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ARTICLE INFO ABSTRACT

Keywords: Carbon sequestration is one approach to achieve carbon dioxide reduction in the atmosphere.
Cement Underground storage of CO2 requires an understanding of geochemical and geomechanical
Tortuosity

alteration on the integrity of the injection wellbore. In this study, we investigate the reactivity of
supercritical COg (scCO32) at 65 °C and 20.7 MPa on Portland class G cement plugs used for oil and
Supercritical CO, gas well completion, for exposure of up to 5 weeks.

Carbonation For nanoporous media, such as cement, diffusion is believed to be the major mass transport
Nuclear magnetic resonance mechanism (Perkins and Johnston, 1963) [1]. To quantify the extent of the alteration (miner-
alization/dissolution) on fluid diffusivity through the cement matrix, a novel approach based on
Nuclear Magnetic Resonance (NMR) is employed to derive diffusional tortuosity. Comparing pre-
and post-scCO2 exposure, deuterium oxide (D20) intrusion profiles allow us to determine flow
path alteration in the cement plugs. Additional characterizations include Fourier Transform
Infrared Spectroscopy (FTIR) to observe the change in cement composition, micro X-ray
Computed Tomography (uXCT), along with Scanning Electron Microscopy (SEM) and Energy
Dispersive Spectroscopy (EDS) to determine invasion extent and microstructure modifications,
Mercury Injection Capillary Pressure (MICP) for pore throat size distribution and BET Ng
isothermal adsorption for surface area and pore size distribution.

The results show that exposure to scCO2 promotes both calcium carbonate precipitation and
dissolution simultaneously. However, the alteration is pore size dependent. After 5 weeks of
exposure, there is evidence of carbonate dissolution in smaller pores (<30 nm) and both pre-
cipitation and dissolution in larger pores (30-200 nm). The alteration of the cement plugs leads to
a decrease in the storage and connectivity of the cement. The porosity decreased from 37 to 33 %
in 5 weeks, while the matrix tortuosity increased by 6 and 3 times after 2 and 5 weeks of
exposure, respectively. The experimental results imply that the cement carbonate precipitation
can limit the migration of scCO2 through the cement matrix.

This work also highlights an alternative laboratory approach to quantify the risk associated
with scCO5 exposure on Portland cement using NMR-derived tortuosity.

Carbon storage
Well integrity

1. Introduction

Carbon capture and storage (CCS) in the subsurface offers a viable option for reducing atmospheric CO5 levels. However, for long-
term geologic storage of CO, it is crucial to assess the risk of leakage along the wellbore components. In oil and gas wells, class G or H
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Portland cement is commonly utilized to seal the wellbore annulus and the reservoir formation. Under storage conditions, CO; in a
supercritical state can react with cement components, namely calcium hydroxide (Ca(OH)3) and calcium silicate hydrates (C-S-H),
resulting in the formation of calcium carbonate (CaCOs3) [2-11].

The carbonation reaction can be divided into three phases: (i) CO dissolution in the brine, forming carbonic acid (H2COs3), (ii)
degradation of Ca(OH); and/or calcium silicate hydrates, leading to the formation of calcium carbonates and amorphous silica, and
(iii) conversion of calcium carbonate into calcium bicarbonate [12].

H,CO3 + Ca(OH); — CaCOs + 2H,0
C-S-H + H,CO3— CaCOj3 + amorphous silica + H,O
CaCO3 + HpCO3— Ca(HCO3),

Several studies have investigated the degradation of Portland cement by CO using either batch exposure or flow-through ex-
periments. Barlet-Gouédart et al. [13] and Rimmelé et al. [14] conducted static batch measurements at 90 °C and 27 MPa on cement
exposed to scCO» and saturated CO, brine. They observed that carbonation follows a sealing stage related to calcium carbonate
precipitation, plugging the pores, followed by a dissolution stage marked by a significant increase in porosity. Kutchko et al. [2,3]
focused on the cement’s microstructure during carbonation, revealing three distinctive zones: the unaltered cement, a zone depleted in
portlandite, a calcium carbonated zone, and a residual amorphous silica zone. They also observed limited invasion of the carbonated
front, estimated to progress around a few millimeters after 20-30 years.

Later, flow-through experiments were carried out to observe the dynamic impact of carbonation. Wigan et al. [15] focused on
fractured cement (cement-caprock interface) at 54 °C and 19.9 MPa under scCO; injection, observing an increase in fracture aperture.
Huerta et al. [16] observed the self-healing of fractures with the injection of brine-saturated CO, at room temperature, postulating that
fracture aperture and CO; residence time control mineralization inside the fracture. However, Luquot et al. [17] reported that the
fracture aperture after carbonation was related to the injection flow rate. Mason et al. [18] investigated mechanical property changes
near the carbonated zone, finding that Young’s modulus in the depleted, carbonate, and amorphous layers decreased to approximately
75 %, 64 %, and 34 % respectively of the unaltered cement after 8 days of exposure. Finally, Walsh [19,20] investigated the impact of
fracture geometry between the cement and the caprock, finding that changes in permeability depended on the initial fracture
geometry.

Most of the highlighted studies, whether batch or flooding, have focused on measuring transport alterations (porosity and
permeability) on dried samples. However, drying cement induced damage such as microcracking, fine pore collapse, and mineralogical
transformation [21].

To evaluate the flow quality of porous media, permeability is usually considered as the controlling transport parameter. Perkins and
Johnston [1] defined the general convective coefficient in porous media including both the advective term (governed by permeability,
pore throat size, and displacing velocity), and the diffusion term (governed by bulk fluid diffusivity and matrix tortuosity).

D()
Ki=7 2+ 05Ud,0 1

in which K; is the overall dispersion coefficient, the first term is associated with the dispersion by diffusion: D, is the mutual fluid
diffusivity, F@ represents tortuosity, the second term is associated with the dispersion by advection/mechanical mixing: U is viscous
flow velocity (controlled by permeability), d,, is characteristic pore throat diameter, and ¢ is porous heterogeneity. Previous studies
have shown that in nanoscale porous media such as cement, the contribution of advection is relatively small, which makes diffusion the
dominant drive mechanism [1,22].

Water is an essential component of the cement hydration reaction and its microstructure. Therefore, removing it to characterize
various properties (such as cement porosity and pore size distribution) is not recommended [23]. Drying the cement sample before
measuring gas permeability, as noted by Gallé [21] and Collier et al. [24], may damage the pore structure.

As demonstrated previously by Blinc et al. [25] and Ichim et al. [23], NMR can accurately assess cement water volume while
keeping the sample hydrated.

In our study, we measure tortuosity, rather than permeability, by observing the effective diffusion of a doping agent using NMR on
both pre-and post-exposed cement to CO,. This method allows evaluation while keeping the cement wet throughout the entire
experiment and thus removing potential drying artifacts.

2. Theory and/or methods
2.1. Sample description and exposure

Class G cement typically used for oil/gas well completion was used in this study. A total of 3 cement samples (1x1in) were used; one
intact and 2 exposed to scCO5 for 2 and 5 weeks, respectively. The plugs were used for D20 diffusivity, while companion disks
(0.25x1in) were used to measure SEM, pXCT, MICP, and BET. The cement plugs were cured at 65 °C for 30 days. These plugs had a total
porosity of 37 &+ 2 %. The X-ray fluorescence mineralogy of the untreated sample is given in Table 1.

Fig. 1 shows the experimental workflow used in this study. The samples were vacuum imbibed in a brine solution (1.2 % KCI, 1.2 %
NaCl, and 3.6 % CaCly) to match the salinity and resistivity of the solution used to cure the cement samples and ensure 100 %
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saturation. A DyO-brine solution with a similar salt concentration was prepared to monitor the diffusivity of D2O into the cement
matrix pre- and post-exposure.

After imbibition for 48 h, all samples except the control samples were exposed to scCO5 at 65 °C and 20.7 MPa for 2 and 5 weeks
inside a Parr reactor, as shown in Fig. 2, and intrusion of D20 into the cement plug was monitored as a function of time using NMR. This
data allowed us to calculate the diffusivity of DO in the cement plugs.

2.2. Diffusional tortuosity

A 12 MHz Oxford Geospec™ spectrometer (TE = 114 psec) with a Green Imaging acquisition and processing software was used to
acquire the total Ty signal, which is calibrated to determine HyO intensity within the cement matrix. The T, relaxation represents the
relaxation or decay of hydrogen protons in the pore fluid after exposure to a magnetic field. The area under a T, distribution is directly
proportional to the amount of hydrogen-based fluid present in the sample. NMR Tj is governed by equation (2):

1 1 S  (yGTE)

L 24p
T, Typun * Py * 12

the subscript bulk indicates bulk relaxation time,

py = the surface relaxivity

$ = Pore surface-to-volume ratio

D = bulk diffusion coefficient of the in-situ pore fluid

y the gyromagnetic ratio

G is the magnetic field gradient

TE is the echo spacing time in a CPMG sequence.

For our experiment the 1st term and 3rd term can be dropped, thus the T5 relaxation time is related to surface relaxivity and the
pore surface-to-volume ratio. Eq. (2) can be simplified to:

1 2

Ll ’
where r is the radius of the pore in nm, and p is the surface relativity of cement assuming carbonates, 5 ps/s [26-28]. Knowing the
surface relaxivity of the minerals, Ty distribution can also be converted to pore sizes [29].

Tortuosity measures the obstruction that fluid molecules must overcome to move through a porous medium. It is calculated as the
ratio of the square root of the effective diffusivity of the fluid in the porous medium to the bulk fluid diffusivity (Eq. (4)). The effective
diffusivity of the cement samples was calculated by measuring the reduction in NMR T relaxation response during D2O immersion pre-
and post-exposure. The effective diffusivity of DO in the cement was derived by matching 1-D Fick’s law of diffusion (Eq. (5))
assuming radial diffusion and the DoO NMR intrusion profile. A detailed explanation is presented by Dang et al. [30] and Odiachi [31].

The following equation is used to estimate sample tortuosity from diffusivities:

D,

1/2 _ bulk

! Deff 4
Dy = Effective diffusivity of D20 in cement
Dy = Bulk fluid diffusivity of Ha0 in D20, 2.3 x 10~° m?/s at 25 °C [32]

oc, C,

=D 5
ot ox?

C, = Concentration of solute (kg/ma)
D = Diffusion coefficient (mz/s)

x = Time (s)

t = Distance from the interface (m)

2.3. Chemical and microstructural analysis

An FEI Helios Nanolab 600 Dualbeam FIB/SEM with a backscattered electron (BSE) detector and an Oxford X-MAX energy-
dispersive spectrometer were used to determine microstructure and elemental changes on the surface of cement plugs pre- and
post-exposure to scCOs. The brightness of the BSE image reflects the average atomic number of a given phase composition. The depth
of the altered zone was observed using px-ray computed tomography in an Xradia XCT-400. Finally, transmission Fourier transforms

Table 1
X-ray fluorescence-derived mineralogy measured on the untreated cement, showing mostly CaO and SiO5 components.
MgO Ca0 K,0 Fe 05 Si0, ALO3
composition (wt%) 2 64 1 8 19 6
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Fig. 1. Experimental workflow used in the present study. Flow path alteration was determined by comparing DO diffusivity before and after
exposure to scCOs.

Computer ~ —— -
Control
Oven
R
[N

Sample
chamber E

|
1
|
|
|
i

1
I
1
I
I
I
I
I
I
I
scCO, |
I
I
1
I
I
I
I
I

T S —

Fig. 2. Schematic of CO, exposure apparatus. Exposure was carried at 20.7 MPa and 65 °C, conditions at which CO, is in a supercritical state.

infrared spectroscopy was used to observe the change in different functional groups [33], reflecting the alteration in cement
composition after gas exposure.

2.4. Pore structure alteration

Isothermal N, adsorption and mercury injection capillary pressure measurements on dried samples were used to characterize the
change in surface area and pore throat size, respectively. BET surface area was conducted using a Micrometrics Tristar 2 apparatus.
Density Functional Theory (DFT) assuming slit pore type was used to convert surface area to pore size [34]. For MICP, a Micrometrics
AutoPores IV apparatus was used to capture pore throat size distribution, from 2 nm up to 20 pm with a maximum intrusion pressure of
up to 415 MPa.

3. Results
3.1. Diffusional tortuosity

Fig. 3 shows the NMR T; relaxation of the control sample during immersion into D,O-brine. Over time the NMR signal amplitude
decreases as D0 is gradually replacing the water inside the cement, from 6.7 to 2.3 ml. Fig. 4a and b show the impact of scCO5 on the

T, relaxation after 2- and 5-week exposure. Both samples exhibited a decrease in signal amplitude over time, indicating an intrusion of
D,0. However, both scCOz-exposed samples showed a slower intrusion rate as compared to the unreacted cement. After 168 h D,O
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immersion, 4.3 ml and 3.5 ml of water remained in the 2- and 5-week exposed samples, as opposed to 2.3 ml in the untreated sample.
This implies an impediment in the flow path due to the alteration in the matrix by scCO,. When comparing both exposed samples, D,O
intrusion is the highest after 5 weeks of exposure, with 40 % intrusion versus 27 % after 2 weeks of exposure to scCO,. Finally,
comparing the Ty distribution of the untreated and 5 weeks exposed scCO, cement after 100 % saturation with HyO-brine (Fig. 5)
shows that there is a 10 % reduction in pore volume between 0.3 and 10 ms. Assuming carbonate is the main component of the cement
and spherical pores (Eqg. (3)). Most volume reduction occurs in pore bodies between 3 and 100 nm.

Fig. 6 and Table 2 show the D50 intrusion profile and the derived tortuosity (Eq. (4)). Knowing the effective D50 diffusivity of the
untreated cement, the exposed cement effective diffusivity was calculated by using the slope of the intrusion profile (Fig. 6) after 2 days
of D20 imbibition. After 2 weeks of exposure, the cement tortuosity increased by a factor of 6, indicating pore blockage. However, the
tortuosity increased by only a factor of 3 after 5 weeks compared to the untreated sample, this suggests precipitation of carbonate
earlier on and dissolution at a later stage. This observation is consistent with Rimmelé et al. [14] model with an initial sealing stage
related to calcium carbonate precipitation plugging the porosity, followed by a dissolution stage marked by a significant increase of
porosity.

3.2. Pore structure alteration

MICP (Fig. 7a) and N3 isothermal adsorption (Fig. 7b) measurements on the dried specimens after 5 weeks of exposure confirm that
there has been a significant alteration in the flow paths. Fig. 7a shows the reduction in pore throat size peak from 50 nm to 30 nm after
2 weeks indicating a decrease in pore throat size, which suggests that the carbonation process reduces the effective pore volume of the
cement. However, after 5 weeks, the average 30 nm pore throat size population has significantly decreased, resulting in the generation
of smaller pore throats between 2 and 30 nm. The N isothermal adsorption in Fig. 7b shows that the large pores (>30 nm) volume
increased after 2 weeks and subsequently decreased after 5 weeks, while only an increase in pore volume is observed in small pores
(<30 nm) after 2 and 5 weeks. This implies both dissolution and precipitation in large pores and dissolution only in small pores.

3.3. Chemical and microstructural analysis

Cross-sectional imaging of the cement plug using XCT showed a clear textural distinction between the altered and unaltered cement
plug (Fig. 8A-C). After 5 weeks of exposure to scCOq, the plug showed deeper invasion around 10 mm, while after 2 weeks, the invasion
depth was only 3 mm. The FTIR analysis (Fig. 9A-C) of the invaded zone revealed the presence of calcite (absorbance peak around 1400
and 875 cm™ 1)

After 5 weeks of exposure, the BSE image presented in Fig. 10 also shows a clear demarcation between the two zones, based on
brightness (i.e. proportional to the average atomic number). The invaded zone appears to be darker with a well-defined boundary. The
cement matrix (Ca(OH) and C-S-H) seems to have been altered after scCO3 exposure. The alteration is visible on the unhydrated grain
turning dark in the scCOy-invaded zone. The EDS maps (Fig. 11) performed on the same location confirm that the unhydrated cement
grain underwent decalcification and the cement matrix has been enriched in calcium and carbon after scCO5 exposure (see appendix).
This finding aligns with the observations made by Kravanja and Knez [35] regarding the disparity in mineral composition, specifically
calcium, and carbon, between the COs-affected and non-affected zones.

Interestingly, magnesium also precipitated (Fig. 11), however, it seems to be located around the carbonated front, suggesting the
potential formation of magnesium carbonates. MgO was also present in our cement (Table 1). MgO is often added to cement to improve
the mechanical properties and durability of the cement under harsh downhole conditions [36]. Mg(OH); can react with scCO2 and
form MgCOg3 [37]. MgCOs crystals are insoluble in water and, hence do not easily leach out from the cement [12,38].

4. Discussion

The results show that the interaction between scCO and brine-saturated Class G Portland cement leads to significant changes in the
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Fig. 3. NMR T, relaxation distribution of the controlled cement immersed in D,O-brine showing a gradual decrease in volume of the brine as DO
replaces brine inside the cement. Throughout the experiment, the volume of brine decreased from 6.7 to 2.3 ml (dashed curves). a) b).
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Fig. 4. NMR T, relaxation distribution during immersion in D,O-brine after 2 weeks (a) and 5 weeks (b) exposure to scCO, showing 40 % vs 27 %
D0 intrusion after 5 weeks and 2 weeks, respectively.
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Fig. 5. Comparison between the untreated and 5 weeks scCO5 exposed cement after 100 % saturation with HyO-brine showed a reduction in a pore
volume between 0.3 and 10 ms, resulting in an overall 10 % loss of pore volume after exposure.
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Table 2
Derived tortuosity from Fig. 6. The tortuosity increased by 6 and only by 3 after 2 and 5 weeks,
respectively. This suggests an initial precipitation of calcium carbonate and a later dissolution.

Cement Effective D,O diffusion (m?/s) Tortuosity

Untreated 1.20E-10 4.4

2 weeks 3.09E-12 27.3

5 weeks 1.45E-11 12.6

a) b)
0.008 % 0.0035
£00.007 - é 0.0030 -
E 0.006 1 E 0-0025 ] 2BET;u:fat:e areza:
E 0.005 ] § 5.8 _0.O3m2/g
S L 0.0020 15.521-0.02n21/g
z 0.004 - 7.72£0.01m /g
3 A 0.0015 -
= 0.003 - =
= J
S 0.002 - : 0.0010
£ 0.001 & 0.0005 +
=
0 = 0.0000 -
1 10 100 1000 10000 1 10 100
Pore Throat Radius (nm) Pore Width (nm)
—a—Untreated —=—2 weeks —e—5 weeks —a—Untreated —=—2 weeks —e—5 weeks

Fig. 7. (a) MICP pore throats and (b) DFT pore body size distribution after 2- and 5-weeks exposure to scCO» at 65 °C and 20.7 MPa. MICP data
shows a decrease in pore throat size (ie: connectivity) of the cement after carbonation. N, isothermal adsorption shows initial dissolution and later
precipitation of CaCOj in large pores (>30 nm), while only dissolution in small pores (2-30 nm).

Untreated 2 weeks

" ScCO,invaded
(¥10 mm intrusion) -

A

Fig. 8. XCT images of the cement samples showing the scCO, invaded (yellow arrow) and the non-invaded (white arrow) after 2 weeks (B) and 5
weeks (C) exposure to scCO5 at 65 °C and 20.7 MPa. A deeper invasion is observed after 5 weeks. Note: Each cross section was taken 0.25 inches
from the top of the plugs to capture the scCO», front. (For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)

pore structure due to mineralization. Analysis of DO and tortuosity data indicates that the cement network undergoes calcium car-
bonate precipitation after 2 weeks, resulting in an increase in cement tortuosity from 4 to 27 + 2. However, after 5 weeks, the cement
tortuosity decreases to 12 + 2, suggesting a dissolution process. This observation aligns well with the two-stage connectivity evolution
proposed by Rimmelé et al. [14], where an initial sealing stage occurs, associated with porosity plugging caused by calcium carbonate
precipitation, followed by a reopening of pore entrances during the dissolution phase. The 2-stage porosity could also be pore size
dependent, as shown in the BET data. The small pores (2-30 nm) seem to have undergone precipitation and dissolution of CaCO3, while
the larger pores (>30 nm) are in the initial phase of precipitation of CaCOs3.
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Fig. 9. FTIR mineralogy of the cement (A) untreated, (B) after 2 weeks, and (C) 5 weeks exposure to scCO2, showing calcite absorbance bands
around 1400 cm ™!, and 875 cm™ .
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Fig. 10. Backscattered electron image after 5 weeks of exposure to scCO5 at 65 °C and 20.7 MPa. Clear textural demarcation can be observed
between the invaded and non-invaded zones. The area invaded by scCO appears darker, and the cement grain and matrix appear altered, with less
CaOH, and C-S-H. Note: The cement was imaged without coating.

The D50 diffusivity-based approach also confirms a permeability reduction as shown by the increase in tortuosity by a factor of 6
after 2 weeks and by 3 after 5 weeks of scCO2 exposure (Fig. 6), MICP data also shows a reduction of the main pore throat size (50 nm),
which would decrease the connectivity of the cement and decrease the accessible pore volume for scCO3 over time.

The tortuosity results (Table 2) and Eq. (4) can also be utilized to calculate the diffusion coefficient of scCO5 following exposure. In
storage conditions the effective scCO; diffusion coefficient with pure water ranges between 4-8x10~° m%/s [39,40]. Assuming a value
of 6 x 10~° m?/s the diffusion coefficient is projected to fall within the range of 8.0 x 10712 to 3.8 x 10~ m?/s after 2 and 5 weeks of
exposure. This estimation appears one order of magnitude lower than the diffusion coefficient of CO, of tight sedimentary rocks
documented by Fleury and Brosse [22], which ranges from 5 x 107! to 5 x 1071° m?/s, confirming limited diffusion over time.

The observation even though limited to one type of cement suggests that considering the risk of CO, leakage through the cement
matrix, its migration could be limited due to the alteration in the flow path, as the result of mineralization [2,3]. estimated a slow
diffusive transport of the COy-saturated brine to 1 mm penetration depth after 20-30 years, with the carbonated zone acting as an
efficient barrier to further CO, penetration. Carey et al. [5] observed limited migration of CO; from extracted plugs from a 30-year-old
CO3 Enhanced Oil Recovery (EOR) project in the SACROC West Texas field.
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Fig. 11. EDS maps at the boundary between carbonated and non-carbonated zones after 5 weeks of scCO5 exposure at 65 °C and 20.7 MPa. The
dashed line represents the scCO, front. After exposure, the unhydrated cement grains have been decalcified in the scCO,-invaded zone. The invaded
zone matrix appears to have less Si but more magnesium and carbon. Note magnesium seems to be localized near the scCO5 front only.

5. Conclusions
In the context of carbon capture and storage, the findings of this study lead to the following conclusions:

e The use of NMR-derived tortuosity proves to be a valuable tool in quantifying the integrity of wellbore cement material for carbon
storage.

e Exposure to scCO resulted in a decrease in porosity from 37 to 33 %.

e The decrease in average pore throat size confirms a reduction in pore connectivity of the cement.

e The cement tortuosity increased by a factor of 3-6 after 2- and 5 weeks of exposure, confirming pore blockage and slower migration
over time.

e The carbonation process was not only time but also pore-size dependent. In smaller pores (<30 nm), only dissolution of calcium
carbonate was observed, whereas, in larger pores (30-200 nm), both precipitation and dissolution took place.

o The estimated scCO,, diffusion coefficient in the cement ranged between 8.0 x 1072 to 3.8 x 107! m?/s after 2 and 5 weeks of
exposure.

o After exposure, the invaded zone of the cement matrix appears to be richer in calcium and carbon while only along the invasion
front, magnesium concentration seems to increase.

Our proposed methodology for assessing flow path alteration using tortuosity lays the groundwork for future research. Subsequent
studies will focus on evaluating changes in mechanical property and dependence of flow path alteration on cement composition under
scCO5, conditions.
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Appendix
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Fig. A. 9 scan lines were used to determine the elemental profiles (Ca, Si, Mg, and C) over the altered region shown in Figs. 10 and 11. Each line is
45 pm wide (20 pixels) and 500 pm long. Elemental composition was measured by averaging the grayscale intensity of the lines for each component.
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Fig. B. Elemental profiles generated from the X-ray map (Fig.A) of cement exposed to scCO2 at 65 °C and 20.7 MPa for 5 weeks. This data cor-
responds to an average elemental composition of 9 vertical scans. Position 10 pm corresponds to the top of the SEM image (scCO2-invaded zone),
while position 510 pm corresponds to the bottom section of the SEM image (the non-invaded zone) of the cement. The scCO; invaded zone appears
richer in calcium and carbon mostly. Mg is also present near the carbonation front (=200 pm).
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