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a  b  s  t  r  a  c  t

Poor  CO2 displacement  efficiency  can  exacerbate  hydro-chemo-mechanically  coupled  phenomena  in
CO2 storage  reservoirs,  increase  the  area  affected  by  CO2 in  the  reservoir,  and  negatively  impact  the
long-term  geological  storage  of  CO2. The  injection  of  CO2 can  be engineered  using  surfactants  to  improve
displacement  efficiency.  Pendant  and  sessile  drop  tests  show  that  a surfonic  copolymer  decreases  the
interfacial  tension  �fl and  increases  the  contact  angle  �  under  reservoir  conditions.  The  combined  changes
in  surface  tension  and  contact  angle  have  a pronounced  effect  on  the  capillary  factor  �fl·cos�. Injection
eywords:
arbon dioxide

nterfacial tension
urfactant
ngineered injection

tests  using  micro-models  and  pore  network  simulations  show  that a smaller  capillary  factor  transforms
the  displacement  pattern  and  enhances  the pore-scale  sweep  efficiency  of  CO2,  surpassing  40%  in  2-D
applications.  Surfactant  cost  may  offset  the  technical  advantages  identified  in  this study.

©  2013  Elsevier  Ltd.  All rights  reserved.
weep efficiency

. Introduction

Fossil fuels account for ∼85% of all energy consumption and
esult in 30 Gt of CO2 emissions per year worldwide (Tsouris et al.,
010). Our dependency on fossil fuels will continue for the coming
ecades, until alternative energy sources can satisfy both cur-
ent and anticipated demands (EIA, 2010; Pasten and Santamarina,
012). Meanwhile, carbon capture and storage may  allow for a more
ustainable use of fossil fuels (Baines and Worden, 2004; Dooley
t al., 2006).

Geological formations that are candidates for CO2 geological
torage include depleted hydrocarbon reservoirs, oil reservoirs (as
art of enhanced oil recovery), unminable coal seams, salt caverns,
nd deep saline aquifers (IPCC, 2005). The use of depleted hydro-
arbon reservoirs and salt caverns for CO2 storage competes with
atural gas storage, and does not necessarily match the geographic
istribution of CO2 sources (EIA, 2004; Pusch et al., 2010). Deep
aline aquifers are most promising because of their large storage

apacities (∼103 and 104 GtCO2), and their advantageous proxim-
ty to stationary CO2 emission sources such as coal power plants in
he USA (IPCC, 2005).

∗ Corresponding author. Tel.: +1 404 805 3724; fax: +1 512 471 0140.
E-mail addresses: simseung@gmail.com, seunghee.kim@beg.utexas.edu (S. Kim),

cs@gatech.edu (J.C. Santamarina).
1 Tel.: +1 404 894 7605; fax: +1 404 894 2281.

750-5836/$ – see front matter © 2013 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.ijggc.2013.11.018
High storage efficiency can develop in geologic traps where
upward buoyant migration controls occupancy (Bryant et al., 2008).
On the other hand, the CO2 storage capacity GCO2 [Gt] in reser-
voirs with horizontal, zero-dip seal-rocks is determined by the
storage efficiency E [–] which can be between E = 0.005 and 0.055
(NETL, 2010; Okwen et al., 2010). The storage capacity GCO2 for
a reservoir with areal extent At [km2], mean pool thickness HCO2
(which is determined by capillarity so that HCO2 ≤ HR where HR

is the thickness of the reservoir layer), porosity ϕ [–], and CO2
density �CO2 [kg/m3] is GCO2 = E · ϕ · At · HCO2 · �CO2 . Let us con-
sider a target sequestration of GCO2 = 750 GtCO2 over the next
50 years in the world (15 GtCO2/year – Espinoza et al., 2011)
under supercritical conditions (density �CO2 = 600 kg/m3) in typ-
ical reservoirs (pool thickness HCO2 = 10 m, porosity ϕ = 0.2, high
storage efficiency factor E = 0.055); the estimated storage area will
affect ∼1,000,000 km2, which is similar to the area of Texas or
France.

A large areal extent increases the probability of leaks
along intersecting faults and abandoned wells, hydro-chemo-
mechanical coupled effects, fault reactivation, and induced
seismicity. In addition, monitoring strategies will have to
cover large areas, and compensation will extend to a large
number of property owners (Gresham et al., 2010). The pur-

pose of this study is to explore alternatives to engineer
the injection of CO2 in order to improve sweep efficiency
E in deep saline reservoirs. Relevant processes are reviewed
first.

dx.doi.org/10.1016/j.ijggc.2013.11.018
http://www.sciencedirect.com/science/journal/17505836
http://www.elsevier.com/locate/ijggc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijggc.2013.11.018&domain=pdf
mailto:simseung@gmail.com
mailto:seunghee.kim@beg.utexas.edu
mailto:jcs@gatech.edu
dx.doi.org/10.1016/j.ijggc.2013.11.018
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Fig. 1. Molecular structure of: (a) H2O, (b) CO2, and (c) surfonic POA-25R2. This sur-
factant consists of a central hydrophilic chain of polyoxyethylene and two  flanked
S. Kim, J.C. Santamarina / International Journ

. Processes relevant to engineered CO2 injection

.1. Increased CO2 viscosity and foams

More homogeneous displacement patterns in CO2-enhanced
il recovery have been achieved using (1) thickening agents such
s polymers (Alvarado and Manrique, 2010; Enick et al., 2010;
nick and Olson, 2012; Huh and Rossen, 2008) and (2) emulsifi-
ation/foams employing surfactants (Enick and Olson, 2012; Kam
nd Rossen, 2003; Kovscek and Bertin, 2003; Levitt et al., 2009). In
articular, foams enhance sweep efficiency by preferentially block-

ng the larger flow channels forcing CO2 migration into smaller
ores (Enick and Ammer, 1998; Farajzadeh et al., 2009; Kovscek
nd Bertin, 2003). These strategies can increase oil recovery by as
uch as 80% (Lake and Venuto, 1990; Levitt et al., 2009).

.2. Sequential fluid injection

Viscous fingering is lessened and CO2 displacement is enhanced
y the intermediate injection of a fluid with density, viscosity, and
etting properties that are between the properties of brine and
O2 (Alvarado and Manrique, 2010). Furthermore, the interme-
iate fluid can be miscible in both brine and CO2. Acetone is an
xample of the intermediate fluid (viscosity ≈ 0.3 mPa  s at T = 30 ◦C
nd P = 0.1 MPa, density ≈ 780 kg/m3 at T = 35 ◦C and P = 0.1 MPa  –
inart et al., 2002), and it is miscible with both water and CO2 (Liu
nd Kiran, 2007; Pečar and Doleček, 2005; Tanaka et al., 1987). A
roperly selected/engineered intermediate fluid injected prior-to
r simultaneously with CO2 alters the fluid displacement pattern
nd improve storage efficiency.

.3. Bio-clogging

Microbial activity can be stimulated in water-filled flow paths
Bryant and Britton, 2008; Phillips et al., 2012) as long as pores
xceed a nominal size dpore ∼ 1 �m (Phadnis and Santamarina,
011; Rebata-Landa and Santamarina, 2006). Preferential bio-
logging of the larger water-filled pores will cause flow to divert
o low-permeability channels. Compiled results suggest that bio-
logging will be most effective in sediments with permeability
0 md  ≤ k ≤ 10 Darcy (Rebata-Landa and Santamarina, 2012).

.4. Modifying the capillary factor

The high CO2–H2O interfacial tension �fl hinders CO2 inva-
ion into small pores, and contributes to residual water saturation
Chalbaud et al., 2009; Suekane et al., 2005). The interface can be
ltered by actively imposing electromagnetic fields (Francisca et al.,
008). Yet, the most obvious strategy is to modify the CO2–H2O

nterfacial tension using surfactants such as pluronic block copoly-
ers, PDMS-g-PEO-PPO copolymers, PEPE, PFPE, ethoxylated

cetylenic surfactants, and methylated branched hydrocarbon sur-
actants (da Rocha et al., 1999; Dickson et al., 2005; Ryoo et al.,
003; Stone et al., 2004). The anticipated change in surface ten-
ion � as a function of surfactant concentration Cs [mol/m3] and
urface excess concentration � [mol/m2] is captured in the Gibbs
dsorption equation (Dickson et al., 2005):

d�

d log Cs
= −�RT (1)

here R = 8.314 J/mol/K is the gas constant. Surfactants may  change

he water-mineral interfacial tension �fl and the contact angle �
gainst mineral surfaces. Both effects are depicted in the capil-
ary factor �fl·cos�. The use of surfactants and implications on the
apillary factor are explored next.
hydrophobic chains of polyoxypropylene (a = 22 and b = 38 in the diagram). The
molecular structure is inspired from Kozlov et al. (2000) and Prasad et al. (1979),
and its visualization is courtesy of Q. Zhao.

3. Engineered injection by capillary factor control –
experimental study

The modification of the capillary factor and its implications
are explored herein. First, we  measure the water–CO2 interfacial
tension and contact angle as a function of pressure, with and with-
out surfactants. Then we conduct fluid displacement experiments
within a porous micro-model.

3.1. Surface tension and contact angle

3.1.1. Surfactant
The surfactant selected for this study is SURFONIC POA-25R2

(HUNTSMAN), which is a reversed block copolymer composed
of hydrophilic polyoxyethylene and CO2-philic polyoxypropylene
(Fig. 1). Published results suggest that this surfactant can lower
the CO2–water interfacial tension to ∼3 mN/m at a ∼0.1% volumet-
ric concentration of surfactant (temperature T = 45 ◦C, and pressure
P = 27 MPa  – da Rocha et al., 1999). This surfactant is a water soluble,
nonionic surface active agent, and has the hydrophilic/lipophilic
balance HLB = 6.3 (Note: a value HLB = 7 denotes even partition-
ing of surfactants between two  phases). The nonionic surfactant
molecules diffuse in water, adsorb at the CO2–H2O interface, and
change the local electric field as they partition between the two
phases (De Gennes et al., 2004).

3.1.2. Test procedure
This study uses the high pressure chamber shown in Fig. 2a
(details in Espinoza and Santamarina, 2010). The chamber is first
subjected to three cycles of vacuum and CO2 flushing (99.99%
purity) to remove air. At a CO2 pressure P ≈ 0.1 MPa, water or water
mixed with surfactant is injected using a high-pressure syringe to
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Fig. 2. Experimental devices. (a) High pressure chamber for the measurement of interfacial tension �fl and contact angle �. (b) CO2 injection test using a micro-model housed
in  a high pressure chamber. Note: PPT, pore pressure transducer.
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Fig. 4. Sensitivity analysis. Error surfaces as a function of interfacial tension �fl and
the curvature radius at the apex of a pendant drop R0. Images show both the theo-
retical shape of the pendant drop and the photographed shape (pressure P = 5.4 MPa,
temperature T = 25 ◦C, density of water �water ≈ 998.4 kg/m3, and density of CO2

3

ig. 3. Surface tension and contact angle. (a) Coordinate system for pendant drop
ubstrate s.

orm a droplet that hangs at the tip of a stainless steel needle and/or
 sessile droplet that sits on a SiO2 glass substrate (Note: surfactant
oncentration wt = 0.4%; for reference, the critical micelle concen-
ration is wt = 1% at T = 28–32 ◦C; deionized and degased water is
sed). Thereafter, the chamber is pressurized with CO2 in steps,
rom the initial 0.1 MPa  pressure to 10 MPa. A high-resolution cam-
ra captures the shape of the droplet through a sapphire window
Fig. 2a).

.1.3. Data reduction
Recorded images are analyzed using Laplace’s equation in para-

etric form to determine interfacial tension �fl and contact angle
 (Rotenberg et al., 1983):

fl

(
d�

ds
+ sin �

x

)
= 2�fl

R0
+ 	�gz (2)

here R0 [m]  denotes the radius at the droplet apex, (x, z)
re the cartesian coordinates from the droplet apex, (s, �) are
he coordinates along the arc length (Fig. 3a). The density dif-
erence 
�  [kg/m3] between CO2 and water is computed as a
unction of pressure and temperature using equations in Duan
nd Sun (2003). The inverted interfacial tension �fl and contact
ngle � are the values that minimize the square error between
he theoretical droplet shape and the experimentally captured
mage.

.1.4. Surface tension
Error surfaces as a function of the interfacial tension �fl and the

urvature at the apex R0 are convex as shown in Fig. 4. Results in
ig. 4 also show that the sensitivity in the determination of the

nterfacial tension �fl is in the order of ±0.2 mN/m.  The effect of
he surfactant on surface tension is readily seen in the shape of
he pendant drop (Fig. 5a). The addition of surfactant decreases
he CO2–water interfacial tension from ∼50 mN/m (at 0.1 MPa) to a
�CO2 ≈ 154.6 kg/m ; the density of CO2 is calculated using equations in Duan and
Sun,  2003).

stable value of ∼4 mN/m when P–T conditions reach the liquid–gas
boundary (Fig. 5b). The trend parallels the interfacial tension for
CO2–water, with an almost constant shift of 25–35 mN/m.  Note

that the pendant drop test is not affected by the interfacial ten-
sion between water and solid � ls, and between CO2 and solid � fs
(Fig. 3b).
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Fig. 5. The effect of surfactant and pressure on interfacial tension �fl . (a) Images:
pendant droplets of water (left, P = 5.79 MPa, and T = 24.5 ◦C) and water + surfactant
(POA-25R2; wt = 0.4%; right, P = 5.4 MPa, and T = 25 ◦C). (b) Fluid pressure effect on
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nterfacial tension: triangle = brine, square = water (from Espinoza and Santamarina
2010) – based on sessile drop measurements), and circle = water + surfactant; POA-
5R2, wt = 0.4%.

.1.5. Contact angle
Images of sessile droplets sitting on the glass substrate reveal

he change in contact angle � with pressure in the presence of
he surfactant (Fig. 6). While the contact angle in CO2–H2O–SiO2
emains almost constant as pressure increases (Espinoza and

antamarina, 2010), the contact angle increases from � ∼ 20◦ at

 = 0.1 MPa  to � ∼ 70◦ at P ∼ 10 MPa  when the surfactant is present
Fig. 6). Therefore, the capillary factor in the presence of the

ig. 6. The effect of surfactant and CO2 pressure on contact angle �. (a) Sessile
roplets of water + surfactant (POA-25R2; wt = 0.4%) on a glass substrate at vari-
us  pressure levels (T = 25 ◦C). (b) Variation of contact angle � with pressure. Note:
mpty circles are from Espinoza and Santamarina (2010).
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surfactant �fl·cos� will experience a pronounced decrease as pres-
sure increases.

3.2. Water displacement by CO2 injection in a pore micro-model

3.2.1. Test procedure
We  conducted water displacement studies by injecting CO2 into

a water-saturated pore micro-model housed inside a high pressure
chamber (Note: the device described in Jang (2011) was modified
for this study to allow for separate water and CO2 injections –
Fig. 2b). The micro-model (circular plate – diameter dplate = 65 mm)
was prepared through photo-fabrication and glass etching pro-
cesses to create a regular pattern of 0.3 mm high cylindrical glass
pillars and a porous network with 0.4 mm  pore size; a flat glass plate
is glued above (cured, aged, and flushed cyanoacrylate). The nomi-
nal pore size in the micro-model is dpore = 0.4 mm (Fig. 2b). The test
procedure involves five steps: (1) all air is evacuated by three cycles
of vacuum followed by CO2 flushing (CO2 pressure P = 0.1–0.2 MPa
and temperature T ∼ 25 ◦C – 99.99% purity); (2) the micro-model is
filled with water (or water with surfactant) while the chamber is
under vacuum; (3) the chamber is pressurized with CO2 through a
chamber-dedicated port to a CO2 pressure PCO2∼7 MPa  (CO2 in the
liquid state); CO2 bubbles trapped inside the micro-model contract
during pressurization and dissolve in the water; (4) While main-
taining the target CO2 pressure in the chamber at P ∼ 7 MPa, we
inject water (or water with surfactant) through the central port in
the micro-model using a high-pressure syringe in volume-control
mode to attain complete water saturation in the micro-model;
finally, (5) we  inject CO2 through the central port in the micro-
model while the chamber pressure is maintained at P ∼ 7 MPa. The
8 ml  of CO2 stored in the syringe is injected at a rate that varies
between 4 and 8 ml/min; eventually, CO2 percolates through the
micro-model peripheral free-draining boundary. A high resolution
camera captures CO2 invasion patterns.

3.2.2. Results
Images shown in Fig. 7 were captured at four different test

conditions: water displaced by gaseous CO2 at P ∼ 0.1 MPa  (a)
without and (b) with surfactants, and water displaced by liquid
CO2 at P ∼ 7 MPa  (c) without and (d) with surfactants. Menisci at
CO2–water interfaces within the micro-model confirm that the cap-
illary factor �fl·cos� decreases either as the fluid pressure increases
or in the presence of the surfactant, in agreement with change in
interfacial tension and contact angle reported in Figs. 5 and 6.

The sweep efficiency E in this 2-D porous network is estimated
as the ratio between the area occupied by CO2 and the area of
the entire micro-model. Fig. 8 shows the measured sweep effi-
ciencies as a function of the capillary factor �fl·cos�. At a low
pressure (P ∼ 0.1 MPa  and �fl·cos� ∼ 68 mN/m), gaseous CO2 fingers
through the micro-model displacing water in a very small area so
that the measured efficiency is E < 0.1. The other extreme corre-
sponds to water with surfactant and at high pressure (P ∼ 7 MPa  and
�fl·cos� ∼ 3 mN/m); results show that liquid CO2 displaces water
evenly until it eventually breaks through the model perimeter
resulting in a sweep efficiency that surpasses E > 40%. The pore-
scale sweep efficiency roughly doubles when the surfactant is
added, or when liquid and gaseous CO2 injections are compared.

4. Numerical study – pore network model
We run network model simulations to further investigate the
effect of capillary factor control on CO2 displacement patterns and
sweep efficiency trends. The network simulation algorithm was
developed for the case of immiscible drainage where a non-wetting
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Fig. 7. The interface of a CO2–water system when CO2 invades the micro-model that is init
ratios are: M = �CO2 /�w , and C = q�CO2 /(�fl · cos �). (a) logM ≈ −2.0, logC ≈ −8.0, (b) logM
Note:  temperature is T ∼ 25 ◦C for all conditions.
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ig. 8. Experimental results: sweep efficiency E as a function of the capillary factor
fl ·cos�.

uid is injected into a medium saturated with a wetting fluid (Aker
t al., 1998; Ferer et al., 2003; Lenormand et al., 1988).

.1. Network construction

The 2-D square network model consists of tubes that inter-
ect at nodes. Tube diameters d are log-normally distributed with
ean value d0 = 20 �m and coefficient of variation COV = 0.4. All

ubes have identical length Lch = 200 �m.  Periodic boundary condi-
ions are imposed on boundaries transverse to the flow direction
Fenwick and Blunt, 1998; Jang, 2011). The network is filled with
ater at the beginning of the simulation.
.2. Initial condition

A pressure difference between the inlet and the outlet 
Ptot

Pa] is imposed to determine initial nodal pressures under the
ially saturated with water (or water + surfactant). The corresponding dimensionless
 ≈ −1.3, logC ≈ −7.0, (c) logM ≈ −1.1, logC ≈ −6.5, and (d) logM ≈ −0.4, logC ≈ −3.8.

water-saturated condition. Nodal fluid pressures are computed by
writing the continuity equation at all nodes and solving the system
of equations (details in Jang, 2011):

qa + qb + ql + qr = 0 (3)

where subindices denote a: above, b: below, l: left, and r: right. The
pressure difference 
P between two adjacent nodes is then used to
compute the initial flow velocity v0 [m/s] and flow rate q0 [m3/s] for
each tube using Poiseuille’s law as a function of the tube diameter
d [m], length Lch [m], and the fluid viscosity � [Pa s]:

Initial velocity : v0 = 
Pd2

32�Lch
(4)

Initial flow rate : q0 = ˛w · 	P  (5)

Initial conductance : ˛w = �d4

128�Lch
(6)

where ˛w denotes the initial conductance of a tube that is filled with
water. The water-saturated flow rate qtot is obtained by summing
all flow rates for tubes in the first layer.

4.3. CO2 invasion

The non-wetting CO2 is injected at the inlet with the same
constant flow rate qtot computed for the water saturated network
(under the imposed 	Ptot). We  assume that both water and CO2 are
incompressible.

The non-wetting CO2 invades a tube only if the pressure differ-
ence between the two fluids PCO2 − Pw exceeds the tube’s capillary
pressure Pc = 4·(�fl·cos�)/d. As CO2 displaces water, the pressure
drop along the tube reflects CO2 and H2O viscous drag and cap-
illary pressure. The flow rate q through the tube is computed based

on Poiseuille’s law and the total pressure drop from node i − 1 to
node i:

q = ˛eff (PCO2
i−1 − Pw

i − Pc)|+ (7)
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Fig. 9. Network simulations. CO2 invasion pattern and sweep efficiency for dif-
ferent capillary factors �fl ·cos� (10 network realizations were simulated for each
capillary factor). Note: 50 × 50 pore network model, average diameter of tubes
d0 = 20 �m,  length of each tube Lch = 200 �m, the coefficient of variation of tube
diameters COV = 0.4, the viscosity of water �w = 10−3 Pa s, the viscosity of CO2

�CO = 5 × 10−4 Pa s, the density of water �w = 1000 kg/m3,  initial pressure dif-
S. Kim, J.C. Santamarina / International Journ

ffective conductance ˛eff = �d4

128�eff Lch
(8)

The effective viscosity �eff is the average of the two  viscosities
eighted by the length fraction of each fluid in the tube (Lenormand

t al., 1988). The positive sign in Eq. (7) denotes a positive value, in
ther words, the flow rate is q = 0 if the pressure difference between
he two fluids PCO2

i−1 − Pw
i is smaller than the tube’s capillary pres-

ure PCO2
i−1 − Pw

i < Pc .

.4. Nodal pressure

The pressure field in the network model is updated based on
ass conservation. Similar to Eqs. (3)–(6), the pressure Pc at a cen-

ral node in the 2-D porous network is (Ferer et al., 2003):

˛a
eff + ˛b

eff + ˛l
eff + ˛r

eff )Pc = (˛a
eff Pa + ˛b

eff Pb + ˛l
eff Pl + ˛r

eff Pr)

+ (f a˛a
eff Pc + f b˛b

eff Pc + f l˛l
eff Pc + f r˛r

eff Pc) (9)

The f-factor is f = 1 if there is a meniscus within the tube, or
 = 0 otherwise. The system of equations is iteratively solved by
imultaneously updating the position of menisci within tubes until
quilibrium is reached.

.5. Invasion

The evolution of invasion is computed using a two-step algo-
ithm. First, fluids advance in each tube for a pre-selected time
nterval 
t  with the velocity computed with the known nodal
ressures. The time interval 
t  is small so that no meniscus
dvances more than 10% of the tube length 
t  ≤ 0.1Lch/vmax. Sec-
nd, nodal pressures are recomputed for the given inlet and outlet
odal pressures that maintain the flow rate condition constant. We
epeat each 
t-cycle until CO2 reaches outlet nodes (see also Ferer
t al., 2003).

.6. Results

We  run multiple random network realizations and simulations
or capillary factors �fl·cos�=35 mN/m,  5 mN/m,  and 1 mN/m to
ompare the effect of capillarity �fl·cos� on sweep efficiency E.
esults show that CO2 invades more evenly and the sweep effi-
iency E increases as the capillary factor decreases (Fig. 9). The CO2
nvasion pattern is localized along the larger tubes for a high capil-
ary factor, and changes to a more homogeneous pattern of stable
isplacement when the capillarity factor is low �fl·cos� ≤ 5 mN/m,
ll other parameters being constant.

.7. Note

Experimental and numerical sweep efficiencies reported above
re based on 2-D systems. As the pore coordination number
ncreases in 3-D so do the degrees of freedom during invasion, and
ecreased 3-D sweep efficiencies are anticipated.

. Analyses and discussion

.1. Surfactant, pressure, and interfacial tension

The interfacial tension between CO2 and water decreases from
70 mN/m to ∼30 mN/m as the fluid pressure increases, and
eaches a constant value ∼30 mN/m beyond the CO2 gas–liquid
oundary (studies at 278–373 K and up to ∼70 MPa  can be found

n: Chun and Wilkinson, 1995; Dickson et al., 2006; Espinoza and
antamarina, 2010; Kvamme  et al., 2007; Massoudi and King, 1975;
2

ference between the inlet and the outlet 	Ptot = 200 kPa, and constant flow rate
qtot = 2.8 mm3/s.

Sutjiadi-Sia et al., 2007). As pressure increases, the CO2 gas den-
sifies and the concentration of CO2 near the CO2–water interface
increases, causing the interfacial tension to decrease (Chun and
Wilkinson, 1995; Espinoza and Santamarina, 2010; Massoudi and
King, 1975). Surfactant molecules align at the CO2–water interface
(Prasad et al., 1979), modify the local electric field at the molecular
scale, and weaken the surface tension by adding repulsion forces
between molecules near the interface.

The Young–Dupre equation relates the contact angle to interfa-
cial tensions (Fig. 3b):

cos � = �fs − �ls

�fl
(10)

Therefore, the capillary factor �fl·cos� = � fs − � ls is a function
of the CO2–mineral � fs and water-mineral � ls interfacial tensions.
Changes in the capillary factor with pressure and with the addition
of surfactants indicate that either � fs or � ls changes as well. Indeed,
published results show that the interfacial tension � fs between CO2
and solid mineral decreases as CO2 pressure increases from 0.1 MPa
to ∼7 MPa  (Dickson et al., 2006; Sutjiadi-Sia et al., 2008). On the
other hand, while the water-mineral interfacial tension � ls remains
relatively constant as the fluid pressure increases (Dickson et al.,
2006; Espinoza and Santamarina, 2010), the value of � ls increases
as the concentration of surfactant increases possibly due to hydro-
gen bonding between the hydro-phobic tail and SiO2 (Szymczyk
and Jańczuk, 2008). Thus, the capillary factor �fl·cos� effectively
decreases as the CO2–water interfacial tension �fl decreases.

Surfactant sorption to mineral surfaces in the storage reser-
voir gradually decreases the concentration of surfactants at the
CO2–water interface. Nonionic surfactants such as the one used
in this study exhibit reduced adsorption losses (Enick and Olson,

2012). Still, surfactant cost, aggravated by sorptive losses, can offset
the technical advantages of enhanced sweep efficiency. While there
are commercially available inexpensive surfactants, it is anticipated
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hat active research currently taking place in this field will lead to
mproved and more economical CO2-soluble nonionic surfactants.

We note that the selected pluronic block copolymer surfactant
as a molecular weight mw  = 4224 g/mol and an estimated molec-
lar size of ∼20 nm (Fig. 1). The two hydro phobic tails repel each
ther to form a V-shaped string at the interface. The resulting
wedge” resists invading pores dpore < 10 nm.  The fraction of pores
pore < 1 nm is very small in most shales (<1% – Bachu and Bennion,
008).

.2. Implications to CO2 geological storage

The impact of engineered CO2 injection extends well
eyond efficient volumetric brine displacement. Indeed, poor
weep efficiency implies high residual water saturation and

 large water–CO2 interface; both effects favor hydro-chemo-
echanically coupled interactions in the reservoir that may

everely hinder its long-term performance.
Injected CO2 dissolves into brine and decreases pH. In turn,

cidified water prompts mineral dissolution (Kharaka et al., 2006).
xtensive experimental evidence, discrete element simulations,
nd network model simulations show that mineral dissolution can
ause: (1) a pronounced decrease in lateral stresses so that the sed-
ment reaches failure under zero lateral strain and shear planes
evelop (Cha, 2012; Shin and Santamarina, 2009; Shin et al., 2010),
2) localized reactive fluid transport and internal piping (Fredd and
ogler, 1998), (3) skin erosion below the caprock and differential
ettlement of the caprock that may  lead to bending failures and
pen mode discontinuities (Kim, 2012). Eventually, shear, tensile,
nd piping discontinuities facilitate CO2 leakage.

The dissolution of CO2 and minerals in water increases the water
ensity, and induces convective fluid circulation that sustains per-
istent coupled hydro-chemo-mechanical phenomena (Pruess and
hang, 2008).

As water in the residual brine diffuses into supercritical CO2,
xcess salts precipitate (e.g., calcite, halite, and anhydrate) and the
ormation absolute conductivity decreases (André et al., 2007; Kim,
012 – Note: periodic fresh-water front prevents salt precipitation
ear the wellbore during the early stages of CO2 injection). How-
ver, the relative permeability of CO2 increases quite dramatically
s the residual water saturation decreases, leading to a marked
ncrease in injectivity.
.3. Governing dimensionless ratios

Displacement patterns, efficiency, and storativity can be ana-
yzed in terms of five dimensionless ratios (definitions in Table 1);

able 1
imensionless ratios in CO2 invasion and geological storage.

Dimensionless ratio Expression 

Mobility number, M M = �CO2

�w

Capillary number, C C = q�CO2

�fl cos �

Rayleigh number, Ra Ra = k	�gHCO2

��D

Bond  number, B B = (�w − �CO2 )gkkrCO2

�fl cos �

Trapping number, Tr Tr = HCO2 Rpore(�w − �CO2 )g

2�fl cos �

ote: CO2 viscosity �CO2 = 4 × 10−4 Pa s to 8 × 10−4 Pa s (Fenghour et al., 1998); water v
ow  rate; �fl [N/m]: interfacial tension; � [deg]: contact angle; �i [kg/m3]: the density of 

oefficient of molecular diffusion; HCO2 [m]: CO2 pool thickness.
Greenhouse Gas Control 20 (2014) 324–332

for supercritical CO2 storage, these ratios and salient implications
follow (Note: listed ranges are based on typical values for parame-
ters under reservoir conditions):

• Mobility number 10−1 < M < 10−2: susceptibility to viscous finger-
ing (Lenormand et al., 1988).

• Capillary number 10−12 < C < 10−5 (for a flow rate
10−10 m/s  < q < 10−3 m/s): capillarity dominates over viscous
drag when CO2 invades water-filled porous media.

• Rayleigh number 4�2 < Ra < 104 (for injection sites in the Alberta
Basin – Hassanzadeh et al., 2007): convective instability is likely
to emerge (Kneafsey and Pruess, 2010).

• Bond number 10−11 < B < 10−6 (for permeabilities
0.1 mD < k < 10 D, density difference �w − �CO2 = 400 kg/m3,
and a CO2–water interfacial tension �fl = 35 mN/m): compares
the conditions for gravity-driven CO2 advective flow during
injection to capillarity.

• Trapping number Tr:  compares the pressure difference between
water and CO2 in a pool of height HCO2 to the capillary entry
pressure in a reservoir rock with characteristic pore size Rpore

in long-term conditions.

Experimental and numerical results presented above span the
following zone of the dimensionless space: M ≈ 10−2.0–10−0.4,
C ≈ 10−8.0–10−3.8 (Ra, B, and Tr are not available because no con-
vection, gravity, and buoyancy is considered in experiments and
numerical simulations in this study).

Surfactants lower the CO2–water capillary factor �fl·cos� below
∼3 mN/m, and increase both the Bond number B and the Capil-
lary number C by 1 or 2 orders of magnitude, which lead to larger
CO2 storage capacity (this study; see also Kopp et al., 2009). Vis-
cous, capillary, and buoyant drives can be combined into a single
dimensionless number Co to compare potential field situations:

Co = B · M˛

Cˇ
(11)

Higher oil recovery has been observed in drainage experiments
when the combined number Co increases (Rostami et al., 2010).

5.4. 3D field conditions

Field conditions have higher pore connectivity and buoyant
drive. Yet, the following arguments suggest that enhanced sweep
efficiencies observed in our 2D studies are relevant to 3D field con-

ditions.

Buoyant CO2 pools rest against the seal layer and are laterally
confined by either reservoir geometry and/or capillary trapping.
Capillary trapping is pore size-dependent and inversely related to

Physical interpretation

Ratio between CO2 and water viscosities

Ratio between viscous and capillary forces

Ratio between convection rate and diffusion
rate

Ratio between conditions for gravity-driven
CO2 advective flow and for capillary
phenomena (during injection)

Ratio between buoyant pressure to capillary
trapping (long-term)

iscosity �w = 6 × 10−3 Pa s to 8 × 10−3 Pa s (Adams and Bachu, 2002); q [m3/s/m2]:
each phase; k [m2]: permeability; krCO2 [–]: relative permeability of CO2; D [m2/s]:
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njectivity. In the absence of geometric traps, the pool thickness
CO2 can be estimated from equilibrium conditions (refer to Trapp-

ng number Tr in Table 1):

CO2 = 2�fl cos �

Rpore(�w − �CO2 )g
(12)

Hence, reservoirs with adequate injectivity and no geometric
raps will develop thin CO2 pools with horizontal dimension much
arger than the vertical dimension. Horizontal sweep efficiencies
eported in this study clearly apply to such thin CO2 pools in the
eld.

The Mobility M and Rayleigh Ra numbers are not affected by
ecreasing the capillary factor �fl·cos�. Yet, injection pressure and
uoyancy have the same pore-scale implications at the time of

nvasion: in both cases, a reduction in the capillary factor �fl·cos�
nhances sweep efficiency by facilitating CO2 invasion into smaller
hannels (for a given fluid pore velocity – refer to network simula-
ion results in Section 4).

Finally, enhanced sweep efficiencies have been observed in ver-
ical displacement experiments as the capillary number C increases
Suekane and Okada, 2013) or the combined Co number increases
Rostami et al., 2010).

. Conclusions

We  can engineer CO2 injection to attain improved sweep
fficiency. Possible alternatives include: increased CO2 viscosity,
equential fluid injection, bio-clogging, and decreased capillary fac-
or. In this study, we manipulated the capillary factor.

Surfactants that have hydrophilic heads and CO2-philic tails
ower the interfacial tension between CO2 and water. The long-
hain nonionic surfactant used in these experiments (weight
ercent wt ≈ 0.4%) lowered the CO2–water interfacial tension from
fl ∼ 50 mN/m to �fl ∼ 4 mN/m at a pressure of P ≥ 7 MPa. The par-
llelism in surface tension-vs-pressure trends for tests conducted
ith and without surfactant suggests a pressure-independent con-

entration of surfactants at the interface.
The contact angle formed by a water-surfactant droplet resting

n a glass substrate and surrounded by CO2 increases from � ∼ 20◦

t P = 0.1 MPa  to � ∼ 70◦ at P = 10 MPa. Reduced interfacial tension �fl
nd larger contact angle � combine to produce a marked decrease
n the capillary factor �fl·cos�.

Young’s equation �fl·cos� = � fs − � ls implies that pressure and
urfactants also affect the balance between mineral–CO2 � fs and
ater–mineral � ls interfacial tensions.

Experimental CO2 injection tests in pore micro-models and
arallel network model simulations demonstrate that the sweep
fficiency of CO2 invasion can be effectively enhanced by lowering
he capillary factor �fl·cos�. In particular, the sweep efficiency can
ouble with the addition of surfactants.

Engineered CO2 injection such as using surfactants can optimize
ore space occupancy underground and minimize emergent hydro-
hemo-mechanically coupled phenomena such as salt precipitation
ear the well (lower injection difficulties), water acidification and
ineral dissolution (lower possibility of piping, internal shear,

nd differential settlement), and long-term convective flow. Con-
equently, improved long-term integrity of storage reservoirs is
nticipated.
Surfactant cost – aggravated by sorption – may  offset the techni-
al advantages identified in this study. However, there are adequate
urfactants commercially available today, and active research to
evelop enhanced low-cost CO2-soluble nonionic surfactants.
reenhouse Gas Control 20 (2014) 324–332 331
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