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Interfacial Tension Measurements of the (H,O + CO,) System at Elevated

Pressures and Temperatures’

Apostolos Geor giadis, Geoffrey Maitland, J. P. Martin Trusler, and Alexander Bismar ck*

Department of Chemical Engineering and Chemical Technology, Imperial College London, London SW7 2AZ, United Kingdom

Interfacial tension measurements are reported for the (H,O + CO,) system at pressures of (1 to 60) MPa
and temperatures of (298 to 374) K. The pendant drop method was implemented using a high-pressure
apparatus consisting of a view cell, fitted with a high-pressure capillary tube for creating pendant H,O
drops in the CO, bulk phase. The reported results have a relative standard deviation in most cases of less
than 1.0 % and are in good agreement with literature values at low pressures. However, at higher pressures
(up to 45 MPa), there is a significant scatter in the published data; the reasons for this are discussed.
Measurements in the present work extend the pressure range of available data up to pressures of 60 MPa.

I ntroduction

CO; has been identified as one of the long-lived greenhouse
gases (GHGs) emitted by human activity, along with CH,4, N0,
and hydrofluorocarbons. Although CO, has a lower global
warming potential (GWP) than these other gases, it remains the
highest in terms of both emissions and impact.* For direct
comparison, the unit of equivalent CO, emissionsis used, which
is the product of the GWP and the emissions of each GHG. In
2004, the CO, produced from fossil fuel burning accounted for
56.6 % of the world's total annual equivalent CO, emissions.
These have in turn grown since 1970 by 70 %.? Carbon capture
and storage®* appear to be an attractive approach for mitigating
CO, and are projected to play a major role in emissions
reduction.®

Sequestration can be achieved by the injection of CO; in
underground formations at depths of approximately 800 m or
more. Assuming a geothermal gradient of 0.03 K-m™! and
hydrostatic pressure,® the conditions at these depths would be
T > 310K and p = 8 MPa. Pure CO, would therefore be in a
supercritical state® with a density p > 300 kg-m~3. Storage
would be feasible as long as buoyancy forces can be balanced
by capillary forces, trapping CO, in rock pores, and/or CO; is
retained below an impermeable cap rock.

Storage formations can be deep saline aquifers and depleted
oil or gas reservoirs.> A range of trapping mechanisms apply
in aquifer formations: in the medium-term (hundreds of years)
by dissolution of CO, in the agueous phase with consequent
sinking of the denser carbonated water and in the long-term
(millions of years) by mineral trapping with dissolved CO,
precipitating in the presence of ionic species to form calcium,
magnesium, and iron carbonates.> However, in the short-term
(decades) storage of CO, in porous reservoirs or aquifer rocks
must rely on capillary trapping—injection into micrometer-sized
pores where interfacial tension causes the nonwetting CO, phase
to be retained between narrow pore throats.

Ocean storage is aso an option that has been considered,
since the (H,O + CO,) system, at appropriate depths, can form
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hydrates and sink to the ocean floor. The effects of CO,
dissolution on the pH of the ocean and consequently to the
ecosystem are however uncertain.” ° CO, is also used as a
process fluid in oil and gas reservoirs™ for enhanced oil recovery
(EOR) or in coa beds for enhanced coa bed methane pro-
cesses.™ In EOR processes, CO, can be trapped by capillary
forces in the porosity of the reservoir after displacing the in
situ ail or gas, so liberating at the same time useful hydrocarbons.

The main cause of capillary trapping is ultimately linked to
the interfacial properties of CO, with the existing fluids in the
reservoir, mainly brine and hydrocarbons. The interfacia
tension, v, of CO, with mixtures representative of the fluidsin
underground formations is an important thermophysical property
for the design of such processes. The data available in the
literature are limited in extent and accuracy, especialy at
elevated pressures and temperatures. Such high-pressure, high-
temperature (HPHT) interfacial tension data for the (H,O +
CO,) system are required in reservoir flow models to extend
their predictive capability over awide pressure and temperature
range.

Two main methods for measuring interfacial tension at
elevated pressures are reported in the literature: the pendant drop
method, using either selected plane (SP)*2 or drop shape analysis
(DSA)*® and the capillary rise method.** The DSA of pendant
drops has been applied in thiswork. The theoretical background
for the determination of interfacial tension from DSA is
described extensively by Song and Springer.*>*°

Several references on interfacial tension measurements for
the (H,O + CO,) system are available. A controversy, however,
in the determination of a unique static interfacial tension is
apparent when reported results from different authors are
compared. Tewes and Boury™® have focused extensively on the
time dependence of the system by measuring pendant drops for
aslong as 100 000 s. Their results show a significant decrease
of interfacia tension over this period which is attributed by the
authors to molecular reorganization at the interface. da Rocha
et a.,*” Chun and Wilkinson,'® and Chabaud et al.* aso
allowed time for equilibrium by leaving the two phases in
contact for “1 h”, “days’, and “1000 s, respectively. On the
other hand, Hebach et al.,® having aso noticed that the
interfacial tension decreases over extended time periods, link
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Table 1. Different Approaches to Interfacial Tension Measurement of the (H,O + CO,) System in the Literature®

agreement

authors year method H.0 (1) CO; (2) saturation waiting G L SC
Hough et al.** 1959 PD P P NO 10's B
Massoudi and King®’ 1974 CR C P NO A
Jho et &% 1978 CR C P “minutes’ A
Chun and Wilkinson'® 1995 CR P “days’ A B C
Wesch et a.*° 1997 PD-SP P P NO B D D
da Rocha et al.” 1999 PD-DSA P P CcP 1h D
Hebach et al.° 2002 PD-DSA P P NO (10 to 15) min A A A
Tewes and Boury*® 2004 PD-DSA Sv-12h 60000 s D
Park et al.>® 2005 CR mR-H P NO (5t07) s B D C
Chiquet et al.® 2006 PD-DSA M M MV B
Chalbaud et al.*® 2006 PD-DSA S—W P sV 1000 s B C
Akutsu et al.?* 2007 PD-SP P P CcP B C
Bachu and Bennion®® 2008 PD-DSA M M MV B B D
Sutjiadi-Sia et a.*° 2008 PD-DSA NO C D

2PD = pendant drop, CR = capillary rise, DSA = drop shape analysis, SP = selected plane, P = pure compound densities, M = measured densities,
C = constant densities, mR-H = modified Rackett-Hankinson modeled densities, S—W = Sgreide and Whitson modeled densities, CP = circulation
pump, SV = dtatic vessel, MV = mixing vessel. The literature values have been compared with the present work in three regions of bulk CO, (2)
states: G = gaseous, L = liquid, and SC = supercritical, where the agreement isA <5 %, 5 % < B < 10 %, 10 % < C < 20 %, or 20 % < D.

this to “aging effects’ due to factors other than phase equilibra-
tion and assume that static interfacial tension can only be
measured within theinitial plateau which is reached during the
first (10 to 15) min. Thisis supported to some extent by Zappe
et a.?* and Kogel?® who have measured diffusion times of
supercritical CO, in H,O drops, both showing that the time
needed for the equilibrium concentration of CO, in typical H,O
drops (approximate radius of 2 mm) to develop isin the range
of (200 to 300) s. Time dependence as well as equilibrium values
of interfacial tension are largely affected by impurities which
are inherently present in trace amounts in any high-pressure
apparatus. In fact the effect of appropriate surfactants for the
(H,0 + CO,) system are reported by Park et al.,>® Tewes and
Boury,*® Akutsu et al.,** and da Rocha et al.*’

Another important factor for the correct determination of
interfacial tension is how the temperature is measured. Hebach
et al.?° showed that the minimum val ues observed near the dew
point of the CO,-rich phase, reported by Chun and Wilkinson'®
and Park et a.,%® were actually due to a temperature measure-
ment error.

The determination of the density difference between the two
phases is aso approached in various ways, something which
has been associated with disagreement between the data reported
by different authors. Chiquet et al.>> and Bachu and Bennion®®
both measured the actual densities of the two phases by using
avibrating-tube densimeter. Chiquet et al.?® concluded that the
approximation of using pure compound densities, as followed
by most authors, is indeed good for the (H,O + CO,) system.
However, at pressures near that of density inversion at a
temperature of 308 K, where the inversion pressure is 53.6 MPa,
the density difference of the pure compounds, Ap, can be up to
1.7 times smaller than the actual one, as noted by the same
authors. This results in an underestimation of the interfacial
tension by up to 40 %. The values reported by Chun and
Wilkinson'® and Park et a.?® at conditions of liquid CO, are
significantly lower than the values of Chiquet et d.,%®> Massoudi
and King,?” and Hebach et a.?° The fact that Chun and
Wilkinson'® and Park et al.?® used the capillary rise technique
instead of the pendant drop method does not seem to be the
reason for this as Massoudi and King?” also used the same
technique and reported values very close to Hebach et al.?° and
Chiquet et al.?® who used the pendant drop method. Chiquet et
al.?® ascribe this ambiguity to the use of pure compound
densities instead of measured densities of the saturated fluids;

however, Hebach et a.?° used the densities of the pure
compounds, and Massoudi and King®’ even assumed the density
of H,O to remain constant, yet the values of both agree with
Chiquet et al.>® Table 1 summarizes the approaches used by
several different authors with respect to these factors. Thiswork
has been designed to resolve some of these discrepancies and
to extend the range of HPHT measurements of interfacia tension
available for the (H,O + CO,) system.

Experimental Section

Materials. The CO;, used was of CP grade, supplied by BOC,
with a mole fraction purity > 0.99995. The H,O used was
purified deionized water with better specifications than double-
distilled water (electrical conductivity < 15 uS-cm™t). Hexane
(BDH, Hull, UK), isopropanol (Sigma-Aldrich, Dorset, UK),
and toluene (Sigma-Aldrich, Dorset, UK) used in this work for
cleaning purposes were of mole fraction purities > 0.95, 0.999,
and 0.999, respectively.

High-Pressure Apparatus. For the purpose of interfacial
tension measurements at elevated pressures and temperatures,
a custom-designed high-pressure view cell was used. The
apparatus (Eurotechnica GmbH, model PD-E700 LL, Bargtec-
heide, Germany) was designed to hold pressures up to 70 MPa
at temperatures up to 473 K. A schematic diagram of the
apparatus is shown in Figure 1.

The high-pressure view cell isindicated in Figure 1 as“VC”
and was connected by means of 3.2 mm o.d. high-pressure
tubing with two manual pressure generators (PG1 and PG2),
each of 30 cm® capacity. These were used to introduce different
fluids to the system, each from their respective storage tank
(T1and T2). Theview cell was a hollow cylindrical vessel with
flat ends made from AISI type 660 stainless steel. It had four
fluid ports equally spaced around the circumference in the
middle of the cell, allowing for high-pressure tubing connections.
The two flat ends were fitted with 36 mm diameter glands which
held in place the assemblies bearing the sapphire windows. The
metal-to-metal faces were sealed by means of PTFE O-rings,
while the metal-to-sapphire faces were sealed with a Poulter-
type seal (unsupported area principle).222° The inner volume
of the view cell was 24 cm?®. The line connected to valve “G”
in Figure 1 was used for introducing CO, to the view cell via
a high-pressure automatic syringe pump (Teledyne Isco, model
100DM, Lincoln, USA). The latter was filled with CO, through
a 2 um line filter for particulate removal.
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Figure 1. Flow diagram of the PD-E700 LL apparatus. In the diagram the following are annotated: view cell (VC); pressure transducer (PI); thermocouple
(TI); temperature controller (TC); pressure generators (PG1 and PG2); liquid supply tanks (T1 and T2); valves (A—E); valve connecting to gas supply (G);
and safety rupture disk (S). The dash-dotted line around the view cell indicates a heating jacket, and the double lines connecting to the view cell indicate
6.4 mm o.d. high-pressure tubing through which 1.6 mm o.d. capillary tubes reach into the view cell.

The temperature of the view cell was controlled with an
electrical heating jacket which surrounded the vessel. The
heating jacket was connected to a PID temperature controller,
reading the temperature of the view cell by means of two (for
safety) platinum resistance thermometers (PRT100). These PRTs
were fitted in blind holes in the body of the view cell, in contact
with a high-temperature thermally conductive paste. The tem-
perature of the fluids was measured by means of a NiCr—Ni
thermocouple that was fitted with a high-pressure connection
within the view cell, directly in contact with the fluids. The
overall temperature control had a stability of + 0.1 K, and the
overdl uncertainty of the temperature was 0.2 K with a coverage
factor k = 2. The pressure was monitored by means of a pressure
transducer (Keller, model PA-33X, Winterthur, Switzerland)
with an operating range up to p = 100 MPa. The transducer
had a relative uncertainty of 0.1 % of the full scalleupto p =
70 MPa. A monochrome CCTV camera (Toshiba Teli, model
CCD CS8420C-02, Tokyo, Japan) was used for monitoring the
drops. The camera was connected to a frame grabber PCI board
for image or video recording. To provide images with proper
contrast, a white light emitting diode (LED) (Kriiss GmbH,
model DSA20B, Hamburg, Germany), fitted with a diffusion
filter, was placed on the other end of the view cell, opposite to
the camera. The interfacial tension was determined from
digitized images of the drops by means of DSA software (Kriiss
GmbH, DSA V1.90.0.14, Hamburg, Germany). The o.d. of the
capillary tube used for creating the pendant drops was measured
to be 1.62 mm with an uncertainty of & 0.01 mm. This diameter
served as a calibration length for determining the dimensions
of the pendant drops from the images recorded. Under the
resolution of the camera used (767 x 575 pixels), the magni-
fication factor of these images was approximately 70 pixels
mm~* depending on the distance of the camera from the drop.
Each pixel at this magnification corresponded, therefore, to a
physical size of 1/(70 mm™1) = 0.014 mm, which is of the same
order of magnitude as the uncertainty in the o.d. of the capillary
tube. Thus determining its size more accurately would not reduce
the overall uncertainty as the resolution is the limiting factor.

Experimental Procedure. The apparatus was thoroughly
cleaned before use with appropriate solvents such as hexane,
isopropanol, and/or toluene to dissolve any compounds remain-

ing from previously conducted experiments. It was then drained,
flushed with CO,, and subsequently put under vacuum at a
temperature of 323 K. This ensured that any remaining solvent
was completely evaporated. All glassware was cleaned in
concentrated KOH—isopropanol solution and was repeatedly
rinsed with deionized H,O before use. This ensured that no oil
impurities would dissolve in the H,O phase during handling.
The view cell was then filled with CO,. The left-hand pressure
generator “PG1” was completely filled with H,O and was kept
isolated from the view cell with valve “F’. Enough H,O was
introduced initialy, until aH,O phase was apparent in the lower
side of the view cell, and time was allowed to ensure that the
CO, bulk phase was saturated with H,O. Vave “F’ was
thereafter opened only for allowing a H,O drop to be created
within the view cell and was immediately closed, isolating the
unsaturated H,O phase from the CO,-rich phase. For every state
point, four consecutive drops were created, and each was
monitored for at least 600 s. The software was set to capture
frames every 4 swhich were dl later analyzed for the calculation
of the interfacial tension. After the creation of each drop, a
transition period was observed during which the interfacial
tension dropped rapidly and then stabilized at a “quasi-static
value’, similar to the observations of Hebach et a.® Thisinitial
time dependence is a common observation made by a number
of authors!®17:1920.2330 gnd s attributed to phase equilibration
as the two phases partially dissolve in each other. As an
example, the time evolution of the interfacial tension for
different pressures at T = 297.9 K is shown in Figure 2.
Data Analysis. The relation™® that describes the shape of a

pendant drop is

Eoo [0 o
where ¢ is the angle between the tangent at any point P on the
profile of the drop and the horizontal axis, s is the respective
arc length from the apex of the drop to the point P, Kqpe is the
curvature at the drop’s apex, zisthe height of point P from the
horizontal axis, x is the distance of point P from the vertica
axis, Ap isthe density difference between the two phases, and
g=9.81 m-s2?isthelocal gravitational acceleration. Equation
1 is derived by combining the Laplace equation of capillarity
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Figure 2. Interfacial tension measurements of the (H,O + CO,) system
at 297.9 K as a function of time at different pressures: A, at 10.0 MPg;
<, at 15.0 MPa; O, at 20.0 MPa. Vertical lines indicate the time interval
over which all data points were used to get the average interfacial tension
values.

X X

Figure 3. Pendant drop geometric representation showing X, Y, and Z
as the origin axes, ¢ the angle between the tangent at any point P on
the profile of the drop and the horizontal axis, s the respective arc length
from the apex of the drop to point P, z the height of point P from the
horizontal axis, x the distance of point P from the vertical axis, and
Capex and Cyp the circles of curvature at the apex and at point P,
respectively. The curvature at the apex is the same at every direction
due to symmetry, while that at point P is not. The total curvature at the
apex is therefore 2Kkyex, While at point P the total curvature can be written
as kip + kop = d¢p /ds + sin ¢/x.

written for both the apex and a point P of the profile of the
drop, with the pressure difference between the two points, given
by Apa\pex = zykapew App = y(kip + kop), and APapex — App =
ZApg, respectively. A geometric representation of a pendant drop
where the above are illustrated is given in Figure 3.

Introducing the parameter o = (y/Apg)Y? as the capillary
constant in dimensions of length and B = (0tkgpex) * s the
dimensionless drop form parameter, the relation describing the
shape of a pendant drop may be expressed in reduced form as

d_2_ , sng
‘ @

where X = Xlo,, Z = Za, and S = o are dimensionless
variables. By rearranging the terms in the expression of B, its
relation with the interfacial tension and the density difference
of the two phases becomes

y =208 ©)
(BKape)

The density of CO, increases with pressure, generally, more
rapidly than does the density of H,O. This causes the density
difference of the two phases to reduce with pressure, eventually
leading to CO, becoming denser than H,O. At low temperatures,
this (isochoric point) appears within the pressure range of
interest. In fact, assuming densities of the pure compounds at
T = 298 K, CO, becomes denser than H,O at pressures above
43.7 MPa*! This is the reason why the isotherm at T = 297.9
K does not extend in pressure, as for higher temperatures, both
in this work and in the literature. Interfacia tension by the
pendant drop method cannot be measured unless there is a
density difference large enough to adequately elongate the drop,
distorting it from being spherical (as would be the case in
absence of gravity). For this isotherm the density difference,
even if reversed, would remain in the range of (10to 20) kg-m™3
for pressures up to 60 MPawhich would make interfacia tension
measurements of CO, pendant drops in H,O bulk phase highly
uncertain. The elongation of a pendant drop is quantified by B
which should be in the range 0.7 to 0.8 for minimizing the
sensitivity in interfacial tension determination to errors in the
aspect ratio of the digital camera (see Song and Springer®®).
The aspect ratio of the digital camera used in the present work
was equal to 1.00, as determined by calibration with a ball-
bearing, and had aresolution of 767 x 575 pixels. For the (H,O
+ CO,) system, B decreases with decreasing density difference
at constant temperature. In the present work, the extreme case
of lowest density differenceat T = 333.5 K and p = 60 MPg,
was Ap = 41 kg-m3, where B has a value of 0.46 which is
outside the preferred range leading to more uncertain results.
Moreover, in this range the drop becomes much bigger in
volume than at higher density difference, which creates practical
problems in terms of focusing with the camera and the
physically available space in the view cell. For comparison, the
drop’s volume for Ap = 200 kg-m~2isonly about 55 uL, while
for Ap = 41 kg-m~2 it is of the order of 180 uL.

Results

Five isotherms have been measured for a range of pressures
from (1 to 60) MPa, and the results are given in Table 2 and
Figure 4. We observe that |dy/dp| is largest at low pressures
and that it declines as the pressure increases. In fact, for the
isotherms measured at T/K = 297.9, 312.9, and 333.5 the change
in slope is abrupt, giving an indication of two distinct regions.
The interfacial tension in the two regions of low and high
pressure, corresponding for each isotherm to the gaseous and
liquid or supercritical regions of CO,, respectively (T, = 304.2
K and p. = 7.38 MPa), was fitted with an absolute average
relative deviation of 1.4 % as linear functions of the form

yI(mN-m™) = a, — b,(p/MPa) (4)

where p is the pressure and a; and b; are fitting parameters.

The isotherms at T = 343.3 K and T = 374.3 K showed a
more gradual change of slope with increasing pressure. These
were fitted with a multiple multiplication factor (MMF) model
of the form

ah, + c(p/MPa)
b, + (p/MPa)*

where a,, by, ¢, and d are fitting parameters. The parameters
and correlation coefficients for both the linear fitting and the

yl(mN - m™Y) = 5)
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Table 2. Interfacial Tension Results of the (H,O + CO,) System?®

p/MPa  T/K HO (1) CO,(2 Apkg-m=  y/mN-m*
1.01 297.8 L G 979 65.73+ 0.27
2.00 297.9 L G 958 58.90 + 0.21
3.00 297.9 L G 934 52.42 + 0.36
4.00 297.9 L G 906 47.02 £ 0.32
5.01 297.9 L G 867 41.29 £ 0.20
6.01 297.9 L G 804 36.00 + 0.24
7.02 297.9 L L 250 30.12+0.11
8.02 297.9 L L 221 30.28 + 0.08
10.01 297.9 L L 181 29.66 + 0.20
14.99 297.9 L L 126 27.73+0.10
19.99 297.9 L L 90 25.99 + 0.09
1.00 3129 L G 975 63.55 + 0.26
2.00 312.9 L G 956 58.79 + 0.27
3.01 3128 L G 935 51.15+ 0.11
4.01 312.8 L G 910 46.94 £ 0.27
5.02 312.8 L G 881 43.93 £ 0.23
6.00 312.8 L G 845 40.21 £+ 0.17
7.02 312.9 L G 796 36.87 + 0.19
8.02 3129 L SC 715 3347+ 0.19
10.00 312.9 L SC 363 31.20+ 0.15
15.00 3129 L SC 216 29.17 +0.13
20.02 3132 L SC 161 28.33+0.16
24.92 312.9 L SC 124 27.14 + 0.09
1.00 3335 L G 967 62.48 + 0.33
1.99 3335 L G 950 59.93 + 0.40
2.99 3335 L G 931 56.03 + 0.26
3.99 3335 L G 910 5242+ 0.25
5.00 3335 L G 887 49.49 + 0.22
6.00 3335 L G 861 46.28 £ 0.15
7.01 3335 L G 831 43.36 + 0.12
8.01 3335 L SC 796 40.49 + 0.08
8.99 3335 L SC 752 37.76 £ 0.18
10.00 333.6 L SC 700 32.05+ 0.27
10.57 333.6 L SC 662 31.23+0.24
15.01 3335 L SC 388 30.47 £ 0.15
20.00 3335 L SC 270 29.07 + 0.07
25.00 3335 L SC 208 27.44 + 0.17
30.00 3335 L SC 167 26.91 + 0.12
40.00 3335 L SC 111 2481+ 0.11
50.00 3335 L SC 71 2297+ 0.16
60.00 3335 L SC 41 19.72 + 0.03
1.00 3433 L G 962 61.28 + 0.53
2.00 3433 L G 946 57.00 £ 0.27
3.00 343.3 L G 928 55.58 + 0.38
4.00 3433 L G 908 5155+ 0.17
5.00 343.3 L G 887 48.50 + 0.20
6.00 3433 L G 864 45.36 + 0.23
7.05 3433 L G 837 4249 + 0.18
8.03 343.3 L SC 808 39.83+ 0.30
9.02 3433 L SC 774 37.46 + 0.17
10.03 3433 L SC 735 35.38 £ 0.25
11.04 343.3 L SC 687 33.97+0.16
12.05 3433 L SC 637 32.75+0.19
15.09 343.3 L SC 476 30.31+0.15
20.20 3433 L SC 324 28.36 £ 0.12
25.25 3433 L SC 249 27.46 + 0.08
35.28 343.3 L SC 165 2552+ 0.12
41.32 3433 L SC 132 2441+ 0.14
1.00 374.3 L G 944 56.20 + 0.50
2.00 3743 L G 929 53.44 + 0.40
3.00 374.3 L G 913 51.23+ 0.25
4.00 374.3 L G 897 48.76 + 0.08
5.00 3743 L G 880 46.53 + 0.09
6.00 374.3 L G 861 44.64 + 0.13
9.00 3743 L SC 799 39.67 £ 0.04
10.00 374.3 L SC 775 38.05+ 0.25
11.00 374.3 L SC 750 36.64 + 0.16
12.00 3743 L SC 723 35.05+ 0.37
13.00 374.3 L SC 695 33.81+ 050
14.00 374.3 L SC 666 32.81+0.32
15.00 374.3 L SC 636 3222+ 037
16.00 374.3 L SC 605 31.21+0.39
17.00 374.3 L SC 575 3045+ 0.23
18.00 374.3 L SC 546 29.92 + 0.26
19.00 374.3 L SC 517 29.27+0.34
20.00 374.3 L SC 491 29.13+ 0.17
30.00 374.3 L SC 314 2527+ 0.13
40.00 3743 L SC 227 24.04 + 0.10
49.99 374.3 L SC 164 2225+ 011
60.05 374.3 L SC 121 21.23+ 0.04

2The errors correspond to the standard deviation of the interfacial
tension data, calculated for all frames recorded between the fifth and
tenth minutes after the creation of each drop, for four consecutive drops
at each state point. The density difference used for the determination of
the interfacial tension at each state point corresponds to that between the
pure compounds of H,O (1) and CO, (2) with their respective phase
states indicated as G = gaseous, L = liquid, or SC = supercritical.

p/MPa

Figure 4. Interfacial tension measurements of the (H,O + CO,) system as
afunction of pressure at different isotherms: A, at 297.9 K; @, at 312.9 K;
@, at 3335 K; %, at 343.3 K; and W, at 373.3 K.

Table 3. Fitting Parameters of the Interfacial Tension Results for
the (Hzo + COz) %lgefna

dual linear correlation
p=p p=p
TIK ag bl o 10? AaaD p|/M Pa & bl o 10? Aaap

297.9 71.842 6.266 1.0784 1.63 6.548 33.171 0.360 0.3100 0.46
312.9 65.928 4.227 1.6670 2.77 8.169 33.537 0.262 0.3776  0.74
333.5 65.963 3.266 0.6732 1.17 10.641 33.595 0.224 0.4289 1.22

multiple multiplicative model (eq 5)
TIK a bz C d o 107 AAAD

3433 24100 0022 61.283 —1996  0.6073 113
3743 19.056  0.037  57.258 —1452  0.3150 0.72

2 pi values correspond to the intersection pressure of the two lines for
each isotherm in the dua linear fitting. The absolute average deviation
and the standard error were calculated by Aaap = XN4|(yi — y)/(y)IN
and o> = X(yi — v1)?%({ — n), respectively, where y; is the measured
interfacial tension at each state point, y¢ is the corresponding fitted
interfacial tension, ¥ is the average measured interfacial tension, j is the
number of state points, and n is the number of fitting parameters.
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Figure 5. Difference of interfacial tension measurements of the (H,O +
CO,) system from the fitting equations as a function of pressure at different
isotherms. Error bars correspond to the combined standard uncertainty of
pressure and temperature readings with a coverage factor k = 2: A, at 297.9
K; ® a 3129 K; #, at 3335K; %, at 343.3K; and W, at 373.3 K.

MMF model are given in Table 3. The deviation of the data
from these correlation curves is shown in Figure 5. The
maximum absolute relative deviation is 5.0 %, and the average
absolute relative deviation is 1.2 %.

The interfacial tension shows a small positive dependence
on temperature at pressures above 15 MPa, while at lower



Journal of Chemical & Engineering Data, Vol. 55, No. 10, 2010 4173

[} 5 10 15 20 25 30
p/MPa

Figure 6. Interfacia tension of the (H,O + CO,) system as a function of
pressure compared to literature values: present work, A, at 297.9 K; Jho et
a.® O, at 298.16 K; Massoudi and King,?” O, at 298.15 K; Chun and
Wilkinson,*® O, at 298.15 K; Wesch et al.,*° 0, at 298.00 K; Hebach et
a.?° O, at 298.30 K; Park et a., > A, at 298.15 K; Chalbaud et al.,*° A,
at 300.15 K; and Bachu and Bennion,?® x, at 298.15 K. For Jho et al.,*°
Wesch et al.,*® and Chalbaud et al.*® the data points were inferred from
graphs.

pressures, an increase in temperature has the opposite effect,
reducing the interfacial tension. A crossover between the
isotherms is observed at a pressure of approximately 4 MPa,
where the interfacial tension shows the smallest sensitivity to
temperature.

The uncertainty of the interfacial tension associated with the
uncertainties in pressure and temperature is given by (from
Taylor et a.%)

w0 = (5] e + (3] v ©

where U is the combined standard uncertainty, u(p) = 5-10“p
isthe uncertainty in pressure, and u(T) = 0.1 K isthe uncertainty
in temperature.

The average interfacial tension values reported were obtained
from all of the frames recorded between the fifth and the tenth
minutes after creating the drop, for four consecutive drops at
each state point. The results for individual isotherms are shown
in Figures 6 to 10 in comparison with data from other authors.
The density difference between the two phases was assumed to
be that between the pure compounds at each state point, and
density values were obtained from models given in the National
Institute of Standards and Technology Chemistry Webbook.3*

The standard errors of the interfacial tension reported were
obtained from the average values calculated from al drop frames
under consideration. Approximately 200 drop frames were used
to evaluate the interfacial tension at each state point. The number
of measurements is substantial, the standard error of which
includes additional experimental errors such as the effect of
vibrations and errors associated with the DSA as well as the
reproducibility of the measurement. The average relative
standard error of all measurements is 0.5 % and reaches a
maximum of 1.5 % at 373.3 K and 13 MPa. This statistical
standard error overlaps to some extent with the uncertaintiesin
p and T. The combined standard uncertainty u, associated with
u(p) and u(T) with a coverage factor k = 2 (confidence greater
than 95 %) as calculated with eq 6, has an average relative value
of 0.4 % and reaches a maximum of 1.5 % at 312.9 K and 3
MPa.

The values of interfacial tension obtained from DSA are
linearly dependent on the density difference of the two fluids.
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Figure 7. Interfacia tension of the (H,O + CO,) system as a function of
pressure compared to literature values: present work, @, at 312.9 K; Hough
et a.* +, at 311.15 K; Chun and Wilkinson,'® O, at 311.20 K; Wesch
etal.* o, at 313.00 K; daRochaet a.,*” x, at 311.15 K; Hebach et al.,°
O, at 3184 K; Tewes et d.,*° ©, at 313.15K; Park et a.,® A, at 311.15
K; Akutsu et al.,>* v, at 318.15 K; Sutjiadi-Sia et a.,*° @, at 313 K; and
Bachu and Bennion,?® %, at 314.15 K. For Wesch et a.,*° Tewes et a.,*®
and Sutjiadi-Siaet a.* the data points were inferred from graphs. For Hough
et al.** and da Rocha et a.*” the data were taken from Park et a3
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Figure 8. Interfacia tension of the (H,O + CO,) system as a function of
pressure compared to literature values: present work, @, at 333.5 K; Wesch
et a.,° o, at 333.00 K; Hebach et al.,?° ©, at 333.2 K; and Bachu and
Bennion,? %, at 333.15 K. For Wesch et al.*° the data points were inferred
from graphs.

The values of density difference used for the calculation of the
interfacial tension are given in Table 2, alowing for future
corrections. If measurements or models reveal that the density
difference is significantly different from the values used, then
the values of interfacial tension reported here may be corrected
by multiplying with theratio of the new density difference over
the one used in the present work. Simultaneous density and
interfacial tension measurements at elevated pressures and
temperatures, however, increases the complexity of a pendant
drop apparatus and introduces further measuring uncertainties
(see Chiquet et a.?® and Bachu and Bennion?).

Discussion

The dependence of interfacial tension upon pressure can
readily be linked to the isothermal compressibility, 3, of the
two phases. In fact, for the three isotherms where the interfacial
tension was fitted using two linear regions for low and high
pressure, the intersection points of the fitting lines coincide with
the pressures at which the compressibility of pure CO, reaches
alocal maximum, B, for each particular temperature. For T
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Figure 9. Interfacia tension of the (H,O + CO,) system as a function of
pressure compared to literature values: present work, %, at 343.3 K; Hough
et al.* +, at 344.15 K; Chun and Wilkinson,*® O, at 344.20 K; da Rocha
eta.,' x, at 344.15 K; Park et a.,® A, at 344.15 K; Chiquet et a.,> ¥,
at 343 K; and Chalbaud et al.,* A, at 344.15 K. For Hough et a.** and da
Rocha et a.'” the data were taken from Park et al.>
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Figure 10. Interfacial tension of the (H,O + CO,) system as a function of
pressure compared to literature values: present work, B, at 373.3 K; Chiquet
et a.?® ¥, at 383 K; Chalbaud et a.,*° A, at 373.15 K; and Bachu and
Bennion,® x, at 373.15 K. For Chalbaud et a.*° the data points were inferred
from graphs.

= 2979 K, Bmx = 0.75 MPa! a p = 6.4 MPa which
corresponds to the phase change of CO, from gas to liquid.>*
Thetwo fitting lines on thisisotherm intersect at a same pressure
(see Table 3). For T = 3129 K and T = 333.5 K the local
maximum compressibility is (0.71 and 0.21) MPa ™! at ap-
proximately p = 8.75 MPa and p = 10.4 MPa, respectively,
which is also very close to the intersection values of the two
fitting lines. The compressibility of CO, has a direct influence
on the free energy density and therefore upon the interfacial
tension of the binary system in which, by comparison, H,O is
virtually incompressible.” The influence of the free energy
density of the two phases as well as information on different
modeling approaches of interfacial properties can be found in
the literature,>33¢

The interfacial tension values of the present work are in
reasonable agreement with the values reported by Chiquet
et al.,>> Massoudi and King,?” and Hebach et al.?° but extend
the available data to higher pressures. The scatter of published
values and differences from the current values (see Figures 6
to 10) are mainly in the range of higher densities of the CO,-
rich phase. For the gaseous states of CO,, better agreement with
the literature values is seen than with values for the liquid or
supercritical states of CO, (see Table 1). Although these
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Figure 11. Concentration distribution of CO, in a H,O spherica drop of
R =02cmatt=1st=10s t=100s t=300s andt= 600 s.

discrepancies have been attributed in the literature to different
approaches in the two-phase equilibration and in the density
difference determination, we attribute them to surfactant effects.
Surface active impurities are unavoidably present in any high-
pressure apparatus’ and can decrease interfacial tension values,
especialy at conditions of higher CO,-rich phase densities, as
for the liquid or supercritical regions. In fact, Park et a.,?® Tewes
and Boury,’® Akutsu et a.** and da Rocha et al.'” have
measured the influence of surfactants on the interfacial tension
of the (H,O + CO,) system. Surfactant migration to the H,O
drop could also explain the long-term “aging” effects expected
for the system as suggested by Hebach et al.?° The time scales,
as well as the conditions where the major disagreements in
literature values appear, point to this possible explanation.

The initial time dependence of the interfacial tension in the
first few minutes, following the creation of a drop, has been
associated with the time required to reach phase equilibrium
with the surrounding fluid. Assuming that this process is
controlled by diffusion within the drop, the time required to
attain equilibrium may be estimated by solving the differential
equation describing one-dimensional diffusion of a solute into
a spherical liquid drop given by

u(r,t) _ ,20ur,1) L o%u(r, b
ot I:)r ar D or? 0

where u(r, t) = C/C* is the reduced concentration of the fluid
in the liquid with C* the solubility at each state point, r = RIR*
is the reduced radial variable with R* the radius of the drop,
and D* = D/R? is the reduced diffusion coefficient. The
analytical solution for the differential eq 7, subject to boundary
and initial conditions u(1, t) = 1, u(0, t) = finite, and u(r, 0) =
m(r), is

_ 21— mr) v 1
u(r,t)y =1+ fn;@ cos(nr) x

exp(—n*7°D*t) sin(nar)  (8)

where m(r) is a spatia function giving the initial concentration of
the fluid in the drop. Assuming the initial concentration profile to
be m(r) = 0, the diffusion coefficient of CO, in H,0®to be D =
3-10° m?-s %, and a drop radius R* = 2 mm (a representative
size of H,O pendant dropsin CO,), the reduced diffusion coefficient
is D* = 7.5-10* s L. The solution is shown in Figure 11, for
spatia concentration distributions of CO, in the H,O spherical drop,
at different times between (1 and 600) s. Under this numerica
validation, it is observed that the concentration of CO, reaches
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approximate equilibrium within 300 s, while after 600 s it is
virtualy uniform. Effects from saturation processes at such length
scales must, therefore, be associated with a hundreds of seconds
order of magnitude and not grester.

Conclusions

Interfacia tension measurements have been made for the (H,O
+ CO,) system on five isotherms from T=297.9K to T = 374.3
K a pressures up to p = 60 MPa. The data have been fitted as a
function of pressure by correlating equations for each isotherm with
a maximum absolute relative deviation of 5.0 % and an average
absolute relative deviation of 1.2 % (see Figure 5). The relative
standard errors reported are in most cases less than 1.0 %. These
were derived from alarge number of experimental vaues collected
for each state point. Good agreement with previous literature val ues
was seen under conditions where CO; is a gas, while a higher
bulk densities most previous data showed significant disagreement
and were usudly smaller than the ones reported in this work.
Possible reasons for these discrepancies have been suggested.
Measurements of interfacial tension for the (H,O + CO,) system
at conditions relevant to EOR and carbon storage have been
completed as a first step toward more redistic modeling of such
processes.
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