 injection for enhanced gas recovery [42,43]. Despite its long- 
standing success, CO2 gas alone is unable to improve oil productivity 
efficiently. CO2 application poses technical drawbacks pertaining to 
unfavorable mobility control, gravity override, and viscous fingering 
[44,45]. In addition, CO2 injection is associated with excessive water 
production, corrosion, and sometimes flow assurance issues [46]. Thus, 
it is necessary to develop mitigation technologies such as carbon dioxide 
(CO2) gas thickening. 

CO2 thickening technology employs the dissolution of “viscosifier” 
compound to create a transparent, thermodynamically stable, high- 
pressure CO2-rich phase with enhanced viscosity [47]. Research de-
velopments in the last few years have aimed at attaining a proper 
structural balance between CO2-phobic and CO2-philic groups within 
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the molecular structure to achieve favorable degrees of solubility and 
viscosity enhancement. The use of CO2 thickeners may provide signifi-
cant improvements to its functionality, including suppression of water- 
blocking effect, less fluid flowback, flow stability, reduced gravity ef-
fect, and achieve favorable mobility control [48,49]. Thickeners 
improve the viscosity of the injected fluid, leading to reduced mobility 
ratio and delay in breakthrough [50,51]. Thickened CO2 is characterized 
by reduced leak-off, improved sweep efficiencies during EOR, and 
proppant-carrying ability during formation fracturing. CO2 thickening 
technology must be designed to achieve favorable injected fluid/gas 
distribution in layered formations, particularly to produce tertiary oil 
from low permeability spaces, watered-out thief zones, high- 
permeability streaks, and damaged formations [52–54]. CO2 thick-
ening is viewed as a potentially sustainable route to address the CO2 
problems occurring during EOR and fracturing. 

The major drawbacks observed in the literature include high un-
certainties in measurements, insufficient viscosity improvement, 
toxicity of employed chemicals, and high cost. The work on emulsion 
mixture-based CO2 systems by AlYousef et al. [55] reported favorable 
results in terms of viscosity but showed difficulty in reproducing the 
results. Studies by Shi et al. [56]; da Rocha et al. [57]; Trickett et al. 
[58]; Cummings et al. [45]; and Zaberi et al. [59] indicate that the 
employed chemicals are not very effective in attaining sufficient 
improvement in viscosity for CO2 thickening applications. Another ef-
fect identified in earlier investigations by Combes et al. [60]; O’ Neill 
et al. [61]; Enick et al. [62,63]; Shi et al. [56]; Cummings et al. [45]; Sun 
et al. [64]; and Lie t al. [65] is the toxicity of introduced chemical for-
mulations, which make them unsuitable for application in several sys-
tems. Another essential issue in CO2 thickening is the cost of chemicals 
involved. Studies by Hoefling et al. [66]; Bayraktar and Kiran [67]; 
Huang et al. [68]; O’ Brien et al. [69]; Sun et al. [70] showed promising 
attributes of thickeners but associated with high concentrations and 
high cost of used chemical. CO2 thickening technologies are not mature 
yet to meet the needs of the hydrocarbon recovery sector. 

The field of CO2 thickening must be adequately investigated, and 
their functional aspects must be exploited to identify suitable thought- 
processes, identify effective routes and influence further innovations. 

This article reviews the current state of CO2 thickening technologies 
while discussing its challenges and recent progress in EOR and frac-
turing applications. The viscosity of CO2 gas has been correlated with 
suspension viscosity principles to assess the effect of thickeners on fluid 
characteristics. We discuss updated literature on the structure, technical 
aspects, and physicochemical attributes of different thickening agents 
employed in the industry. Research works about laboratory-scale, and 
field-scale tests are reported to assess the prospect, challenges, and 
future applicability. 

2. The viscosity of CO2 and modified concepts 

CO2 viscosity was first studied by Phillips [71] with a modified 
Rankine’s apparatus at high pressure. The first useful study in the field of 
CO2 viscosity was conducted via a two isotherm approach with a 
capillary viscometer in the Van der Waals laboratory by Michels et al. 
[72]. Fig. 1 represents CO2 viscosity plots as a function of temperature 
and pressure. 

CO2 viscosities have been reported in the liquid phase, near the 
critical region, and in the gas phase. The analytical model representing 
the behavior of CO2 viscosity was proposed by Albright et al. [74]. In the 
zero-density limit, the viscosity of CO2 was analyzed by Trengove and 
Wakeham [75] as well as Vogel and Barkow [76]. The viscosity corre-
lation was, thereafter, developed by Vesovic et al. [77] with the treat-
ment of modified viscosity terms. Fenghour et al. [78] developed a 
primary model for CO2 viscosity measurement. However, Laesecke and 
Muzny [79] further developed the viscosity correlation by introducing a 
linear-in-viscosity coefficient (η1) as described in Eq. (1): 

η(ρ,T) = η0(T)+ ρη1(T)+Δηr(ρ,T)+Δηc(ρ, T) (1) 

In the above equation, η0(T) refers to viscosity in the limit of zero- 
density, ρ is the density in kg.m− 3, η1(T) is the linear-in-density viscos-
ity coefficient, Δηr(ρ, T) is the temperature, and density-dependent 
excess viscosity, and Δηc(ρ, T) depicts the critical viscosity enhance-
ment which accounts for viscosity increase near the critical point. 

The viscosity modification (enhancement) of supercritical CO2 sus-
pensions of dispersed thickener molecules can be explained with the 
help of relative viscosity law. The enhanced viscosity of thickened su-
percritical CO2 is a function of the micellar distribution and/or network 
structure formed as a result of the addition of thickening agents (sur-
factant, polymer, small-molecule associating compounds). The valida-
tion of experimental results is a function of the range of volume fraction 
(ϕ) and self-crowding factor (k). The basic equation for the analysis of 
relative viscosity (i.e., ratio of the apparent viscosity of suspension/ 
thickened fluid, ηϕ to shear dynamic viscosity of matrix, ηm) was first 
conceptualized by Sutherland [80] and Einstein [81], as shown in Eq. 

List of symbols 

Abbreviations 
AOT Alpha-olefin sulfonate, Docusate sodium salt 
Co-VBe Co-vinyl benzoate 
EEPDMS Epoxy Ether-based Polydimethylsiloxane 
EOR Enhanced Oil Recovery 
HFDA Styrene-heptadecafluoro decyl acrylate 
MD Molecular dynamics 
P(HFDA) Poly(Styrene-heptadecafluoro decyl acrylate) 
PFA Poly(fluoroalkyl acrylate) 
PDMS Poly(dimethyl siloxane) 

Roman/Greek letters 
η1 Linear-in-viscosity coefficient 
η0(T) Viscosity in the limit of zero-density 
ρ Density in kg.m− 3 

η1(T) Linear-in-density viscosity coefficient 
Δηr(ρ, T) Temperature and density-dependent excess viscosity 
Δηc(ρ, T) Critical viscosity enhancement 
ϕ Volume fraction 
k Self-crowding factor 
ηϕ Apparent viscosity of suspension/thickened fluid 
ηm Shear dynamic viscosity of matrix, 
ϕm Volume fraction of the matrix  

Fig. 1. Effect of temperature and pressure on CO2 viscosity, reproduced from 
Global CCS Institute: Global Status of CCS [73]. 
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(2): 

ηϕ

ηm
= 1+ kϕ, {k = 2.5, lim(ϕ)→0} (2) 

This model is applicable for very dilute suspensions of non- 
deformable solid spheres and cannot be employed to validate thick-
ening solutions. As a result, this model was further developed by 
Mooney [82] to account for high volume corrections, and predict the 
relative viscosity of the concentrated suspension of spherical particles. 
This translates to a functional equation for a monodisperse fluid system: 

ηϕ

ηm
= exp

[
2.5ϕ

1 − kϕ

]

, {k = 1.31 − 1.91, lim(ϕ)→0.50} (3) 

The above relation is applicable up to 50% packing fraction by 
chemicals/thickeners in CO2 solvent. Recently, research investigations 
by Brouwers [83], Mendoza [84], and Faroughi and Huber [85] have 
shown successful results in estimating the viscosity of concentrated soft 
matter for different values of ‘k’ and all ranges of ‘ϕ’. Their corre-
sponding equations are depicted for spherical and non-spherical parti-
cles with different shapes, sizes, and concentrations, as given in Eqs. (4), 
(5), and (6) respectively: 

ηϕ

ηm
=

⎡

⎢
⎢
⎣

1 − ϕ
1 − ϕ

ϕm

⎤

⎥
⎥
⎦

kϕm
1− ϕm , {k = 2.5,ϕ→allranges} (4)  

ηϕ

ηm
=

[

1 −
ϕ

1 − kϕ

]
− 2.5, {k =

1 − ϕm

ϕm
,ϕ→allranges} (5)  

ηϕ

ηm
=

[
ϕm − ϕ

ϕm(1 − ϕ)

]
−

2.5ϕm
1− ϕm , {k,ϕ→allranges} (6) 

In the above equations, ϕm refers to the volume fraction of the ma-
trix. These equations can predict the viscosity of supercritical CO2 in the 
presence of different kinds of thickeners. 

3. Application and challenges of CO2 assisted technologies 

The implementation of petroleum production systems encompass a 
research framework of laboratory, mechanistic and simulation studies 

[86–92]. Deployment of a CO2 project is capital-intensive; it requires 
various operations such as drilling/re-working wells, installing a gas 
recycling plant, incorporating corrosion-resistant equipment and infra-
structure, and laying CO2 transportation pipelines [93,94]. The funda-
mental problems associated with CO2 gas can be traced to its relatively 
low density and viscosity compared to oil and brine [35,44,95]. The low 
density of CO2 promotes gravity segregation and fingering, leading to 
significant bypassed oil. Secondly, its viscosity is much lesser than that 
of typical formation water and crude oil phases, which results in an 
unfavorable mobility ratio. Fig. 2 highlights the primary issues associ-
ated with (pure) CO2-assisted technology. The red lines indicate the 
reservoir zones wherein issues such as gravity drainage, viscous 
fingering, and adverse mobility ratio may occur. Gravity drainage is 
associated with negligible drive mechanisms due to which the gas enters 
high permeability zones such as fractures and thief zones. As a result, oil 
remains trapped in the pore matrix of low permeability regions. Viscous 
fingering is caused by non-uniform displacement fronts and leads to an 
undesirably high rate of water production. 

3.1. Enhanced oil recovery 

The concept of ‘carbon storage paired with EOR’ is an appealing 
alternative to ‘carbon storage for waste disposal’. The first CO2-EOR 
project was started in 1972 at SACROC (Scurry Area Canyon Reef Op-
erators Committee) Unit of the KellySnyder Field in West Texas. It re-
mains the largest miscible flooding initiative in the world [96,97]. 
Though CO2-EOR claims to prolong the use of fossil fuels and extract 
carbon-emitting oil, a recent study by Núñez-López and Moskal [98] 
shows that the additional oil produced is responsible for a net negative 
carbon status throughout most of the life-cycle of the operation. During 
EOR, CO2 gas is injected in its supercritical state but shows markedly less 
viscosity as compared to in-situ reservoir fluids and remains highly 
mobile. However, a very high mobility ratio is indicative of viscous 
fingering and channeling within rocks which detrimentally affects oil 
recovery [99]. Molecular diffusion may play a role in improving re-
covery in fractured formation [100]. However, the low viscosity of CO2 
causes ‘fingering flow’ and the inability to displace oil from low- 
permeability zones [101]. 

Fig. 2. Illustration of challenges during CO2 injection such as viscous fingering and gravity override.  
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3.2. Formation fracturing 

CO2 exhibits low viscosity, high flowability, and low surface tension, 
which are desirable for hydraulic fracturing. However, CO2 gas has poor 
ability to transport proppant, leading to short effective fractures and 
plugging of near-well regions. CO2 fracturing requires a high pump in-
jection rate to fulfill the filtration losses and exceed the fracturing 
pressure. As a result, Reynolds numbers are high, leading to pressure 
gradient loss from friction and non-Darcy effect [102]. CO2 fracturing 
generates more complex and extensive fracture networks compared to 
water and other gases, owing to the thermophysical stability and low 
viscosity of CO2 [103]. 

4. CO2 thickening technology: Necessity and mechanistic 
overview 

Supercritical CO2 fluids are associated with low inflammability, cost- 
profitability, toxicity and reactivity owing to their temperature/ 
pressure-tunable attributes. Firstly, it is difficult to achieve a favorable 
degree of mobility control with pure CO2. Secondly, the method of 
injecting pure gas systems is associated with stability and oil propaga-
tion issues under in-situ conditions. Thirdly, CO2 injection may lead to 
viscous fingering and gravity segregation issues. This has led to an 
increasing need for CO2 thickening in the last few years. 

Thickener molecules function by initially dispersing throughout the 
CO2 phase, thereby contributing to its viscosity. The fluid system is 
designed to attain enhanced gas viscosity without losing the solubilizing 
property. The technology encompasses the dissolution of viscosity- 
building thickener compound to create a transparent, thermodynami-
cally stable, high-pressure CO2-rich phase. Once the thickened CO2 fluid 
into the reservoir, it provides sufficient capillary drive to produce 
trapped oil, particularly from low permeability zones. Currently, 
thickening CO2 can be achieved by using polymeric, small molecule, and 
surfactant additives, but the effectiveness varies, as discussed below. 

5. Chemical classification of CO2 thickeners 

A successful CO2 thickener should exhibit two main features: solu-
bility and viscosity enhancement. In addition, it should be cost-effective 
and environmentally friendly. In a broad sense, CO2 thickeners can be 
divided into two types: direct and indirect. It should possess the capa-
bility to thicken the CO2 via the generation of hydration layer, 

entanglement, coil expansion, aggregation, self-assembly, and intra- 
molecular interaction effects. A study depicting a micro-analysis of 
dissolving capacity of supercritical gases was performed by Stahl et al. 
[104]. Researchers in the early-to-mid 1990′s worked to identify high 
molecular weight thickener candidates, which closely match the tem-
perature and pressure-dependent solubility parameters of CO2 gas 
[105,106]. Fig. 3 represents a classification of different CO2 thickeners. 

5.1. Co-solvents (entrainers) 

Previous attempts have been made in the late 1990s to increase CO2 
viscosity with little success. Liave et al. [107] employed entrainers (co- 
solvents) to improve mobility control and improve the solubility of 
crude oil components into the CO2-rich phase. These co-solvents include 
isooctane, 2-ethylhexanol, n-decanol, and ethoxylated alcohols. Even 
though a substantial increase in viscosity could be achieved, a high 
concentration of entrainers was needed, which makes this method 
uneconomical. 

5.2. In-situ polymerization with organic substrate 

In-situ polymerization process with an organic substrate is another 
technique used for CO2 thickening. Terry and co-workers [108] per-
formed the polymerization of CO2 soluble monomers (decene, octane, 
ethylene) in dense CO2 to circumvent the issue of poor solubility. This 
process was carried out while the solute (monomer) was present in the 
supercritical CO2 phase. Lancaster and others [109] implemented in-situ 
polymerization of organic titanates with organic matrix, though CO2 
solubility tests yielded undesirable results. The organic matrix was 
composed of pyrogallol, resorcinol, silicic acid, phenol, and hydroqui-
none to induce a fast reaction, though absolute insolubility was observed 
in liquid CO2. The in-situ polymerization processes can be successfully 
carried out under reservoir conditions, wherein CO2 gas is injected as a 
miscible agent. However, no apparent increase in gas viscosity was 
observed in this method due to low solubility and precipitation. 

5.3. Polymeric materials 

Like water-soluble polymers employed in reservoir profile modifi-
cation, CO2 soluble polymers can be used to enhance gas viscosity and 
attain favorable mobility ratios. The flow efficiency of a polymer- 
thickened CO2 can be improved to achieve enhanced stability and 

Fig. 3. Classification chart describing the different types of CO2 thickening agents.  
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delay in breakthrough with a negligible water-blocking effect. Koros 
[110] investigated the behavior of gas/polymer mixtures at high pres-
sures and temperatures. An extensive study of polymer solubility in CO2 
gas was first published by Heller and group [48] with the objective of 
identifying an effective thickening agent and reducing the mobility of 
supercritical CO2. Heller and coworkers [111,112] measured the solu-
bilities of fifty-three commercially available polymers in CO2 and 
identified a total of seventeen CO2 soluble polymers. Among these 
polymers, poly(1-decene) with a low molecular weight showed the 
highest solubility in CO2. In another study, a class of polyacrylates along 
with poly(vinyl acetate) compounds was studied in terms of their rela-
tive CO2 solubilities. In a study by Harris et al. [113], the solubility and 
viscosity of CO2 were assessed with various kinds of polymers such as 
siloxane, ether, silyl-ether, carbonyl, ester, tertiary amine, dialkylamide, 
thioether, and sulfone with and without a co-solvent (toluene). Shen 
et al. [114] described the solution properties of several oligomers and 
polymers, where they identified optimum conditions for CO2-polymer 
mixing in each case. Furthermore, polymers are designed in such a way 
that it exhibits multiple electron donor sites (associated with oxygen, 
nitrogen, or sulfur groups) to interact with electron acceptor site of CO2 
molecule. 

5.3.1. Fluoropolymers 
The presence of fluoride groups in thickening agents exhibits low 

cohesive energy density, CO2-philic property, and weak polarizing na-
ture [66]. As a result, fluoropolymers are promising thickening candi-
dates as CO2-philic compounds in oilfield production and stimulation. 
Rindfleisch and others [115] studied the CO2-philicity of many fluori-
nated polymers at high temperature and high-pressure conditions within 
reservoirs. Enick and co-workers [56,62,63] reported the suitability of 
perfluorinated compounds with molecular weight in the range of 
13,000–30,000 g/mol. These compounds can easily dissolve in liquid 
CO2 at room temperature and do not require the addition of co-solvent. 
However, only small increase in viscosity (~8%) was observed at 
moderately high polymer concentrations. A new type of cross-linked 
fluoroether-based polyurethane was dissolved in dense CO2 without 
co-solvents to achieve a marginal rise in gas viscosity. McClain et al. 
[116] determined the solubility and chain expansion behavior of poly 
(1,1-dihydroperfluoro-octylacrylate) in supercritical CO2 via small- 
angle neutron scattering tests. Shi et al. [56] developed semi- 
fluorinated trialkyltin fluorides and fluorinated telechelic ionomers as 
CO2-viscosity enhancers at concentrations up to 4.0 wt% solution. The 
addition of 5–10 wt% fluorinated acrylate homopolymer increased the 
viscosity of CO2 by 3–6 times, depending on concentration and physical 
conditions [60,117]. Shen et al. [114] found that poly(fluoroalkyl 
acrylate) (PFA) showed better CO2 miscibility in comparison to poly 
(vinyl acetate). The solubility of fluoropolymers in CO2 promotes its use 
as a CO2 thickener. Trickett et al. [58] developed a new approach to 
thicken CO2 via customized fluorinated di-chain surfactants. Fluorous 
polymers are, however, costly and cause detrimental environmental 
effects. 

5.3.2. Siloxane polymers 
Siloxane group has better CO2 compatibility as compared to other 

hydrocarbon groups. Despite the involvement of high costs, proper 
planning can render suitability to siloxane polymers as CO2 thickeners. 
Harris et al. [113] observed that polymers with siloxane donor groups 
revealed better viscosity increment as compared to ether group- 
containing polymers. Fink et al. [118] incorporated propyl acetate 
functional groups to siloxane oligomer sidechains to achieve a decrease 
in cloud point pressure and increase in CO2 viscosity. Bae and Irani 
[106] tested the oil displacement abilities of supercritical CO2 with 
polysiloxanes; and identified a 90-fold viscosity increase, breakthrough 
delay, and acceleration in recovery. In another study, the actual use of 
silicone polymers in CO2 thickening was initiated with the addition of a 
side chain in an oligomer structure with oxygen-containing (carbonyl) 

groups by Fink and Beckman [119]. Williams et al. [120] found that poly 
(dimethylsiloxane) can effectively increase the viscosity of carbon di-
oxide in the presence of co-solvent due to a reduction in the dissolving 
pressure of polymer. Doherty et al. [121] developed nearly forty poly-
meric materials and investigated their CO2 solubility with various li-
gands. For example, propyltris(trimethylsiloxy) silane-functionalized 
benzene trisurea can easily dissolve in CO2 and increase viscosity by 300 
times, depending on the quantity of co-solvent used. Sun et al. [70] 
employed the properties of silicohydride polymer and methylbenzene 
co-solvent to register an increase in gas viscosity. Shen et al. [114] re-
ported the enhanced CO2 thickening ability of poly(dimethyl siloxane) 
(PDMS) compound in comparison to poly(vinyl acetate) and homopol-
ymers [poly(propylene oxide), poly(lactide)]. Rousseau et al. [122] 
investigated the solubility and industrial availability of poly (dimethyl 
siloxane) under reservoir pressure/temperature conditions. PDMS 
showed a greater degree of CO2-hydrophilicity as compared to 
hydrocarbon-based polymers, which translates to better solubility as 
evident from different research works [61,67]. O’Brien et al. [69] syn-
thesized a series of PDMS derivatives with aromatic amide at various 
degrees of polymerization, and performed experiments to test their 
miscibility efficiency in dense CO2. Sun et al. [123] suggested applying a 
novel thickened supercritical CO2 system with favorable viscosity- 
building capacity, which employs the use of PDMS polymer and 
methyl-benzene co-solvent. Li et al. [65,102] determined the viscosity 
enhancement characteristics of epoxyterminated polydimethylsiloxane 
at high-pressure conditions. 

5.3.3. Non-fluorinated, non-siloxane polymers 
Hydrocarbon agents are the most promising CO2 thickeners due to 

their environment-friendly nature. However, this type of thickening has 
certain drawbacks related to diminishing solubility in CO2 at certain 
conditions. However, Heller et al. [48] found inefficiency in improving 
CO2 mobility control in the presence of different water-soluble and oil- 
soluble hydrocarbon polymers. Subsequently, Dandge and Heller [111] 
developed correlations between the molecular structure of α-olefin 
polymers and viscosity. Bullen and others [124] developed a poly-
carbonate copolymer derived from propylene oxide and carbon dioxide 
(CO2), which was able to triple the viscosity under reservoir conditions. 
Conway et al. [125] described the ability of polylactides to dissolve at 
high concentrations in pure CO2 gas. Copolymers of glycolide and lac-
tide showed greater difficulty to dissolve in CO2, owing to the weak CO2 
philic nature of glycoside groups as compared to lactides. Rindfleisch 
et al. [115] found that a slight degree of polarity is essential to create a 
CO2 solubility-enhancing weak complex between CO2 and carbonyl 
group in the polymer structure, thereby attaining CO2 solubility. Vis-
cosity enhancement is a function of concentration rather than the mo-
lecular weight of the polymer. Enick et al. [126] discussed the solubility 
of several hydrocarbon polymers in CO2, and correlated CO2-philic 
property with free volume and interaction effects between acetate group 
and CO2 molecule. Zhang et al. [49] investigated two commercial 
polymers to report lower interfacial tension and greater viscosity (13–14 
times) compared to pure CO2 flooding. Xue et al. [127] studied the 
viscous properties of poly (vinyl acetate-covinyl ether) at moderate 
concentrations. The bonding force between hydrocarbon polymer and 
CO2 molecules within pores constrain gas mobility in the mesh structure 
of polymers. A CO2 thickening hydrocarbon polymer is composed of two 
monomeric components: a highly flexible group with weak sol-
vent–solvent interactions to polymer and Lewis base groups with strong 
polymer-CO2 interactions [128]. 

5.3.4. Co-polymer thickeners 
Binary copolymers with fluorinated structures have shown a capa-

bility to increase CO2 viscosity to considerable degrees. McClain et al. 
[116] demonstrated the solubilizing power of poly(1,1-dihydro- 
perfluorooctylacrylate) in dense CO2, though high concentrations were 
required to attain enhanced viscosity. Sarbu et al. [128] observed that a 
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series of poly(ether carbonate) copolymers showed miscibility with CO2 
at relatively low-pressure requirements using propylene. Shi et al. [56] 
designed several associative thickeners consisting of fluoroether, fluo-
roacrylate and fluoroalkyl groups, which exhibited enhanced inter- 
molecular interactions among polar/hydrocarbon groups and a signifi-
cant rise in gas viscosity. A study by Baradie and Shoichet [129] syn-
thesized copolymers of vinyl acetate (monomer) with various fluoro- 
olefins in dense CO2. Huang et al. [68] reported that fluorinated acry-
late/styrene/sulfonated styrene copolymers could greatly enhance the 
viscosity of supercritical CO2. Meng et al. [130] assessed the interactions 
between the topological structures of fluoroacrylate-polystyrene- 
sulfonated styrene block copolymers and identified an increase in 
attractive forces among different copolymer chains in the presence of 
sulfonated group. A custom-made polymer, polyFAST, having an 
average molecular weight of 540,000 g/mol, enhanced CO2 viscosities 
by a factor of 5–400 based on concentration, shear rate, and temperature 
conditions. This compound appears to be currently the most effective 
CO2 thickener, published in the literature. In specific Berea sandstone 
cores, flooding studies (under 298 K and 20 MPa) showed a 19-fold 
viscosity increase in the case of polyFAST-CO2 mixtures as compared 
to neat CO2 injected at the rate of 1 ft/day [68]. Xu and Enick [63] 
discussed the viscosification ability of fluoroacrylate-styrene copolymer 
(polyFAST), and attributed it to the presence of high fluoroacrylate as 
the reason for high solubility in CO2. They identified the molar volume 
ratio of CO2-phobic styrene and CO2-philic fluoroacrylate as 29:71 for 
the most optimum CO2 thickening effect. However, cost and environ-
mental issues lead to styrene-fluoroacrylate random polymer as a non- 
feasible alternative in most oilfields. The “CO2-philicity” of vinyl ace-
tate (VAc) copolymers are responsible for its enhanced stability and CO2 
miscibility in the presence of vinyl butyrate [131], vinyl octanoate 
[132], dibutyl maleate [133], and vinyl pivalate [134] via the imple-
mentation of binary or ternary mixtures. Girard et al. [135,136] 
enhanced poly(vinyl ester) solubility in supercritical gas by decreasing 
the strength of polymer–polymer interactions in vinyl acetate-vinyl tri-
fluoroacetate copolymers. Sun and others [123,137] studied the effect of 
styrene ratio on the thickening mechanism of copolymers, and observed 
a synergistic behavior on gas viscosity. Sun et al. [138] investigated 
structure–property relationships of different copolymers and identified 
the associative effect of ethyl-acrylate for improved thickening 
behavior. AlYousef et al. [55] designed an emulsion mixture of different 
compounds, namely copolymers of allenethers, long chain esters/ben-
zenes, acrylate, propylene/allylethyl carbonate, dimerthyl carbonate, 
mineral/silicon oil, or petroleum ether to achieve viscosity-enhancing 
properties in supercritical CO2. Kilic et al. [126] and Sun et al. [64] 
attempted the thickening of liquid CO2 via styrene-heptadecafluoro 
decyl acrylate (HFDA) copolymers with varying compositions. It was 
found that styrene-HFDA copolymers exhibited greater viscosity en-
hancements than poly-HFDA due to the π-π stacking of the styrene 
groups [63,68]. An increase in polymer–polymer entanglements pro-
vided an associative force among copolymer structures in supercritical 
CO2 to improve viscosity and decrease solubility slightly. 

5.4. Tailor-made surfactants 

The viscosity of surfactant-CO2 mixtures does not promote the for-
mation of long viscous aggregates, as evident from the reports of Iezzi 
and others [139]. Hoefling and others [66] designed fluoroalkyl analogs 
to AOT surfactant, which are able to easily dissolve in CO2. Harrison and 
co-workers [140] reported the first synthesized double-chain hybrid 
surfactant composed of fluorocarbon and hydrocarbon chains. Ammo-
nium carboxylate perfluoropolyether surfactant-based systems showed 
favorable results in CO2 miscibility studies [141]. The thickening effect 
of semi-fluorinated surfactant in supercritical CO2 was evident from 
viscosity enhancement results under reservoir pressure conditions 
[45,142]. Cummings et al. [45] developed a series of double-tailed, 
semi-fluorinated hybrid surfactants (M-F7H4, wherein M may be Li, 

Na, K, or Rb), which can generate long rod-shaped micelles via self- 
aggregation in supercritical CO2. In another work, Eastoe et al. [143] 
and Dupont et al. [142] designed custom-made octylphenol nonoionic 
analogs of Aerosol-OT surfactants to form spheroidal reverse micelles 
with CO2. Trickett and others [58] investigated the CO2 viscosity- 
enhancing features of fluorinated di-chain AOT analogs for thickening 
application by altering hydrocarbon with fluorocarbon groups to form 
another type of fluoroalkyl surfactants, which could form thickening 
cylindrical (rod-shaped) micelles in CO2 medium. 

Siloxane surfactants are cheaper than fluoro-surfactants, though a 
greater critical pressure is required to attain miscibility in CO2. Fink and 
others [118] suggested the utility of siloxane ionic surfactants even at 
low concentrations (within ≤ 1.0 wt%). Psathas et al. [144] designed 
segmented copolymer emulsions made up of CO2-philic poly(dime-
thylsiloxane) and CO2-phobic poly(methylacrylate) or poly(acrylic) 
acid. It was found that the siloxane surfactant structure can be adjusted 
and optimized to improve its viscosity and decrease the critical micellar 
pressure. Da Rocha and co-workers [57] identified the formation of 
reverse micelles in supercritical CO2 by short, thick hydrophobic tail 
structures of trisiloxane surfactants. Siloxane and fluoro-based surfac-
tants are very costly to manufacture and cause environmental issues 
during sub-surface application, thereby paving the way for researchers 
to develop hydrocarbon surfactants in CO2 thickening applications. 

Hydrocarbon surfactants are a promising field of surfactant-assisted 
CO2 thickening technology. Ji and others [145] described the formation 
of stable reverse microemulsions in mixed surfactant systems containing 
PFPE-PO4 and AOT for supercritical CO2. Hutton et al. [146] discussed 
the micellization behavior of dioctyl sodium sulfosuccinate (AOT) in the 
presence of co-solvents (such as F-pentanol, 1-pentanol and other short- 
chain alcohols). Liu et al. [147,148] showed the phase behavior and 
miscibility of a family of alkynol surfactants (Dynol-604, Ls-36, Ls-45) in 
supercritical CO2. An interesting idea for the structural modification of 
AOT surfactant was perceived by researchers with tertiary butyl and 
carbonyl groups [143,149,150]. Ryoo et al. [151] observed reduction in 
IFT as well as improved aggregation abilities of methylated branched 
hydrocarbon surfactant, with the chemical name, poly(ethylene glycol) 
2,6,8-trimethyl-4-nonyl ethers. 

5.5. Small molecule (associating) compounds 

Small molecule associating compounds may be an alternative to 
high-molecular-weight polymers for CO2 thickening. There are two 
contrasting views on the influence of microfibrillar structures on CO2- 
assisted mobility control. The first group proposes that semi-fluorinated 
alkane gels form a micro-fibrillar network in CO2 fluid, thereby showing 
an increase in supersaturated gas viscosity. However, another concern is 
the inability of microfibers in CO2-rich gels to flow through porous 
media, which is undesirable for mobility control. Designing a small 
molecule associating compound for thickening applications requires the 
functionalization of CO2-phobic self-aggregating moieties with soluble 
CO2-philic group. The introduction of small-molecule thickeners pro-
motes the formation of robust, viscosity-enhancing supramolecular 
(network) cross-linking micellar structures of cylindrical/rod/worm- 
like or helical shapes in the presence of liquid or supercritical CO2. 

Shi et al. [152] and Doherty et al. [121] synthesized CO2-phobic urea 
monomers and CO2-philic fluorinated compounds, which associate to 
form gels with CO2 for viscosity enhancement of the order of 2–3 orders 
of magnitude. Fluoroether surfactant exhibited greater affinity to CO2 as 
compared to fluoroakyl compounds. Though careful analysis of syn-
thesized compounds must be performed since all fluorinated bisureas 
and ureas can increase CO2 solubility but do not necessarily enhance 
CO2 viscosity. Gullapalli and others [153] investigated the gelling action 
of 12-hydroxystearic acid and observed complete solubility in CO2 after 
cosolvent addition (10% ethanol or 20% trichloromethane solution). For 
instance, 58% increase in CO2 viscosity was observed in the presence of 
3.0% 12-hydroxystearic acid and 15% ethanol. Enick et al. [56] studied 
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the non-miscible characteristics of triurea surfactants consisting of 
dipropylene glycol monomethyl ether tails, polypropylene glycol mon-
omethyl ether tails, and di(ethylene glycol)n-butyl ether tails, and 
determined the factors which detrimentally affect CO2 solubility. Paik 
et al. [154] introduced carbonyl and hydrocarbon groups to develop a 
non-fluorous analog to fluorinated diurea and attain self-assembling 
long cylindrical micelles in the presence of CO2. Heller et al. [48,112] 
and Dandge et al. [155] considered the idea of organometallic com-
pounds as a possible CO2 thickening route. They initially worked on the 
solubility of organotin fluorides in dense CO2, and reported a dipole 
moment existing in these molecules. This is evident from weak dipo-
le–dipole interactions among neighboring molecules due to electro-
negativity differences between fluorine and tin atoms. Though high 
viscosities were achieved, CO2 thickening did not occur due to low 
solubility. Enick et al. [156] and Shi et al. [56] converted fluoroalkyl 
compounds into trialkylfluoride functionality to improve the CO2 solu-
bility and retain viscosity enhancement properties of organotin fluo-
rides. CO2 philes enhance the dissolution and steric effects within the 
supercritical CO2 phase, whereas CO2 phobic groups promote the self- 
aggregation of molecules. 

A few investigations of stable silica particle dispersions in non- 
fluorous, highly CO2-philic systems have shown potential for effective 
surface functionalization during gas thickening. Hydrophobic PDMS- 
modified silica particles of ~ 5 nm diameter were suspended into CO2 
phase to form dispersants containing fluoroacrylate and fluoroether- 
based tail groups [157,158]. Visintin et al. et al. [159] reported the 
uniform distribution of nanometric silica (7–12 nm) and alumina 
(8–14 nm) particles having fluoroalkyl functional groups in continuous 
CO2 phase. Fluoroalkyl-nanosilica segments showed effective stability 
for a half-hour in CO2 phase [160,161]. Fluoromethacrylate ligands 
modified the surface of iron oxide particles in CO2 [162]. Dispersion of 
{fluoromethacrylate + silica} assemblies show improved rheological 
properties of supercritical CO2, as evident from Sirard et al. [163]. In 
another study by Bell et al. [164], silver nanoparticles showed a prom-
ising route for viscosity enhancement of CO2 using isostearic acid. 

5.5.1. CO2-philic associating groups 
The introduction of CO2-philic moieties improves the solubility of 

small molecules in liquid or supercritical CO2. Till date, studies have 
delved into the area of polyfluoroethers [62,165,166]; poly-
fluoroacrylates [167–170]; and fluoroalkanes [115,171,172], though 
their efficacy is overshadowed by environmental contamination, process 
restrictions and high expenses. Fink et al. [118] and Kilic et al. [173] 
found that the inclusion of carbonyl functionality is useful in minimizing 
solute self-interactions and making oxygen-containing groups advanta-
geous in this aspect. Other reports subsequently demonstrated the 
suitability of acetate group in enhancing solubility [174,175]. The 
presence of carbonyl and ether oxygen atoms interact with the electro-
positive carbon atom in CO2 without increasing solute–solute associa-
tions. For example, the high solubility of silicone compounds is 
attributed to their flexibility with weak self-interactions and the pres-
ence of ether-like oxygen atom in the structure. Highly oxygenated 
polymers of the amorphous hydrocarbon variety exploit Lewis acid-base 
interactions between the carbon atom of CO2 and ether/carbonyl groups 
with weak solute–solute interactions [176–178]. However, the pressure 
needed to maintain CO2 miscibility with such oligomer and polymer 
compounds is significantly high. Eastoe et al. [143] proposed the 
concept of increasing the free volume of a molecule through methyl-
ation, branching, and ether linkage (in backbone) using different func-
tional groups. O’Neill and others [61] identified low cohesive energy 
density as the primary reason for weak self-interaction among CO2- 
philic moieties. Tertiary amines interact more strongly with CO2 than 
carbonyls, but render a lesser degree of CO2 solubility owing to self- 
interaction effect of amine-containing groups. Low molecular-weight 
sugar acetates and cellulose triacetate oligomers also show a high de-
gree of CO2-philicity owing to their high melting points and crystalline 

structure [174,175]. Additionally, short alkyl chains also serve as 
inexpensive CO2-philes due to their low interaction strength. The ability 
of n-alkane groups to dissolve in CO2 is inversely dependent on the 
length of the chain. Thus, small-molecule associating compounds for 
CO2 mixing include oligomers or low molecular weight polymers of 
fluoro, propylene oxide, dimethyl siloxane, hydrocarbon and organo-
metallics, and short-alkyl chain compounds. 

5.5.2. CO2-phobic associating groups 
A key parameter to CO2 enhancement, whilst considering the design 

of a relatively CO2 phobic component of small molecule thickener, is to 
generate a thermodynamic system with high molecular weight at suffi-
cient concentration using CO2 as (only) solvent. In case the high and 
ultra-high molecular weight polymers are ruled out, it is necessary to 
explore routes to create an illusion of high molecular weight compounds 
in the solution phase. This is possible through the generation of asso-
ciative (non-covalent, hydrogen bonding) network structures with cross- 
linking small molecule entanglements. Another important need lies in 
the weakening of strong solute–solute interactions in such a manner that 
CO2 gas is not able to dissolve adequate amounts of thickening agents. A 
third point of interest for CO2 thickening is the identification of opti-
mum molecular weight of the compound [165]. If the molecular weight 
is too high, the agent may be insoluble in CO2 owing to unfavorable 
enthalpic associations associated with CO2-phobic moieties; and 
entropic effects linked to differences between the molecular weights of 
thickener and CO2. For exceedingly low molecular weight compounds, 
interaction potentials between CO2 molecule and CO2-phobic groups 
dominate the free energy of mixing and subsequently render the mole-
cule CO2-insoluble [121,133]. Aromatic, carboxylic acid, primary 
amines and hydroxyl groups enhance the extent of inter-molecular as-
sociations in order to increase CO2 viscosity. Though aromatic groups 
are not very CO2-phobic, moieties belonging to hydroxyl and carboxylic 
acid groups also share a very weak affinity for CO2 to induce lower 
solubility in CO2. Primary amines form ionic groups via intermolecular 
associations and exhibit a high degree of CO2-phobicity. Nanoparticles 
function by improving the hydrophobicity of CO2 dispersions, which in 
turn contributes to viscosity enhancement [179]. In this scenario, the 
size, shape, and surface functionalization of nanoparticles influence the 
CO2 thickening ability. 

6. Description of thickening methodologies 

CO2 thickening involves the selective “viscosification” of CO2 phase 
by dissolving sufficiently soluble “thickening agents” to improve the 
mobility control of the injected fluid. 

6.1. Screening and application criteria 

CO2 is a non-polar aprotic solvent with low cohesive energy density, 
dielectric constant, and weak solvation ability [180]. Currently, there 
are two main approaches for direct CO2 thickening. The first approach 
lies in the use of organic co-solvents (entrainers) to increase the solu-
bility of conventional thickener compounds in the CO2 phase. Initially 
proposed by Cullick [181], this technique was extensively studied by 
research groups of Irani [182], and Harris et al. [113]. This study was 
developed in the subsequent works of Davis [183,184]. The technical 
feasibility of this process is determined by the magnitude of CO2 vis-
cosity enhancement relative to the quantities of polymers/co-solvents 
used. This ‘co-solvent’-based thickening method is not economically 
viable for long-term applications. The second approach consists of using 
additives with CO2-philic and CO2-phobic moieties. CO2 phobic moieties 
from different polymer chains entangle with one another to develop 
large supramolecular structures, whereas CO2 philic groups readily 
dissolve in supercritical CO2 fluid. This was initially studied for poly-
fluoroacrylates for CO2-philic agents, and polystyrene-containing block 
copolymers for CO2-philic moieties. This route has the potential to 

N. Pal et al.                                                                                                                                                                                                                                      



Fuel xxx (xxxx) xxx

8

enhance the viscosity of CO2 by ~ 200 times, requiring a moderate in-
crease in thickener concentration [63,68,156]. The cost and toxicity 
factors must be considered before use. Hence, emphasis is put on CO2- 
soluble thickening agents, consisting of only carbon, hydrogen, and 
oxygen [185,186]. Bae and Irani [106] assessed the feasibility of 
thickened CO2 injection in the reproduced field conditions of Sacroc 
project unit in terms of breakthrough period, recovery kinetics, and 
ultimate production capability. Shen and others [114] discussed mono- 
phasic flood studies, aimed at corroborating viscosity measurements and 
mobility ratio in reservoir models. Fig. 4 illustrates the screening and 
pilot/field design stages of CO2 thickening process in petroleum 
reservoirs. 

The screening criteria for CO2 thickening depends on the reservoir’s 
in-situ rock/fluid conditions, injected CO2 quantity, environmental 
footprint, and cost of chemicals. The molecular structure of (thickener) 
chemical is closely linked with two primary features of interest of the 
thickened CO2 fluid, namely, solubility and viscosity enhancement. 
Though fluoroalkyl and siloxane groups add to the compound’s CO2- 
philicity, they are associated with cost and environmental concerns. This 
issue has led to the identification of alternatives to boost CO2 solubility 
of associating materials. The proper selection of CO2-philic and -phobic 
groups is necessary to enrich the solubility and viscosity of thickeners, 
keeping in mind the cost factor per unit volume required to make better 
engineering decisions. 

6.2. Viscosity and solubility 

The strong internal friction between the randomly-oriented macro-
molecules and the surrounding molecules of CO2 solvent leads to a 
considerable increase in solution viscosity [187,188]. However, sol-
ute–solute interactions among adjacent thickener molecules must be 
relatively weaker than solute-CO2 interactions to ensure favorable sol-
ubility in the gas phase [55,188]. Table 1 presents a summarization of 
factors affecting CO2 thickening process. In general, a minimum four- 
fold increase in viscosity is desirable for EOR and fracturing applica-
tions in the presence of a thickening agent. Such chemicals establish 
three-dimensional self-assembly structures with sufficient miscibility in 
the microemulsion phase [45,189–191]. Increasing viscosity to a small 
extent (up to 2.5 times) may still be useful, but cannot retain sufficient 
integrity during dynamic flow. The degree of CO2-viscosity enhance-
ment is a function of the thickener molecular weight and concentration; 
as well as temperature, pressure, and solvent (CO2) attributes. It must be 
ensured to improve the viscosity of thickened CO2 system without losing 
much of its solubilizing capacity. 

6.2.1. Molecular weight 
The viscosification effect intensified with the increasing probability 

for intermolecular entanglement, which can be accounted for by 
increasing the molecular weight of the thickening compound [156,192]. 
It is necessary to find optimal molecular weights for polymeric/oligo-
meric materials or small-molecule associating chemicals that provide 
the thermodynamic illusion of high molecular weights. In addition, 
fluorinated and siloxane polymers are able to reach favorable molecular 
weight values, but are expensive to manufacture [63,193]. Non- 
fluorinated, non-siloxane, hydrocarbon chemicals require optimiza-
tion, though sufficient flexibility may be conceived due to their rela-
tively low costs. The use of organic co-solvents may also add to the effect 
of increasing viscosity of supercritical CO2 to appreciable levels 
[118,126]. In research studies, fluoroalkyl co-polymers with CO2-philic 
and viscosity-building associating groups are considered as promising 
thickeners to increase viscosity. Fig. 5 shows viscosity enhancement of 
CO2-polymer mixtures with varying molecular weights. Viscosity data 
for different molecular weight polymers have been obtained from earlier 
investigations of different research groups, videlicet, Heller et al. [48]; 
Harris et al. [113]; Huang et al. [68]; Shi et al. [56]; Xu and Enick [63]; 
Zhang et al. [49]; O’Brien et al. [69]; Wang et al. [194]; Sun et al. 
[64,70,138]; and Xue et al. [127]. Thickener molecules must be 
designed to help increase the intermolecular interaction and entangle-
ments among nearby molecules (viscosity enhancement) and attain 
sufficient solubility in CO2. 

6.2.2. Concentration of thickeners 
Experimental data showed that solution viscosities always increase 

with concentration, as shown in Fig. 6. This is attributed to the higher 
possibility of engagements/entanglements formed in the bulk phase, 
wherein several equations have been proposed for describing the rela-
tion between relative viscosity, and concentration of various disperse 
systems [195–197]. In addition, the associating group is a more influ-
encing factor as compared to the mass concentration in determining 
thickener characteristics in CO2. 

Fig. 4. Screening and design of CO2 thickening process.  

Table 1 
General effect of different factors on the solubility and viscosity of thickened 
CO2.  

Influencing 
Factors 

General effect of increasing factors on thickened CO2 

Gas solubility Viscosity 
enhancement 

Molecular weight Decrease Increase 
Concentration Increase up to limit, then 

decreases 
Increase 

Shear rate Increase Decrease 
Temperature Varying effect Decrease 
Pressure Increase Increase  
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6.2.3. Shear rate 
Thickener-CO2 solutions are pseudoplastic in nature within the range 

of fracturing and EOR operations. This can be described by the Power- 
law model (rather than Newtonian fluid) for shear rates in the 
10–300 s− 1 range [59,68,70]. Fig. 7(a) and (b) exhibit the variation of 
the apparent viscosity of thickened CO2 with shear rate as a function of 
varying pressure and temperature conditions. 

6.2.4. Pressure and temperature 
CO2 is a better solvent at high pressures, and thus the coils will be 

more expanded in the CO2 phase with the increase in pressure [68]. On 
the contrary, the viscosity of polymer-thickened CO2 exhibits a 
decreasing trend with the increase in temperature owing to decreased 
molecular momentum effect. The focus should be on the design of CO2- 
philic as well as CO2-phobic groups. Phase separation must be avoided 
under reservoir conditions, and a fair degree of solubility is needed 

[56,188]. The formation of large structures consisting of rod-like mi-
celles or entangled networks is preferred. The relative viscosity of 
polymer-thickened CO2 has been shown in Fig. 8 as a function of tem-
perature and pressure. Hence, binary thickening agents (polymers/sur-
factants/small molecule compounds/co-solvents) must be evaluated on 
the basis of different influencing factors. 

7. Molecular dynamics simulation (MDS) approach 

Computer-aided simulation provides a new way to investigate the 
thickening mechanisms and inter-molecular interactions in polymer- 
CO2 systems [200,201]. Though ab-initio quantum mechanical calcu-
lations are used for a laboratory-scale, its calculation scale is too small to 
simulate a large number of molecules [175,202]. To study the thick-
ening mechanisms associated with supercritical CO2 injection, molecu-
lar dynamics (MD) simulation exhibits better results as compared to 

Fig. 5. Influence of molecular weight on the viscosity enhancement by polymer thickeners, based on data from earlier investigations. The source of data-points 
include Heller et al. [48]; Harris et al. [113]; Huang et al. [68]; Shi et al. [56]; Xu and Enick [63]; Zhang et al. [49]; O’Brien et al. [69]; Wang et al. [194]; Sun 
et al. [64,70,138]; and Xue et al. [127]. 

Fig. 6. Thickening behavior in terms of viscosity versus concentration. The graphs show CO2 viscosification ability for (a) Polymer compound compositions: {50% P 
(HFDA) + 50 % co-VBe}-black, {49% P(HFDA) + 51% co-VBe}-red, {49% P(HFDA) + 51% co-VBe}-blue, and {100% P(HFDA)}-green. (b) Surfactant thickener 
compositions: 6 wt% Ni(di-HCF4), 7 wt% Co(di-HCF4), and 10 wt% Na(di-HCF4) [70,198]. (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.) 
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traditional experiments at the molecular scale. Senapati et al. [203] 
studied the structural attributes of reverse micelles formed by the 
interaction of supercritical CO2 with polyether or perfluoropolyether 
(thickener) molecule via modelling of laboratory data. Fried and Hu 
[202] identified specific quadrupole-dipole interactions between fluo-
rinated groups and CO2 using molecular orbital calculations. Baradie 
et al. [201] tried to develop novel CO2-philic materials via ab-initio 
modeling, but failed to consider the effects of polymer–polymer inter-
action, entropy, structural attributes, and temperature. The relationship 
between copolymer composition and CO2 solubility influences the role 
of inter-molecular interactions [135,136,204]. Saharay et al. [205] 
implemented an ab-initio MD simulation to explore the intra- and inter- 
molecular structure of supercritical CO2 with pressure. Similar MD 
simulation analyses were conducted by Qin and co-workers [206] to 
explore the dynamical properties of silylated amorphous and hydrox-
ylated silica materials. Wang et al. [207] determined the bonding and 
interaction energies between CO2/thickener units by ab-initio method, 
though laboratory and computation results contradicted one another. 
However, an advantage of this technique involves an accurate identifi-
cation of micro-scale interactions at actual temperature and pressure 
conditions [208,209]. Vaz and others [210] determined the structural 

properties and diffusion coefficients of ketones in supercritical CO2 
fluids at infinite dilution. Jennings et al. [211] investigated the signifi-
cant effects of polymer–polymer interactions on the thickening effect. 
Goicochea and Firoozabadi [212] investigated the structure of various 
hydrocarbon-based direct viscosifiers in the presence of supercritical 
CO2. In another work, the authors also studied the mechanism of CO2 
viscosification by functional (polymeric) materials using dissipative 
particle dynamics simulations [213]. The primary driving force 
responsible for improving CO2 viscosity as well as stability is the Van Der 
Waals interaction energy between polymer chain and CO2 molecules. 
Fig. 9 describes the interaction effects between CO2 and polymer mol-
ecules observed into space grid structure via MD simulation approach. 
This structure decreased the mobility of CO2 and confirmed its ability to 
be bound by a thickener (such as polymer). 

The MD simulation tool is indeed valuable for the study of super-
critical CO2 thickening technology at pore-scale and core-scale levels. 
Sun et al. [64] reported a microcosmic understanding of copolymer- 
induced thickening in supercritical CO2, and identified different phe-
nomena responsible for viscosity enhancement at the microscopic scale. 
Zhao and group [214] studied the ionic effect and interfacial activity of 
supercritical CO2-brine systems. Similar work on the interfacial tension 

Fig. 7. Viscosity of CO2-polymer (3.0 wt% EEPDMS) solution versus shear rate [102,199]  

Fig. 8. Relative viscosity of polymer (P-1-D) stabilized CO2 fluids as a function of different pressures and temperatures [187].  
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of water/N2, water/O2, and water/CO2 in corresponding foam fluids 
was conducted by Sun et al. [215]. Additional investigations on the 
properties of water–oil and water–gas interfaces have been devised by 
extensive MD results [216,217]. However, fewer studies have been 
performed to understand the influence of surface-active materials on 
CO2 solubility and interfacial characteristics. Zhang et al. [218] assessed 
experimental and MD simulation data for ethanol-enhanced anionic 
surfactant solubility in CO2 in order to suggest a practical application of 
thickened technology in oilfields. Based on molecular dynamics simu-
lation, the different association mechanisms for such types of systems 
can be predicted to understand their utility based on varying physical 
and chemical traits of the thickening agent employed. Xue et al. [127] 
analyzed the relationship between polymer microstructure and viscosity 
behavior to design a thickener screening criteria by use of MD simula-
tions. Another approach. i.e., all-atom molecular dynamics simulation is 
a useful tool for explaining π–π stacking, hydrogen bond, or hydrophobic 
interaction as a route to design polymers with pre-designed function. 
This includes earlier research works into CO2-poly (vinyl acetate), CO2- 
poly(vinyl acetate-alt-maleate), CO2-poly(vinyl acetate-CO-alkyl vinyl 
ether) to assess the phase behavior of interactive systems 
[192,208,209]. Sun et al. [70] established molecular modeling of 
polymer-CO2 system by all-atom MD tool. Sun et al. [219] discussed the 
influence of polymethylene siloxane and methylbenzene co-solvent in 
low-permeability zones from laboratory and simulation tests. Currently, 
approaches based on all-atom MD simulation on CO2 thickening are not 
extensive and give way to promising strategies and routes to improve 
CO2-assisted technologies. 

8. Literature and case studies 

The fundamental evaluations for screening CO2 thickeners include 
CO2 solubility and viscosity enhancement capability. Thickener solubi-
lity and bulk distribution in the CO2 phase can be further improved by 
incorporating a few mechanisms such as Lewis acid-Lewis base inter-
action, weak hydrogen bonding, π-π stacking force, and inter-molecular 
bond energy. In addition, small chain covalent molecules such as ketone 

and alcohol can be used. Several hydrocarbon groups and contents, such 
as styrene, methyl methacrylate, ethyl acrylate, vinyl-n-octanoate, vinyl 
acetate and vinyl pivalate, were investigated. Previous studies discussed 
the solubility of different hydrocarbon groups; and identified the ad-
vantages of high flexibility, free volume, and Lewis base groups on the 
basis of mixing entropy/cohesive energy density calculations 
[114,115,128]. Copolymers provide lower miscibility pressures as 
compared to that of either homopolymers [128]. New-age thickeners 
have also proved their mettle as compared to fluorinated and siloxane 
materials. Table 2 describes a traffic light representation of a wide range 
of sc-CO2 thickening agents. 

Fig. 10 depicts a region-wise representation of viscosity behavior and 
cost/toxicity parameters studied by different research groups in the field 
of CO2 thickening since 1985 till date. The graph has been divided into 
four distinct zones: I (High cost/toxicity, Low viscosity); II (High cost/ 
toxicity, High viscosity); III (Low cost/toxicity, Low viscosity); and IV 
(Low cost/toxicity, High viscosity). In this chart, either ‘severe’ toxicity 
level or ‘high’ cost factor has been assigned ‘High’ Cost/Toxicity and, is 
hence, not considered an ideal scenario for thickening application. Only 
chemical/fluid systems with three conditions: ‘Safe’ toxicity and ‘Low 
cost’; ‘Caution’ toxicity and ‘Low cost’; and ‘Safe’ toxicity and ‘Moderate 
cost’ fulfill the operational requirements to be considered a desirable 
zone based on cost/toxicity factors results. Zone I is the undesirable 
zone; Zones II, III satisfy either of the viscosity and toxicity/cost re-
quirements; and Zone IV is the desirable zone. 

9. Conclusions, critique, and prospects 

The article presents detailed insights into the concepts, classification, 
and prospects of CO2 thickening as a promising technology for hydro-
carbon recovery. CO2 (pure) injection is associated with several prob-
lems such as viscous fingering, gravity override, and feeble proppant 
transport. The introduction of specially designed thickeners to a CO2- 
rich supercritical phase is beneficial, keeping in mind the type/avail-
ability of thickening agent, injection rate, application expenses, and 
environmental concerns. Thickeners reduce the MMP requirement for 

Fig. 9. Schematic of polymer structures in supercritical CO2 fluid, and interaction between polymer groups and CO2 molecules obtained from MD simulation [127].  

N. Pal et al.                                                                                                                                                                                                                                      



Fuel xxx (xxxx) xxx

12

Table 2 
Traffic light illustration of supercritical (sc)–CO2 thickeners in earlier works of research.  
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Table 2 (continued ) 
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Table 2 (continued ) 
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Table 2 (continued ) 
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Table 2 (continued ) 
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Table 2 (continued ) 

*Observations are highlighted in three colors: red, yellow and green. (Red: Unfavorable result; Yellow: Moderate result; Green: Suitable/Optimal result; No color: 
Unmeasured data). 
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CO2 miscibility with crude oil via the enhancement of intermolecular 
interactions responsible for the propagation of stable interfacial film 
during oil production. 

A compound with sufficient CO2 solubility as well as viscosity- 
enhancement ability holds potential as a suitable CO2 thickener dur-
ing conformance control. Since its inception in the early 1990s, CO2 
thickeners have been categorized into five primary classes: co-solvents, 
in-situ polymerization substrates, polymeric materials, surfactants, and 
small-molecule associating compounds. The usage of co-solvents (en-
trainers) is uneconomical due to high material requirement, whereas in- 
situ polymerization with organic substrates does not improve the gas 
viscosity substantially. The injection of non-fluorinated non-siloxane & 
siloxane polymers exhibit CO2 compatibility, high gas viscosity, and low 
toxicity. Copolymers also comprise a promising thickening route over 
conventional polymers/homopolymers owing to their low miscibility 
pressure requirement. Tailor-made surfactants, particularly 
hydrocarbon-based, encompass a more favorable area of CO2 thickening 
as compared to other surfactant types (fluorinated, semi-fluorinated, 
siloxane) due to their low cost and environment-friendly nature. 
Recently, small-associating molecules have proved to be a potential 
alternative to both polymer and surfactant-based CO2 fluids. These 
compounds are designed to allow functionalization of CO2-phobic self- 
aggregating moieties with soluble CO2-philic group, which contribute 
to CO2 solubility as well as viscosity. The methodology process involves 
several stages, namely, pre-screening evaluation of rock-fluid proper-
ties; thickener characterization and optimization; pilot design/simula-
tion with safety considerations; and field implementation. CO2 
thickening invites unexplored research areas to identify new chemicals, 
improve existing thickening additives, and investigate the influence of 
physicochemical factors with the objective of designing a cost-profitable 
thickening operation. 
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