
T
t
s

S
D

a

A
R
R
A

K
I
C
S
S
B
Q

1

a
i
t
c
e
t
r
e
a
e
s
m
f
t
t

h
1

International Journal of Greenhouse Gas Control 28 (2014) 147–155

Contents lists available at ScienceDirect

International  Journal  of  Greenhouse  Gas  Control

j ourna l h o mepage: www.elsev ier .com/ locate / i jggc

he  effects  of  SO2 contamination,  brine  salinity,  pressure,  and
emperature  on  dynamic  contact  angles  and  interfacial  tension  of
upercritical  CO2/brine/quartz  systems

oheil  Saraji ∗,  Mohammad  Piri,  Lamia  Goual
epartment of Chemical and Petroleum Engineering, University of Wyoming, 1000 E. University Avenue, Laramie, WY 82071-2000, USA

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 30 September 2013
eceived in revised form 13 June 2014
ccepted 16 June 2014

eywords:
nterfacial tension
ontact angle
upercritical CO2

a  b  s  t  r  a  c  t

The  successful  implementation  of geologic  CO2 sequestration  schemes  in  deep  saline  aquifers  requires
storage  sites  with  minimum  risk  of CO2 leakage  through  the  caprock  and  maximum  storage  capacity  in  the
reservoir  rock.  Some  of the  essential  parameters  that  affect  the  effectiveness  of  a  storage  scheme  are  the
density  of CO2, the  interfacial  tension  between  CO2-rich  and  aqueous  phases,  and  the  wettability  of  reser-
voir rock  and  caprock  in  contact  with  these  fluids  at reservoir  conditions  (Tokunaga  and  Wan,  2013). In
this  study,  densities,  interfacial  tensions,  and  dynamic  contact  angles  of  CO2/brine/quartz  systems  at  high
temperatures  and  pressures  were  simultaneously  measured  using  the  Axisymmetric  Drop  Shape  Anal-
ysis  with  no-Apex  (ADSA-NA)  method.  Measurements  were  performed  at pressures  (2000–4000  psig),

◦

O2
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temperatures  (50–100 C),  and  brine  salinities  (0.2–5  M)  relevant  to  carbon  sequestration  in  deep  saline
aquifers.  These  experimental  conditions  had  not  been  investigated  in  the  past.  Additionally,  the effect
of  SO2 as a  co-contaminant  (0–6  wt%) was investigated  on  these  parameters  for  the  first  time.  Contact
angle  hysteresis  was  also  examined  and  the  possible  implications  of the results  on  different  CO2 trapping
mechanisms  were  discussed.

©  2014  Elsevier  Ltd. All  rights  reserved.
. Introduction

The growing demand for energy and the absence of reliable
lternatives to fossil fuels are causing an increase in carbon diox-
de (CO2) production as a by-product of energy generation. In order
o avoid the adverse effects of carbon emissions on the climate, the
urrent viable solution is to reduce CO2 emissions by improving the
nergy efficiency and implement effective carbon capture, utiliza-
ion, and storage schemes. CO2 has been injected into petroleum
eservoirs for enhanced oil recovery (EOR) since the 1970s (Tomski
t al., 2013). Although this scheme has been successful, limited
mounts of carbon are currently stored with this approach (Tomski
t al., 2013). The increase in the amount of CO2 that will have to be
tored due to prospectively tighter regulations on carbon emissions
andates finding new storage sites. Saline aquifers are promising

uture sinks of carbon dioxide with potentially high storage capaci-

ies. These sinks have been under investigation since the 1990s and
here are several successful demonstrations and full-field projects
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currently active for storage of carbon dioxide in deep saline aquifers
across the world (Michael et al., 2010).

Fig. 1 shows the most likely ranges of pressure and tempera-
ture at which saline aquifers are found underground. This graph is
created considering the earth’s surface temperature ranging from
15 to 25 ◦C, the geothermal gradient between 20 and 30 ◦C/km,
and hydrostatic pressure gradient of about 1500 psi/km. Although
there are possible cases of cold reservoirs, for example in the Arctic
(Bachu, 2003), or extremely hot reservoirs (Broseta et al., 2012), it is
expected that this range is valid for most of the saline aquifers. The
phase diagram of carbon dioxide is also superimposed on the same
graph, demonstrating that CO2 is most likely to be in supercritical
state in underground aquifers (shaded area in Fig. 1). For the pur-
pose of carbon sequestration, it is desirable to find an aquifer having
a pressure and temperature where CO2 has the highest density so
that a maximum mass of carbon dioxide can be stored per unit
volume. For pressures higher than 4000 psig (or reservoirs deeper
than about 3 km), the density change of CO2 phase becomes min-
imal and the cost of compression and injection of CO2 becomes

uneconomical (Bachu, 2003). Also, in agreement with the above
argument, the reported CO2 injection depths for 16 active car-
bon dioxide storage operations in saline aquifers are between 0.7
and 3 km (Michael et al., 2010). Therefore, we selected pressure and
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Fig. 1. Experimental pressure and temperature conditions used in this study and in
the  literature (Broseta et al., 2012; Chiquet et al., 2007; Espinoza and Santamarina,
2010; Farokhpoor, 2013; Jung and Wan, 2012; Wang et al., 2013a, 2013b; Saraji
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t  al., 2013; Bikkina, 2011; Iglauer et al., 2014; Mills et al., 2011; Yang et al., 2008;
ickson et al., 2006; Sutjiadi-Sia et al., 2008). (For interpretation of the references to
olor in this figure legend, the reader is referred to the web  version of this article.)

emperature ranges that were not explored in the past and can be
onsidered more practical for carbon sequestration in deep saline
quifers (filled red circle symbols in Fig. 1).

The salinity of the sedimentary basins that have been used for
O2 storage varies considerably from 7000 ppm to the maximum
alt solubility in water which is about 360,000 ppm (Michael et al.,
010). However, in the United States, the EPA regulations do not
ermit any CO2 injection in aquifers with total dissolved solids
TDS) of less than 10,000 ppm (Wilson et al., 2003). Brine salinity
s an important parameter that affects the solubility of CO2, inter-
acial tension (IFT) between the fluids, wettability of the reservoir
ock and caprock, and hence the storage capacity and security of
arbon storage in aquifers (Tokunaga and Wan, 2013). The effect
f brine salinity on wettability or contact angle (CA) of quartz and
lass surfaces in CO2/brine systems have been recently studied by
ifferent research groups (Broseta et al., 2012; Chiquet et al., 2007;
spinoza and Santamarina, 2010; Farokhpoor, 2013; Jung and Wan,
012; Wang et al., 2013a, 2013b; Mccaughan et al., 2013; Iglauer
t al., 2012; Tenney and Cygan, 2014). While some studies did not
bserve any significant effect of brine salinity on wettability of the
ubstrate (Espinoza and Santamarina, 2010; Wang et al., 2013a,
013b; Mccaughan et al., 2013; Iglauer et al., 2012; Tenney and
ygan, 2014), others reported a clear decrease in water-wetness of
uartz surfaces with an increase in the brine salinity (Broseta et al.,
012; Farokhpoor, 2013; Jung and Wan, 2012; Chiquet et al., 2007).
n this study, a broad range of brine salinity (0.2–5 M NaCl), com-
atible with EPA regulations and currently active CO2 sequestration
rojects was investigated.

A report by Miller and Van Atten (2004) listed the annual emis-
ions of about 700 power plants across North America. They have
eported 2400 million tons of CO2 emission into the atmosphere per
ear from these power plants. Other gases such as Sulfur Dioxide
r SO2 (11.5 million tons per year) and nitrogen oxides or NOx (4.5
illion tons per year) are also present in the emission stream. These

ases (co-contaminants) can be co-injected with CO2 for geological
torage, and thereby avoiding extra cost of the separation process.

owever, there are very limited experimental data on the impact of

hese chemical species on the geological storage of CO2 and its secu-
ity. Furthermore, the wettability state of reservoir minerals and
aprock in the presence of, for instance, SO2 as a co-contaminant
house Gas Control 28 (2014) 147–155

has not been studied in the past. There are, currently, very few
experimental data exist on the interfacial tension and contact angle
of H2S + CO2 mixture/brine/rock systems at reservoir conditions.
Shah et al. (2008) measured the interfacial tension between pure
H2S and 30 mol% H2S + CO2 mixture in contact with water. They
reported a considerable reduction in IFT with increase in H2S con-
centration. Broseta et al. (2012) compared the contact angles of
CO2/brine and H2S/brine on mica and quartz surfaces and did not
observe any significant difference between the contact angles of
these two fluid systems. For the first time, the effect of SO2 as a
co-contaminant in supercritical CO2(sc-CO2) on IFT and dynamic
contact angles of a representative system for geological storage of
carbon dioxide were examined in this study.

An experimental setup (Saraji et al., 2013) was  used to simul-
taneously measure densities, interfacial tensions, and dynamic
contact angles of CO2/brine/quartz systems. Measurements
were performed at pressures (2000–4000 psig), temperatures
(50–100 ◦C), and brine salinities (0.2–5 M)  relevant to carbon
sequestration in deep saline aquifers (Fig. 1). The effect of SO2
as a co-contaminant in supercritical CO2 (0–6 wt%) on fluid den-
sities, interfacial tensions and dynamic contact angles was also
investigated. The contact angle hysteresis was  calculated and its
correlation with pressure, temperature, brine salinity, and SO2 con-
tent was examined.

In this paper, we first present a brief description of the
experimental setup and measurement procedures. The effects of
temperature, pressure, brine salinity, and SO2 concentration on the
above-mentioned properties are examined next. Lastly, possible
implications of the observed trends on the geological sequestration
of carbon dioxide are discussed.

2. Materials and methods

2.1. Materials

Materials include: isopropyl alcohol (HPLC grade, Sigma-
Aldrich), sulfuric acid (95–98%, ACS grade, Sigma-Aldrich),
SuperSmoothTM quartz slides (SPI supplies) with surface roughness
smaller than 0.5 nm,  NOCROMIX (Godax Laboratories, Inc.), nitro-
gen (instrumental grade, Praxair, Inc.), CO2 (instrumental grade,
Praxair, Inc.), and anhydrous SO2 (instrumental grade, Praxair, Inc.).
The CO2 gas cylinders were equipped with a Syphon tube for liquid
withdrawal and the distilled water was freshly obtained from an
in-house all-glass water distiller.

2.2. Experimental setup

An IFT/CA apparatus (Saraji et al., 2013) was  utilized to perform
measurements at high pressures (up to 4000 psig) and tempera-
tures (up to 100 ◦C). The experimental setup, shown in Fig. 2, can
handle highly corrosive fluids since all wetted parts are made out
of Hastelloy C-276, polyether ether ketone (PEEK), Sapphire glass,
and AFLAS O-rings. In this system, a fluid equilibration module
enabled the pre-equilibration between partially miscible phases
before the measurements. A temperature-controlling module pro-
vided accurate and stable temperatures inside the measurement
cell (±0.05 ◦C). A dual-cylinder pulse-free Quizix pump allowed
transfer of the equilibrated phases from the equilibration module
into the measurement cell at constant pressure. It also provided low
and stable flow rates for injection/retraction of CO2 bubble during
the measurements. An Anton Paar DMA  HPM density meter, made

out of Hastelloy C-276, was  used to measure the densities of equili-
brated fluids at elevated pressures and temperatures. Before IFT and
CA measurements for CO2/brine/quartz system, the experimental
procedures and measurement techniques were carefully validated
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Fig. 2. Schematic of the experimental setup used in this study; (a) CO2 cylinder, (b) mechanical convection oven, (c) dual-cylinder Quizix pump, (d) equilibration cell, (e)
density meter, (f) measurement cell, (g) heating jackets, (h) RTD, (i) light source, (j) apochromatically-corrected lenses and CCD camera, (k) adjustable stand, (l) anti-vibration
t ystem
s ing, (

w
o
f

m
s
a
2
w
w
o
o
c
T
m
a
m
t
s
t
t
t
t

2

t
i
s
h
e
o
s
b

able,  (m)  Rosemount pressure sensor, (n) current source, (o) temperature control s
olid  substrate, (u) movable tray, (v) crystal holder, (w)  fluid level observation open

ith the experimental data available in the literature. The details
f the experimental setup and also the validation procedure can be
ound in Saraji et al. (2013).

In this study, captive bubble configuration was used for IFT/CA
easurements. Images of bubbles were captured through a micro-

cope with fully apochromatically corrected lenses attached to
 high-resolution digital camera with a standard resolution of
048 × 1536 (3 megapixels). The images were analyzed using a
ell-established technique, i.e. axisymmetric drop shape analysis
ith no apex (ADSA-NA) (Kalantarian et al., 2009), to simultane-

usly calculate the interfacial tension and dynamic contact angles
f CO2 bubbles in brine. In this technique, the profile of a bubble
aptured in an image is extracted by an edge detection method.
he program then fits a theoretical Laplacian curve to the experi-
ental profile extracted from the image with the assumption of an

xisymmetric bubble shape. Afterwards, the value of IFT is deter-
ined from the best match between these two profiles. It then uses

he final optimum theoretical profile to find the contact angle at the
olid surface level. By convention, the contact angle is measured
hrough the denser fluid (i.e. aqueous phase). It has been shown
hat contact angles can be measured with an accuracy of 0.2◦ with
his method (Kalantarian et al., 2009). Further details about this
echnique can be found elsewhere (Kalantarian et al., 2009).

.3. Substrate preparation

The quartz substrates were prepared with a specific procedure
o ensure clean surfaces (i.e. strongly water-wet). A 10% NOCROMIX
n sulfuric acid solution was used as the cleaning agent and the
ubstrates were then boiled in distilled water to ensure acid-free
ydroxylated surfaces. The substrates were handled from their

dges with clean tweezers to avoid surface contamination through-
ut the preparation stage. A few minutes before each test, the
ubstrates were removed from the distilled water bath and dried
y absorbing the bulk water remaining on them with a filter paper
, (p) data acquisition computer, (q) shelf cart, (r) IFT/CA needle, (s) fluid bubble, (t)
x) horizontal drive shaft, and (y) vertical drive shaft.

(at the edges) and then blow-drying with ultrahigh-purity (UHP)
nitrogen. Afterwards, the quartz substrate was  mounted on a PEEK
crystal holder and then installed inside the measurement cell.

2.4. Experimental procedure

The fluids were pre-equilibrated before measurements in
the equilibration cell for about 10–12 h to produce equilibrated
CO2-rich and aqueous phases at the desired pressure (P) and
temperature (T). Prior to IFT/CA measurements, the densities of
equilibrated phases were measured at the same P and T. The mea-
surement cell was pressurized with CO2 and temperature was
adjusted to the desired experimental conditions. The cell was then
filled with the aqueous phase at constant pressure until the solid
substrate (quartz) was  fully immersed in brine. The fluids and the
solid remained inside the measurement cell for about 2 h before the
IFT and CA measurements were performed. A pedestal-shaped nee-
dle with 1.37 mm outer diameter at the tip was  selected based on
Bond number calculations for a representative system. It was  then
used for all the measurements in this study. The needle was utilized
to form CO2 bubbles beneath the quartz substrate, while the needle
tip was  kept at 3–4 mm from the quartz surface. With this con-
figuration, it was possible to conduct measurements on different
areas of the same quartz surface by moving the substrate hori-
zontally. Each substrate was  used only once to avoid any possible
contaminations.

In order to facilitate the detection of the substrate surface during
contact angle measurements, the camera was  tilted 1–2◦ upward
with respect to the horizontal line. This approach allowed the mir-
ror image of the bubble on the substrate to be captured in the digital
image. A simple mathematical criterion was  used to determine the

cut off pixel (substrate surface) in all of the images. We  first con-
sidered a few hundred pixels on the bubble surface (BS) near the
contact line together with their mirror image (MI). The substrate
surface was defined as the average midpoint between vertically

https://www.researchgate.net/publication/26740010_Methodology_for_High_Accuracy_Contact_Angle_Measurement?el=1_x_8&enrichId=rgreq-32efc0a444ee35a339589091788a18e0-XXX&enrichSource=Y292ZXJQYWdlOzI2Mzg5MzkxMztBUzoxMjE5NzI1NzkxMTUwMDhAMTQwNjA5MTkzNzg5MQ==
https://www.researchgate.net/publication/26740010_Methodology_for_High_Accuracy_Contact_Angle_Measurement?el=1_x_8&enrichId=rgreq-32efc0a444ee35a339589091788a18e0-XXX&enrichSource=Y292ZXJQYWdlOzI2Mzg5MzkxMztBUzoxMjE5NzI1NzkxMTUwMDhAMTQwNjA5MTkzNzg5MQ==
https://www.researchgate.net/publication/26740010_Methodology_for_High_Accuracy_Contact_Angle_Measurement?el=1_x_8&enrichId=rgreq-32efc0a444ee35a339589091788a18e0-XXX&enrichSource=Y292ZXJQYWdlOzI2Mzg5MzkxMztBUzoxMjE5NzI1NzkxMTUwMDhAMTQwNjA5MTkzNzg5MQ==
https://www.researchgate.net/publication/236579170_Wettability_of_Sc-CO2WaterQuartz_Systems_Simultaneous_Measurement_of_Contact_Angle_and_Interfacial_Tension_at_Reservoir_Conditions?el=1_x_8&enrichId=rgreq-32efc0a444ee35a339589091788a18e0-XXX&enrichSource=Y292ZXJQYWdlOzI2Mzg5MzkxMztBUzoxMjE5NzI1NzkxMTUwMDhAMTQwNjA5MTkzNzg5MQ==


150 S. Saraji et al. / International Journal of Greenhouse Gas Control 28 (2014) 147–155

F c) dyn
a

a
o
a
e
o
A
s
r
t
t

3

t
t
s
b
a
m
a

ig. 3. Effects of pressure and temperature on (a) density, (b) interfacial tension, (
ngle  hysteresis (��) of CO2/brine/quartz system.

ligned BS and MI  pixels. This algorithm was applied on two sides
f the bubble and the two  cut off values were utilized for contact
ngle measurement. Images of the CO2 bubble were taken repeat-
dly while the bubble was growing (water receding contact angle)
r shrinking (water advancing contact angle) at intervals of 5 s. The
DSA-NA software was used to calculate both IFT and CA from the
ame images of the captive bubbles. The primary input parameters
equired for the calculations were the density difference between
he fluid phases, acceleration of gravity, image scales, and the loca-
ion of the solid surface.

. Results and discussion

In order to investigate the effects of pressure (2000–4000 psig),
emperature (50–100 ◦C), brine salinity (0.2–5 M),  and SO2 concen-
ration in CO2 (0–6 wt%) on IFT and CA of sc-CO2/brine/quartz, 17

eparate tests were performed. Table 1 lists the densities of equili-
rated phases, interfacial tensions between fluids, as well as water
dvancing and receding contact angles measured under above-
entioned conditions. All the data presented in this table are the

verage of 3–5 measurements.
amic contact angles (WR: water receding, WA:  water advancing), and (d) contact

3.1. Natural wettability of quartz surface

The effect of surface contamination on contact angle mea-
surements in CO2/brine/quartz systems was first addressed in a
communication between Bikkina (2011, 2012) and Mahadevan
(2012). Later, Saraji et al. (2013) pointed out the possibility of
contamination as a major source of discrepancy in the reported con-
tact angles for such systems. They proposed an extensive substrate
cleaning procedure, storage in distilled water before use, and dry-
ing the surface with ultrahigh-purity nitrogen as necessary steps
to avoid surface contamination. Most recently, Iglauer et al. (2014)
investigated the effect of the cleaning procedure on contact angle of
CO2/brine on quartz/glass surfaces and concluded that inappropri-
ate cleaning methods could result in artificially high contact angles.
They reported relatively low contact angles (0–30◦) for clean sur-
faces, which is consistent with the values reported by Saraji et al.
(2013). However, using oxidizing solutions such as Piranha (Iglauer
et al., 2014) and NOCROMIX in sulfuric acid solution (Saraji et al.,

2013) may  cause hydroxylation of the quartz surface and hence
change its wettability. Therefore, it is important to understand the
natural wettability of quartz surface at conditions relevant to car-
bon sequestration before coming into contact with CO2 phase.
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Table  1
Density, interfacial tension, and water advancing and receding contact angles of CO2/brine/quartz systems measured in this study. (The reported errors in this table are the
standard deviation of the mean value.).

Test P (psig) T (◦C) Ionic strength (M)  SO2 (wt%) �CO2 (kg/m3) �Brine (kg/m3) �� (kg/m3) IFT (mN/m) �WR (◦) �WA (◦) �� (◦)

1 2000 50 1 0 672 1040 369 31.4 ± 0.1 14.6 ± 0.9 25.9 ± 0.9 11.3 ± 0.9
2  2000 60 1 0 561 1034 473 28.7 ± 0.2 13.6 ± 1.0 23.5 ± 1.0 9.9 ± 1.0
3  3000 60 1 0 742 1036 294 28.7 ± 0.1 14.6 ± 1.0 29.3 ± 0.5 14.7 ± 0.7
4  3000 70 1 0 687 1031 345 27.0 ± 0.1 11.6 ± 0.7 29.0 ± 0.6 17.4 ± 0.6
5  3000 80 1 0 612 1024 412 25.0 ± 0.4 13.3 ± 0.7 25.4 ± 1.8 12.0 ± 1.3
6  4000 70 1 0 771 1034 264 26.7 ± 0.4 12.1 ± 0.5 33.0 ± 1.4 20.9 ± 0.9
7  4000 80 1 0 721 1028 307 27.9 ± 0.1 10.5 ± 0.8 27.1 ± 0.7 16.6 ± 0.7
8  4000 90 1 0 679 1021 342 26.3 ± 0.1 11.5 ± 0.7 25.5 ± 0.8 14.0 ± 0.7
9  4000 100 1 0 636 1012 377 28.6 ± 0.2 8.8 ± 0.6 27.0 ± 0.2 18.2 ± 0.4

10  3000 60 0.2 0 740 1010 270 26.0 ± 0.3 10.0 ± 0.2 20.5 ± 0.9 10.5 ± 0.5
11  3000 70 0.2 0 674 1003 329 23.9 ± 0.2 9.8 ± 0.7 16.5 ± 1.0 6.7 ± 0.8
12  3000 80 0.2 0 614 996 382 23.6 ± 0.2 11.0 ± 0.7 17.0 ± 1.9 6.0 ± 1.3
13  3000 60 5 0 739 1166 427 39.2 ± 0.2 17.3 ± 0.9 35.7 ± 0.7 18.4 ± 0.8
14  3000 70 5 0 674 1162 488 39.2 ± 0.7 19.8 ± 1.2 44.1 ± 1.5 24.2 ± 1.4

47 534 38.3 ± 0.8 20.0 ± 1.4 42.2 ± 2.1 22.2 ± 1.7
22 283 27.0 ± 0.4 14.0 ± 0.1 27.0 ± 0.2 13.0 ± 0.2
23 245 18.4 ± 0.7 12.9 ± 1.0 27.6 ± 2.5 14.7 ± 1.7
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15  3000 80 5 0 613 11
16  3000 60 1 1 739 10
17  3000 60 1 6 778 10

The previous studies on the surface chemistry of silica suggest
hat the wettability of silica surface is largely determined by the
rrangement and distribution of surface groups such as silanol
Si OH) and siloxane (Si O Si) (Iler, 1979; Vansant, 1995). For
nstance, a recent molecular dynamics simulation study reported
pproximately 10◦ increase in water-CO2 contact angle by increas-
ng the silanol surface density on quartz from 1.7 to 4.5 (OH/nm2)
Mccaughan et al., 2013). The reason for this behavior is the pref-
rential adsorption of water molecules on hydrophilic silanols
ather than hydrophobic siloxanes (Iler, 1979). Moreover, ther-
al  treatment of silica at very high temperatures (>400 ◦C) was

hown to cause dehydroxylation of its surface, meaning conver-
ion of silanols to siloxanes (Vansant, 1995). For example, Horn
t al. (1989) reported a relatively high contact angle (i.e. 45◦) on
reshly prepared high-purity silica surface by the melting method
the melting point of silica is around 1600 ◦C). In contrast, soaking
ilica in water is believed to result in rehydroxylation of silica sur-
ace (Vansant, 1995). This process is exceedingly slow at 25 ◦C, and
t is recommended to heat silica in water at 95 ◦C for several hours
o rehydroxylate the surface (Iler, 1979). This is also in accord with
he reported water contact angles on hydrophilic quartz/glass sur-
aces (<10◦) measured by different methods such as Wilhelmy plate
Mennella and Morrow, 1995), capillary rise (Siebold et al., 2000),
nd sessile drop (Sumner et al., 2004).

Therefore, the surface of quartz minerals in contact with aquifer
t subsurface conditions, in extended geological time scales, is
xpected to be hydroxylated. Although one can argue that the
uartz grains in reservoir rocks are partly covered by omnipresent
lays, the clean pure hydroxylated quartz surface (strongly water-
et) provides a practical baseline for fundamental research on
uid-mineral interactions during geological sequestration of car-
on dioxide.

.2. Effects of pressure and temperature

The pressure and temperature ranges used in this study are
000–4000 psig and 50–100 ◦C, respectively, as shown in Fig. 1.
xperiments were performed at nine different conditions, all with a
rine salinity of 1 M.  Because brine is largely incompressible in the
ressure and temperature range of these experiments, its density
as not affected by pressure change; although it slightly decreased
hen temperature was  increased (Fig. 3a). On the other hand,
upercritical carbon dioxide (sc-CO2) is a compressible fluid and
ts density increased with increasing pressure and decreased with
ncreasing temperature (Fig. 3a). The interfacial tension between
quilibrated CO2-rich and aqueous phases at various temperatures

Fig. 4. Variations in CO2 solubility in brine with (a) pressure and temperature (1 M
brine), and (b) brine salinity (at 3000 psig) (data from Koschel et al. (2006)).
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Fig. 5. Effects of brine salinity on (a) density, (b) interfacial tension, (c) dynamic contact angles (WR: water receding, WA:  water advancing) and (d) contact angle hysteresis
( sig.)

a
a
a
s
v
t
m
n
t
i
c
i
t
g

3

m
w
T

��)  of CO2/brine/quartz system. (All the measurements were performed at 3000 p

nd pressures are plotted in Fig. 3b. As shown in this figure, vari-
tions in pressure did not have a significant effect on the IFT, but
n increase in temperature slightly reduced the IFT values. Fig. 4a
hows the experimental CO2 solubility data in 1 M brine and its
ariations with P and T reported in Koschel et al. (2006). The rela-
ive insensitivity of IFT to P and T in the supercritical region of CO2

ay  stem from the fact that the solubility of CO2 in brine (1 M)  does
ot drastically change in the P and T ranges studied here. Similar to
he IFT data, the dynamic contact angles also did not change signif-
cantly with P and T (Fig. 3c). There was only a slight increase in the
ontact angles and contact angle hysteresis (��) by the increase
n pressure (the last column of Table 1 and Fig. 3d). However, due
o the lack of enough temperature overlap in the presented data, a
eneral trend cannot be deducted.

.3. Effect of brine salinity
In a recent publication by Michael et al. (2010), the authors sum-
arized the operational conditions for 16 active sequestration sites
orldwide with brine salinities ranging from 7000 to 340,000 ppm.

herefore, three different salinities were chosen for our studies that
are in the range of 0.2–5 M NaCl (∼11,500–300,000 ppm) to cover
the spectrum of brine salinities observed in underground aquifers.
All the measurements in this section were performed at 3000 psig.

The densities of CO2-rich and aqueous phases at various NaCl
concentrations are plotted in Fig. 5a. As expected, the density of CO2
was insensitive to the changes in salt concentration, however brines
with the higher ionic strength had larger densities. Fig. 5b depicts
the variations of IFT with the ionic strength. There was a significant
increase in IFT by an increase in the ionic strength. For example,
IFT between equilibrated sc-CO2 and brine at 3000 psig and 60 ◦C
increased from 26 to 39 mN/m by changing the ionic strength from
0.2 to 5 M.  This behavior is partly due to the decrease in CO2 sol-
ubility in brine at higher salinities, as shown in Fig. 4b, and partly
because of hydration of ions that leads to an ion-free layer at the
water interface (Bachu and Bennion, 2009).

Fig. 5c depicts the water receding and advancing contact angles
of the CO2/brine/quartz system at various brine salinities. There

was a consistent increase in both dynamic contact angles with the
increase in ionic strength. The observed trend is consistent with
the reported data in several studies (Broseta et al., 2012; Chiquet
et al., 2007; Farokhpoor, 2013; Jung and Wan, 2012). Furthermore,
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ig. 6. Effects of SO2 concentration on (a) density, (b) interfacial tension, (c) dyna
ysteresis (��) of SO2 + CO2/brine/quartz system. (All the measurements were perf

he hysteresis in contact angle was much larger at higher salinities
Fig. 5d). For instance, ��  increased from 6◦ to 22◦ with an increase
n the brine ionic strength from 0.2 to 5 M at 80 ◦C.

.4. Effect of SO2 contaminant

Based on a report by Miller and Van Atten (2004), the SO2/CO2
atio in the emission stream of power plants varies between 0.02
nd 8 wt% with an average of 0.6 wt%. Thus, to cover the reported
O2 range, two CO2 mixtures with 1 wt% SO2 (Test 16 in Table 1) and

 wt% SO2 (Test 17 in Table 1) content were considered in this study.
he pressure (3000 psig), temperature (60 ◦C), and brine salinity
1 M)  were kept constant for these experiments.

The densities of equilibrated CO2-rich phase for SO2 + CO2 mix-
ures were larger than those of equilibrated CO2-rich phase in the
bsence of SO2 (Fig. 6a). This is because SO2 has a higher density
han CO2. In spite of this, the densities of aqueous phases were

lightly smaller in the presence of SO2. This results in a decreasing
rend of ��  with increasing SO2 concentration (Table 1). Fig. 6b
hows that the interfacial tension between equilibrated phases
ecreased linearly with increase in the SO2 concentration. There
ontact angles (WR: water receding, WA:  water advancing) and (d) contact angle
 at 3000 psig, 60 ◦C, and 1 M brine salinity.)

was a significant decrease in IFT (i.e. 40%) from 29 mN/m in the
case of pure CO2 to 18 mN/m in the presence of 6 wt%  SO2. A recent
study (Tarbuck and Richmond, 2006) on the effect of SO2 and CO2
molecules on the gas/water interface was  performed by compar-
ing OH stretching intensities at the interfacial water spectrum.
This study showed a clear difference between the interactions of
these two  molecules with water (Tarbuck and Richmond, 2006).
The authors observed that a weakly bounded surface complex
was formed between SO2 and interfacial water molecules, which
affected the molecular structure at the interface. However, no spe-
cific surface-bound species were observed in the case of pure CO2.
The presence of this weakly bounded surface complex between SO2
and water molecules at the supercritical fluid/liquid interface could
be the main contributor for the considerable decrease in IFT values.
Similar effects on the IFT of CO2/brine in the presence of another
acid gas (i.e. H2S) have also been reported (Shah et al., 2008). The
IFT between H2S + CO2 mixtures and brine under conditions com-

parable to our experiments dropped from 32 mN/m (pure CO2) to
26 mN/m (30 mol% H2S) and 7.5 mN/m (pure H2S).

The dynamic contact angles and hysteresis for SO2 + CO2/brine/
quartz system are shown in Fig. 6c and d. We  have not observed any
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ignificant change in water receding/advancing contact angles and
A hysteresis by increasing SO2 concentration. This is comparable
ith the work of Broseta et al. (2012) who did not observe any major

hange in the wettability of quartz when switching from pure CO2
o pure H2S.

.5. Potential implications for CO2 storage

The main trapping mechanisms of sc-CO2 in a saline aquifer
nclude: structural/stratigraphic, capillary, solubility, and min-
ral trappings. The capacity of an aquifer to safely hold CO2
nderground as free gas (structural trapping) depends on the
hreshold capillary pressure of the caprock (Pcth). Based on the
oung–Laplace equation (i.e., Pc = 2IFT cos(CA)

r , r: characteristic pore
adius), Pcth is in turn determined by the interfacial tension
etween CO2-rich and aqueous phases and water receding contact
ngle (CO2 displacing water) (Chiquet et al., 2007). A higher thresh-
ld pressure promotes the safe storage of carbon and increases the
torage capacity of the aquifer. Also, the water advancing contact
ngle affects the amount of CO2 that can be trapped as the immobile
hase during water imbibition in the reservoir (capillary trapping).

n water-wet systems, the lower water advancing contact angles
ranslate to larger volumes of trapped CO2 phase. Another critical
arameter of the system is the density of CO2 in the reservoir. At
igher CO2 densities, greater mass of carbon can be stored per unit
olume of the reservoir rock.

Within the P–T range studied here, the interfacial tension and
ater receding contact angles of CO2/brine/quartz systems were

nly slightly affected by changes in P and T. Therefore one can
xpect no significant effect on the threshold capillary pressure of
he caprock and the capacity for free gas storage in a saline aquifer.

oreover, the water advancing contact angle slightly increased
ith increasing the pressure and mildly decreased with increas-

ng the temperature. Hence, no significant change is expected in
he capillary trapping of CO2 with depth. On the other hand, the
ensity of CO2 phase is highly sensitive to both P and T and rises
ith depth (Bachu, 2003). Thus the capacity of an aquifer for hold-

ng CO2 both as free and trapped phases increases with depth to
bout 3–4 km.  For aquifers deeper than 4 km,  the density becomes
nsensitive to P and T and therefore remains fairly constant with
epth (Bachu, 2003).

The increase in brine salinity caused a considerable increase in
FT and a slight increase in water receding contact angle. Small
hanges in contact angle can be ignored compared to large changes
n IFT. Consequently, the overall effect of brine salinity is an
ncrease in the threshold capillary pressure of the caprock, hence
mproved security of CO2 storage as free gas. Conversely, the water
dvancing contact angle increased at higher salt concentrations
hile the density of CO2 phase remained unaffected. Therefore, at
igher salinities the amount of capillary trapped CO2 is expected to
ecrease for a given porous medium (at constant P and T). Also, as
entioned earlier, the solubility of CO2 in brine reduces at higher

onic strengths and hence the capacity of brine to dissolve CO2
eclines (solubility trapping). Therefore, the overall capacity of the
quifer with changes in brine salinity depends on the competition
etween these three trapping mechanisms.

The presence of SO2 as a co-contaminant in CO2-rich phase
esulted in a significant decrease in IFT with brine while it did not
ffect the water receding/advancing contact angles. As a result, we
xpect Pcth to decrease considerably. Unfortunately, the effect of
O2 on solubility trapping of CO2-rich phase in brine is unknown

ue to the lack of experimental data. Nevertheless, the results
resented here suggest co-injection of SO2with carbon dioxide at
elatively low concentrations may  increase the risk of capillary fail-
re of caprocks by reducing the IFT.
house Gas Control 28 (2014) 147–155

4. Conclusions

Densities, interfacial tensions, and dynamic contact angles of
equilibrated CO2 and brine on quartz surface were measured
at pressure and temperature conditions relevant to deep saline
aquifers. The results indicated that pressure and temperature vari-
ations, within the range studied, did not significantly affect IFT
and CA. Also, contact angle hysteresis was  only slightly changed by
these parameters. On the other hand, an increase in brine salinity
resulted in an increase in IFT, CA, and CA hysteresis. Furthermore,
the effect of SO2 as a co-contaminant on densities, IFT, and CA of the
system was  studied for the first time. While rock wettability was
not affected by SO2, the IFT between CO2 + SO2 mixture and brine
decreased linearly with increase in the amount of SO2 in the CO2-
rich phase. Therefore, the co-injection of SO2 at high concentrations
in saline aquifers may  increase the risk of gas leakage though the
caprock.
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