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1. Experimental set-up for the in situ neutron scattering experiment

Fig. S1. (a) A view of NIMROD instrument located at Target Station 2; (b) The gas handling apparatus
utilised for the in situ injection of pressurised supercritical CO, into the limestone sample. It is equipped
with a pressure intensifier, a pressure transducer, a relief valve, a turbo pump, gas and vacuum
connections and connected with a high-purity CO, cylinder; (c) The high-pressure TiZr null scattering
alloy sample container with temperature control mounted on a candlestick; (d) The stick is connected to
the gas handling apparatus and to the high-pressure sample container and is inserted in the neutron
beam under vacuum; (e) The chemistry laboratory used for sample preparation; (f) The BRUEHLER
precision cutter used for the appropriate cutting of the core samples.
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Fig. S2. Diagram of the high-pressure TiZr cell used in this study.




2. Structural details of bulk supercritical CO,

Fig. S3a presents the total scattering factors, 5(Q), for the bulk supercritical CO, at two
thermodynamic states SC1 and SC2 (7=393 K and pressures P=120 bar and P=180 bar,
respectively). The structure factor for the bulk liquid CO, is also shown for comparison?! (see
also Table S1). In general, the structure factor at the low-Q region is composed of the
intermolecular part (between the molecules) and the intramolecular part (within the molecule)
at the high-Q regime. In case of bulk supercritical fluid, a strong scattering signal is observed at
the small values of Q (intermolecular part) suggesting clustering of CO, molecules due to large
density fluctuations. This means that the molecules are distributed in such a way that they form
high-density and low-density regions.? At larger Q values, the intermolecular structure peak
(main peak) is clearly visible, depending on the fluid density, d, and represents the most
probable distance between the nearest-neighbour molecules. The main peak for the liquid is
located at about Q=1.80 Al and is shifted to lower values in case of the supercritical fluid due
to the reduced density (Fig. S3b, Table S1). Furthermore, the observed periodic oscillations at
higher Q values arise from the strong intramolecular correlations within the molecule such as C-

O and 0-0 (intramolecular part of the structure factor).
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Fig. S3. The total scattering structure factor S(Q) for (a) bulk supercritical CO, at 393 K and 120 bar (SC1)
and 180 bar (SC2) respectively and for bulk liquid CO, at 230 K and 12 bar; (b) zoomed view of the low-Q
region.



Table S1. Thermodynamic and scattering data for the bulk supercritical and liquid CO.,.

State T(K) P(bar) d(g/em®)?  Qpea (AY)

SC1 393 120 0.21 1.24
SC2 393 180 0.35 1.39
liquid 230 12 1.13 1.80

Fig. S4a illustrates the total differential correlation function, D(r), for the bulk supercritical
(SC1 and SC2) and the bulk liquid CO,, respectively. The two intramolecular peaks are clearly
visible for both liquid and supercritical fluid at about 1.17 A and 2.33 A respectively and they
arise from the C-O (rc.o) and O-O (ro.o) distances within the molecule (obviously ro.o=2rc.0). The
intermolecular part of the correlation function is observed for r values larger than ~2.6 A. In the
case of bulk liquid, the three broad features centered at ~4, ~8 and ~11.6 A correspond
respectively to the first-, second- and third-neighbour interactions (Fig. S4b). In addition a split
of the first-neighbour peak into three structures is also revealed. These structures are
attributed to C-C, C-O or O-O correlations arising from the CO, quadrupole moment.# In the
case of the two supercritical CO, states (SC1 and SC2), however, only the first-neighbour peak is
observed. This result can be explained in terms of the smaller density of the supercritical fluid

compared to the liquid (Table S1) resulting in both reduced short-range order and noise in the

data.
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Fig. S4. The intra- and intermolecular part of differential correlation function D(r) for (a) bulk
supercritical CO, at 393 K and 120 bar (SC1) and 180 bar (SC2) respectively and for bulk liquid CO, at 230
K and 12 bar; (b) zoomed view of the intermolecular region.



3. Structural details of bulk liquid deuterated n-decane (n-Decane-D22)

In general, the scattering curves for the series of liquid n-alcanes are very similar, regardless of
the number of carbon atoms in the chain. In addition, the chains up to 10 carbons remain
essentially straight in the liquid. To the best of our knowledge this is the first total neutron
scattering measurement for n-Decane-D22. Fig. S5a shows the total scattering factor for the
bulk liquid deuterated n-decane at 293 K and 1 atm. The strong main peak arises mainly from
the inter-chain molecular correlations and is located at 1.34 A1 while the following dominant

oscillations are due to the first few shortest intramolecular carbon-carbon correlations.
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Fig. S5. (a) The total scattering structure factor S(Q) and (b) the intra- and intermolecular part of
differential correlation function D(r) for deuterated n-decane at 293 K and 1 atm.

Fig. S5b presents the differential correlation function for the n-Decane-D22. The oscillations
at small distances (up to ~3.5 A) arise from the intramolecular correlations. In particular, the
nearest-neighbour carbon-carbon distance (C1-C2) is 1.59 A while the next-nearest-neighbour
distance (C1-C3) is 2.64 A. In addition, the carbon-deuterium bond (C1-D1) and the carbon
deuterium distance on next carbon (C1-D4) have values 1.08 A and 2.16 A respectively. Finally
the intermolecular peak positions corresponding to first- second- and third-neighbour

correlations are located at r;=5.04 A, r,=10.47 A and r;=14.97 A respectively (see also Table S2).



Table S2. Intramolecular and intermolecular distances (&) for n-Decane-D22 obtained from D(r).

Correlation Description Symbol | Value
Intramolecular | Carbon-deuterium bond, C1-D1, etc. rci-o1 1.08
Intramolecular | Carbon-carbon bond, C1-C2 etc. rei-c2 1.59
Intramolecular | Carbon-deuterium on next carbon, C1-D4 etc. rci-0a 2.16
Intramolecular | Carbon-next but one carbon, C1-C3 etc. rei-cs 2.64
Intermolecular | Position of first-neighbour maximum r 5.04
Intermolecular | Position of second-neighbour maximum ry 10.47
Intermolecular | Position of third-neighbour maximum r3 14.97

4. Pore accessibility to CO, in the limestone
A methodology has been developed for the calculation of accessible and inaccessible pore
volume fraction, without the requirement of the achievement of the fluid contrast-matching

pressure (or zero average contrast, ZAC), according to the following expression:>

1(P)
70 = SP)Cac+ Cin )
p«(P)
sy =[1-——P
where Pm | . I(P) and I(Q) are the scattered intensities at fluid pressure P and at

zero fluid pressure (empty pores) respectively, C,c and C;, are the volume fractions of accessible
and inaccessible pores respectively, ps(P) and p,, are the neutron scattering length densities
(SLDs) of the fluid at a given pressure P and the solid matrix respectively. The gradient and the
intercept of the line derived from Eq.(1) give the volume fractions of accessible and inaccessible
pores at each Q value that corresponds to a definite pore radius (according to the empirical
relation Q~2.5/r). It is then possible to calculate C,. or G, as a function of pore radius. It is worth
mentioning that the above equation has been derived by assuming that: (i) the pore
morphology (i.e. the shape and size) of the accessible and inaccessible pores is similar, and (ii)

there is no significant confinement of the fluid in the pores. In our present study, Eq.(1) cannot



be applied for Q>0.06 A1 (corresponding to pore radii r<41 A) mainly due to the increased CO,
density when confined within the smaller pores.

5. Neutron profiles of dry limestone and limestone loaded with deuterated n-decane

The neutron profile of the limestone specimen with pores filled with decane differs significantly
compared to that of the dry one (with empty pores). The signature of the confined decane
presence is the peak located at Q=1.27 A (Fig. S6). The peak is slightly shifted to a smaller Q
value compared to that of the bulk decane (Q=1.34 A1) (Fig. S5a). The reason of this slight peak
shift is that there is a small decrease in the density of the confined phase because the neutron
measurement took place at 393 K. Another striking difference is that the SANS signal arising
from the limestone sample loaded with decane is reduced compared to that of the dry
limestone (Fig. S6). The reason is that the neutron scattering length density (SLD) of the
limestone (~4.69-106 A-2) is close to that of the deuterated decane (6.42-106 A2) and contrast
matching is nearly fulfilled. This means that the decane presence reduces significantly the
neutron scattering contrast and, thus, the scattered intensity which is proportional to the
square of the contrast. However, the SANS signal is not completely vanished suggesting that the

pores are not fully saturated but partially filled with decane.
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Fig. S6. Neutron scattering curves of dry limestone and limestone filled with n-Decane-D22 at 393 K.
(Note the characteristic peak of n-Decane-D22 at Q=1.27 A‘l). Inset: Zoomed view of the limestone
diffraction pattern.

Finally, the slope of the SANS linear region of the limestone with the pores partially filled
with decane is -2.5 compared to -3.2 for the dry sample with empty pores. Note that the linear
regime from both samples extends along the same Q-range (0.012-0.07 A1) corresponding to a
length scale 36 A - 208 A. According to SANS (or SAXS) theory®7, when the power exponent is
between -3 and -4 the scattering is related to surface fractals (-3 for a fractally rough and -4 for
a smooth surface interface). This suggests that the power law scattering from the dry limestone
sample (-3.2) is characteristic of a very rough pore-solid interface. On the other hand, when the
slope is between -1 and -3 the scattering is directly related to mass fractals, i.e. objects
generated by different growth processes such as cluster-cluster aggregation (aerosols),
diffusion limited aggregation and percolation. In case of pore fractals, the self-similar law is
obeyed by the volume of the pore empty space instead of the mass of a fractal object. It is also
noteworthy that a mass (or pore) fractal with a gradient close to -1 corresponds to a more open
structure while a slope close to -3 suggests a more compact structure. In case of pores filled
with decane (slope: -2.5) a rather compact pore fractal structure is observed. The most
probable explanation is that neutrons are almost invisible to decane because it has similar SLD
with the solid matrix (limestone). If we take into account that pores are partially filled with
decane, the remaining empty pore structure of the limestone seems to vary significantly
compared to the completely empty one (dry limestone). This can be attributed to the fact that
decane is not uniformly distributed in the complex pore network resulting in the creation of a

pore fractal aggregate.

6. Minimum Miscibility pressure (MMP) of the CO,-n-decane system

To the best of our knowledge there are few studies of MMP estimation for the CO2-n-decane
system at elevated temperatures. Mutailipu et al.® calculated the interfacial tension (IFT) of CO,
and n-decane with the Axisymmetric Drop Shape Analysis (ADSA) method at high temperatures
from 298 to 373 K. Then, they estimated the MMP values by making a linear fitting of the IFTs

to obtain the MMP at various temperatures (see ref. 8, Fig. 9a). Comparison of their linear



MMP fitting with other experimental results in the literature illustrates that the fitting is below

the experimental measurements. We extrapolated the linear fitting to 393 K and an MMP value

of 148 bar was deduced. Nagarajan et al.? and Reamer et al.1° have carried out experimental

vapour-liquid equilibrium phase compositions, phase densities, and interfacial tensions for the

C0,-n-decane system. They both measured an MMP value of 164 bar at 377 K. In addition,

Reamer et al.1% have extracted an MMP value of 186 bar at 411 K.
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