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Figure 14. Porosity results from low-pressure nitrogen adsorption (LPNA), mercury injection capillary
pressure (MICP), and NMR-Sat methods. LPNA pore volume values are in cm3/g, and MICP and NMR
values are porosity in percentage.

Similarly, threshold pressure shows distinctive values in these two groups. The group one
threshold pressures are in the range of 6700-8350 psi and the group two threshold pressure range is
412-1900 psi, which is significantly lower than group one (Table 4). The threshold pressure is reduced
in all five samples. However, the decrease is significant in the case of samples H2, where it is decreased
from 6310 psi to 1736 psi.

When the buoyancy pressure, due to an accumulated CO, plume, dominates the capillary pressure
of caprock, the plume intrudes into the pore throats, and the occurrence of capillary leakage is inevitable
in the caprock. The capillary pressure of the CO,-brine can be equated to the buoyancy pressure of the
injected CO; column [38]. Here, the experimental investigation of capillary pressure was conducted,
and the result was used to calculate the height of the CO; column. Mercury injection capillary pressure
(MICP) indicated a reduction in the capillary pressure and the calculated maximum column heights
of CO,.

There is a slight positive relationship between MICP porosity and the average pore diameter.
However, a strong relationship exists between MICP porosity and peak pore throat diameter and
threshold pressure (Figure 15). The general trend follows the expected relationship between these three
parameters. Smaller porosities and peak pore diameter (group one) correspond to higher threshold
pressure and vice versa (group two).

These two groups are distinctive in their content of kaolinite clays. Group one, compromising
samples H1 and H2, with high kaolinite content, records a high threshold pressure due to low pore
throat diameter. The second group of samples, H5, H9, and H13, with lower kaolinite content,
has a lower entry pressure and more diverse range of pore throat diameters.

The total area of pores is estimated from both the LPNA and MICP methods. Ten samples were
tested with LPNA before and after exposure. However, only five of them were measured with the
MICP method (H1, H2, H5, H9, and H13). The LPNA surface area shows slight changes in most
samples (Figure 16). A slight positive change is observed in samples H1, H2, H5, H8, H9 and a slight
negative change in sample H10. However, in samples H5 and H15, the total pore area is decreased
significantly, and, in the case of sample H13, it is increased significantly. The MICP total pore area
shows more dramatic changes. The total pore area is decreased in samples H1, H2, and H5 and is
increased in samples H9 and H13. In the case of sample H2, the reduction is very significant (=77%).
MICP confirms the LPNA total pore area results in terms of the direction of change in samples H9
and H13 where both methods show an enhancement in total surface area. However, the slight LPNA
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pore area increase in samples H1, H2, and H5 contradicts the MICP significant decrease after exposure
to scCO;.
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Figure 15. Pore throat diameter versus (a) threshold pressure and (b) MICP porosity.

The BET surface areas were found to be 23.9-70.6 m?/g (Table 2). There was a direct relationship
found between the BET surface area and the occurrence of Illite/mica (Figure 17). Group one of
samples has a lower percentage of Illite/mica clays but higher kaolinite percentages compared with
group two of the samples. The second group of samples with a higher kaolinite content has higher
threshold pressure due to its low pore throat diameter and lower porosities (Figures 15 and 17).
Furthermore, the presence of kaolinite influences the NMR response (Figure 17). As the kaolinite
content increases, the T relaxation time peak tends to decrease, with corresponding smaller pore sizes
or a restricted environment.

The high presence of total clay (mostly kaolinite) could cause the blocking of the pore throats
and could give access to the neighbouring larger pores during the saturation process, leading to
lower T, amplitude values. The long T in group two of the samples is an indication of macropores,
and potentially new cracks induced by artificial saturation under pressure and brine reactivity with
shales, during the sample recovery and preparation steps.

There is no strong relationship between the LPNA average pore width and either total pore area
or total pore volume (Figure 18). Average pore width shows a strong relationship with fractions of
micro-, meso-, and macropores. Before and after exposure samples show a decrease in micropore
percentage and an increase in mesopore and macropore percentage with increasing pore diameter
(Figures 19 and 20). Based on [IUPAC pore classification, LPNA pore volume showed a pore range from
65.3% to 86.2% mesopores, 6.1% to 33.7% micropores, and a small portion of 0.5% to 8% macropores.
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MICP (green).

o N ®
© © o
0
o

o
=}
%
o

BET Surface Area (m?/g)
8

BET Surface Area (m?/g)
B
o

30 30

20 20

10 10

0 0

10 20 30 40 50 0 10 20 30 40 50
lllite/mica (%) Kaolinite (%)
@ Before @ After @ Before @ After
(a) (b)

25 25
. 20 ° . 20 °
215 215
@ ]
<4 o
<] S
a a
210 LN ® 3 210 o
= =
= =

5 . 5 ]

0 - 0 - -

10 20 30 40 10 20 30 40 50
lllite/mica (%) Kaolinite (%)

(0) (d)

Figure 17. Cont.

499



Energies 2020, 13, 149

160
140
120
Z 1.00
% 080
QJ
>, 0.60
0.40
0.20

0.00

10 20

30
lllite/mica (%)

@ Before-Dry @ Before_Sat ® 4M_Dry

4M_Sat @9M_Dry @9M_Sat

(e)

1.60
1.40
1.20
1.00
0.80

peak (ms)

~ 0.60
fia

0.40

0.20

0.00

10 20 30

Kaolinite(%)

40

40 50

@ Before-Dry @ Before_Sat ® 4M_Dry

4M_Sat ®9M_Dry @9M_Sat

)

Figure 17. Influence of Illite/mica and kaolinite on various parameters. (a) BET Surface Area vs.
Illite/mica (b) BET Surface Area vs. kaolinite (c¢) MICP porosity vs. Illite/mica (d) MICP porosity vs.
kaolinite (e) T, peak vs. Illite/mica (f) T, peak vs. kaolinite.

@ Pre Exposed @ Post Exposed

30.00

25.00

20.00

15.00

10.00

Total Area in Pores (m?/g)

5.00
2.00

4.00

6.00

Average pore width (nm)

@)

Figure 18. Relationship between average
(b) from LPNA measurements.

@ Pre Exposed @ Post Exposed

7.00
6.00
5.00
4.00
3.00

2.00

1.00

Total Pore Volume (cm3/g)

0.00
2.00

6.00

8.00 4.00 8.00

Average pore width (nm)

(b)

pore width versus total pore area (a), and total pore volume

500



Energies 2020, 13, 149

40%
35%
30%
25%
20%

15%

Micropores (%)

10%

5%

0%
2.00 4.00 6.00 8.00

Average pore width (nm)

Figure 19. Relationship between average pore width vs the percentage of micropores.

95% 9%
90% 8% e
7% :
. 85% ® -
S X 6%
v 80% Q 5y
S 2
Q
S 75% 2 4%
(2] o (©
3%
Z 0% | e ="
[ 2%
)
65% 1%
60% 0%
2.00 4.00 6.00 8.00 2.00 4.00 6.00 8.00
Average pore width (nm) Average pore width (nm)

(@) (b)
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PSD Comparisons

The LPNA results show different changes in the sample PSD. After nine months of exposure, an
increase was observed in the pore volume of micropores and mesopores smaller than about 8§ nm in
samples H1, H2, and H4. Sample H4 is different in this matter to the other two samples in that the
pore volume of micropore range was decreased (Figure 7). However, the pore volume of pores larger
than about 8 nm is decreased in samples H1, H2, and H4. In samples H5, H8, H9, and H13, the pore
volume is increased across all pore size range. Samples H10, H14, and H15 follow a deferent pattern.
Their pore volume is increased in pore sizes smaller than about 20 nm and is decreased bellow this
turning point. Their after-exposure isotherms are lower than the before-exposure isotherms.

The MICP results are two-fold too. MICP shows a decrease in the porosity of samples H1 and H2
and an increase in samples H5, H9, and H13. Although H5 porosity increased, which puts it in the
second group, its total pore volume is decreased from 10.26 m?/g to 6.35 m?/g (Table 4). The MICP PSD
did not include the micropore range as the LPNA did. MICP advocates substantial pore volume in
the meso- and macropores range. Samples H1 and H2 obtained from MICP analysis have the largest
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mesopore volume and the lowest macropore volume. The slight inconsistency between MICP and
LPNA is because MICP only quantifies pore throat sizes and not the pore bodies, whereas LPNA
quantifies both of them [57].

The grouping mentioned above is also obvious in the MICP pore size distribution curves (Figure 10).
Samples H1 and H2 with the most uniform pore size distributions have the largest proportion of
their pores in narrow pore sizes (peak at about 10 nm) which is reduced after exposure. A dual
behaviour is observed in the pore volume distribution of samples H5, H9, and H13. The pore sizes are
reduced below around 200 nm and enhanced above this point. PSD analysis using the NMR and MICP
methods gives similar results, with pore distribution made of meso- and macropores. The pressure
injection of mercury in the MICP method is not enough to override the strong capillary pressure of
pores <2 nm and some of the nanopore signal associated with micro-porosity is not detectable by
low-field NMR [57]. The same trend is also observed in the NMR results (Figure 3). The NMR pore
size distribution of samples H1 and H2 are in the smaller pore size range and show a lower porosity
than other samples (H5, H8, H9, H13).

6. Conclusions

Four laboratory techniques (MICP, LPNA, low-field NMR, and XRD) have been utilised to assess
the alteration of petrophysical and chemical properties of shale caprocks under the influence of
supercritical CO,. The following conclusions can be reached about the effect of supercritical CO, on
the shale samples in this study.

The experimental study of shaly caprock samples under in situ reservoir conditions (T = 60 °C,
P = 2000 psi) has shown that the injection of scCO, into saline formation water of deep saline aquifers
influences their chemical character and their sealing efficiency. Reactions of the mixture of scCO,
and brine are documented by changes in mineral composition of exposed samples relative to the
initial samples confirmed by XRD examinations. The injection of scCO; into the brine resulted in the
dissolution of quartz, aluminosilicates such as K-feldspar and clay minerals such as kaolinite and the
precipitation of muscovite (Illite).

The dissolution and reprecipitation of minerals are responsible for the changes in the pore
structure properties of the samples. The results of this study indicate that chemical/mineralogical
alterations of the shale samples, after exposure to scCO,, have measurable effects on the porosity,
and sealing properties of shales, with a tendency to enhance the transport properties. An increase in
the porosity of most samples is observed in the NMR, MICP, LPNA results because of the mineralogical
alterations. A noticeable increase in the T, relaxation time is observed in the samples exposed to
scCO,. MICP capillary pressure also shows a distinct shift toward smaller values after exposure to
scCO,. This agrees with a general shift toward larger pore throat sizes in the MICP PSD curves of
the samples analysed. Also, the calculated maximum column height of CO, retention is reduced for
samples exposed to scCO; as a result of the reduction of the threshold pressure.

Samples are grouped based on the clay content and pore sizes. The higher kaolinite contents
which are present in samples H1 (43.06%) and H2 (38.39%) along with lower pore size ranges
would contribute to their anomalous behaviour in terms of petrophysical alterations. Shale samples
with higher kaolinite and lower quartz contents demonstrated uniform but poorly connected pores,
with most pore sizes in the smaller pore size range. Their porosity was reduced after exposure to
CO; when the smaller pores were decreased. By contrast, for shale samples of lower kaolinite and
higher quartz contents (H5, H9, and H13) with unevenly distributed but well-connected pores, the
porosity was enhanced. The overall larger pore size allowed CO; to penetrate more easily and to
interact with pores” minerals. The dissolution in connected larger pores could play a major role in
porosity enhancement in these samples.

A shale composition such as group one studied here is considered geochemically suitable caprock
for CO, geological storage, as it contains clay minerals and matrix permeability is close to zero.
Matrix solution transport would not be significant, and dissolution could not lead to increased
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porosity and permeability. In other words, seal integrity is maintained in such a case. Even when
the petrophysical properties are enhanced, substantial leakage problems are unlikely through the
undisturbed matrix of massive shale sequences [7]. Future works include a geochemical reaction path
modelling of the experiment to further supplement the results of this study for longer periods.
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List of Acronyms

CPMG Carr-Purcell-Meiboom-Gill

DFT Density Functional Theory

HPLC High-performance Liquid Chromatography
14% Incremental Pore Volume

LPNA Low-pressure Nitrogen Adsorption
MICP Mercury Intrusion Porosimetry
NMR Nuclear Magnetic Resonance

PID Proportional-Integral-Derivative
PSD Pore Size distribution

PV Pore Volume

PVT Pressure-Volume-Temperature

SA Surface Area
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