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ABSTRACT

Emissions of acid gases (e.g., carbon dioxide (CO,) and hydrogen sulfide (H,S)) from the
combustion of fossil fuel and the purification of natural gas, along with the high costs of
separating these gases, has led to the consideration of co-storage of CO, and H,S (and other acid
gases) in deep saline aquifers. However, there are concerns about the safety and environmental
impacts of acid gas injection, including the concern that the gas may react with wellbore cement
in abandoned wells at co-storage sites, degrade and increase the permeability of the cement, and
allow the acid gas to migrate from the storage reservoir. If acid gas were to migrate to subsurface
sources of drinking water, surface water, or the atmosphere, it has the potential to result in risks
to human health and the environment.

Previous research on reactions of pure CO, and brine mixtures on cement has demonstrated that
in the absence of fast paths (e.g., fractures), wellbore cement will not be altered sufficiently to
impact wellbore integrity on the time scales of importance to geologic carbon storage (>1,000
years) (Kutchko et al., 2007, 2009). This research investigated the interactions between
pozzolan-amended wellbore cement and mixtures of CO, and H,S at geologic carbon storage
conditions to determine the impacts of these interactions on two wellbore cement properties that
are critical to assessing potential leakage of the acid gas, i.e., porosity and permeability. The
alteration of pozzolan-amended wellbore cement induced by exposure to a supercritical mixture
of CO; and H,S and to brine saturated with CO; and H,S was examined experimentally. In
addition, a reactive transport model was developed to help interpret the experimental results and
to extrapolate them to the time periods of interest for a commercial-scale operation. Specific
objectives of this study were: (1) to understand the response of pozzolan-amended wellbore
cement to a range of mixtures of CO, and H,S; (2) to quantify the alteration rates of pozzolan-
amended cement with different pozzolan contents; and (3) to develop a process-based, reactive
transport model to describe the geochemical and physical alterations of the pozzolan-amended
wellbore cement and predict changes in effective permeability of the pozzolan-cement mixtures
over time.

Two types of pozzolan-amended cement samples (35 vol% pozzolan : 65 vol% cement and 65
vol% pozzolan : 35 vol% cement, hereafter referred to as the 35:65 and 65:35 samples,
respectively) were exposed to supercritical CO, and H,S and to brine (1 wt% NaCl solution)
saturated with CO, and H,S in laboratory experiments that simulated geologic carbon storage
conditions (50°C and 150 bar). Following exposure for periods of time ranging from 2.5 to 90
days, the samples were sectioned and characterized by numerous analytical methods, including
scanning electron microscopy, back-scattered electrons (SEM-BSE) and scanning electron
microscopy, energy dispersive spectroscopy (SEM-EDS).

Characterization of the pozzolan-cement samples exposed to a 1 wt% NaCl solution saturated
with CO, and H,S showed that the 35:65 samples were more resistant to CO, and H,S attack.
Significant alteration induced by CO; and H,S only occurred in the region close to the surface of
these samples after 90 days of exposure, and the rates of alteration (expressed as mm of
penetration into the cement sample) were determined to be 3.3 x 10™ mm/day (CO alteration)
and 4.3 x 10”° mm/day (HS alteration). In contrast, for the 65:35 samples, significant alteration
occurred at both the surface and the interior of the samples after 2.5 days of exposure. For the
35:65 sample, the exposure environment of CO,/H,S saturated brine resulted in more significant
alterations of the pozzolan-cement mixture than the exposure environment of supercritical CO;
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and H,S. In contrast, the 65:35 sample was more significantly affected by the latter exposure
conditions.

The reactive transport model developed in this research predicted a significant alteration in the
interface region of the 35:65 sample exposed to acid gas, indicating an increase in effective
vertical permeability of 2.3 x 10 after 30 years of exposure in this interface region. Overall, this
research indicates that a significant increase in permeability can occur for pozzolan-amended
wellbore cement at the brine-cement interface or at the caprock-cement interface where contact
occurs with brine saturated with CO, and H,S. However, the effect of this increase in cement
permeability on the environmental and human health risk at a storage site must be evaluated on a
site-specific basis.
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1. INTRODUCTION

Carbon capture and storage (CCS) is a carbon emission control strategy designed to reduce the
atmospheric emissions of carbon dioxide (CO,), a greenhouse gas that can contribute to global
warming. Burning of fossil fuel is the largest anthropogenic source of CO,, and fossil-fueled
power plants account for almost half of the total CO, emissions from fossil fuel combustion
(Rackley, 2010). CCS is an important part of the U.S. Global Climate Change Initiative (GCCI)
to reduce greenhouse gas emissions (White et al., 2003). Carbon capture and storage is
considered to be technically feasible at commercial scale (Gibbins and Chalmers, 2008), and the
United States and Canada have initiated pilot-scale injection projects to inject CO, into deep
saline aquifers (Hovorka, 2005; Alberta Geological Survey, 2009). Two main processes are
involved in carbon capture and geologic storage. The first process, carbon capture, separates and
concentrates CO, from flue gases; the second process, geologic storage, injects CO; into certain
geological media to retain CO, in the supercritical phase or dissolved in formation water to
prevent its return to the atmosphere.

Co-storage of hydrogen sulfide (H,S) with CO is one option being considered to reduce
environmental impacts associated with the release of H,S or to reduce the costs associated with
the separation and handling of H,S. Large amounts of CO, are produced during the use of fossil
fuels. Sulfur compounds, also released during the use of fossil fuels at stationary plants, usually
must be captured and disposed of, as required by environmental regulations. Many systems that
capture CO, also capture sulfur compounds, so co-storage avoids the costs associated with
separation and additional processing of the separated sulfur compounds. Similarly, the
purification of “sour” natural gas (natural gas that has significant amounts of H,S) can be
accompanied by co-capture of the CO, along with the H,S. The economics and technical
feasibility of the co-storage of CO, and H,S is currently under investigation. For example,
mixing CO, with H,S can result in an increase of supercritical pressure and thus result in an
additional cost to raise the operation pressure during the injection process (Carroll, 2010). On the
other hand, this cost may be offset by eliminating the cost to separate H,S from CO,.
Furthermore, the solubility of H,S in saline water is higher than that of CO, under subsurface
conditions (Kutchko et al., 2011), which means that a saline aquifer may have enough capacity to
store both CO; and H,S at a given site.

Concurrent with the investigation of the economics and technical feasibility of the co-storage of
CO, and H,S, the environmental and safety risks associated with CO, and H,S co-storage are
also being assessed. One of the primary risks of interest is the degradation of wellbore cement
integrity in active and abandoned wells, which could lead to leakage of CO, and H,S from the
storage reservoir. Previous studies have focused on wellbore cement integrity under carbon
storage conditions, with CO; as the only injected gas (Barlet-Gouédard et al., 2007; Carey et al.,
2007; Kutchko et al., 2007; Brandvoll et al., 2009; Huet et al., 2010; Fabbri et al., 2012; Wertz et
al., 2013). There has been some investigation of the interaction of a mixture of CO; and H,S with
wellbore cement (Jacquemet et al., 2008; Kutchko et al., 2011; Jacquemet et al., 2012), but no
studies have been conducted for CO,-H,S interaction with pozzolan-amended cement (a widely-
used type of wellbore cement with pozzolan, a siliceous and aluminous material, as an additive).
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1.1  PREVIOUS STUDIES

Wellbore cement integrity under geologic carbon storage conditions has been the subject of
investigation for the past decade. Most research has focused on interaction between wellbore
cement and CO, under geologic carbon storage conditions (Duguid et al., 2004; Duguid et al.,
2005; Kutchko et al., 2007; Barlet-Gouédard et al., 2009; Carey et al., 2010; Newell and Carey,
2013; Mason et al., 2013).

A brief review of previous studies investigating the interaction between wellbore cement and
mixtures of CO, and H,S under geologic acid gas storage conditions reveals that the earliest lab-
scale study on the interaction between wellbore cement and acid gas was conducted by
Jacquemet et al. (2008) at Université Nancy in France. The authors studied three experimental
scenarios: a brine with dissolved H,S-CO,; a dry H,S-CO, supercritical phase; and a two-phase
fluid consisting of a H,S-CO; containing brine with a H,S-CO, supercritical phase. The H,S
reactivity with cement was limited since it only transformed ferrites and hydration products of
ferrites (minor phases in cement) by sulfidation, and the only product of sulfidation they
observed was pyrite (Jacquemet et al., 2008). Different from the results obtained by Jacquemet et
al. (2008), Kutchko et al. (2011) observed formation of abundant ettringite and other amorphous
sulfur-rich particles at core regions of hydrated class H cement samples exposed to both
supercritical CO,-H,S (H,S mol% = 21%) and brine saturated with CO, and H,S for 28 days.
The reason Jacquemet et al. (2008) did not observe the formation of ettringite is that they used
fine cement powders in the exposure experiment, which results in low pH pore water in the
cement matrix. As ettringite cannot exist at low pH conditions, all ettringite was dissolved in the
samples of Jacquemet et al. (2008). Although Kutchko et al. (2011) observed the formation of
ettringite, which has the potential to cause strength loss and degradation of the mechanical
integrity of the cement, mechanical damage induced by ettringite formation was not observed in
the exposed cement samples. The authors concluded that the mineralogical changes and
alteration front were controlled by buffering of local pore water pH (Kutchko et al., 2011).

In summary, some studies have investigated the mineralogical changes of wellbore cement
exposed to CO, and H,S under geologic acid gas storage conditions, but studies are needed to
provide more comprehensive information about interaction between wellbore cement and acid
gas interaction under different scenarios (e.g., a range of H,S concentrations, cement
compositions, or exposure conditions). The rate of cement alteration under these scenarios needs
to be quantified and incorporated into a model that predicts changes in the cement properties
over time. Ultimately, this model will be part of an integrated modeling effort to assess site-
specific risks of acid gas leakage at co-storage sites.

1.2 RESEARCH OBJECTIVES

The overall goal of the research was to improve the understanding of the permeability change in
pozzolan-amended wellbore cement induced by CO, and H,S attack under co-storage conditions
and to develop a model to predict these changes over the lifetime of a typical geologic carbon
storage site. Information about the permeability change of pozzolan-amended wellbore cement
under geologic carbon storage conditions can be incorporated into integrated risk assessment
models. Pozzolan-amended wellbore cement was chosen for this study, because pozzolan-
amended Portland cement is one of the most common types of cement systems used for well
sealing in oil and gas fields (American Petroleum Institute, 1991). Among the many types of
available pozzolanic materials, type F fly ash, the most common pozzolan used in well cement
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(minimum 70 wt% of SiO,, Al,O3and Fe;O3; and maximum 20 wt% of CaQO), was chosen as the
pozzolanic material used in Kutchko et al. (2009).

The overall goal was achieved by addressing the following three objectives: (1) understand the
response of pozzolan-amended wellbore cement to CO, and H,S attack; (2) quantify CO, and
H,S alteration rates of pozzolan-amended cement with different pozzolan contents; and (3)
develop a process-based, reactive transport model capable of describing the interactions of a
CO2-H,S-brine mixture with pozzolan-amended wellbore cement and predicting changes in
effective permeability of wellbore cement over time.

To achieve the first and second objectives, laboratory experiments were conducted that exposed
two pozzolan-amended cement mixtures, containing 35% and 65% pozzolan, to acid gases
containing from 1% to 40% H,S, for periods ranging from 2.5 to 90 days. Exposure to the acid
gas in its supercritical state as well as to brines in equilibrium with the acid gas was investigated
at conditions representative of geologic carbon storage (i.e., 50°C and 150 bar). The exposed
cement samples were sectioned and analyzed to determine the geochemical reactions that had
occurred, the rate of these reactions, and the extent of penetration of the reactions into the
cement.

The third objective was achieved by developing a conceptual model to describe chemical
alterations of pozzolan-amended cement under geologic acid gas storage conditions and using a
reactive transport model CrunchFlow (Steefel, 2009; Li et al., 2010), to describe and help
interpret the rates of alterations based on the conceptual model. This reactive transport model is
capable of predicting the penetration of CO, and H,S into the pozzolan-amended wellbore
cement, and relating these chemical alterations to changes in porosity and permeability.
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2. METHODS

2.1 PREPARATION OF POZZOLAN-AMENDED CEMENT SAMPLES AND
EXPERIMENTAL PROCEDURES FOR CEMENT TO ACID GAS EXPOSURE
EXPERIMENTS

Two types of pozzolan-amended Portland cement samples were prepared: 35% by volume
pozzolan and 65% by volume cement (35:65 sample); and 65% by volume pozzolan and 35% by
volume cement (65:35 sample). The cement was mixed with pozzolan according to American
Petroleum Institute (API) Recommended Practice (RP) 10B (section 17.4) (American Petroleum
Institute, 1997). The slurry densities (1.74 g/cm® for 35:65 sample and 1.64 g/cm® for 65:35
sample) were chosen to represent an average slurry density of field samples. The water:cement
ratio for the 35:65 sample was 0.51, and the water : cement ratio for the 65:35 sample was 0.56.
Samples were submerged in a 1 wt% NaCl solution as previously described in Kutchko et al.
(2007) for curing. The cement was allowed to cure for a total of 28 days at a temperature of 50°C
and a water pressure of 15 MPa to simulate a geologic carbon storage depth of approximately

1,300 m.

After curing, the pozzolan-amended cement samples (12 mm inner diameter x 60 mm height)
were placed in glass vials with half of each vial filled with 1% NaCl solution. A total of 12
individual vials were placed in a rack (three individual vials placed on four levels), which was
placed inside a high-pressure vessel made of stainless steel. Samples were exposed to H,S/CO;
mixtures with an H,S concentration ranging from 1% to 40% for different exposure periods (2.5
to 90 days). A summary of sample exposure conditions is shown in Table 1. Details of sample
exposure procedures are available in Hawthorne et al. (2011) and Zhang (2013).

Table 1: Summary of experimental conditions for exposure of pozzolan-amended cement to

Sample
Description

Top Portion of Sample

Exposed to

acid gas

Exposure Scenarios

Bottom Portion of
Sample

Exposed to 1 wt% NaCl
brine exposed to

Reaction
Duration,
days

Pressure, psi

Temperature,
°c

35 Pozzolan : | supercritical H,S + CO, supercritical CO, and 2.5,9, 28, 2,200 (150 bar) 50
65 Cement | (1 mol%, 21 mol% and o o and 90
40 mol% H,S), no brine HaS (1 mol%, 21 mol%
22h and 40 mol% H,S)
Exposed to 1 wt% NaCl
Exposed to brine exposed to
65 Pozzolan : | supercritical H,S + CO, . 2.5,9, 28,
35 Cement (1 mol%, 21 mol% and supercritical CO, and and 90 2,200 (150 bar) 50

40 mol% H,S), no brine

H,S (1 mol%, 21 mol%
and 40 mol% H,S)
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2.2 CHARACTERIZATION OF POZZOLAN-AMENDED CEMENT SAMPLES
AFTER EXPOSURE EXPERIMENT

As listed below, optical microscopy, scanning electron microscopy, back-scattered electrons
(SEM-BSE), scanning electron microscopy, energy dispersive spectroscopy (SEM-EDS), X-ray
diffraction (XRD), microhardness testing, and Brunauer-Emmett-Teller (BET) testing were
applied to examine different characteristics of the pozzolan-amended cement samples after
exposure to acid gas (Zhang, 2013):

e The optical microscopy analysis was applied to observe meso-scale changes in
appearance as a result of mineral phase changes

e SEM-BSE analysis was applied to distinguish micro-scale differences in different mineral
phases

o SEM-EDS analysis was applied to evaluate the change of elemental content (e.g., total Ca
wt% and total S wt%) in the solid phase of the samples

e XRD analysis was applied to identify the formation of minerals in the cement

e Microhardness testing was applied to evaluate the change of mechanical strength of the
samples

e BET testing was applied to evaluate the change of porosity of the samples

2.3 DETERMINATION OF CO; AND H,S ALTERATION RATES OF POZZOLAN-
AMENDED CEMENT

SEM-BSE imaging was used to evaluate the CO; alteration rate, because the evidence of CO,
attack could be seen clearly delineated using SEM-BSE observations (Figure 1). In this work, the
maximum distance between the frontier of the CaCOs-rich layer (the interface between Layer B
and Layer C in Figure 1) and the surface of the sample was defined as the location of carbon
alteration frontier, and the location of carbon alteration frontier was used as the criterion to
evaluate the rate of CO; attack. The location of carbon alteration frontier was obtained by
measuring the distance between the surface and the CaCOs-rich layer frontier of the sample in
the SEM-BSE image. To assure the accuracy of the location of carbon alteration frontier, four
different measurements of the location of the carbon alteration frontier were made for every
sample and the average value of the four measurements was used as the final location (details of
the measurements can be seen in Zhang, 2013).

Based on a literature search and with consideration of the available experimental data, the
concentration change of elemental sulfur was chosen to represent the alteration rates of samples
undergoing H,S attack. The alteration rate is described by two different parameters: sulfur-rich
zone thickness (obtained from SEM-EDS mapping) and sulfur alteration index (obtained from
SEM-EDS point analysis). Similar to the location of carbon alteration frontier, sulfur-rich zone
thickness is defined as the maximum distance between the surface of the sample and the frontier
of the sulfur-rich zone in the interface region. A schematic of sulfur-rich zone thickness can be
seen in Figure 2. To determine sulfur-rich zone thickness, SEM-EDS mapping was applied to
obtain sulfur distribution maps of sample cross-sections with the use of the INCA X-ray
microanalysis system (Oxford Instruments, Abingdon, UK) associated with the Quanta 600
SEM. To assure the accuracy of sulfur-rich zone thickness, the sulfur-rich zone thickness values
were measured at four different locations for every sample and the average value was used as the
final thickness (details of the measurements can be seen in Zhang, 2013).
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Figure 1: SEM-BSE image showing three distinct layers in the interface region of the 35:65
sample exposed to 1 wt% NaCl solution saturated with CO, and H,S (bottom portion) for 2.5
days. The layer closest to the surface of the sample (Layer A) was a porous layer which was
rich in Si-bearing minerals. A bright and dense CaCOs-rich layer (Layer B) could be
observed next to Layer A. Layer C was a region in which some of the Ca-bearing minerals
were dissolved. The location of carbon alteration frontier is defined as the maximum
distance between the surface of the sample and the frontier of the CaCOgs-rich layer.
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Figure 2: SEM-SE image of the interface region of the 35:65 sample exposed to 1 wt% NacCl
solution saturated with H,S and CO, (bottom portion) for 90 days (left) and the EDS
mapping of sulfur for the same region (right). The frontier of sulfur penetration can be
observed clearly in the image at right. Sulfur-rich zone thickness is the maximum distance
between the surface of the sample and the frontier of the sulfur penetration zone.
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The sulfur alteration index, which was developed as part of this research effort, uses the
difference between the measured sulfur wt % in the exposed sample and the background sulfur
wt % in the unexposed sample to evaluate the level of alteration caused by H,S attack. All sulfur
wt % values were obtained from SEM-EDS point analysis. Details of SEM-EDS point analysis
are presented in Zhang (2013).

The sulfur alteration index is used to overcome the limitations of using sulfur-rich zone thickness
to evaluate sulfur alteration level. These limitations include: 1) difficulty in observing the sulfur
penetration boundary to determine the sulfur-rich zone thickness; and 2) samples with the same
sulfur-rich zone thickness can have different sulfur contents, which means samples with the same
sulfur-rich zone thickness can have different levels of sulfur alteration.

The sulfur alteration index (dimensionless) is defined as:

=32, (5%)

where [ is the sulfur alteration index of the sample, N is the total number of points analyzed by
SEM-EDS, §; is the sulfur content at point i (total S wt% in solid), and S}, is the average
background sulfur content obtained from the unexposed samples. For the unexposed 35:65
sample, S, is equal to 0.59% (a detailed description of how the background value was obtained is
provided in Zhang, 2013). If S; is smaller than S, the term (S;,—S})/S; is set to zero. More
information about the sulfur alteration index can be found in Zhang et al. (2014).

To determine the sulfur alteration index, the sulfur content in both interface and interior regions
of the exposed samples were obtained by SEM-EDS point analysis with the use of the INCA
system. For every sample, 20 spots were analyzed in both the interface region (the surface to ~ 1
mm away from the surface) and the interior region of the sample to assure the representativeness
of the measurements.

In this study, the locations of the carbon alteration frontier and the values of sulfur-rich zone
thickness of the bottom portion of 35:65 samples exposed to a mixture of acid gas (21 mol% H,S
and 79 mol% CO,) for 2.5, 9, 28, and 90 days were obtained. The sulfur alteration index values
for the same samples in both interface and interior regions were also obtained. All those values
were compiled and used to quantify the rates of CO, and H,S alteration.

24  DEVELOPMENT OF A REACTIVE TRANSPORT MODEL TO SIMULATE
INTERACTION BETWEEN POZZOLAN-AMENDED CEMENT AND CO;+H,S

2.4.1 The conceptual model of the interaction between pozzolan-amended cement and
CO,+H>5S

The interaction between CO, and H,S and wellbore cement under typical co-storage conditions
is complicated, and involves dissolution of key cementitious phases (portlandite and amorphous
calcium-silicate-hydrate (C-S-H)), precipitation and dissolution of carbonate species (calcite),
formation of sulfur-containing species (ettringite and pyrite), and gradual change of pH from the
surface to the interior of the cement. Figures 3(a) and 3(b) show schematics of the interaction
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between CO, and pozzolan-amended cement and between H,S and pozzolan-amended cement,
respectively.

(@) (b)
High pH Low High pH Low
Brine Brine
Altered zone containing CO, Altered zone containing H,5
I
| |
1
I
[ ca(on), 1| caAF
Unaltered : C-S-H co, U:earﬁ:;id ! Fe(OH), H,S
cement I C3s | C4AH13
! 1 | Monosulfate
: C2S I ‘
I
: ‘ : Ettringit
1 I ringite
: Caco; : Pyrite

Figure 3: Schematic of (a) the interaction between CO, and pozzolan-amended cement, and
(b) the interaction between H,S and pozzolan-amended cement. Abbreviations of minerals:
C-S-H = amorphous calcium-silicate-hydrate, C3S = 3CaO'SiO,, C2S = 2Ca0O'SiO,, C4AF =
4CaOAl,05Fe,03, and C4AH13 = 4Ca0O Al,0513H,0.

2.4.2 Development of the reactive transport model

Based on the conceptual model developed in Section 2.4.1, a reactive transport model that
simulates the interaction between pozzolan-amended cement and CO,-H,S was developed. The
reactive transport model is able to quantitatively predict the volume percentage change of
minerals as a result of acid gas interaction with cement and the change of porosity as a result of
these changes in volume. The multicomponent reactive transport modeling code CrunchFlow
(Steefel, 2009; Li et al., 2010) was used to develop the model. The mass conservation equation is
the fundamental equation used in CrunchFlow. The expression of mass conservation equation is
(revised from Steefel and Lasaga, 1994):

a@c;) _ d dc; d N
— = (Q)Die d—xl) ——(QuCy) £ Yo v Ry )
Diffusion Advection Reaction
term term term

where, @ is the porosity of the porous media (unitless), C; is the concentration of species i
(mol/m®), D;. is the effective diffusion coefficient of species i (m?%/s), u is flow velocity (m/s), R;
is the rth reaction rate that can produce or consume species i (mol/m®s) and v, is stoichiometric
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number of species 7 in the rth reaction (unitless). It is important to note that since the modeling
effort is for a static, or no-flow condition, the advection term is set equal to O (i.e., u = 0).

Given the values of the three parameters (@, D, and R) in Equation 2, Crunchflow can solve the
mass conservation equation and generate concentration profiles of all aqueous species as a
function of time. The details for calculating these parameters are described below.

(@—~Porosity of cement

The porosity of the cement matrix can be expressed as a function of the volume fractions of all
mineral phases (Xu et al., 2004):

0 =1—§1fn O, @)

where, @(t) is the porosity of cement at time ¢, fi-(¢) is the volume fraction of reactive mineral
phase i at time ¢z and fr, is the volume fraction of all inert mineral phases in the cement.
CrunchFlow calculates the volume fractions of all reactive mineral phases, based on the
dissolution/precipitation reactions that occur on the surfaces of reactive mineral phases.

Di.—Effective diffusion coefficient of species i

To calculate effective diffusion coefficients of the species, the corresponding diffusion
coefficients of species in the pure water were obtained. Pure-water diffusion coefficients of
charge-neutral species (e.g., CO, and H,S) were calculated by the Wilke—Chang equation
(Wilke and Chang, 1955), and pure-water diffusion coefficients of charged species were obtained
from the literature. Table 2 summarizes the pure-water molecular diffusion coefficients of all
aqueous species considered in the modeling.

Following the input of the pure-water diffusion coefficients of all species into CrunchFlow, the
program converts pure-water diffusion coefficients into effective diffusion coefficients (D,) in
porous media. CrunchFlow allows several approaches to be used for the calculation of D.. In this
work, D, (m?s™) was calculated as a function of pure-water diffusion coefficient (Dy), the inverse
of the tortuosity (1/tortuosity,7), and porosity (¢) (Marty et al., 2009):

D, = D,T6 (4)

It is important to note that in this work, tortuosity was defined as the length of the pathway
divided by the shortest distance between the ends of the pathway. That is to say, tortuosity is
always higher than 1 and 7' in Equation 4 is always lower than 1 in porous media.

Ri—Reaction rate of species i in r' reaction

R;. is the overall reaction rate for a specific reaction r that can produce or consume species i.
CrunchFlow assumes that the reactions between ion and mineral involving adsorption and
desorption of ions at mineral surfaces are the rate-limiting reactions, while reactions involving

11
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aqueous species only (except for oxidation—reduction reactions) are assumed to be rapid
reactions. As a result, if R;, is a reaction rate associated with a reaction having a mineral as a
reactant, the rate will be calculated based on mineral dissolution/precipitation rate law as
discussed below. The simplified expression of the mineral dissolution/precipitation rate law can
be written as (Steefel, 2009):

Table 2: Pure-water diffusion coefficients of aqueous species. Details of how these values
were obtained can be seen in Zhang (2013)

Do (10° cm?*/s, T = Do (10° cm?/s, T =
Species 298K) 323K)
H 9.310 16.790
ca”* 0.790 1.420
OH 5.280 9.520
S0,” 1.060 1.910
Fe® 0.670 1.210
Fe* 0.700 1.230
Na* 1.330 2.340
cr 2.030 3.570
HS” 1.730 3.080
s* 1.350 2.410
HCO; 1.185 2.110
Co5” 0.923 1.650
AP 0.541 0.965
CO, Not calculated 3.770
H,S Not calculated 3.840
Rir = AGH k(ML ) - ) )

where, A is the specific surface area (m*/m®) of the mineral involved in the reaction, % is the /"
parallel reaction rate constant (mol/m?s) that contributes to the dissolution/precipitation of the
mineral, [T{L, ai" describes the effects of various ions in solution on the dissolution or

precipitation rate of parallel reaction / (k;), Q is ion activity product (e.g., for reaction aA + bB

12
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c d
E-i]]a[[];}b)’ and Keq is equilibrium constant of the reaction. The
ratio of Q to Keq determines the direction of the reaction. For example, given calcite dissolution

reaction:

==cC + dD, where Q is equal to

CaCO3 + H == Ca®" + HCOjy (6)

If Q is higher than Keq, then the system is supersaturated with Ca’* and HCOy', and the reaction
will become the calcite precipitation reaction.

It is important to note that there are uncertainties associated with Equation 5, and the
uncertainties mainly stem from the lack of reliable information on the values of mineral reactive
surface areas and their variation with time, as well as the variation of reaction rate constants over
a large span of Gibbs free energy of reactions (Gherardi et al., 2012). As a result, the values of A
and 4;s in Equation 5 that were obtained from literature may not fit a particular system of
interest. In this work, a data fitting process was conducted to obtain appropriate ; values, and
some k; values were changed from the initial values found in the literature. Details of the fitting
processes of & values can be found in Appendix D of Liwei Zhang’s dissertation (Zhang, 2013).

CrunchFlow requires input of all chemical reactions (e.g., formula of reactions, equilibrium
constants of reactions, and reaction rate constants) involved in cement—acid gas interactions. A
complete list of reactions involved can be seen in Zhang (2013).

2.4.3 Model outputs and validation of model outputs

The 1-D reactive transport model developed using CrunchFlow is able to produce calcite volume
percentage, total Ca and S weight percentages in the solid phase, and local porosity at every
block (block size is 0.01 mm and there are 600 blocks in the entire cement sample modeling
domain) from the surface to the interior of pozzolan-amended cement sample. The change in
local porosity can be correlated with the change in local permeability using a power law
relationship (Ghabezloo et al., 2009; Brunet et al., 2013):

perm;, @,
perm;go Dio

)" (7)

where, perm;, is the local permeability value in the block i at time #; perm;  is the initial
permeability; @, is the porosity value in the block i at time ¢, @, o is the initial porosity; and # is
estimated to be 11 (Brunet et al., 2013). A schematic of vertical effective permeability is
presented in Figure 4.
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Figure 4: Schematic of effective vertical permeability.

The change in effective permeability compared with the original permeability (f) is quantified by
the following equation:

_ permg,

Bt (8)

perme

where, perm,, is the effective permeability at time ¢, and perm, is the effective permeability at
time 0. It is important to note that perm. o = perm;p, i =1, 2, ..., n.

To enable comparison with data from the exposure experiments (exposure times were 2.5, 9, 28
and 90 days), model simulation results for 2.5, 28 and 90 days of exposure were obtained.
Predictions of effective permeability of samples after 30 years were also simulated as a means to
evaluate the potential for acid gas leakage after longer periods of exposure.

To assure the reliability of model outputs, the predicted calcite vol%, total Ca wt% and total S
wit% produced by the model were validated by comparison with SEM-BSE images and SEM-
EDS data of the corresponding cement samples, which were analyzed after exposure to CO, and
H,S. SEM-BSE images provided the location of a calcite-rich layer, which was used to validate
calcite vol% results; SEM-EDS analyses provided data for total Ca wt% and total S wt% in the
solid phase from the surface to the interior of the sample. These data were used to validate the
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predicted total Ca wt% and total S wt% results from the model simulations. Refer to Zhang
(2013) for the details of SEM-BSE imaging and SEM-EDS analyses.
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3. RESULTS/OBSERVATIONS

3.1 RESULTS OF OPTICAL MICROSCOPY ANALYSIS

Figure 5 shows optical microscope images of unexposed 35:65 and 65:35 samples, as well as
35:65 and 65:35 samples after 28 days of exposure. All samples were exposed to a 1 wt% NaCl
brine saturated with H,S and CO, (the brine was in equilibrium with a supercritical mixture of 21
mol % H,S and 79 mol % CO,). The cross-sections of unexposed 35:65 and 65:35 samples look
similar to each other, but after 28 days of exposure, the images of the cross-sections of the 35:65
and 65:35 samples are noticeably different. These differences can be attributed to the occurrence
of CO; and H,S alteration in both the interface and interior regions of the 65:35 sample. In
contrast, the CO, and H,S alteration for the 35:65 sample was only visible in the rim region, and
no alteration in the interior region was observed in the optical microscope image.

Figure 5: Optical microscope images of unexposed 35:65 and 65:35 samples, and 35:65 and
65:35 samples exposed to a 1% NaCl brine that was in equilibrium with a supercritical
mixture of 21 mol% H,S and 79 mol% CO, for 28 days (i.e., bottom portion of the sample).

3.2 RESULTS OF SEM-BSE ANALYSIS

Figure 6 shows the SEM-BSE images of the interface regions of 35:65 and 65:35 samples
exposed to brine that was in equilibrium with a supercritical mixture of 21 mol% H,S and 79
mol% CO, for 2.5 days (bottom portion). For the 35:65 sample, three distinct altered layers can
be observed in the interface region, as shown in Figure 6(a): porous CaCOs-depleted layer,
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CaCOs-rich layer, and calcium-bearing mineral dissolution layer. For the 65:35 sample, no
distinct altered zones were observed in the interface region, as shown in Figure 6(b).

CaCO; depleted
‘/

layer

exposed for 2.5 days, bottom portion (e.g., exposed to brine that was in equilibrium with a
supercritical mixture of 21 mol% H,S and 79 mol% CO,).

Figure 7 shows the SEM-BSE images of the interior regions of unexposed 35:65 sample,
unexposed 65:35 sample, 35:65 sample exposed for 28 days (bottom portion) and 65:35 sample
exposed for 28 days (bottom portion). It can be seen that the number of unhydrated cement
grains (grains marked by “U”) at the interior region of the 35:65 sample after 28 days of
exposure decreased somewhat, but the C-S-H binding phase in the interior region remained
unaltered. In contrast, the interior region of the 65:35 sample showed a complete loss of
unhydrated cement grains after 28 days of exposure and the C-S-H binding phase was
significantly altered as well.
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Figure 7: SEM-BSE images of the interior regions of unexposed 35:65 and 65:35 samples,
35:65 sample exposed to 21 mol% H,S for 28 days (bottom portion), and 65:35 sample
exposed to 21 mol% H,S for 28 days (bottom portion).

3.3 RESULTS OF XRD ANALYSIS

Figure 8 shows the qualitative XRD analysis results for the interior regions of the unexposed
35:65 sample, the 35:65 sample exposed to 21 mol% H,S for 28 days (bottom portion), the
unexposed 65:35 sample and the 65:35 sample exposed to 21 mol% H,S for 28 days (bottom
portion). Compared with the XRD spectrum of the unexposed sample, the XRD pattern of the
interior region of the 35:65 sample exposed for 28 days did not show peaks of aragonite and
calcite, which implies that the interior region of 35:65 sample exposed for 28 days is not altered
significantly by CO,. However, for the 65:35 sample, the peaks of carbonate species (calcite and
aragonite) were seen clearly in the XRD spectrum of the interior region after 28 days of
exposure, which suggests that CO,-induced alteration penetrates to the interior region of the
65:35 sample after 28 days of exposure.
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Figure 8: Qualitative XRD analysis results of the interior regions of unexposed 35:65 sample
(A), 35:65 sample exposed to 21 mol% H,S for 28 days, bottom portion (B), unexposed 65:35
sample (C), and 65:35 sample exposed to 21 mol% H,S for 28 days, bottom portion (D). E =
peaks of ettringite; P = peaks of portlandite; Q = peaks of quartz; C = peaks of Ca3SiOs; A =
peaks of aragonite; CA = peaks of calcite.

Table 3 summarizes the evolution of weight percentages of all mineral phases in the interface
region of the pozzolan-amended cement samples as a result of CO, and H,S attack. Analyzed
were 65:35 samples exposed to a 1% NaCl brine in contact with a supercritical mixture of CO,
and 21 mol% H,S from 2.5 days of exposure to 90 days of exposure (bottom portion). It can be
seen that after 2.5 days of exposure, some minerals that were present in the unexposed sample
(e.g., brownmillerite, CasSiOs, Ca,SiO,4 and ettringite) were transformed into other minerals
(e.g., calcite and aragonite). The calcite wt% in the interface region increased from below
detection limit (the unexposed sample) to 19% after 90 days of exposure. The aragonite wt% in
the interface region increased from below detection limit (the unexposed sample) to 6.8% after
90 days of exposure. The amorphous phase wt% decreased from 82% (unexposed) to 64% (90

days of exposure), which is attributed to the transformation of amorphous C-S-H to calcite and
aragonite.
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Table 3: Weight percentages of mineral phases in the interface region of the 65:35 samples
(bottom portion) exposed to acid gas with 21 mol% H,S for different durations (2.5 days of

exposure to 90 days of exposure) obtained from quantitative XRD analysis

Exposure time (days) 0 2.5 9 ‘ 28 90
Aragonite ND 8.3 1.2 8.8 6.8
Brownmillerite 1.8 ND ND ND ND
Calcite ND 14.9 18.9 18.4 19.0

C3S 5.9 ND ND ND ND

C2S 1.9 ND ND ND ND
Ettringite 2.8 ND ND ND ND
Hematite ND ND ND ND ND
Mullite 1.0 ND ND ND ND

Quartz 4.8 6.4 5.3 7.9 10.0

Pyrite ND ND ND 1.0 ND
Crystalline phase total 18.2 29.6 25.4 36.1 35.8
Amorphous phase total 81.8 70.4 74.6 63.9 64.2

34 RESULTS OF MICROHARDNESS TESTING

Figure 9 shows the microhardness test results for the bottom portion samples, both at 35:65 and
65:35 compositions, from 0 day of exposure to 90 days of exposure. It can be seen that the
microhardness values of the 35:65 samples in the interior region was much lower than those of
the 35:65 samples in the interface region, which is due to the formation of carbonate species in
the interface region, but not in the interior region. Unlike the 35:65 sample, CO, was able to
penetrate to the interior region of the 65:35 sample after 2.5 days of exposure, and carbonate
species formed in both the interface and interior regions of the 65:35 sample. For this reason,
with the exception of the sample exposed for only 2.5 days, the microhardness values of the
65:35 samples in the interior region were very close to those of the 65:35 samples in the interface
region.
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Figure 9: Microhardness test results of interface and core regions of 35:65 samples (a), and
interface and core regions of 65:35 samples (b). All the samples tested were bottom portion
samples.

3.5 DETERMINATION OF CO; AND H,S ALTERATION RATES BASED ON SEM-

BSE AND SEM-EDS ANALYSES

Table 4 shows a summary of locations of carbonate alteration frontier and thicknesses of the
sulfur-rich zone in the 35:65 samples exposed for 2.5, 9, 28 and 90 days to a 1 wt % NaCl
solution in equilibrium with a supercritical mixture of CO, and H,S (bottom portion). It can be
seen that the sulfur-rich zone thickness of the 35:65 samples increased with the increase of
exposure time. Different from sulfur-rich zone thickness, the locations of carbonate alteration
frontier of samples exposed for 2.5, 9 and 28 days were of similar magnitude, while the location
of carbonate alteration frontier exhibited apparent decrease when the exposure time reached 90
days. The shift in the location of carbonate alteration frontier for the 90-day sample is likely
attributed to precipitation of more carbonate closer to the interface given the long time of
exposure. Adsorption of H,S on surfaces of cementitious materials may also hinder the
advancement of carbonate alteration frontier since the occupation of H,S on surfaces of
cementitious materials prevents contact between CO, and cementitious materials, reducing the
chance of interaction between CO, and cementitious materials.

Table 4: Summary of locations of carbonate alteration frontier and sulfur-rich zone
thickness values of 35:65 samples exposed to a saturated H,S-CO, brine of 1 wt% NaCl
(bottom portion) from 2.5 days to 90 days

Sulfur-rich zone
thickness? (mm)

Location of carbonate

alteration frontier™ (mm)

35:65, 2.5 days of exposure 0.42 £0.04 0.23+£0.02
35:65, 9 days of exposure 0.44 £ 0.06 0.26 £ 0.04
35:65, 28 days of exposure 0.46 £ 0.04 0.35+0.02
35:65, 90 days of exposure 0.30+0.04 0.39 £ 0.07

(1) Based on SEM-BSE observations of calcite-rich layer

(2) Based on SEM-EDS mapping of elemental sulfur
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Figure 10 shows sulfur alteration indices in the interface region, interior region, and the entire
cross-section of the samples. The sulfur alteration indices derived from data at both the interface
and interior regions were used in combination (e.g., all the 10 data points at the interface region
and the 10 data points at the interior region were used together in Equation 1, i.e., N = 20) to
calculate the degree of sulfur alteration for the entire cross-sections. It can be seen that the
interface regions of all samples were significantly altered by H,S after a short time of exposure.
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Figure 10: Sulfur alteration indices of 35:65 samples exposed to 1 wt% NaCl solution
saturated with CO, and H,S (bottom portion) for different durations in the interface region
(10-a), core region (10-b), and the entire cross-section (10-c).

The interior regions of all samples tested were also altered by H,S, but the degree of alteration
was lower than in the interface region. Sulfur alteration indices for the entire cross-sections of
samples show that the degree of sulfur alteration increased as exposure time increased, except for
the sample exposed for 28 days. The slight decrease of sulfur alteration index from 9 days of
exposure to 28 days of exposure might be attributed to measurement error, and more testing is
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needed to investigate the change in sulfur alteration index from 9 days of exposure to 28 days of
exposure. Compared with the 35:65 sample, H,S penetrated faster in the 65:35 sample, which
can be seen from a higher sulfur alteration index in the interior region of the 65:35 sample
(Figure 11).
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Figure 11: Comparison between sulfur alteration indices at interior regions of 35:65 samples
and 65:35 samples. Exposure periods: 0 day, 2.5 days, and 28 days.

Table 5 summarizes the rates of CO, and H,S alteration calculated from the locations of the
carbonate alteration frontier, the sulfur-rich zone thicknesses, and the sulfur alteration indices for
bottom portion samples. The rate of CO, alteration (in units of mm/day) was calculated by:

li—1;
COzRatej toi — T]] (9)

where CO; Ratej i is the average rate of CO; alteration during the exposure period of j to i days,
I; is the location of carbonate alteration frontier after i days of exposure, and /; is the location of
carbonate alteration frontier after ; days of exposure. In Table 5, if /; is lower than /;, then the rate
value is marked as “not available”, as it is not appropriate to express the rate of CO, alteration as
a negative value.

Table 5: Rates of CO, and H,S alteration (35:65 samples exposed from 2.5 days to 90 days,
bottom portion)

Rate of CO, alteration,
mm/day

(calculated from the
locations of carbonate

Rate of H,S alteration,

mm/day

(calculated from the
S-rich zone

Rate of H,S alteration,
day™

(calculated from
sulfur alteration

Exposure duration (days) alteration frontier) thicknesses) indices)
O0to 2.5 0.17 0.09 0.19
2.5t09 3.1x10° 4.6x10° 7.7 x10°
9to 28 1.1x10° 4.7x10° not available
28 to 90 not available 6.5x 10" 4.0x10°

23




Acid Gas Interactions with Pozzolan-Amended Wellbore Cement Under Geologic Sequestration Conditions

The rate of H,S alteration derived from sulfur-rich zone (SRZ) thickness data (in units of
mm/day) was calculated by:

H,S SRZ Rate; ;o ; = L;’:]L," (10)

where H,S SRZ Rate; , ; 1S the average rate of H,S alteration during the exposure period of j to i
days, L; is the sulfur-rich zone thickness after i days of exposure, and L; is the sulfur-rich zone
thickness after j days of exposure. In Table 5, if L; is lower than L;, then the rate value is marked
as “not available”, as it is not appropriate to express the rate of H,S alteration as a negative
value.

The rate of H,S alteration derived from sulfur alteration index (/) data, i.e., the H,S 7 Rate (in
units of day™) was calculated by:

HZSI Rate]- toi — % (ll)

where H,S I Rate; ;1S the average rate of H,S alteration during the exposure period of j to i
days, Z; is the sulfur alteration index after i days of exposure, and /; is the sulfur alteration index
after j days of exposure. In Table 5, if Z; is lower than Z;, then the rate value is marked as “not
available”, as it is not appropriate to express the rate of H,S alteration as a negative value.

Table 5 shows that the rates of CO; and H,S alteration decreased as the increase of exposure
time, and the advancement of both carbon alteration layer and sulfur-rich zone was significantly
slower after 2.5 days of exposure.

3.6 RESULTS OF REACTIVE TRANSPORT MODELING

Figure 12 shows the calcite vol% results of the 35:65 sample obtained from model simulation.
The calcite vol% results were validated by a comparison to the observed location of the calcite-
rich layer obtained from SEM-BSE imaging. It is important to note that to model the data
following 90 days of exposure (Figure 12c), the T value in Equation 4 in the simulation domain
of 0 mm to 0.5 mm was reduced from 0.004 to 0.0001. This reduction of 7 value (corresponding
to an increase in tortuosity) is consistent with experimental observation (Arnold et al., 2010),
which showed that the formation of calcite in a cement mortar increased the tortuosity of the
calcite-rich zone.

The calcite vol% results of the 2.5-day sample and 28-day sample, Figures 12(a) and 12(b), were
consistent with SEM-BSE imaging data. For the calcite vol% result of the 90-day sample, as
shown in Figure 12(c), the calcite peak predicted by the model was at 0.4 mm, while the calcite-
rich zone obtained from SEM-BSE imaging was between 0.2 mm and 0.3 mm. Simulation
results show that the calcite-rich layer built up rapidly after a relatively short time of exposure
(the peak calcite vol% increased from 5.5% after 2.5 days of exposure to 42% after 28 days of
exposure). Further movement of calcite-rich layer to the interior from 28 days of exposure to 90
days of exposure was suppressed, which can be attributed to clogging of pore spaces by calcite
and subsequent increase in tortuosity and blockage of CO, penetration to the interior.
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Figure 12: Comparison between calcite volume % model simulation results and calcite-rich
layer location data obtained from SEM-BSE images: a) 2.5 days of exposure; b) 28 days of
exposure; ¢) 90 days of exposure. During the model simulation, T value was reduced from
0.004 to 0.0001 from 28 days of exposure to 90 days of exposure, so as to reflect the increase
in tortuosity. Black lines represent boundaries of the calcite-rich layer in SEM-BSE images,
and black dashed lines represent the uncertainties of location measurement of the calcite-
rich layer. Details can be seen in Zhang, 2013. Sample: 35:65 sample exposed to 1 wt% NacCl

solution saturated with 79 mol% CO, and 21 mol% H,S (bottom portion).
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Figure 13 shows the porosity simulation results for the 35:65 sample from 2.5 days of exposure
to 30 years of exposure. For the 35:65 sample, an increase in porosity only occurred in the
interface region (up to 2 mm away from the surface), even when the exposure time was very long
(e.g., 30 years). Though no mechanical strength analysis was conducted in this study, it is not
expected that this alteration would lead to a reduction in the mechanical strength of the cement
since the alteration only occurred in a narrow region close to the surface of the sample, even after
30 years of exposure. However, further study would be needed to confirm this. All porosity plots
had a region with very high porosity adjacent to the interface, which was attributed to the
dissolution of calcite close to the interface. The next region in from this region of calcite
dissolution had a very low porosity, which was attributed to precipitation of calcite. Continuing
towards the casing, beyond this calcite-rich layer, there is another increase in porosity that is also
attributed to the dissolution of Ca-bearing minerals.

90.00 - == 35:65 2.5 days model
simulation

80.00 _—‘ ==35:65 28 days model
simulation

70.00 -
35:65 90 days model

60.00 - simulation

50.00 - === 35:65 1 year model simulation

40.00 === 35:65 30 years model

simulation

Porosity %

30.00

20.00

10.00

0.00 T T T T T T T T T T T T 1
0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50 5.00 5.50 6.00 6.50
Distance away from the interface (mm)

Figure 13: Porosity changes from the interface region to the interior of the 35:65 sample
after 2.5 days, 28 days, 90 days, 1 year, and 30 years of exposure.

Based on porosity results in Figure 14 and using Equations 7 and 8 the vertical effective
permeability change was calculated and is shown in Figure 15. It can be seen that there was a
rapid increase (several orders of magnitude) in effective vertical permeability within 30 days of
exposure, followed by much slower increase at longer exposure times. After 30 years of
exposure, the effective vertical permeability of the sample increased by 2.3 x 10° times.
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Figure 14: Change in effective vertical permeability of the 35:65 sample from 0 to 10,950
days (30 years) of exposure.
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4. DISCUSSION

Optical microscopy analysis, SEM-BSE analysis and SEM-EDS analysis revealed that the
interface regions of both the 35:65 and 65:35 samples were altered as a result of CO; and H,S
attack at the exposure conditions examined in this study (Table 1). In optical microscopy images,
a sheath with a dark color can be distinguished at the outer rim of the sample in comparison to
the inner, unaltered zone in the 35:65 sample; the entire 65:35 sample appears impacted as
compared to the unexposed sample.

Optical microscopy, SEM coupled with EDS, and qualitative XRD analysis also revealed that
compared with the 65:35 sample, the 35:65 sample exhibited slower CO, and H,S penetration to
the interior region given the same exposure conditions. The carbonate species were only
observed in the interface region of the 35:65 sample after 28 days of exposure, and the sulfur
alteration index in the interior region of the 35:65 sample (0.39 after 28 days of exposure, Figure
11) was lower than that of 65:35 sample (0.69 after 28 days of exposure, Figure 11). It is
important to note that based on the sulfur alteration index results, H,S penetrated to the interior
region of both 35:65 sample and 65:35 sample after 28 days of exposure. Similar to our findings
for 35:65 cement, Kutchko et al. (2011) found evidence of reaction between H,S and neat
cement occurring throughout their sample, whereas evidence of reaction between CO; and neat
cement occurred only in the interface region.

The reduced CO; and H,S penetrations in the 35:65 sample are explained primarily by the
formation of a calcite-rich layer in the interface region of the 35:65 sample. The formation of a
calcite-rich layer in the interface region inhibits penetration of CO; and H,S across the layer. As
there was no calcite-rich layer in the interface region of the 65:35 sample, penetration of CO,
and H,S to the interior region was not hindered. Another reason for the difference in acid gas
penetration rate to the interior regions of these samples is that the 65:35 sample contained a
much higher amount of fly ash particles than did the 35:65 sample. There is no binding phase
between fly ash particles, thus more pore space exists in the fly ash-rich samples (Uygunoglu et
al., 2012). As a result, the more porous 65:35 sample favored the penetration of CO, and H,S to
the interior region. In addition, as compared with the 35:65 sample, the 65:35 sample had a lower
slurry density and higher water to cement ratio (Kutchko et al., 2009), which results in a higher
permeability of the 65:35 sample.

Though both the interface region and the interior region of the 65:35 sample were altered by CO,
and H,S attack after short exposure duration, the microhardness test results showed that the
alteration induced by CO, and H,S may not lead to mechanical strength loss. This is due to the
formation of carbonate species in the interior region. For example, the microhardness of the
65:35 sample in the interior region after 90 days of exposure was even higher than that of
unexposed 65:35 sample. In comparison, the microhardness in the interior region of the 35:65
sample after 90 days of exposure was very close to that of unexposed sample. More research is
needed to correlate these microhardness values with the macro-scale mechanical strength of the
samples.

The interaction between H,S and pozzolan-amended cement is explained as H,S-derived SO,%
attack, which has been discussed in previous studies (Tixier, 2000; Santhanam et al., 2001;
Kutchko et al., 2011). The first step of the mechanism is the formation of SO, from the
oxidation of H,S. In pozzolan-amended cement, the main oxidants are Fe(l11)-bearing minerals.
The second step of the mechanism is the interaction between SO4*, Ca**, Al-bearing ions and
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water to produce ettringite. Compared with the original mineral phases in pozzolan-amended
cement, ettringite is an expansive material, the formation of which may cause integrity loss of
the cement under unconfined conditions. However, the integrity loss was not observed in this
research and may not be observed in the field where confining pressures are present. In the last
step, Fe?* produced from the H.S oxidation reaction reacts to produce pyrite. Under the exposure
conditions of this study, there was negligible oxygen present and the only phases that could
oxidize H,S to SO,* during exposure were the Fe(I11)-bearing phases in pozzolan-amended
cement. Therefore, it would appear that the degree of H,S-derived SO,* attack depends on the
availability of Fe(ll1)-bearing phases in the cement. Fe (I11)-bearing phases are not evenly
distributed throughout the pozzolan-amended cement. Most Fe (111)-bearing phases aggregate in
iron-rich particles (Fe wt% of the iron-rich particles is 42% from SEM-EDS analysis) from the
fly ash additive, and the Fe wt% in the cement matrix is 3%. As a result, the products of H,S
interacting with pozzolan constituents in amended cement are ettringite and pyrite, mainly
formed in the regions with Fe-rich particles (details can be seen in Zhang, 2013). However, as Fe
(11)-bearing phases are minor phases in pozzolan-amended cement, the formation of ettringite
and pyrite is limited, and does not contribute significantly to the porosity and permeability
changes of pozzolan-amended cement.

Though formation of ettringite and pyrite does not contribute much to changes in porosity and
permeability, an increase in the H,S content of the acid gas is predicted to enhance the
dissolution of Ca-bearing minerals in pozzolan-amended cement, which results in the formation
of more calcite. Those processes increase the porosity of the Ca-bearing mineral dissolution layer
and reduce the porosity of the calcite-rich layer (Figure 15). The enhancement of the dissolution
of Ca-bearing minerals is mainly due to an increase in the supply of H* due to the presence of
more dissolved H,S.

Calcite-rich layer

Ca-bearing mineral
dissolution layer

# 0% H25 90 days
5% H25 90 days
A 21% H2S 90 days
X 40% H2S 90 days

40.0 +

Porosity (%)

300 { &
20.0 4

10.0 +

0.0 A T T T 1
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00
Distance (mm)

T T T

Figure 15: Predicted effect of H,S mol% in acid gas on porosity change of pozzolan-amended
cement (35:65 sample).
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The reactive transport model predicts the formation of a calcite-rich layer close to the surface of
the 35:65 sample after 2.5 days of exposure, and the calcite vol% in the calcite-rich layer
increases significantly after 28 days of exposure. This prediction is consistent with observations
obtained from SEM-BSE. Formation of a calcite-rich layer is believed to reduce the porosity of
the cement and contribute to its “self-sealing” (Kutchko et al., 2007; Carey et al., 2010).
However, Barlet-Gouédard et al. (2007), Fabbri et al. (2009), and Gherardi et al. (2012) reported
that formation of cracks and significant strength loss were usually recognized in association with
extensive carbonation processes. In the modeling performed in this study, the extensive
carbonation at the surface of the pozzolan-amended cement occurred rapidly, which could lead to
crack formation and strength loss of the pozzolan-amended cement.

Dissolution of Ca-bearing cement materials is the main source of Ca®* to form calcite. For
pozzolan-amended cement, the modeling indicated that C-S-H, C3S and Ca(OH), were the three
minerals that provided most of the free Ca* in the system. C-S-H was the most important Ca**
source from 2.5 days to 90 days of exposure; C3S was also an important Ca>* source when the
exposure time was short (2.5 days). When the exposure time became long (e.g., 90 days), all of
the C3S in the 35:65 sample was dissolved and did not contribute to the production of Ca®*
(Zhang, 2013).

There was a significant increase in effective vertical permeability of the sample after 2.5 days of
exposure due to re-dissolution of calcite in the region close to the interface. After 30 years of
exposure, the effective vertical permeability was predicted to increase by 2.3 x 10° times. It is
important to note that the model successfully predicted an increase in porosity and vertical
permeability at the interface region of cement due to the re-dissolution of calcite, which has been
observed experimentally (Duguid et al., 2005; Kutchko et al., 2007). However, this porosity
increase due to calcite re-dissolution may not occur at a high rate at real storage sites, because of
the capacity of reservoir rocks to buffer the pH of CO,-rich reservoir pore water to values around
5 (Gherardi et al., 2012). That is to say, the model may overestimate the increase in permeability
of wellbore cement in real caprock-cement-brine systems.
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5. CONCLUSIONS

In this research, pozzolan-amended cement samples (35:65 and 65:35 samples) were exposed to
CO; and H,S under typical carbon storage conditions, and SEM-BSE, SEM-EDS, XRD and
microhardness analyses were applied to characterize the samples following exposure. Reactive
transport modeling was used to help interpret the experimental data and to predict the changes in
physical and chemical properties of pozzolan-amended wellbore cement for longer exposure
times.

This research suggests that the 35:65 sample was more resistant to CO, and H,S attack than the
65:35 sample under the same exposure conditions. Quantification of alteration rates indicated
that for the 35:65 sample (bottom portion), significant alteration only occurred at the surface of
the sample after 90 days of exposure, and the alteration rates were only 3.3 x 10> mm/day for
CO, and 4.3 x 10 mm/day for H.S. For the 65:35 sample (bottom portion), the alteration rate
could not be calculated, as the calcite-rich layer and sulfur-rich zone were not clear in SEM-BSE
and SEM-EDS images for the 65:35 sample. However, it was observed that both CO, and H,S
were able to penetrate to the interior of the 65:35 sample after 2.5 days of exposure. The higher
penetration rates of CO, and H,S in the 65:35 sample could be attributed to the higher porosity
and lower tortuosity of the 65 vol% pozzolan : 35 vol% cement sample.

The microhardness testing results indicate that significant loss of microhardness did not occur at
either the interface or the interior regions of the samples after 90 days of exposure for both 35:65
and 65:35 cement samples. Therefore, though the interior region of the 65 vol% pozzolan : 35
vol% cement sample was altered by CO, and H,S after 2.5 days of exposure, the data suggest
that this alteration may not lead to a loss in mechanical strength, although such a hypothesis
requires further investigation.

The reactive transport model developed in this research was able to model the significant
alteration at the surface of the 35:65 sample. The solid phase calcite vol% results produced by
the model were consistent with SEM-BSE data. Due to the significant alteration in the surface
region of the samples, the model predicted a 2.3 x 10° times increase in effective vertical
permeability of the cement after 30 years of exposure. Though significant increase in effective
vertical permeability of 35 vol% pozzolan : 65 vol% cement sample in contact with CO, and
H,S-saturated brine was observed, this increase does not necessarily suggest that there would be
a leakage of acid gas to shallow groundwater during acid gas co-storage, since only the bottom
portion of a well is in contact with the brine, and the other portions of a well that are not directly
in contact with the brine are expected to have much lower increase in vertical permeability, if
any. Therefore, more investigations are needed to correlate the effective permeability change of
the wellbore cement in contact with brine with the effective permeability change of the wellbore
cement along the entire length of a well.

Based on the results obtained in this research, some future work would be useful in further
understanding the full impact of cement corrosion on the risk associated with co-storage sites.
Suggestions for future work are listed below.

First, there is a need to correlate chemical reactions and porosity/permeability evolution with
mechanical strength change of pozzolan-amended cement. This research used microhardness
testing as an approach to quantify mechanical strength of the sample, but the microhardness test
results only represent mechanical strength at a micro-scale, which does not reflect the macro-
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scale mechanical strength of the sample. Therefore, there is a need to find an appropriate method
to quantify macro-scale mechanical strength, and correlate that with chemical reactions and
porosity/permeability evolution of pozzolan-amended cement.

Second, there is a need to find an experimental approach to validate porosity and permeability
results obtained from model simulation. Permeability measurement of cement cores under
reservoir conditions (pressure and temperature) is possible using the core flow testing equipment
at NETL. Within limits, porosity can be measured via optical microscopy.

Third, there is a need to obtain field cement samples at acid gas storage sites and compare the
actual field samples with the laboratory-exposed samples of this study. There have been several
acid gas injection sites in Canada (e.g., Fort Nelson acid gas injection site in British Columbia,
Canada), and it may be possible to acquire field samples of exposed cement from these sites for
characterization. The characterization of these samples will permit the field validation of the
research results, including the surface alteration and penetration estimates over time.

Finally, there is a need to improve the reactive transport model developed in this research, so as
to make the model capable of dealing with more complicated scenarios. To be specific, the
current model is only for no-flow, diffusion-controlled transport conditions. The model can be
improved to deal with scenarios involving convective flow, which may occur in the cement after
porosity and permeability changes. Moreover, the model can be upgraded to a large-scale 2-D
model, so as to simulate the entire wellbore cement-caprock-brine system. The model can also
include multi-phase flows (e.g., brine saturated with CO, and H,S, and supercritical CO,-H,S),
and set up direct reactions between wellbore cement and CO,-H,S supercritical fluid.
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