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ABSTRACT

For the assessment of the carbon dioxide (CO,) storage potential of water-filled reservoir rocks (i.e., saline aquifers), it
should be first important step for a thorough understanding of the effect of water content on CO,/water/rock interactions
during CO, injection. The purpose of this study is to examine the CO, sorption amount for Kimachi sandstone and
Berea sandstone at different water content using the manometric method at temperature of 50°C and pressures of up to
20 MPa. Our results document that a significant quantity of CO, was sorbed on the two types of sandstone on all wa-
ter-saturated bases, which corresponded to the amount adsorbed on the air-dry basis. Also, all the wet samples had sig-
nificantly higher sorption capacity than the theoretical values calculated from the solubility model based on dissolution
of CO, in pore water and the pore-filling model, which assumes that the pore volume unoccupied by water is filled with
CO,. Furthermore, the observations indicated a certain degree of correlation between the sorbed amount and the water
content, except at pressures below the critical point for Berea sandstone. This investigation points out that CO, sorption
is a possible mechanism in CO, geological storage even under water-saturated conditions and that the mechanism of
sorption on silica and silicate minerals plays an essential role in the reliable and accurate estimation of the CO, storage
capacity of water-saturated reservoirs.
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1. Introduction and the cost of CO, storage can be reduced by producing
additional oil or methane. However, such gas fields and
coal seams have limited capacity and geographic distri-
bution [2]. In contrast, deep saline aquifers have large
volumes of pore space that may be used to store CO, and
are widely distributed around the world [3]. This entails
the need for accessing and developing deep saline aqui-
fers for several years to come.

It is well known that estimating the CO, storage capac-
ity is very important for screening and assessing suitable
storage sites relevant to CO, geological sequestration.
Currently, the methods used to calculate the CO, storage
capacity of deep saline aquifers suffer from major short-

In recent years, the development and deployment of new
low-carbon technologies have been identified to be nec-
essary for reducing carbon dioxide (CO,) emissions to a
sufficient degree and thus stabilizing the CO, levels in
the atmosphere. Among these methods, the CO, capture
and sequestration (CCS) technology, which entails CO,
capture from large-scale industrial processes, mainly
power generation based on fossil fuels, and injection into
deep geological formations, is considered a potentially
vital tool in achieving this goal. An important benefit of
CCS is its potential for mitigating damage to the atmos-

phere without requiring profound changes to current life-
styles [1]. CO, can be stored in a number of geological
formations, including deep saline aquifers, depleted oil/gas
fields, and unmineable coal seams.

CO; storage in depleted oil/gas fields or coal seams as-
sociated with CO, enhanced oil recovery (CO,-EOR) or
CO, enhanced coalbed methane (CO,-ECBM) technolo-
gies can be implemented, where such opportunities exist,
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comings of low accuracy, high complexity, and inappro-
priate scale. This is because the influence of various
trapping mechanisms that do not operate in isolation but
in complex, interdependent, and time-dependent ways is
neglected in these calculations [4-8]. In fact, global as-
sessment of the CO, storage capacity gives a wide range
of estimates, reflecting the different assumptions used as
well as the uncertainty in the parameters [5].
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Therefore, detailed analysis of the CO, storage capac-
ity essentially requires a thorough understanding of the
COy/water/rock interaction processes in deep saline ag-
uifers. This will be an important step for the precise pre-
diction of the fate of the injected CO,, which is relevant
to the long-term security of CO, storage, and for a reli-
able and accurate estimation of the CO, storage capacity
in deep saline aquifers.

In general, CO, injected into water-filled reservoir
rocks such as aquifers stays in the injection zone for a
geologic time, eventually dissolves in the formation brine,
and remains trapped by carbonate minerals. However,
ideally, a large portion of the injected CO, remains in the
immiscible state [9]. Consequently, within the aquifer,
CO, may predominantly occur in two forms: 1) a CO,-rich
dense phase that may contain some water and 2) an aque-
ous phase in which either CO, dissolves in the formation
water or reacts with the minerals in the rocks [10].

Up to now, hydrothermal autoclave experiments on
CO,-rich dense and aqueous phases have only been con-
ducted by Lin et al. [11] to understand the geochemical
reactions in water-free supercritical CO, (scCO,)/rock
(scCOy/vapor/granite) and scCO,/water/granite reaction
systems at geologically relevant temperatures and pres-
sures that simulate the abovementioned CO,-rich dense
and aqueous phases. They indicated that in the scCO,/
vapor/granite system, the amounts of major elements dis-
solved from the granite are much larger than those found
in the CO,/water/granite system. They further indicated
that calcite precipitates as a secondary mineral from
Ca-rich water containing aqueous carbonate ions buff-
ered by the coexisting scCO, in the vapor/granite system
within a short reaction period. Therefore, these results
demonstrate that dissolution and precipitation reactions
in the CO,/water/rock system are strongly dependent on
the mole fraction of CO, and water in scCO,/water/rock
interaction processes.

Furthermore, CO, sorption experiments carried out on
a variety of rocks and minerals on air-dry and as-received
bases have been reported [12-14], but the effect of water
molecules on the CO, sorption behavior in the pores of
rocks has not been investigated.

The purpose of this study is to measure the CO, sorp-
tion amount of sandstones for different water content at
50°C and pressures of up to 20 MPa using the manomet-
ric method and to provide useful information for assess-
ing the influence of water content on CO, sorption on
silica and silicate minerals.

The experimental temperature and pressure conditions
are chosen for this paper because within geological res-
ervoirs that could potentially be used to store CO,, its
temperature and pressure conditions will lie around 50°C
and pressures up to 20 MPa at a depth of 1 to 2 km.

Copyright © 2012 SciRes.

2. Experimental
2.1. Materials and Preparation

The samples used in this study were Kimachi sandstone
(from Shishido-cho, Shimane, Japan) and Berea sand-
stone (from Ohio, USA), as shown in Figure 1. The bulk
density and porosity of the samples were measured based
on the principle of the Archimedes method [15]. The
results are listed in Table 1. The chemical and mineral
components of Kimachi sandstone and Berea sandstone
have been described in detail by Lie ef al. [16] and Wang
and Nur [17], respectively.

Core test specimens were drilled perpendicular to the
bedding plane by use of a diamond core bit and cut from
each rock block with a diamond saw. The dimensions of
each of the core specimens were about 60 mm in diame-
ter and about 72 mm in length. All the cut samples were
washed with distilled water.

The test specimens for the experiments on air-dry
(water-free) and water-saturated bases were prepared by

(b)

Figure 1. Photographs of test core specimens for (a) Kima-
chi sandstone and (b) Berea sandstone.

Table 1. Rock properties of test specimens.

Kimachi sandstone Berea sandstone
Bulk density (Mg/m®) 1.98 2.08
Porosity (vol%) 23.0 20.4
NR
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the following procedure. For the experiment on the air-
dry basis, core specimens were dried under vacuum in an
oven equipped with a rotary vacuum pump at 105°C for
at least 24 h. On the other hand, the samples for the ex-
periment on the water-saturated basis were placed in a
sealed desiccator containing distilled water and degassed
under vacuum using a rotary pump for approximately 6 h,
so that the pores of the samples were saturated with wa-
ter. Then, these wet samples were preserved by immer-
sion in water overnight.

The water content of the wet samples was determined
from the mass gain resulting from the abovementioned
immersion, by direct measurements at atmospheric pres-
sure. In this paper, “water content” is defined as the vol-
ume fraction of water saturated in the pores of the sample,
which in turn is calculated by the Archimedes principle.

Furthermore, for CO, sorption measurements at differ-
ent water content, after the immersion process, the wet
samples were wrapped with a plastic film (Saran Wrap)
to avoid uneven distribution of water in the pores and
dried again in an oven at 105°C until required for use of
these tests. In this study, the sorption experiments were
performed on twelve samples for Kimachi sandstone and
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posed of a high-CO,-supply system, which allows for
CO, feed by pressuring CO, from the gaseous state to the
supercritical state, and a CO, sorption measurement sys-
tem to expose the test sample to CO, at elevated tem-
peratures and pressures. The sorption measurement sys-
tem consists of a buffer tank and a sorption chamber,
both of which are maintained a constant temperature by
immersion in an air bath (accuracy: +0.1°C) throughout
the experiment, as can be seen in Figure 2. The tem-
perature and pressure readings for the two cells (buffer
tank and sorption chamber) were independently monitored
through a calibrated platinum resistance thermometer with
#0.05°C accuracy and two high-pressure transducers
(max. pressure 25 MPa for Druck: accuracy of 0.08% of
F.S.), respectively. In this study, CO, sorption measure-
ments were performed at 50°C and at pressures of up to
20 MPa. The volumes of the two cells containing fitting
pipe lines were measured using the helium expansion
method.

Table 2. Test conditions of water content for Kimachi sand-
stone and Berea sandstone.

. Kimachi sandstone Berea sandstone
four samples for Berea sandstone at different water con-

L. Water content Water content
tent. The test conditions of water content for each sample Sample number %) Sample number %)
are summarized in Table 2. 1 0 1 0

2 0 2 0
2.2. CO, Sorption Measurements s 0 3 8
L. 2 p 4 28 4 99
. ) 0
The manometric method (i.e., pressure decay method), 2 20
which has been described in detail previously [18], was 7 61
employed. The experimental apparatus (AKICO, Tokyo, 8 79
Japan), shown in Figure 2, has been used successfully for 190 gg
previous measurements on shale, limestone, and marl- 1 87
stone [12,13]. The experimental setup is mainly com- 12 95
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Figure 2. Schematic diagram of the experimental apparatus for CO, sorption measurement system based on the manometric

method.
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The calibrated volumes were approximately 670 cm?
for the buffer tank and approximately 413 cm?® for the
sorption chamber. In addition, the expected uncertainties
in the volumes estimated by replicate runs were found to
yield deviations of <2.0% and 1.3% in the mean volumes
of the buffer tank and sorption chamber, respectively.

2.3. Experimental Procedure

The samples, which were prepared as explained in Section
2.1, were placed in the sorption chamber. After the tem-
perature of the air bath was allowed to reach the desired
level overnight, the samples were degassed by evacuating
the two cells under vacuum by using a rotary pump for
the experiment on the air-dry basis. In experiment under
water-saturated conditions, however, the cells were purg-
ed with CO, gas at low pressures (less than 1 MPa) in
several cycles to prevent evaporation of water from the
pores of the samples.

CO, was transferred to the heating line by passing it
through the cooling line and a high-pressure pump from a
gas cylinder and then expanded into the buffer tank at the
desired pressure through valve 1. During this period, the
total number of moles of CO, in the buffer tank is de-
fined as the product of the buffer tank volume and the
density of CO,, which can be calculated using the equa-
tion of state proposed by Span and Wagner [19].

Some CO, was then transferred to the void volume in
the sample chamber (the volume unoccupied by the sam-
ples) from the buffer tank via valve 2. The number of
moles of CO, transferred was calculated from the initial
and final pressures in the buffer tank. The pressure in the
sorption chamber then decayed because of the sorption of
CO; in the sample. Once equilibrium was reached, the
amount of CO, sorbed could be calculated by the mass
balance in the two cells. These steps were repeated at
sequentially higher pressures to yield a complete sorption
isotherm. The CO, sorption amount, determined by con-
sidering the dissolution of CO, into the pore water of the
sample, can provide the storage capacity, which is calcu-
lated using the following equation:

[{Pb (Pi'T)_pb (PflT)}'Vb —Ps (P/"T)'VWMJ
—n
Mco2 !
@
where p, (P,T), p, (P.T) are the density of CO; in the
buffer tank and the sorption chamber, respectively, at
pressure P and temperature T, V, is the volume of the
buffer tank, and 7,,;, is the void volume, which is the
difference between the sample volume and the calibrated
volume of the sorption chamber determined using the
helium expansion method. M, is the molecular mass
of CO,. i, frepresent initial and final stages, respectively.
n,, is the number of moles of CO,, which is determined

ex
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by assuming that CO, dissolved completely in the entire
pore water of the sample (the “solubility model”) and is
given as:

nw = I/r '¢r .pw ' ZCOZ MC02 (2)

here, V,, ¢ are the volume and porosity of the sample,
respectively. py, is the density of pore water in the liquid
state (1000 kg/m°). o, is the CO, solubility in dis-
tilled water, and the dissolution amount of CO; is calcu-
lated using the literature data reported by Wiebe and
Gaddy [20].

In this study, we attempt to compare the calculated
sorbed amount determined using Equation (1) with the
theoretical values based on two models: the solubility
model and the pore-filling model. In the latter model, the
CO, storage capacity of the rock mass, n,, is assumed to
be equal to the amount of CO, required for filling the
entire pore volume of the sample and is given as:

n,=V. o, " Peo, ‘(1_Sw)/Mcoz 3

where  p.,, , S, are the density of CO, and the degree of
water saturation of the sample, respectively.

3. Results and Discussion

The CO, sorption amount was measured for Kimachi
sandstone at 50°C and at pressures of up to 20 MPa. Fig-
ure 3 shows the CO, sorption isotherms on water-satu-
rated and air-dry (water-free) bases for Kimachi sand-
stone (Figure 3(a)) and Berea sandstone (Figure 3(b)).

All the rock samples tested on the water-saturated ba-
sis were found to have significant sorption capacity, simi-
lar to the samples tested on the air-dry basis by Busch et al.
[12] and Fujii et al. [14].

Excess CO, sorption isotherm data for Kimachi sand-
stone obtained from these experiments indicated that at
pressures below the critical point (31°C, 7.4 MPa), the CO,
sorption capacities of the wet samples were lower than
those of the dry samples. At pressures above the critical
point, the wet samples showed sorption capacities compara-
ble to or higher than those in the case of the air-dry basis.

At low pressures, the wet samples of Berea sandstone
exhibited sorption capacity comparable to that of the dry
samples. In the supercritical region, the sorbed amount
showed a trend similar to that observed for Kimachi
sandstone and was in good agreement with the literature
data for shale and kaolinite [12]. It should be noted that
except in the low pressure region for Kimachi sandstone,
this behavior is unexpected because water and CO, are
believed to compete for the same sorption sites.

As can be seen in Figure 3, the data for both Kimachi
sandstone and Berea sandstone indicated that the sorbed
amount increased sharply with increasing CO, pressure
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Figure 3. Gravimetric CO, excess sorption uptake for Ki-
machi sandstone and Berea sandstone on air-dry and water-
saturated bases at 50°C.

beyond the critical point and began to level off after ap-
proximately 12 MPa. The observed increase sharply in ex-
cess sorption might be due to the bulk density and pres-
sure dependence for CO; in the vicinity of the critical
temperature [21]. In fact, our observation seemed to be
consistent with the previously reported variation in the
CO; bulk density with the CO, pressure [19].

All the test samples showed an increasing trend in the
excess sorption at pressures above 12 MPa.

In general, for coal [22-24], shale [12], and limestone
[13], the high-pressure CO, sorption isotherm data ob-
tained using the manometric method indicates that the
sorbed amount begins to decrease after approximately 10
MPa. This is in contrast to the data obtained in our ex-
periment. Krooss et al. [22] stated that at pressures above
10 MPa, the CO, sorption amount decreases because the
difference in the CO, density between the bulk and
sorbed phases becomes smaller owing to a steep increase
in the CO, bulk density with pressure in the vicinity of
the critical temperature. In this case, hence, the excess
sorption evaluated after neglecting the sorbed phase vol-
ume is no longer justified. The sorbed phase density has
mostly been predicted by fitting the sorption isotherm
data calculated from some equation of states [25,26] and
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has been assumed to be almost equal to the liquid density
at the triple point of CO, [23]. However, no direct evalua-
tion of the density of the sorbed CO, phase has been con-
ducted so far.

Moreover, the observed increasing trend in the sorption
at high pressures was consistent with the literature data for
the sorption isotherm of Berea sandstone determined us-
ing the gravimetric method under the same temperature
and pressure conditions [21]. Thus, factors such as equip-
ment (manometric, volumetric, and gravimetric), sample
size, and apparatus dimensions do not explain the major
difference between our experimental data and these lit-
erature data reported by aforementioned researchers.

From the above information and our experimental data,
it is suggested that the two sandstone samples may have
higher density of the sorbed CO, phase than do coal,
shale, and limestone, but the reason for this is unclear
and requires further investigation.

Comparison of the sorption amount obtained from this
study with the two theoretical values based on the solu-
bility and pore-filling models calculated from Equations
(2) and (3) are shown for Kimachi sandstone, which has
approximately 95% water content, in Figure 4(a) and for
Berea sandstone, which has approximately 99% water
content, in Figure 4(b).
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Figure 4. Comparison of CO, excess sorption data on the
wet samples for Kimachi sandstone and Berea sandstone
with theoretical values calculated from the solubility and
pore-filling models.
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As shown in Figure 4, the wet samples have signifi-
cantly larger sorption capacity than the two theoretical
values in the given pressure region. It should be noted
that CO, sorption might have an impact on the dissolu-
tion and pore-filling effects in CO, storage processes and
contribute significantly to the storage capacity in a rock
mass. The CO, sorption amounts for both the sandstone
types have been plotted as functions of the water content
at 3 MPa in Figure 5(a) and at 18 MPa in Figure 5(b).
At the lower pressure of 3 MPa, the sorbed amount of
Kimachi sandstone decreased rapidly with increasing
water content and reached approximately 0.2 mmol/g
when the water content exceeded 40% and 50%, whereas
for Berea sandstone, there was no significant change in
the sorbed amount with the water content. The aforemen-
tioned difference may be attributed to several factors
(mineral component, pore distribution, and pore struc-
ture), but detailed analysis is still underway. In contrast,
at the higher pressure of 18 MPa, the sorbed amount for
both types of sandstone showed a more or less increasing
trend with an increase in the water content.

As can be seen in Figure 5, the experimental data for
both the sandstones varied widely for each water content.
The results of our study demonstrate that drying with ap-
propriate control of the water content plays a major role
and that the sorbed amount reflects unevenly distributed
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Figure 5. Variations in CO, sorption amount as a function
of water content for Kimachi sandstone and Berea sand-
stone (a) at 3 MPa; (b) at 18 MPa.
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pore water as well as variations in the properties of each
type of rock. These observations indicate a certain degree
of correlation between the sorbed amount and the water
content, except for lower sorption amounts in the case of
Berea sandstone. However, a greater number of data points
would be needed to define the dependence of the sorption
capacity on the water content.

Therefore, it can be said with reasonable certainty that
in the supercritical region, the wet samples obtained from
both Kimachi sandstone and Berea sandstone has sig-
nificantly higher CO, sorption capacity than do the dry
samples. Nevertheless, the greatest variation in the sorp-
tion amount could be observed at around 80% water
content for Kimachi sandstone (0.4 mmol/g) and 100%
water content for Berea sandstone (0.5 mmol/g).

A molecular dynamics (MD) simulation study on the
interaction potentials between scCO,/hydroxylated silica
and scCO,/silylated silica was conducted by Qin ez al.
[27]. They reported that the hydroxylated silica surface
confines scCO, more strongly than does the silylated
silica surface. Thus, it was suggested that in the rock
samples tested in this study, the hydroxyl groups on the
silica and silicate surfaces play an essential role in at-
tracting and sorbing CO, molecules during the sorption
process.

As mentioned earlier in this section, at higher pres-
sures of above 12 MPa, the observed comparable and
deviation trends (shown in Figure 3) can be due to a spe-
cific CO,/water/minerals (quartz, feldspars, etc.) interact-
tions in pores of rock. To better understand the interact-
tion of CO, with silica, Tripp and Combes [28] proved
using infrared spectroscopy onto deuterated silica surface
before and after exposing to scCO,. They found that the
intensity of the peak due to water adsorption on the sur-
face hydroxyl groups reduced in the presence of scCO,,
and then, a weak band appeared, which was due to sorp-
tion of CO, on the hydroxyl groups. This indicated that
scCO, fluid extracts the adsorbed water from the silica
surface, resulting in additional isolated hydroxyl groups
associated with the sorption sites of CO, through the ex-
traction process.

In most recent studies [29-31], contact angle meas-
urements have been conducted on CO,-water or brine-
solid substrates (hydrophilic glass, quartz, mica, and cal-
cite) in the gaseous CO,, liquid CO,, and scCO, states.
The results demonstrated that for all the materials, the
CO,/water/solid contact angle increases slightly as the
CO, pressure increases in the gaseous CO, phase and
there is a sudden dip in the contact angle in the liquid
CO, and scCO, phases. Thus, it was concluded that this
difference may cause partial wetting of CO,, indicative
of an improvement in the CO, displacement efficiency
during CO, migration.

Furthermore, to provide a deeper insight into the phase
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distribution and mobilization on the micropore scale,
pore scale wettability studies were conducted by Chal-
baud et al. [32] using a glass micromodel of different
hydrophilicities. They stated that a thin film of water is
formed on the glass beads (solid substrate) in the gaseous
CO, phase, but since the external phase (CO,) becomes
liquid or supercritical CO,, a greater part of such films
was not clearly visible. In addition, this observation
seemed to support the displacement of adsorbed water by
the CO, fluid during the extraction process reported by
Tripp and Combes [28]. Therefore, even if migration of
CO, occurs on the micropore scale, CO, partial wetting
may occur in the pores of the rocks at geological pres-
sures and temperatures.

In light of the abovementioned studies, significant
changes in the sorption isotherms at different water con-
tent may be attributed to the partial wettability of CO; in
the pores of rocks during the extraction process. How-
ever, no obvious trend could explain the divergence of
the isotherm data on water-saturated basis from that on
the air-dry basis at pressures above 12 MPa. More data
pertaining to the mechanism of CO, sorption on silica
and silicate minerals are needed for a better understand-
ing of the findings of this study. Further investigation of
sorption mechanisms is now underway.

4. Conclusions

In order to examine the impact of the water content on
CO, sorption in the pores of rocks, CO, sorption meas-
urements for Kimachi sandstone and Berea sandstone
were performed at 50°C and pressures of up to 20 MPa
for different water content using the manometric method.

All the rock samples showed CO, sorption in their in-
ternal structures on both air-dry and water-saturated bases.
At pressures above 12 MPa, the wet samples of Kimachi
sandstone and Berea sandstone showed CO, sorption
amounts comparable to or higher compared than those of
the dry samples; this trend was in contrast to the lower
CO, sorption isotherm data for Kimachi sandstone. These
observations also indicated that the sorption amount is
somewhat correlated with the water content, except in the
low-pressure region for Berea sandstone.

Furthermore, predictions based on solubility and pore-
filling models suggested that CO, sorption may have a
significant impact on the CO, geological storage mecha-
nisms, in addition to dissolution and pore-filling effects.

The present study indicates that CO, sorption is possi-
ble even when the storage reservoir is filled with water.
Further, the mechanism of sorption on silica and silicate
minerals might play an important role in the reliable and
accurate estimation of the CO, storage capacity of deep
saline aquifers and in the precise prediction of the move-
ment of CO, in host reservoir rocks and seal rocks.
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