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EXTENDED ABSTRACT

My PhD Thesis is focused on the study of three distinct aspects related to geological CO, storage,
namely:
(i) wellbore cement alteration and well integrity by using Reaction Path and Reactive Transport
Modeling;
(if) cement carbonation by means of laboratory experiments;
(iii) monitoring of CO, leakage from the deep reservoirs where CO; is injected, by using the
accumulation chamber method.
For what concerns wellbore cement alteration and well integrity, this study presents the results
obtained in the natural analogue for the geological storage of CO, of Sant’Albino, Southern
Tuscany, which is affected by intense CO, degassing and where a thermal spa and a CO, production
plant are present. Reaction Path Modelling (RPM) of cement hydration and carbonation as well as
Reactive Transport Modelling (RTM) of cement alteration were used to investigate the processes
occurring near a hypothetical average production well with a damaged leaking zone, affecting
casing and cement, assuming a defined composition of class G Portland cement. It turns out that the
advective flow of CO, from the damaged zone, first, leads to completion of cement carbonation
and, second, promotes further cement alteration through considerable dissolution of carbonate
minerals. These processes takes place in a relatively short time, in the order of some years. The
ultimate consequence of these CO,-promoted comparatively fast chemical reactions is, most likely,
the CO; leakage to the surface.
Regarding cement carbonation, three types of laboratory experiments were carried out at room
temperature and different Pco, values, in the range 1 to 51 bar, on G-class Portland cement. Cement
hydration (accompanied by limited carbonation) was carried out for 28 days at atmospheric
conditions. Afterwards, cement carbonation was investigated using a micro-reactor by reacting, in
separate runs, cement powder samples, under stirred conditions, and massive samples, under
stagnant conditions, with pure CO,(g) and MilliQ water. After the completion of each experiments,
analyses were performed on both, the aqueous solution (IC, ICP-OES, acidimetric titration) and the
solids (XRD, SEM, TGA/DTA). In type 1 experiments cement powder was reacted at 11 bar Pcop,
for 1, 3, 6, 21, 67, 97 and 120 hours. Portlandite was present only in the hydrated cement paste and
was converted to CaCOs in less than one hour. In type 2 experiments cement powder was reacted
for 6 hours at Pco, of 1, 11, 31 and 51 bar. The extent of cement carbonation was similar at all Pcop
values. The experiments of type 3 were performed with cement cube samples at 11 bar Pco, for 6,
4



24 and 210 hours. The average carbonation depth attained 0.23 mm in 1 day and resulted to be
linearly related to the square root of reaction time indicating that cement carbonation rate is
controlled by diffusion (Fickian behavior).

Concerning the monitoring of CO, leakage from the deep reservoirs where CO; is injected,
three different types of laboratory experiments were carried out to improve the present
understanding of the accumulation chamber method. In particular, in type A experiments a standard
gas mixture was continuously injected, at constant flux, into the accumulation chamber, mimicking
the soil CO, flux measurements performed in field surveys. In type B experiments, a standard gas
mixture was initially injected into the accumulation chamber for a short lapse of time, to achieve a
relatively high CO, concentration inside the accumulation chamber; then the injection of the
standard gas mixture was stopped and the CO, concentration inside the chamber was monitored for
a sufficient interval of time. The type C experiments, which are a modified version of those of type
B, including the use of a plaster to seal the chamber-desk interface, to verify the absence of gas
leakage in the system.In both types of experiments A and B, the accumulation chamber appears to
be flushed by a considerable flux of atmospheric air, which is virtually constant in each experiment
but is different from experiment to experiment. We underscore that the occurrence of this air flux
through the accumulation chamber (i) has no effect on the determination of the soil CO, flux on the
basis of the initial slope (at time zero) of the CO, concentration-time curve, but (ii) it complicates
the evaluation of the two components of the soil CO, flux, namely the CO, molar fraction of soil
gas and the flux of the soil gas mixture. Atmospheric air enters and leaves the accumulation
chamber chiefly through the interface between the chamber rim and the surface onto which the
chamber rests whereas the pressure compensation device is considered a less likely pathway for
atmospheric air. The air flux appears to be controlled by the membrane pump flowrate in type B
experiments, in which there is only a gas flow driven by the membrane pump, from the
accumulation chamber to the CO; analyzer and back again into the chamber, whereas no gas flow
enters the chamber from below. In type A experiments, there is both a gas flow entering the
chamber from below and a gas flow driven by the membrane pump. Consequently, the gas
exchanges between the chamber and the atmosphere are probably more complex than in the the
experiments of type B, leading to a relation between the air flux and the gas flow entering the
chamber from below, when this is relatively high (1.67 to 6.67 cm® s™). A possible way to obtain
the two components of the soil CO, flux is presented although it must be improved. The
implications related to the knowledge of both the CO, molar fraction of soil gas and the flux of the

soil gas mixture are discussed.
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Chapter 1- GENERAL INTRODUCTION

1.1 Changes in atmospheric CO; concentration with time.

Time changes in atmospheric CO, concentration have been monitored since 1957 (Keeling et al.,
1995; Keeling and Whorf, 2003). Estimates of atmospheric CO; during the Earth’s history have
been obtained using CO; proxies data. Although the uncertainties of these data grow considerably
with increasing time before present, the available picture leaves no doubt on the continuous increase

of atmospheric CO, concentration after the industrial revolution (Figure 1.1).

The monthly average atmospheric CO; concentration in January - October 2016 has attained 401-
408 ppmv based on the measurements of NOAA (National Oceanic & Atmospheric Administration)
and Scripps Institution of Oceanography (SIO) with an increase of 28% approximately compared to

the 312-318 ppmv in 1958 (https://www.co2.earth/monthly-co2). The current atmospheric CO,

levels are approximately 46% higher than the ~277 ppmv of the years 1740-1780, before the

industrial revolution (Figure 1.1)

Merged Ice-Core Record
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MN————T7 7T T T T T T T T T T T T

400~ -
390
380
370+
360
350
340
330
320
310+

CO2 Concentration (ppm)

300
290

a P S

8- 0, T © @5

Py | AU P U RO SRR RS RO (N S ENPU U BNPU NP B B
1720 1740 1760 1780 1800 1820 1840 1860 1880 1900 1920 1940 1960 1980 2000 2020

Year

Figure 1. 1. Atmospheric CO, record based on ice core data before 1958 (Etheridge et. al., 1996; MacFarling
Meure et al., 2006) and yearly averages of direct observations from Mauna Loa and the South Pole after and
including 1958 (from Scripps CO, Program).
Ice core records provide a high-resolution proxy record of the atmospheric CO, concentration
during the past. Atmospheric CO, concentration was close to 280 + 5 ppmv during the past 1000
years (Siegenthaler et al., 1988; Neftel et al., 1994; Barnola et al., 1995; Etheridge et al., 1996). The
Taylor Dome Antarctic ice core indicates that atmospheric CO, concentration varied between 260
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and 280 ppmv during the past 11,000 years (Smith et al., 1999; Indermuhle et al., 1999) and similar
values are suggested by ice core BH7 near Vostok (Peybernés et al., 2000). Study of the Vostok
Antarctic ice core indicates that during the last four glacial — interglacial cycles, i.e., during the past
420,000 years, atmospheric CO, concentration oscillated between 180 and 300 ppmv and it was
high during the interglacial periods and low during the glacial ones (Figure 1.2; Petit et al., 1999;
Fischer et al., 1999). In spite of these large changes, atmospheric CO, concentration was always

lower than at present.

lIIlIIIlIllIIllllIIlIIIlIIIlIIlIIIIIIlIlI

CO, concentration (umol/mol)
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Figure 1.2. Carbon dioxide concentration in the air bubbles trapped in the VVostok Antarctic ice core (data from
Barnola et al., 2003 and references therein).

Many types of proxy records were combined to reconstruct the atmospheric CO, levels from
thousands to many millions of years ago. Honisch et al. (2009) analyzed a sediment core obtained
from the bottom of the Atlantic ocean westward of Sierra Leone. From the ancient shells of
Globigerinoides ruber in the sediment core, these authors developed a high-resolution record of the
oxygen isotope ratio, indicating that atmospheric CO, levels fluctuated between 213 and 283 ppmv
(= 30 ppmv approximately) during the period between 900,000 years ago and 2.1 million years
ago. This is similar to the range of 180 to 300 ppmv established by the ice core record.
Atmospheric CO; levels during the Pliocene, between 2.6 and 5.3 million years ago, seem to be
similar to the present day levels (Zhang et al., 2014). Evidence suggests that it has likely been
millions of years since atmospheric CO, was higher than today (Honisch et al., 2009; Zhang et al.,
2013; Zhang et al, 2014).



1.2. The causes of the increase in atmospheric CO, concentration and future predictions

The increase in atmospheric CO, concentration from the industrial revolution is unanimously
attributed to the burning of fossil fuels, coal, natural gas, and oil, and subordinately to the
production of cement. The annual global emission of CO, from burning of fossil fuels and cement
production has been evaluated for the period of time from 1751 to 1999 (Marland et al., 2000) with
average values of 5.4 + 0.3 x 10™ g C/year during the 1980s and 6.3 + 0.4 x 10" g C/year during
the 1990s. Fossil fuel emissions (including cement production) accounted for about 91% of total
CO; emissions from human sources in 2014. This portion of emissions originates from coal (42%),
oil (33%), gas (19%), cement (6%) and gas flaring (1%). In 2013, the largest national contributions
to the net growth in total global emissions (https://www.co2.earth/global-co2-emissions) were
China (58% of the growth), USA (20% of the growth), India (17% of the growth), and EU28 (11%
of the growth).

Since anthropogenic emissions are assumed to be responsible of the rise in atmospheric CO,
concentration, it is instructive to compare the rate of both anthropogenic emissions and atmospheric
CO; content (Figure 1.3). This comparison shows that the rates of increase in atmospheric CO, are
less than the emission, suggesting that the emitted CO; is partly taken up by the two carbon

reservoirs acting as sinks, that is the oceanic waters and the terrestrial ecosystems.

8
fossil fuel emissions
7 — annual atmospheric increase
—— monthly atmospheric increase (filtered) b
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Figure 1.3. Comparison of fossil fuel emissions and the rate of rise in atmospheric CO, concentration The annual
atmospheric increase is the measured increment during a calendar year whereas the monthly atmospheric
increases was filtered to eliminate the seasonal cycle. Vertical arrows indicate El Nifio events. (from Prentice et
al., 2001)
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To a first approximation, about a half of the human-induced emissions is absorbed relatively fast by
both the oceans and the terrestrial ecosystems, whereas the rest remains in the atmosphere.
Absorption of CO, in marine waters causes their acidification (Figure 1.4) and potential negative

impacts to the marine plants and animals.
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Figure 1.4. Model simulation of long-term changes in ocean pH (bottom panel), as a result of the CO, emissions
shown in the top panel. The pCO, in the middle panel is the atmospheric concentration of CO, (from Caldeira
and Wickett, 2003)

The main natural processes that remove CO, continuously from the atmosphere are explained by the

following reactions (IPCC report 2014):

i.  Land uptake: Photosynthesis-respiration, with a time scale of 1-10% years:

6CO, + 6 H,O + Photons — CgH1,06 + 60, (1.1)
CeH1206 + 60, — 6CO»+ 6 H,0O + heat (1.2)

ii.  Ocean invasion: Seawater buffer, with a time scale of 1-10° years:
CO, + CO3? + H,0 <> 2HCO3 (1.3)

iii.  Reaction with calcium carbonate, with a time scale of 10°-10* years :
CO, + CaCO; + H,0 «» Ca*" + 2HCOy (1.4)

11



iv.  Silicate weathering, with a time scale of 10*-10° years:

CO, + CaSiO;_, CaCO; + SiO; (1.5)

The short-term carbon cycle has been modeled by several authors (see Prentice et al., 2001 and
references therein) taking into account the complex interactions among relevant processes. The aim
of this exercise is to evaluate the possible responses of the carbon cycle to climate changes and to
predict possible future variations in fluxes between different reservoirs. These carbon cycle models
have been developed and tested against available data and then used for future predictions, until the

end of the century, assuming reasonable emissions scenarios (e.g., Figure 1.5).
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Figure 1.5. Over 1000 scenarios from the IPCC Fifth Assessment Report are shown, including the
Representative Concentration Scenarios (RCP). The four RCPs in the graphic are summarized in this Sl (i.e.
2.6, 4.5, 6.0 and 8.5 W/m?) and they are referred to the radiative forcing of the Greehouse Gases Emissions.
From Fuss et al., 2014; CDIAC (Carbon Dioxide Information Analysis Center); Global Carbon Budget, 2015 (see
http://www.globalcarbonproject.org/carbonbudget/archive/2015/GCP _budget 2015 v1.02.pdf).

Oceanic models indicate that ocean uptake increases with time but the uptake/emissions ratio
decreases with time. Terrestrial model suggests that the rate of uptake by the land increases until
2050 and stabilizes afterwards. Both the ocean uptake and the terrestrial uptake decrease if climate-
change feedbacks are taken into account in modeling. To quantify these effects coupled models are

needed.
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The rise in atmospheric CO, concentration has caused an increase in the trapping of infrared
radiations emitted from the Earth surface, with respect to the preindustrial situation. Indeed, more
than half of this increase in infrared absorption is attributed to CO,, while the remaining part is
probably controlled by other atmospheric gases, chiefly CH,4, N2O, and chlorofluorocarbons.

The effects of this increased infrared absorption on the Earth climate involve several feedback
mechanisms. However, there is little doubt that increased trapping enhances the atmospheric
greenhouse effect, thus leading to global warming and climate change, which is the challenge for
the present and the future generations. Therefore, anthropic CO, inputs into the atmosphere have to
be drastically reduced, and several strategies have to be undertaken to this purpose, as we do not
have a single magic option.

1.3. The Carbon Capture Storage

The Carbon Capture Storage (CCS) is the most promising technology to reduce the release of CO,
to the atmosphere from fossil fuels burning, cement production and other industrial processes. The
CO; by-product of fossil fuel burning can be stored by returning the released carbon back to a

geological reservoir.

As discussed by Benson and Cole (2008), the large sedimentary basins are the best candidates for
geological carbon storage, due to the very high pore volume and connectivity and their wide
distribution worldwide. Many sedimentary rock formations of different textures and mineralogical
and chemical compositions provide both, the volume to store the CO, and the seals to trap it at
depth. Possible reservoirs comprise depleted oil and gas reservoirs, saline aquifers, and coal beds.
Suitable formations should be deeper than 800 m approximately, have a seal of suitable thickness
and extension, have sufficient porosity to store large CO, volumes, and be sufficiently permeable to
allow injection at high flow rates. Injection of CO, at depths greater than 800 meters has two
advantages due to the high pressures present at these depths: CO, density is high enough to allow

effective pore filling and to decrease the buoyancy difference with respect to the in situ fluids.

In 1996, Statoil began to inject a million metric tons per year of CO, into an aquifer 800 meters
below the North Sea at Sleipner (Torp and Gale, 2004). The CO, was separated from natural gas to
meet specifcations for sale in Europe. Statoil could have emitted the CO, into the
atmosphere and paid a tax of $50 per ton, but they opted instead to inject CO, into a deep aquifer.
Afterwards, other CO; injection projects have been linked with enhance oil (EOR) or gas recovery
(EGR) such as at Weyburn EOR site in Canada (1.8 Mt per year since 2000), at the Salah site in
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Algeria (about 1 Mt per year since 2004) and at the Cranfield EOR in Mississippi, USA (DePaolo
and Cole, 2013). Furthermore, the team of the CarbFix project has demonstrated that over 95% of
the CO, captured and injected at Hellisheidi geothermal power plant in Iceland was mineralized
within two years (see https://www.or.is/english/carbfix-project).

There is also a number of research projects focused on the potential issues and challenges of CCS,
as the CO,-REACT European Network on geological carbon storage, which is founding the
research of this PhD Thesis. The project combines observations of real rock cores, with experiments
exploring mineral-fluid interaction, and with computational studies and fundamental theory to
understand dissolution, precipitation and mass transport in the subsurface. CO,-REACT also
explores CO, capture and optimal conditions for injecting pure CO, or CO,-rich gases into porous
rocks. Advances are tested at field scale at the CarbFix pilot site (Iceland) and on limestone and
chalk cores. This combined approach enables CO,-REACT to attain its main research aim: to
develop practical knowledge and predictive tools for successful, long term, geological CO, storage
that can be integrated into industrial processes.

For CCS to be successful, three basic conditions have to be met by the storage medium: (1)
capacity, (2) injectivity, and (3) confinement (Bachu, 2003, 2010; IPCC, 2005). The last condition
is critical because CO, leakage may (IPCC, 2005) impact other resources, potable groundwater,
vegetation and animal life, and human health, notwithstanding the global aspect of the return of
CO; to the atmosphere, even if it is at acceptable levels (Celia and Bachu, 2003; IPCC, 2005).
Injected CO, tends to migrate upwards through the porous media of the permeable reservoir rocks.
Hence, to first guarantee the confinement of CO, underground for a long-midterm scale, it is
necessary that the host rocks are overlain by impermeable rock layers. Normally this requirement is
achieved in many geological environments worldwide (DOE, 2012). Evidence from natural CO,
reservoirs and numerical models suggests that injected CO, can be stored in geological formations

for time scales well over 1000 years (Wilson and Johnson, 2003; Keith and Giardina, 2005).

Possible pathways for CO, leakage are both natural (e.g., active faults and open fractures) and
manmade, mainly boreholes (Celia and Bachu, 2010). The potential for CO, leakage through
existing wells, either active or abandoned, is especially important in sedimentary basins which have
been the subject of hydrocarbon exploration and production. Well integrity may be compromised
due to poor completion, abandonment, and wrong operations. Crow et al. (2010) defined “wellbore
integrity” as a condition that maintains isolation of geological formations and prevents vertical

escape of fluids.
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Globally there are several natural accumulations of CO; in geological reservoirs situated in different
geological environments, which are excellent natural laboratories to be observed and studied.
The important questions that may be answered with observations from these natural analogues
include the nature, magnitude and rates of geochemical processes that involve the CO, in geological
reservoirs including: (i) CO, dissolution into formation brine, (ii) silicate dissolution/precipitation
reactions acting as buffers of acidity and solutes and (iii) carbonate dissolution/precipitation (Bickle
etal., 2013). These three processes mention before can be expressed by simple reactions (DePaolo
and Cole, 2013). The CO, dissolved into the aqueous phase undergoes a partial dissociation
according to the following reaction:

COz + H0 =H" (45 + HCO;3 (o) (1.6)
Nevertheless, due to the high CO, partial pressure, the pH of the aqueous solution may attain values
close to 3. Then the acid brine might react with silicate and carbonate minerals contained in the rock
formation, which will neutralize the brine through the following simplified reactions:

H* g + CaAlSi,0g+ Hy0 = Ca?* (g + AlSi;Os(OH), 1.7

H" (ag) + CaCO3(ag) = Ca *"(ag) + HCO3 g (1.8)

1.4. Subjects and objectives of this research

One of the major risks related to the geological sequestration of CO, is the leakage of CO,-rich
gases from the deep reservoirs in which they have been disposed. This risk can be mitigated
monitoring the flux of CO, from soil using the accumulation chamber method. The use of this
methodology in a natural analogue for the geological CO, storage has been one of the objectives of
this PhD.

These CO; gas studies, which are presented in chapter 2 of my PhD thesis, were performed in a
natural analogue for the geological CO, storage, which is affected by intense CO, degassing and
where both. a thermal spa and a CO, production plant are present. This natural analogue is located
in the Sant’Albino area, Southern Tuscany. The production wells (run by the company Air Liquide)
extract 96 t d™ of CO, on average (Frondini et.al, 2009), whereas the bubbling pools located inside
the thermal spa area discharge a CO, flux in the order of 10-100 t d* according to the INGV-

DPCV5 catalogue of Italian gas emissions (see http://googas.ov.ingv.it/).

In three selected zones of the study area (Salcheto, Acqua Puzzola and Terme di Montepulciano
spa), the diffuse CO, flux from soil was measured by means of the accumulation chamber method

and mapped to assess the natural CO, leakage. Also, diffuse CO, fluxes data from soil were used to
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estimate as a first approximation, the vertical permeability of the cap-rock overlying the

Sant’ Albino gas reservoir (see chapter 2).

In addition, new laboratory experiments with the accumulation chamber method were carried out to
improve the understanding of this method (see chapter 4) and the possible implications in surface
monitoring of CO, geological sequestration sites, as well as other geo-scientific purposes

(geothermal exploration, volcanic surveillance).

In principle, the CO, time series acquired using the accumulation chamber method can be used to
obtain not only the CO; flux from soil, F, , but also its two components, namely the CO, molar

fraction of soil gas, X and the flux of the soil gas mixture, Fs. Note that only two of the three

C0,,G’

variables F, , Fg,and X, . are independent, as they are linked by the simple relation:
I:coz =Fc- XCOZ,G (1.9)

Consequently, it should be possible to understand if high F., values are controlled by either (i)
high Fg values or (ii) high X, . values or (iii) high values of both variables and, conversely, if

low F, Vvalues are due to either (a) low Fg values or (b) low X or (¢) low values of both

C0o,,G

parameters.

Well integrity can be compromised also by CO,-driven chemical reactions. Initially, these chemical
reactions are due to the thermodynamic incompatibility between the acidic CO,-rich fluids and the
alkaline Portland cement pore fluids. At later stages, CO,-driven chemical reactions may lead to
cement carbonation and alteration and consequently to gas leakages.

Cement carbonation studies are presented in chapter 2 where reaction path and reactive transport
modelling are used to investigate the processes occurring near a hypothetical average production
well with a damaged zone affecting both, casing and cement.

In addition, a discussion of the laboratory experiments on cement carbonation, which were
performed using class G Portland cement at different partial pressures of CO, and different times of

exposure is presented in chapter 3.

The Ph.D. was mainly carried out in the West Systems laboratories at Pontedera, in the Department
of Earth Sciences of the University of Florence and in the Florence section of the Institute of
Geosciences and Earth Resources of the National Research Council of Italy. The Ph.D. work has
also benefitted of the research carried out during the secondment period at the Lafarge-Holcim

Research Center in Saint-Quentin-Fallavier, France.
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Summing up, my PhD Thesis consists of five chapters, three of which are scientific research
manuscripts whereas the remaining two are the general introduction and conclusions. Chapter 2 has
been submitted to Chemical Geology. Chapter 4 has been submitted to Journal of Volcanology and
Geothermal Research. Chapter 3 will be submitted to an internal journal before the defence of my
PhD Thesis.
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Chapter 2- A STUDY ON WELLBORE CEMENT CARBONATION BY CO, LEAKAGE IN
A NATURAL ANALOGUE FOR THE GEOLOGICAL CO, STORAGE

Abstract

This study presents the results obtained by studying well integrity in the natural analogue for the
geological storage of CO, of Sant’Albino, Southern Tuscany, which is affected by intense CO,
degassing and where a thermal spa and a CO, production plant are present. Reaction Path
Modelling (RPM) of cement hydration and carbonation as well as Reactive Transport Modelling
(RTM) of cement alteration were used to investigate the processes occurring near a hypothetical
average production well with a damaged leaking zone, affecting casing and cement, assuming a
defined composition of class G Portland cement. The results indicate that the advective flow of CO,
from the damaged zone, leads to the completion of cement carbonation and promotes further
cement alteration through considerable dissolution of carbonate minerals. These two processes takes
place in a relatively short time, in the order of some years. The ultimate consequence of these CO,-

promoted comparatively fast chemical reactions is, most likely, the CO, leakage to the surface.

Keywords: carbon dioxide; cement alteration; gas leakage; reaction path modelling; reactive

transport modelling.
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2.1. Introduction

Ideally, the basic premise of geological CO, sequestration is the absence of leaks from the reservoir
where CO; is stored. Since this ideal condition is never completely attained in the real world, the
presence of very low leak rates is actually the fundament requirement for effective geological CO,

storage.

Among the possible leakage paths, injection wells, monitoring wells, and other wells present in the
area of interest are of utmost concern because all boreholes pierce the impervious cap-rock covering
the reservoir where CO; is stored. Irrespective of the well type, all the boreholes, especially the old
ones, may be affected by imperfect completion or other flaws and damages. Usually, the conceptual
model adopted for leakage assumes that CO, traveling through the reservoir, meets a well and may
leak towards the surface via (i) the interface between cement and rock, (ii) the permeable cement
matrix, (iii) fractures/defects in the cement, (iv) the interface between cement and the casing strings,
and (v) discontinuities within the casing strings (Carey, 2013).

Leakage pathways may also result from, or be enhanced by, CO,-promoted chemical reactions
owing to the aggressiveness of CO, towards the materials employed in the well construction,
usually Portland cement and casing strings of low-carbon steel. Therefore, cement alteration (i.e.,
the chemical reactions affecting cement after carbonation completion) and steel corrosion and their
impact on well integrity are pivotal issues in risk analysis of CO, storage sites (e.g. Chiaramonte et
al 2008; Viswanathan et al. 2008; Crow et al., 2010; Zhang and Bachu, 2011; Newell and Carey,
2012; Carey, 2013).

During the last years, several field investigations, laboratory experiments, and modeling studies
were focused on the chemical reactions involving CO,, Portland cement, and steel and impacting
wellbore integrity in CO, sequestration scenarios (see the reviews performed by Zhang and Bachu,
2011; and Carey, 2013). Some studies have investigated the gas-solid reactions of supercritical CO,
with cement and/or steel. Nevertheless, the main interest is on water-mediated reactions due to the
ubiquity of water in wellbores and their surroundings, under conditions intermediate between the
limiting states of saturation (e.g. in aquifers) and dryness (e.g., close to the CO, injection zones).
These intermediate situations are conveniently described by the residual state condition, in which
the water phase is discontinuous and isolated with thin films of water surrounding the solid particles

and the gas bubbles as in soils (e.g., Fairbridge and Finkl, 1979).

Most reactive transport modeling (RTM) investigations of cement-CO; interactions carried out so

far (e.g., Carey and Lichtner, 2007; Carey et al., 2007; Huet et al., 2010; Corvisier et al., 2010;
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McNab and Carroll, 2011; Deremble et al., 2011; Geloni et al., 2011; Wilson et al., 2011; Gherardi
et al., 2012; Fabbri et al., 2012; Raoof et al., 2012; Jacquemet et al., 2012; Brunet et al., 2013;
Wertz et al., 2013) are based on the assumption that CO, comes in contact and reacts with cement
through diffusion. These previous studies reproduce to a satisfactory extent the fundamental
reactions occurring in CO,-cement systems, namely destruction of portlandite and calcium-silicate-
hydrates (CSH phases) accompanied by concurrent production of calcite and amorphous silica (e.g.,
Richardson, 1988; Papadakis et al., 1989). The alteration of fractured class-G cement flowed by
COg-rich brines was also investigated through laboratory experiments and RTM (e.g., Luquot,
2013; Abdoulghafour et al., 2013, 2016). These studies showed that the fracture aperture has a
strong influence on the cement alteration patterns, with (i) the self-heal of low-aperture fractures
due to calcite precipitation and (ii) the development of preferential pathways in high-aperture
fractures mainly lined by amorphous silica.

In this work, we intend to evaluate the effect of an advective CO(g)+H,O(l) bi-phase flow on
cement alteration, referring to a hypothetical average production well with a damaged zone and
focusing on a natural analogue for the geological CO, storage. The case study is located in the
Sant’Albino area, Southern Tuscany, which is affected by intense CO, degassing and where both
the Terme di Montepulciano spa and the Air Liquide CO, production plant are present. The Air
Liquide production wells extract 96 t d* of CO, on average (Frondini et.al, 2008), whereas the
bubbling pools located inside the Terme di Montepulciano spa discharge a CO; flux in the order of
10-100 t d* according to the INGV-DPCV5 catalogue of Italian gas emissions (see
http://googas.ov.ingv.it/).

Although none of the CO, production wells of the Sant’Albino plant have any problem, we assume
that the hypothetical average production well of interest has a damaged zone affecting casing and
cement. The considered well is assumed to be 100 m deep and to have a 20 m-thick production
zone. The damaged zone is assumed to be situated at 53 m depth to study in detail the alteration of
class G Portland cement of defined composition. The results obtained in this work on fluid-cement
interactions under relatively high Pco, conditions in a natural analogue, may be exported to

geological CO; storage sites.
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2. 2. Geological setting of the study area

As shown in Figure 2.1, the Sant’Albino thermal area is located along the NW-SE trending
Rapolano-Cetona ridge, where the non-metamorphic succession of the Tuscan domain crops out.
This succession includes, from bottom to top: (a) Dolostones, dolomitic limestones and anhydrites
of Late Triassic; (b) Limestones and dolomitic limestones of Rhaetian-Early Liassic; (c) Marls,
shales, nodular limestones, cherty limestones, radiolarites, calcilutites and calcarenites of Early
Liassic-Early Cretaceous; (d) Shales and marls, Quartz-rich calcilutites and nummulites calcarenites
of Early Cretaceous-Oligocene; (e) The internal sandstone flysch of Chattian-Aquitanian; and (f)

The external sandstone flysch of Chattian-Langhian.

The Rapolano-Cetona ridge separates: (i) the Siena-Radicofani basin to the East, where the clays,
silty-marly clays, conglomerates, sandstones, and bioclastic limestones of Zanclean-Piacenzian are
exposed to the surface, from (ii) the Valdichiana basin to the East, where the fluvial-lacustrine

conglomerates, sandstones, siltstones, clays and limestones of Ruscinian-Villafranchian crop out.

The Sant’Albino horst is delimited by NW- and NE-trending fault systems that have also
considerable influence on fluid circulation at different depths and scales. Among the deepest
carbonate units of the non-metamorphic Tuscan succession, only the following ones are present in
the Sant’Albino area: (i) Calcare Selcifero (cherty limestones); (ii) Diaspri (radiolarites); (iii)
Maiolica (limestones with silica nodules); (iv) Marne a Posydonomia (Posydonomia bearing marls,
shales and marly limestones); and (v) Scaglia Toscana (shales and marls, Quartz-rich calcilutites
and nummulites calcarenites). In general, these carbonate units have high secondary permeability
and act as water and CO; reservoirs. In particular, the main production zone of the Sant’ Albino CO,
wells corresponds to the lower part of the Calcare Selcifero and the upper part of the Marne a

Posydonomia.

The Pliocene-Quaternary. Clays, as well as the shales and siltstones of the Santa Fiora flyschoid
unit (Upper Cretaceous), constitute the impermeable cap-rock. Additionally, relatively extensive

travertine deposits occur close to the surface in some parts of the study area.
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Figure 2.1. Geological map of the Tuscany Region at the scale 1:250,000, showing the location of the Sant’Albino
area along the NW-trending Rapolano-Cetona ridge separating the Siena-Radicofani basin from the Valdichiana
basin ( Carmignani, L., & L azzarotto, A., 2004).
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2. 3. Methods
2.3.1. Measurement of CO, soil flux and data processing

In three selected zones of the studied area (Salcheto, Acqua Puzzola and Terme di Montepulciano
spa), the diffuse CO, flux from soil was measured by means of the accumulation chamber method
(Chiodini et al., 1998) using two West Systems fluxmeters (Figure 2.2) to assess the natural CO,

leakage.

Figure 2.2. The West Systems portable CO, fluxmeter (from the Handbook of the West Systems CO, fluxmeter).

The chamber is set on the soil and is gently pressed onto it to minimize the entrance of atmospheric
air, which occurs everywhere (Hernandez-Rodriguez et al., 2016). The chamber is equipped with a
fan ensuring the homogenization of the gas mixture inside the chamber. The gas mixture is
continuously extracted from the chamber, sent to the CO, analyzer, and then injected again into the
chamber by a membrane pump through inlet and outlet tubes. A palmtop computer with an
integrated GPS acquires the data of interest (time, CO, concentration, pressure and temperature in
the measuring cell of the CO, analyzer, ambient temperature, barometric pressure, and geographical
coordinates) with the frequency of one record per second. The palmtop communicates with the CO,
analyzer through either a wired or a wireless connection. Also, the palmtop computer allows the
operator to elaborate the data on site and to obtain the CO, flux from soil from the initial slope (at

time zero) of the CO, concentration-time curve.

The measured diffuse CO, flux data in the three selected zones of the Sant’Albino area were (i)
processed using log probability plots and partitioned in different log-normal populations following
the approach of Sinclair (1974, 1976) and (ii) mapped by using geostatistical tools, namely
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semivariograms and Kriging (e.g., Sinclair and Blackwell, 2002) adopting the thresholds obtained

by the Sinclair’s partitioning procedure.

Diffuse CO, fluxes data from soil were used to estimate as a first approximation the vertical
permeability of the cap-rock overlying the Sant’Albino gas reservoir, using the Darcy’s law and
following the guidelines of Collins (1961), from which the subsequent part of this section is
derived. The Darcy’s law is valid for gases if the flowrate, Q, is taken as the volumetric flowrate at
the mean flowing pressure p = (patps)/2 and if p is sufficiently large. Assuming that gravitational
effects are negligible (which is a reasonable assumption for gases), the Darcy’s law for an

isothermal flow of ideal gases can be written as follows:

k . A 2 K2
QA'pA:__'M’ (2.1)
-2 2
where Qa is the volumetric gas flux [cm® s™'] at pressure pa (1 atm in the case of interest), k is the
permeability [D] of the porous medium (i.e., the cap-rock), A is the surface area of the accumulation
chamber [cm?], x is the dynamic viscosity of CO, [cP], and z is the vertical length [cm].

In the case of gases, the fluid does not stick to the walls of the pores and a phenomenon known as
slip occurs. This slipping of the gases along the pore walls give rise to an apparent dependence of
permeability on pressure, which is known as Klinkenberg effect. In fact, Klinkenberg proposed the
following relation between permeability and pressure:

b
k=k_ -|1+— 2.2

where k., is the permeability as measured for incompressible fluids (liquids), and b is a constant
characteristic of both the porous medium and the gas. From Equation (2.2), it is clear that slip can
be neglected for sufficiently high p values. Equation (2.1) can be solved for k if pg and z are known
(see section 2.4.1). Due to the uncertainties on these two parameters in the case of interest, it is

inappropriate to discuss if either k is representative of k., or it is not.

The measured CO; flux data were also used to constrain CO, saturation in the soil (see section
2.3.3).
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2.3.2. Reaction Path Modeling (RPM).

Isothermal (25°C) RPM was carried out to simulate, first, progressive hydration of cement minerals
and, second, cement carbonation reactions. Since class G Portland cement is normally used at the
high pressures and high temperatures typical of oil and gas reservoirs, this cement type has been
adopted in this study referring to the mineralogical composition given in Table 2.1 (from Thomas
and Jennings, 2014).

Table 2.1. Mineralogical composition of the Portland cement adopted in this study (from Thomas and Jennings,
2014).

Clinker mineral Formula Wt%  Mol%
Alite (C3S) CasSiOs 61.40 58.74
Belite (C2S) Ca,SiO, 16.21 20.56
Tricalcium aluminate (C3A) CazAl,Op 8.91 7.20
Ferrite (C4AF) CasAl,Fe, 04 8.50 3.82
Gypsum CaS0,-2H,0 3.95 5.01
Periclase MgO 0.79 4.29
Thenardite Na,SO, 0.20 0.31
Arcanite K,SO, 0.05 0.06

Simulations were performed by means of the geochemical code PHREEQC version 3.1.2 (Parkhurst
and Appelo, 2013) wusing a modified version of the thermodynamic database
PHREEQC_thermoddemv1.10_11dec2014.dat  (http://thermoddem.brgm.fr/spip.php/rubriquel4).
The data of some cement solid phases (i.e., Alite, C3S, and Ferrite, C4AF) were obtained from the
data0.ymp.R5 thermochemical database of the geochemical code EQ3/6 (Wolery and Jove-Colon,
2007).

2.3.3. Reactive Transport Modelling (RTM)

RTM of cement alteration was carried out by using the software package TOUGHREACT v2.1 (Xu
et al., 2012) with the fluid property module ECO2N that reproduces the thermodynamics and
thermophysical properties of H,O-NaCI-CO, mixtures for temperatures from 10 to 110°C, pressures

up to 600 bar, and salinities up to full halite saturation (Pruess and Spycher, 2007).

The items involved in RTM are: carbonate-rich host rocks, cement, casing, and the bi-phase fluid

mixture flowing in the borehole, comprising a CO,-rich gas phase and a liquid aqueous phase.
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A COs-bearing layer was defined based on the information available for the CO, production
wellbores in the study area, the local stratigraphic data, and the results of the geostatistical

processing of CO, flux data from the three surveyed natural emission areas.
2. 3.3.1. From the conceptual model to the numerical model of the system of interest

The hypothetical wellbore considered in this study is an average production well with a damaged
zone affecting casing and cement. The wellbore is assumed to attain a maximum depth of 100 m

below ground level and to have a 9 *®

inch (24.4 cm) diameter. It is completed with a 7 inch (17.8
cm, external diameter) casing. Therefore, the average thickness of the cement sheath is 3.3 cm. It is
also assumed that (i) bi-phase fluids made up of gaseous CO; and liquid H,O are produced from a
20-m-thick fractured zone situated at 80 m depth and (ii) an 8-m-thick damaged zone is positioned

at 53 m depth.

The 2D radial grid is represented by 200 vertical elements with a constant height of 0.5 m, from the
surface to the maximum depth of 100 meters, whereas the width of the 72 horizontal elements
increases progressively from 0.005 m, in the cement zone, up to 50 m, at the maximum radial
distance considered in the model, 280 m (Figure 2.3). The small horizontal step near the wellbore
was chosen to appreciate the reactive transport effects in the cement domain.
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Figure 2.3. 2D radial model of the considered system showing the distribution of gas saturation (in Volume

Fraction, in the right vertical axes) at time zero.
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In the model, gaseous CO; flows mainly at the top of the fractured zone situated at 80 m depth, due
to buoyancy effects, whereas liquid water flows at the bottom of this fractured zone. The well
produces 2 t h™ of CO,(g) and 2 t h™* of H,O(l). The CO, production zone is recognized because of
the high gas saturation values indicated in red and yellow colors in Figure 2.3. Consequently,
cement alteration is expected to occur mainly at the CO,/water interface in the fractured zone

located at 80 m depth and in the damaged (leakage) zone positioned at 53 m depth.
2.3.3.2. Input data

Different material domains were defined for RTM calculations as follows (Table 2.2): (i) the
production zone or ROCK, (ii) the cement or CEMENT, and (iii) the cap-rock overlying the
production zone or BULK. The same mineralogical composition was assumed for both the
production zone and the overlying cap-rock, which are considered to be impure limestones
constituted by Calcite (40% by volume), Chlorite (20%), Illite (20%), Montmorillonite (18%) and
Quartz (2%). Besides, the same initial porosity was taken for both the production zone and the
overlying cap-rock assuming a typical value of carbonate rocks (Cantucci et al., 2009). Cement
porosity and permeability were taken from Roy et al. (1993).

Table 2.2. Initial porosity and permeability for the three material domains considered in RTM of cement
alteration, namely the production zone (ROCK), the cement (CEMENT) and the cap-rock (BULK).

Material  Porosity Permeability (m?

ROCK 0.1 1.19E-12
CEMENT 0.2 3.08E-14
BULK 0.1 2.47E-16

A first calibration was carried out to assess the permeability of the cap-rock and the value of 2.47E-
16 m? (corresponding to ~0.00025 D) was obtained on the basis of the measured CO, fluxes. A
similar approach was adopted for the fractured zone containing water and CO,, sustaining the
extracted flow rates of 2 t h™ of CO,(g) and 2 t h™ of H,O(l), obtaining a permeability of 1.19E-
12m?,

Distinct permeability, porosity and thermal properties were assigned to each litostratigraphic unit
considered in the RTM (Table 2.3). In particular, the Marne a Posydonomia unit was separated in
marly limestone and marls/shales, corresponding to the productive part and the nonproductive part
of the unit, respectively. Different values were adopted for the physical properties of the two sub-

units.
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Table 2.3. Physical properties of the litostratigraphic units considered in the RTM of cement alteration (from

Cantucci et. al 2015). “™™? Nonproductive part of the unit. ™ Productive part of the unit.

Thermal
Litostratigraphic Initial Critical Permeability Heat capacity
) ) ) ) Conductivity
Unit Porosity  porosity (m°) (J/kg °C)
(W/m°C)
Travertine 0.06 N.D. 1.84E -16 4.08 920
Pliocene-Quaternary clays 0.14 N.D. 2.95E-17 2.08 1250
Santa Fiora 0.03 N.D. 7.65E-18 2.09 938
Scaglia Toscana (ST_1) 0.03 N.D. 7.65E-18 n/d 938
Scaglia Toscana (ST_2) 0.03 N.D. 7.65E-18 1.7 950
Marne a Posydonomia‘™" 0.05 N.D. 2.04E-17 1.7 950
Marne a Posydonomia ™ 0.1 0.044 1.02E-15 2.04 1040
Maiolica 0.01 0.055 2.48E-14 2.04 1040
Diaspri 0.05 0.046 2.04E-17 2.13 970
Calcare Selcifero 0.1 N.D. 2.34E-14 2.13 1026

The mineralogical composition of the cement domain is specified in Table 2.4, which is based on
the results of the batch carbonation reaction simulated by PHREEQC for a reaction progress of 0.3,
that is upon disappearance of Portlandite (see mineral assemblage evolution of Figure 2.5).

Table 2.4. Volume fraction of minerals present in the cement upon disappearance of Portlandite, as predicted by
PHREEQC for batch cement carbonation.

Mineral Volume fraction
Calcite 0.4445
CSH(1.6) 0.4544
Gibbsite 0.0181
Monosulfoaluminate 0.0198
Monocarboaluminate 0.0535
Ettringite 0.0036
Ferrhydrite 0.0062

2.3.3.3. Boundary conditions

The boundary conditions for representing the well in the RTM of cement alteration were computed
using the wellbore simulator HOLA (Aunzo et al., 1991).
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At the top of the BULK domain, corresponding to the uppermost horizontal cells of the grid (depths
< 0.5 meters), pressure was set at 1 bar (atmospheric conditions) and water content was fixed for a

rainfall of 2.22 m®/year at an average input temperature of 15°C.

The dynamic wellbore pressure (under fluid extraction) varies from 24 bar at the production zone
(Bottom Well Pressure) to 3 bar at the wellhead (Well Head Pressure).

A deep inflow of 2 t h™ of CO,(g) and 2 t h™ of H,O(l) was imposed at the same depth of the
production zone (close to the bottom right in Figure 2.3). An enthalpy of 378 kJ/kg, corresponding
to a temperature close to 90°C, for H,O(l)-H,O(g) equilibrium, was assumed for the inflowing

water.

Two distinct compositions were assumed for the aqueous solution hosted in the soil and the aqueous
solution hosted in the cement (Table 2.5). The second one was obtained through RPM of cement
hydration before the onset of the carbonation process.

Table 2.5. Concentrations (mol/L) of relevant chemical components in the aqueous solutions hosted in the soil

and in the cement.

Chemical component Water in soil Water in cement
H* 1.68E-08 2.54E-14
Ca* 1.00E-09 9.50E-04
Mg*? 1.00E-09 5.72E-12
Na* 1.31E-01 3.66E-01
K* 1.00E-09 3.58E-02
Fe*? 1.00E-09 3.44E-34
Fe® e 1.31E-05
H,SiO, 1.00E-09 2.35E-14
HCO; 1.00E-09 2.32E-13
S0,? 1.00E-09 2.11E-07
Al 1.00E-09 5.40E-05
Cr 1.31E-01 1.00E-02
O,(aq) 1.00E-13 7.23E-07

2.3.3.3. Thermodynamic and kinetic data

The same thermodynamic database used for the batch reaction model (see section 2.3.2) was also
utilized for the TOUGHREACT simulations, whereas kinetic data of cement phases and other
relevant minerals were obtained from different sources (Table 2.6). Due to the considerable lack of

knowledge on the kinetic parameters of cement minerals, several simplifications were necessary.
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Table 2.6. Kinetic data of dissolution/precipitation reactions for relevant solid phases involved in
TOUGHREACT simulations.

Minerals Kinetic constant Activation energy Reference

mole m?s™* kJ mole™
Amorphous Silica 1.70E-13 68.7 Palandri and Kharaka (2004)
Calcite 1.60E-09 41.9 Svensson and Dreybrodt (1992)
CSH(0.8) 2.75E-12 - Baur et al. (2004)
CSH(1.6) 2.75E-12 - Baur et al. (2004)
CSH(1.2) 2.75E-12 - Baur et al. (2004)
Ettringite 1.27E-12 - Baur et al. (2004)
Ferrihydrite 7.00E-04 86.5 Larsen and Postma (2001)
Gibbsite 3.16E-12 61.2 Palandri and Kharaka (2004)
Gypsum 1.62E-03 - Palandri and Kharaka (2004)
Hydrotalcite 1.45E-07 - Carroll et al. (2011)
Magnesite 4.57E-10 235 Palandri and Kharaka (2004)
Monocarboaluminate 1.00E-11 - Ipavek et al. (2010)
Monosulfate 6.31E-12 - Baur et al. (2004)
Monosulfoaluminate 1.00E-11 - Winnefeld and Lothenbach (2010)
Portlandite 6.45E-06 - Halim et al. (2005)

The single dissolution rate of 2.75E-12, determined by Baur et al. (2004) for a CSH(1) phase (a
structurally imperfect form of 1.4-nm tobermorite) with a Ca:Si ratio of 1, was assigned to all
calcium-silicate-hydrates. This dissolution rate is about one order of magnitude lower than the
average steady-state dissolution rate of CSH gel measured by Trapote-Barreira (2015), 1.02 - 10
+ 1.0 - 10™ mol m™ s?, and the CSH(1) dissolution rate of 3.16 - 10™ mol m? s™* determined by

Schweizer (1999) at pH 12 under congruent dissolution conditions.

The rate adopted for monosulfate has to be considered with care, due experimental uncertainties
(see discussion in Baur et al., 2004). The assumed rate of ettringite is the average of the four values
reported by Baur et al. (2004), which vary from 7.08 - 10** to 2.24 - 10°** mol m?s™.

The rate of hydrotalcite was computed from the conditional rate constants given by Carroll et al.
(2011), 3.43 - 10° mol g* s™* on average, and the average specific surface area of this solid phase,
42.3 m?/g (Miyata, 1980).

The rate of monocarboaluminate and monosulfoaluminate were taken from Ipavec et al. (2010) and
Winnefeld and Lothenbach (2010), respectively, and corrected for consistency to be integrated in

their reaction networks (Bullard et al., 2010). In addition, monocarboaluminate and
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monosulfoaluminate kinetic constants were scaled up according to the gypsum Kinetic constant

assumed in this work to be consistent with it.

The reactive surface area of each solid phase was computed from its volume fraction (see section
2.3.3.2) and its specific surface area which was obtained by means of simple geometric calculations

considering the particle size distribution of Valentini et al. (2014) for Portland cement.
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2.4. Results
2.4.1. Results of the CO, soil flux survey

The log-probability plot of CO; soil flux for each of the three surveyed zones (Salcheto, Acqua
Puzzola, and Terme di Montepulciano spa) show the presence of three individual log-normal

populations, called A, B, and C, whose main statistical parameters are summarized in Table 2.7.

Table 2.7. Main statistical parameters of the individual populations A, B, and C obtained by partitioning the
cumulative distribution of the CO, flux values for each of the three surveyed zones (Salcheto, Acqua Puzzola,
and Terme di Montepulciano spa) of the study area. The permeability of the porous medium, k, was obtained

from the median CO, flux using Equation (1).

Population | N. of stations| % Mean Median |95° percentile| Std. Dev. |Area k

mol m2d*|{molm2d?!| molm?d® |[molm?d?| m D

Salcheto zone

A 16 34.0 593 285 2085 1080 106 0.31
B 13 21.7 6.53 4.66 18 6.41 1071| 0.0050
C 18 38.3| 0.441 0.358 1.04 0.318 - |0.00039

Acqua Puzzola zone

A 10 24.4 611 464 1572 523 145 0.50
B 28 68.3 16.3 11.8 44.2 15.5 458 0.013
C 3 7.3 0.587 0.545 1.03 0.235 - 10.00059

Terme di Montepulciano spa zone

A 16 42.1 622 566 1155 283 277 0.61
B 10 26.3 73 60.6 165 48.8 895 0.066
C 12 31.6 3.06 191 9.44 3.84 - 0.0021

Populations A and B are probably ascribable to gases of deep origin which can locally reach the
surface due to the high or relatively high vertical permeability of the solid medium (see below),
which is probably due to the presence of faults or fractures. In contrast, population C occurs in

zones of low vertical permeability (see below) and is ascribable to the local background, which is
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sustained by decay of organic matter and root respiration in soil as observed in several areas
worldwide (e.g., Hernandez-Rodriguez et al., 2016 and references therein).

Merging the results of the CO; soil flux survey carried out in the Sant’ Albino area during this work
with the outcomes of previous studies (Cardellini et al., 2004; Frondini et al., 2008), we estimate a
total diffuse output of deep CO, of ~48.7 + 8.1 t d* from an area of ~7360 m?, corresponding to a
specific CO, flux of ~150 + 25 mol m™ d™ for the area of interest as a whole. The specific CO,
fluxes are ~59 + 11 mol m™ d™* for the Salcheto area, ~159 + 28 mol m d™* for the Acqua Puzzola
area, and 203 % 25 mol m™ d'* for the area of the Terme di Montepulciano spa.

Assuming that the CO, production zone has a pressure pg of 24 bar and is situated at 8000 cm depth
and adopting a dynamic viscosity of 0.015 cP (Fenghour et al., 1998), vertical permeabilities of 0.31
to 0.61 D, 0.0050 to 0.066 D, and 0.00039 to 0.0021 D were computed by means of Equation (2.1)
based on the median CO;, flux values of populations A, B, and C, respectively (Table 2.7).

2.4.2. Results of RPM.

The solid phases produced during cement hydration as predicted by PHREEQC for a mixture made
up of 9.42 moles of clinker and 55.6 moles of water are, in order of decreasing molar abundance:
Portlandite [Ca(OH);], CSH(1.6) [Ca10SiO36-2.58H,0], Ca-monosulfoaluminate [CasAl(SO,) -
12H,0], Gibbsite [Al(OH);], Ferrihydrite [~Fe(OH)3], and Hydrotalcite [Mg4Al,O7-10H,0], as

shown in Figure 2.4. The pH of the aqueous phase is close to 12.5 throughout the simulation.
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Figure 2.4. Molar amounts of cement solid phases formed during progressive cement hydration as predicted by

PHREEQC for a mixture made up of 9.42 moles of clinker and 55.6 moles of water.
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Progressive cement carbonation was simulated by adding 25.5 moles of CO, at 11 bar pressure to
the mineral phases produced by cement hydration. PHREEQC predicts the formation of different
solid phases during the carbonation process (Figure 2.5). Upon completion of this process, as
indicated by the presence of excess (unreacted) CO,(g), the product solid phases are, in order of
decreasing molar abundance: Calcite, Amorphous Silica, Gibbsite, Ferrihydrite, Gypsum, and

Magnesite.
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Figure 2.5. Molar amounts of product solid phases formed during progressive cement carbonation at 11 bar CO,

partial pressure as predicted by PHREEQC.

The pH decreases progressively during the carbonation process, passing through a series of
relatively constant values, which are dictated by different mineral assemblages acting as pH buffers.
The final pH of the aqueous solution upon completion of the carbonation process is fixed at 6.13 by

the Calcite/Magnesite buffer under a CO, partial pressure of ~11 bar (see below).

Portlandite is destroyed quickly and other Ca-bearing solid phases are formed. Ca-
monosulfoaluminate  is  rapidly  converted to  Fe-monosulfate  and  ettringite
[CasAl(SO4)3(OH)12:26H,0], which have an ephemeral existence and produce gypsum,

representing the stable sulfate mineral at the end of the carbonation process.

CSH(1.6) is transformed into CSH(1.2) [Ca;,SiO3,-2.06H,0] first and into CSH(0.8)

[CapsSiO,-1.54H,0] afterwards. All calcium-silicate-hydrates have an ephemeral existence and
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are destroyed, producing amorphous silica and stable Ca-bearing solid phases, namely calcite and

gypsum.

Among the Al-bearing phases, Ca-monocarboaluminate is dissolved and substituted by authigenic
gibbsite, whereas hydrotalcite remains in the system over most of the carbonation but it is destroyed
towards the end of the process to produce magnesite, which is part of the final mineral assemblage.
The disappearance of hydrotalcite, at the reaction progress value of 0.974, is concurrent with the

sharp increase in CO; partial pressure up to 10.9 bar at the end of the simulation (Figure 2.6).
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Figure 2.6. Zoomed view close to the end of the PHREEQC simulation of the molar amounts of product solid

phases formed during progressive cement carbonation at 11 bar CO, partial pressure.

2.4.3. Results of RTM

The minerals of the rock formation (Calcite, Chlorite, lllite, Montmorillonite and Quartz) were
equilibrated with the natural CO, abundance in soil and the formation water. Thus, no chemical

changes occur in the soil during the RTM run.

The effects of CO,-cement interaction, can be already appreciated after 1 day during the RTM in
terms of changes in the abundance of solid phases, namely a limited decrease of hydrotalcite

(Figure 2.7a) and the production of small amounts of magnesite (Figure 2.7b)
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Two reactive fronts appears in the modelled domain due to cement-CO, interaction. The first
reactive front is observed at 53 meters depth where the damaged zone affecting casing and cement
is positioned, whereas the second reactive front appears above it, at 35 meters depth. Although
magnesite starts to precipitate at the very beginning of the RTM run, the magnesite volume fraction
remains very low throughout the simulation, suggesting the occurrence of coupled precipitation-

dissolution of this solid phase, which has therefore ephemeral existence (Figure 2.8).
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Figure 2.8. Magnesite distribution (in volume fraction of solids) at different times (13 days, 134 days, 1 year, 4.2
years) in the cement domain of the 2D radial model.

Mineral dissolution governed by CO, affects not only magnesite but also calcite, whose volume
fraction in the cement domain experiences a considerable decrease after one year, with minima
along the two reactive fronts at depths of 53 m and 35 m (Figure 2.9 right, Figure 2.10 right). This
process causes a concurrent increase in porosity (Figure 2.9 left, Figure 2.10 left).
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Figure 2.9. Porosity distribution (left) and Calcite distribution in volume fraction (right) in the cement domain of

the 2D radial model after one year.
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Figure. 2.10. Porosity distribution (left) and Calcite distribution in volume fraction (right) in the cement domain

of the 2D radial model at the end of the simulation, that is after 4.2 years.
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As expected high aqueous CO, molar fractions are present in the two reactive fronts throughout the

RTM simulation as well as at its end, that is after 4.2 years (Figure 2.11).
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Figure 2.11. Molar fractions of the aqueous CO, in the cement domain of the 2D radial model after 4.2 year,
shows the highest values at 53 m depth, where the gas leakage occurs first. The production zone of the reservoir

is also well defined at ~ 80 m depth with high CO, molar values.

2.5. Discussion and conclusions
2.5.1 Permeability of porous materials

The calibration of the RTM involving the measured CO, fluxes leads to permeability values of
~0.00025 D for the cap-rock and ~1.20 D for the fractured zone sustaining the extracted flow rates
of 2t h™ CO,(g) and 2 t h™* H,O(l) (see section 2.3.3.2). The first value is somewhat lower than the
range of values computed by means of Equation (2.1) from the median CO, flux values of
population C, 0.00039 to 0.0021 D, whereas the second value is somewhat higher than the interval
of values calculated inserting in Equation (2.1) the median CO, flux values of population A, 0.31 to
0.61 D (see section 2.4.1). The satisfactory agreement between the permeability values obtained by
using the two distinct computational approaches is reassuring, though expected, since the measured
CO;, fluxes are involved in both approaches.
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2.5.2. Limitations and uncertainties of RPM and RTM

RPM and RTM are affected by several limitations and uncertainties which are chiefly due to the
poor knowledge of both: (i) the thermodynamic and kinetic properties of the solid phases involved
in the geochemical modeling and (ii) the reactive surface areas of relevant minerals, as recognized

by many authors (e.g. Lichtner, 1996).

For what concerns point (i), proxies are often used when the thermodynamic and kinetic properties
are unknown for the phases of interest. For instance, magnesite was introduced in the RPM and
RTM performed in this study because its thermodynamic properties are well constrained thanks to
the recent study of Benezeth et al. (2011) and its kinetic properties are also well known thanks to
the research of several authors (e.g., Chou et al., 1989; Pokrovsky and Schott, 1999a, 1999b;
Arvidson and Mackenzie, 2000; Jordan et al., 2001; Higgins et al., 2002; Lacin et al., 2005;
Pokrovsky et al., 2005; Saldi et al., 2009). However, magnesite precipitation at ambient temperature
is limited by the very slow step advancement rates, limiting the step generation by spiral growth on
the magnesite surface (Saldi et al., 2009). Consequently, hydrated magnesium carbonates either
crystalline, such as hydromagnesite or nesquehonite or dypingite (e.g., Wang et al., 2008;
Hopkinson et al., 2012) or amorphous (e.g., Orlando et al., 2012) readily precipitate at ambient
temperatures instead of magnesite. Unfortunately, the involvement of these crystalline or
amorphous hydrated magnesium carbonates in RPM and RTM is hindered by the poor knowledge

of their thermodynamic and kinetic properties (e.g., Marini, 2006).

For what concerns point (ii), it must be underscored that the surface of contact between minerals
and waters in natural aquifer systems may deviate significantly from the reactive surface area of
mineral phases in kinetic geochemical models. This limit the transfer of geochemical modeling
results to real systems. Moreover, the high uncertainties on reactive surface areas reflect in a
correspondingly large error on time. In fact, there is an hyperbolic relation between the reactive
surface area and time corresponding to an inverse linear dependence between the logarithm of the

reactive surface area and the logarithm of time (see section 7.2.4 in Marini, 2006),
2.5.3. RPM of cement hydration and carbonation

The results obtained for the RPM of cement hydration (Figure 2.4) are reasonable. In fact, it is well
known that the principal product phases formed during cement hydration are calcium-silicate-
hydrates(CSH) and portlandite, usually constituting ~70 wt % (~53 mol %) and ~15-20% (~30 mol
%) of the hydrated cement, respectively (e.g. Kutchko et al., 2007 and references therein). CSH

phases are semi-amorphous gel-like substances acting as primary binding material. Portlandite
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crystals nucleate in available capillary pore space during early hydration and grow quickly

occupying available space between cement grains and early CSH deposits.

Cement carbonation is completed at the reaction progress value of 0.974 and is marked by
Hydrotalcite-Magnesite-Gibbsite coexistence. This condition acts as a CO, buffer, as pointed out by

the following reaction:
Mg,Al,O7 - 10H,0 + 4 CO,(g) = 4 MgCO3 + 2 Al(OH);3 + 7H,0. (2.3)

However, this buffer is unstable since it is destroyed by addition of gaseous CO, to the system
which causes the conversion of hydrotalcite in magnesite plus gibbsite.

2.5.4. RTM of cement alteration

The RPM of cement carbonation ends upon total conversion of hydrotalcite in magnesite plus
gibbsite. In contrast, the RTM of cement alteration takes into account not only cement carbonation,
but also its further CO,-promoted alteration, which causes the dissolution of carbonate minerals,
namely calcite and magnesite. The occurrence of coupled precipitation-dissolution of magnesite

explains the very low abundance of this ephemeral mineral throughout the simulation.

As long as cement carbonation occurs, TOUGHREACT predicts chemical and mineralogical
changes in the cement domain substantially similar to those computed by PHREEQC, mutatis
mutandi. The only exception concerns the CSH solid phases, which form in the batch reaction only.
The absence of these minerals in RTM may be due to the small cell size adopted in RTM, as the
cement thickness is less than 20 cm, with 5 mm of mesh size. Kinetic reasons can also explain the
cement carbonation path predicted by TOUGHREACT, since the kinetic constant of calcite is
higher than that of CSH phases by 3 orders of magnitude (Table 2.6), in spite of the considerable
uncertainties on the dissolution/precipitation rates of CSH minerals and adopted approximations
(see section 2.3.3.3). As a result, in the TOUGHREACT kinetic model, calcite is obtained directly
from CSH(1.6) whereas the batch reaction model (which does not take into account reaction
kinetics) predicts production of calcite through conversion of CSH(1.6) to CSH(1.2) followed by
conversion of CSH(1.2) to CSH(0.8).

Both the alteration zone at 35 m depth and the advanced alteration in the cement domain close to
the well, between the two alteration zones at 53 m and 35 m depths, might be caused by buoyancy
effects, which are especially important close to the well casing as indicated by the CO, flow vector
direction (not shown). Cement alteration beyond carbonation completion occurs in all these zones

of the cement domain. The predicted increase in porosity is evidently due to calcite dissolution
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since secondary amorphous silica is not (or not significantly) dissolved, due to the comparatively
slow kinetics. These findings agree with the experimental and computational evidence of
Abdoulghafour et al., (2016) and references therein, although the time intervals considered by these
authors are much smaller than those of the RTM simulation of this work.

The obvious conclusion is that the advective flow of CO,, such as that occurring along a damaged
zone affecting casing and cement, has the potential, first, to bring cement carbonation to completion
and, second, to promote further cement alteration through considerable dissolution of carbonate
minerals. These COj-promoted reactions are relatively fast and may cause the alteration of
important cement amounts in a relatively short time, in the order of some years. The ultimate
consequence of these chemical reactions is, most likely, CO, leakage to the surface from either the

production zone (in the considered natural analogue) or the reservoir (in a CO, storage scenario).
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Chapter 3- EXPERIMENTAL ANALYSIS OF THE REACTION RATE OF HYDRATED
CLASS G CEMENT POWDER AT Pcoz OF 1 TO 51 BAR AND AMBIENT
TEMPERATURE

Abstract

The carbonation rate of G-class Portland cement was studied at room temperature and different Pcop
values, in the range 1 to 51 bar, through three types of laboratory experiments. Cement hydration
(accompanied by limited carbonation) was carried out for 28 days at atmospheric conditions.
Afterwards, cement carbonation was investigated using a micro-reactor by reacting, in separate
runs, cement powder samples, under stirred conditions, and massive samples, under stagnant
conditions, with pure CO2(g) and MilliQ water. After the completion of each experiments, analyses
were performed on both, the aqueous solution (IC, ICP-OES, acidimetric titration) and the solids
(XRD, SEM, TGA/DTA).

In type 1 experiments cement powder was reacted at 11 bar Pcoy, for 1, 3, 6, 21, 67, 97 and 120
hours. Portlandite was present only in the hydrated cement paste and was converted to CaCOg3 in
less than one hour.

In type 2 experiments cement powder was reacted for 6 hours at Pco, of 1, 11, 31 and 51 bar. The
extent of cement carbonation was similar at all Pco, values.

The experiments of type 3 were performed with cement cube samples at 11 bar Pco, for 6, 24 and
210 hours. The average carbonation depth attained 0.23 mm in 1 day and resulted to be linearly
related to the square root of reaction time indicating that cement carbonation rate is controlled by

diffusion (Fickian behavior).

Keywords: Cement Carbonation; Carbonation rate, Geological Carbon Storage.
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3.1. Introduction

Portland cement clinker consists of four main solid phases: tricalcium silicate (CasSiOs, or C3S in
cement chemistry notation), dicalcium silicate (Ca,SiO4, or C2S), tricalcium aluminate (CazAl,Os,
or C3A) and tetracalcium aluminoferrite (CasAl.Fe;019, C4AF). Gypsum (CaSO,4 - 2H,0) is
commonly added to the solid mixture during grinding (e.g., Taylor, H.F.W. (1997). Cement
Chemistry, 2nd ed. Academic Press, New York. ISBN: 0-7277-2592-0.

The hydration of calcium silicates produces semi-amorphous, gel-like, calcium silicate hydrate
(CSH) and crystalline portlandite [Ca(OH);]. CSH has Ca/Si ratio varying from 1.5 to 2.0 and
variable amounts of water (Neville, 2004; Taylor, 1997). At ambient conditions, CSH accounts for
about 65% of hydrated cement and is the main binding phase, whereas portlandite comprises 15-
20% of hydrated cement (Neville, 2004). The hydration of C3S proceeds much faster than that of
C2S, producing more than twice as much portlandite. The hydration of C3A is similar to that of
C4AF, in which both compounds react with gypsum producing ettringite [CasAl,06(SO4)3 - 32H,0]
(Nelson and Guillot, 2006). After gypsum depletion, ettringite reacts with C3A forming Ca-Al-
monosulfate (3CasAl,06S0O, - 12H,0; Nelson and Guillot, 2006).

At 25°C, the pH of pore fluids in hydrated Portland cement is expected to be either close to the pH
of portlandite solubility, 12.37, based on simple speciation-saturation calculations carried out with
EQ3/6, or somewhat higher, that is between 13 and 14, due to the presence of significant amounts
of KOH and NaOH in Portland cement (Taylor 1997).

Cement carbonation consists of the reaction between the hydration products of Portland cement and
aqueous CO;, chiefly leading to the formation of CaCO3; and amorphous silica (Richardson, 1988;
Papadakis et al., 1989). Calcium carbonate is the main carbonation product and occurs as three
distinct polymorphs (calcite, aragonite and vaterite) although calcite is the ultimate stable CaCO;

form. First, portlandite reacts with aqueous CO,:
Ca(OH); + H,CO3 — CaCO3 + 2 H,0 (3.1)

Reaction (3.1) lowers the pH of the cement pore fluids below 12 and triggers the incongruent
dissolution of CSH (Chen et al. 2004):

Ca,SiO,,, - xH,0+yH,CO, —Ca, SiO,,,, -(xy)H,0+yCaCO, +2yH,0  (3.2)

2+X 2+X-y
Reaction (3.2) causes the progressive decalcification of CSH whose Ca/Si ratio decreases from the
initial value x to x-y, with x > y. Upon reaction completion, (y = x), CSH decomposes completely to

amorphous silica and calcium carbonate according to the reaction:
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Ca,Si0,,, - XH,0 + xH,CO, — SiO,, + xCaCO, + 2xH,0 (3.3)

2+X

Other hydrated cement phases, such as ettringite and Ca-Al-Fe monosulfates, are decomposed by
aqueous CO, similar to reactions (3.2) and (3.3), mutatis mutandi, with the formation of CaCO3 and

a gel-like, amorphous residue of Al, Fe(ll1), and/or silica oxyhydroxides.

The water produced in carbonation reactions hampers CO, diffusion through the pores of the
cement paste, thus decreasing the carbonation rate, which is defined as the depth of carbonation® per
exposure time (Richardson, 1988). Reardon et al. (1989) showed that (i) the rate of carbonation
increases as water is removed from the cement paste pores allowing the inflow of CO,, but (ii)
carbonation proceeds very slowly under extreme drying, since water is needed to catalyze the

carbonation reaction.

The rate of carbonation is influenced by several factors (e.g., cement types, additives, water/cement
ratio, and curing conditions) controlling the chemical and physical properties of cement pastes (e.g.,
content of Ca(OH),, porosity and permeability). The rate of carbonation also depends on the
conditions (temperature, Pco, and amount of water) under which the carbonation reaction takes
place (Richardson, 1988).

In particular, among the previous laboratory experimental studies, we recall those performed by: (a)
Duguid et al. (2004, 2005), Duguid (2008) and Duguid and Scherer (2010), in which different
experimental settings were adopted, including Pco close to 1 bar or lower, and temperatures of 20
and 50°C; (b) Barlet-Gouédard et al. (2006, 2007, 2009) investigated the reaction between cement
and supercritical CO, and CO,-saturated brines at 90°C and Pco, of 280 bar; (c) Kutchko et al.
(2007, 2008) carried out laboratory experiments, in which cement samples were partially immersed
in a 1% NaCl solution and pressurized with supercritical CO, at 50°C and 303 bar; (d) Kutchko et
al. (2009) investigated fly ash/cement mixtures exposed to both supercritical CO, and CO,-
saturated solution (1% NaCl) at 50 °C and 150 bar; (e) Pratt et al. (2009) characterized cement
samples exposed to wet supercritical CO, at 50°C and 100 bar; (f) Sweatman et al. (2009) reacted
both pure cement and cement-sandstone mixtures with CO,-saturated water and wet (with 40%
humidity) supercritical CO, at 60°C and 138 bar; (g) Santra and Sweatman (2010) investigated the
carbonation of both pure cement and cement-fly ash mixtures (16-50%) reacting both materials with
CO; at 93°C and 138 bar.

! The depth of carbonation (or penetration depth) is defined as the distance from the surface of the cement sample to the
boundary where no alteration occurs.
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Core-flood, flow-through laboratory experiments were also performed to study cement carbonation
as a result of CO, flow through pre-existing fractures or interfaces. Among the investigations of this
type, we recall those carried out by: (1) Wigand et al (2009) at pore pressure of 199 bar and 54 °C,
first, saturating an illite-rich shale and the Portland cement core with 1.65 M brine and, second,
injecting supercritical CO, into the system adopting a pressure gradient of 7 bar; (2) Carey et al.
(2010), at 40°C and 140 bar pore pressure by flowing a 1:1 mixture of supercritical CO, and
30,000 ppm NaCl-rich brine equilibrated with limestone.

Temperatures from 50 to 90°C and Pco, from 100 to over 300 bar were adopted in most previous
laboratory experimental studies, that cover the typical temperature-pressure range relevant for CO,
geological storage. In addition, several investigations were performed at room temperature and
atmospheric pressure. Taking this into account, we decided to study the carbonation of class G
Portland cement at room temperature in the Pco interval from 1 to 51 bar to fill the existing gap of

knowledge.

It must be noted that there are other good reasons to investigate cement carbonation in the range of
Pco2 1 to 51 bar. Based on the results of the Duan et al. (2006) code for a 0.1 m NaCl aqueous
solution at 25°C, there is a considerable, almost linear increase of CO, molality with CO, partial

pressure up to Pco, values of ~50-60 bar and mco, values of ~1.2-1.3 (Figure 3.1).
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Figure 3.1. CO, molality as a function of CO, partial pressure at 25 °C and 0.1 m NaCl as computed by the Duan
et al. (2006) code, that works in the T-P-X range 273-533 K, 0-2000 bar, and 0-4.5 m NaCl.
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Under these conditions, deviations from ideality are limited for gaseous CO, and Pco, does not
differ significantly from the CO, fugacity, fco. (e.g., Marini, 2006). In contrast, the CO, molality
does not increase appreciably with Pcoy, for Pco, values higher than ~50-60 bar, due to the strong
deviation from ideality in the gas phase. Since doubling the Pco, from 55 to 110 bar leads to an
increase in mco2 of 12% only, the carbonation effects on cement at 110 bar are expected to be
relatively similar to those for a Pco, of 55 bar. In contrast, since doubling the Pco, from 25 to 50 bar
causes an increase in mco, of 68%, the carbonation effects at 50 bar should be more pronounced
than those for a Pco, of 25 bar. Consequently, it is important to investigate cement carbonation up
to 50-60 bar, which is the range adopted in this work. Although experimental studies of cement
carbonation are usually performed by using massive samples (see above), apart from that in the
present work we also carried out carbonation experiments on cement powder samples, which are
generally used in laboratory experiments aimed at investigating the dissolution/precipitation

kinetics of minerals and rocks (e.g., Marini, 2006).
3.2. Experimental methods
3.2.1. Preparation of the hydrated cement paste, types of experiments and experimental schedule

The hydrated cement was prepared, on December 23", 2015, by mixing 1 kg of class G Portland
clinker and 0.5 kg of water (water/clinker weight ratio of 0.5), and stored after the hydration process
in a glass container with an air-tight plastic lid. The chemical composition of the class G Portland
clinker used for all the experiments carried out in this investigation is given in Table 3.1, together
with its mineralogical composition obtained from normative calculations (Bogue, 1955).

Table 3.1. Chemical and mineralogical composition of class G Portland clinker used for all the experiments

performed in this work.

Chemical composition Mineralogical composition

Oxide | Wt% | Mol% Mineral Formula Wit% | Mol%
CaO | 65.31 | 69.72 C3S CazSiOs 62.11 | 59.05
SiO, | 2245 | 22.37 C2S CaySiO, 16.31 | 20.56

AlLO; | 3.45 2.03 C3A CazAl, 04 1.80 1.45
Fe,0; | 4.32 1.62 CAAF CayAl,Fe;049 1290 | 5.76
SO; 2.77 2.07 Gypsum CaS0O,-2H,0 4,25 5.36
MgO 1.1 1.63 Periclase MgO 1.08 5.81
Na,O | 0.15 0.14 Thenardite Na,SO, 0.34 | 0.52
K,O | 0.66 0.42 Arcanite K,SO, 1.20 1.49
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After 28 days curing at atmospheric pressure and room temperature conditions, on January 21%,
2016, part of the cement paste was cut in cubes of ~1 cm each side, whereas the other part of the
cement paste was grinded and sieved. The powder size between 63 and 125 um was selected for
carbonation experiments and to determine the specific surface area by using the BET method. The
cement cubes and the cement powder were stored in two separate glass containers with plastic air-
tight lids. All the carbonation experiments were performed reacting the hydrated cement samples
(either powders or cubes) with pure CO(g) and MilliQ water at room temperature for selected time
intervals in a 25-mL-capacity micro-reactor (manufactured by Parr Instrument Company) equipped

with an automatic magnetic stirrer. Three types of experiments were carried out.

In the experiments of type 1, the cement powder was reacted for different reaction times of 1, 3, 6,
21, 67, 97 and 120 hours, in separate runs, maintaining constant the Pco, at 11 bar. The experiments
of type 1 were performed from January 21% to February 25", 2016, that is from 1 to 36 days after

the end of the curing period.

In the experiments of type 2, the cement powder samples were reacted, under different Pco, of 1,
11, 31 and 51 bar, in separate runs, keeping constant the reaction time at 6 hours. In the experiments
of type 3, cement cube samples were employed, the reaction time was set at 6, 24 and 210 hours, in
separate runs, whereas the Pco, was maintained constant at 11 bar. The experiments of type 2 and,
subsequently, those of type 3 were carried out from July 19" to August 31, 2016, that is from 181
to 224 days after the end of the curing period.

Although the hydrated cement, cement cubes and powder were stored in glass containers with
plastic air-tight lids, the hydrated cement paste was affected by dehydration and, to a limited extent,

by carbonation driven by absorption of atmospheric CO..
3.2.2. Determination of surface characteristics of the hydrated cement powder

The hydrated cement samples sieved at 63-125 micron were characterized through N, sorption and
desorption at 77 K after degassing at 100°C for 24 hours using an automated analyzer ASAP 2010
Micromeritics. The Brunauer-Emmett-Teller (BET) specific surface area, the C parameter, as well
as the volumes of micropores (diameter < 2 nm), mesopores (diameter of 2-50 nm) and macropores

(diameter >50 nm) were obtained following the approach recommended by Sing et al. (1985).
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3.2.3. Carbonation experiments of types 1 and 2 with hydrated cement powder

Before starting each carbonation experiment, the hydrated cement powder was heated for 2 hours at
40°C in an oven to eliminate excess moisture. For each experiment of types 1 and 2, the micro-
reactor was charged with 1 g of cement powder and 15 mL of MilliQ water. The micro-reactor was
initially flushed with pure CO5(g) to get rid of atmospheric air before setting the Pco, at the selected
value (see above). During the experiment the solution was continuously stirred at ~1000 rounds per
minute.

At the end of each experiment, the aqueous solution was collected from the micro-reactor, filtered
through membranes of pore size either 0.45um, for experiments of type 1, or 0.2 um, for the
experiments of type 2, and stored in two 25 mL flasks, one containing 1 mL of concentrated HCI
(30-37 wt%). The reacted cement powder was also collected and dried for two hours into an oven at
40°C before storage.

The aqueous solution and the reacted cement powder were analyzed by using different methods (see

below).
3.2.3.1. Analysis of the aqueous solutions

The aqueous solutions of types 1 and 2 experiments were analyzed by ion chromatography for
relevant cations (Ca®*, Mg, K*, Na*) and anions (CI', F, SO, and Br’). Alkalinity (~ HCO3) was
measured by acidimetric titration using methylorange as indicator. Dissolved Si, Al and Fe were
determined by ICP-OES. Since the micro-reactor is not equipped with a pH electrode and the
aqueous solution undergoes strong CO; loss once the micro-reactor is opened, the in-situ pH was
assumed to be fixed by Pco, and alkalinity. Temperature, Pcoy, the total concentration of main
solutes, and alkalinity were used as input data for speciation and saturation index calculations.
These were carried out by using the EQ3/6 code version 8.0 (Wolery and Jarek, 2003) and its most
recent thermodynamic database; data0.ymp.R5 (Wolery and Jove-Colon, 2007), which was updated
by adding the solubility data of vaterite (Plummer and Busenberg, 1982) and Amorphous Calcium
Carbonate, ACC (Ogino et al., 1987; Clarkson et al., 1992).

3.2.3.2. Analysis of the solid phases

The mineral species present in the cement before and after the carbonation experiments were
characterized by X-ray powder diffraction (XRD), scanning electron microscopy (SEM) as well as
thermogravimetric analysis (TGA) and differential thermal analysis (DTA), which were carried out
from 30 to 1000°C for all the samples. TGA and DTA curves comprise three distinct parts,

representing different types of reaction: (i) dehydration of hydrated phases, chiefly CSH (although
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capillary pore water, interlayer water and adsorbed water are also involved in these reactions), up to
350°C; (ii) dehydration of portlandite in the temperature range 350-550°C; (iii) decarbonation of
CaCOj3, mainly calcite, from 550 to 1000°C.

Hence, the weight percentage of H,O released from CSH dehydration, H,Ocsn,wt%, the weight
percentage of H,O released from portlandite dehydration, H,Ocu,Wt%, and the weight percentage of
CO,, released from calcite decarbonation, COx,c¢,Wt%, are obtained from the deconvolution of the
TGA and DTA curves. The weight percentages of portlandite and calcite, CH,wt% and Cc,wt%,
respectively, are then obtained by means of the simple relations:

CH, Wt%=H,0,,, Wt%. " e (3.4)
H,0
Cc, wt%=CO,,, Wt%- MW, (3.5)
M co,

where MWch, MW, MWy20 and MWco, represent the molecular weights of portlandite, calcite,
H,0 and CO,, respectively. Due to the variable stoichiometry of CSH (see above), a relation similar
to Equations (3.4) and (3.5) cannot be used to compute the weight percentage of CSH, CSH,wt%.
Hence this parameter is computed assuming that it is the complement to 100 of CH,wt% + Cc,wt%,

using the relation:
CSH, wt%=100— CH, wt%— Cc, wt%. (3.6)

This assumption is certainly wrong, due to the presence of solid phases other than CSH, portlandite,
and calcite in the cement upon its hydration (e.g., ettringite and Ca-Al-Fe monosulfates) and
carbonation (e.g., Al, Fe(lll), and/or silica oxyhydroxides). However, the error is acceptable due to
the small amounts of these accessory solid phases. Knowing CSH,wt%, its stoichiometry formula
CasSiOy.4x - XH,0 is computed by trial and error through the following steps: (1) adoption of a value
for the x parameter, (2) computation of the molecular weight of CSH, MWcsy, for the adopted x

value, (3) calculation of CSH,wt% by means of the simple relations:

MW,

CSH, wt%=H,O g, Wt%- (3.7)

H,0

The procedure is repeated until the CSH,wt% value computed by Equation (3.7) is equal to that
previously obtained by Equation (3.6). The final x value and the corresponding CSH stoichiometry

are retained.
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3.2.4. Carbonation experiments with cubic samples of hydrated cement

Before starting each carbonation experiment, the cubic sample was heated in an oven for five days
at 40°C (to remove the water used during the cutting process) and weighted on an analytical
balance. In each experiment the micro-reactor was charged with one cubic sample and 5.5 mL of
MilliQ water. The micro-reactor was initially flushed with pure CO,( to get rid of atmospheric air
before setting the Pco, value at 11 bar. Note that the cubic sample within the micro-reactor is
completely immersed in water and is covered by a ~0.25-mm-thick layer of water, separating the
gas phase, above, from the cement cube, below (Figure 3.2). This thin water layer is crossed by a

diffusive O, flux controlling cement carbonation.

Cement- Water-CO; interfaces

Figure 3.2. The Parr micro-reactor (left) and sketch showing the cement cube sample, water and CO, gas into
the micro-reactor (right) during the carbonation experiments of cement cube samples.

At the end of each experiment, the cubic sample was heated in an oven at 40°C for 2 hours and
weighted again on an analytical balance. The carbonation progress was assessed for each sample
from: (1) the mass gain, that is the difference between the weight of the cement cube after and
before the carbonation experiment, and (2) the carbonation depth, which was obtained by using the
phenolphthalein method (according to the European Normative EN 14630:2006). It consists of
cutting the cube perpendicular to the cement-water interface, keeping the same orientation as in the
micro-reactor (Figure 3.2) and spraying a solution of phenolphthalein indicator onto the two
surfaces resulting from the cut. The phenolphthalein solution is prepared dissolving 1 g of
phenolphthalein in 70 mL ethyl alcohol and diluted to 100 mL with MilliQ water. The
phenolphthalein indicator is colorless below pH 9 approximately and becomes red-purple above this
pH value. Hence, a red-purple color is visible where the cement is not carbonated, whereas the
cement has its typical grey color where it is affected by carbonation. The two zones are

distinguished and the depth of the carbonated zone is measured.
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3.3. Results
3.3.1. Results of the surface analysis for the hydrated cement powde samples.

The 63-125 um fraction of the hydrated G class Portland cement powder were considered in this
work, which experienced a 15.6% of water loss during the preliminary degassing at 100°C. Hence,
all the obtained data are referred to the dry sample. The adsorption/desorption isotherms (Figure
3.3) show both the hysteresis loop (due to capillary condensation in mesopores) and the limiting
uptake over a range of high relative pressures, which are typical of the Type IV class of Sing et al.
(1985).
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Figure 3.3. Adsorption/desorption isotherms for the 65-125 pm fraction of the hydrated G class Portland cement
powder.

The initial part of this type of isotherm is attributed to monolayer-multilayer adsorption. The
specific surface area obtained using the BET method is 35.7 m?/g. The value of the C parameter,
114, suggests that monolayer-multilayer formation occurs and is not accompanied by micropore

filling.

Porosity analysis indicates that: (i) the volume of micropores (pore size < 2 nm approximately) is
< 0.01 cm*/g, based on the t-plot method and (ii) the volume of mesopores (pore size 2-50 nm

approximately) is 0.062 cm®g, based on the Barrett-Joyner—Halenda (BJH) method*

? The Barrett Joyner Halenda method is a procedure for calculating pore size distributions from experimental isotherms
based on the Kelvin Equation for pore filling (Barrett, E.P., Joyner, L.G., & Halenda, P.P., 1951).
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Adsorption/desorption hysteresis is of type H4 and is probably associated with narrow slit-like

pores. The distribution curve of mesopore size shows maximum frequency close to 3.2 nm and
maximum size of ~45 nm.

3.3.2. Results of carbonation experiments of types 1 and 2 with the hydrated cement powder

3.3.2.1. The solid phases in carbonation experiments of types 1 and 2

For the seven experiments of type 1, performed at Pco2 of 11 bar, XRD results (Figure 3.4a) reveals
that portlandite is present in the initial hydrated cement powder (before the beginning of the run)
whereas it is absent at the end of all the experiments, irrespective of their duration, either 1, 3, 6, 21,
67, 97 or 120 hours. Conversely, both calcite and vaterite are absent in the initial hydrated cement
powder whereas they are both present at the end of all the runs, independent of the reaction time.
Therefore, it seems likely that portlandite carbonation comes to completion, or nearly so, in less
than 1 hour. The intensity of the calcite peaks increases gradually with the reaction time indicating
the progressive increase in the mass of calcite produced through cement carbonation. The vaterite

peaks are clearly recognizable, but their intensity does not change significantly with the experiment
duration.
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Figure 3.4. Diffractograms for (a) the seven experiments of type 1 at 11 bar Pco, and different duration (as
indicated), the clinker, and the initial hydrated cement paste and (b) the four experiments of type 2 performed at
different Pco, (as indicated), the clinker, and the initial hydrated cement paste. The first blue line and the second
green line at the bottom of both diagrams are the clinker and the cement paste respectively.

For the four experiments of type 2, carried out at Pcop of 1, 11, 31, and 51 bar and lasting 6 hours,
XRD results (Figure 3.4b) show that portlandite is present not only in the initial hydrated cement
powder but also at the end of the experimental runs, although in relatively small amounts.

Comparatively small calcite and vaterite peaks are recognizable in the initial hydrated cement
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indicating that both carbonate minerals are present, though in minor quantities. The height of the
calcite peaks increases with Pco, up to 31 bar, whereas shorter calcite peaks are observed at 51 bar.
The height of vaterite peaks does not seem to change substantially with increasing Pcog, although it
is difficult to evaluate differences in vaterite peaks due to their comparatively small heights.

Typical rhombohedral calcite crystals are clearly evident in SEM images of carbonated samples
(Figure 3.5), also showing less common spherical aggregates of small crystals, which are probably

mixtures of vaterite and calcite.
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Figure 3.5. SEM image (secondary electrons) for the experiment of type 1 of 96 hours duration, showing both the
typical rhombohedral calcite crystals and some spherical aggregates of small crystals (enclosed in the red
ellipses), which are probably mixtures of vaterite and calcite.

The TGA/DTA results for the seven experiments of type 1 (Table 3.2) indicate that during cement
carbonation at Pco, of 11 bar and room temperature, the mass of calcite increases from the initial
value of ~20 wt% in the hydrated cement to ~58 wt% in 3 hours, whereas the subsequent data (6-
120 hours) show limited changes, with oscillations from ~56 to ~68 wt%. The mass of portlandite
exhibits an opposite trend, with a marked decrease from the initial value of ~22 wt% in the hydrated
cement to <1 wt% in 3 hours, whereas the following data experience relatively small variations
from 0 to ~11 wt%. The mass of CSH decreases from the initial value of ~58 wt% in the hydrated
cement to ~42 wt% in 3 hours, whereas the subsequent data vary from ~31 to ~40 wt%. The x value
of CSH oscillates from 0.35 to 0.97, with corresponding changes in the molecular weight of CSH
from 85.9 to 132.1 g/mol.

The TGA/DTA outcomes for the four experiments of type 2, carried out at Pco, 0f 1, 11, 31, and 51
bar and lasting 6 hours, show very small differences, with mass of calcite ranging from 53.4 to 55.1
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wt%, mass of portlandite varying from 10 to 14.1 wt% and mass of CSH oscillating from 32.5 to
34.9 wt%. However, these values are different from those of the initial hydrated cement, which
comprises 75 wt% of CSH, 20 wt% of portlandite and 5 wt% of calcite. The x value of CSH in the
carbonation experiments varies from 0.37 to 0.54, with corresponding changes in the molecular
weight from 87.5 to 100.0 g/mol. However, the initial hydrated cement has a low x value of CSH,
0.29, and a correspondingly low molecular weight, 81.5 g/mol, due to occurrence of dehydration
during storage.

Table 3.2. Results of TGA/DTA and related calculations (see section 3.2.3.2) for the initial hydrated cement, the
seven experiments of type 1 and the four experiments of type 2: H,Ocsy,Wt% is the weight percentage of H,O
released from dehydration of CSH; H,Ocn,Wt%, is the weight percentage of H,O released from dehydration of
portlandite; CO,c.,Wt% is the weight percentage of CO, released from decarbonation of calcite; CSH,wt%o is the

weight percentage of CSH; CH,wt%o is the weight percentage of portlandite; Cc,wt% is the weight percentage of

calcite; x refers to the stoichiometry formula of CSH, Ca,SiO,.4 - XxH,0.

E;‘Sé D“Eﬁ;'on ('Z‘;Orz) H,OcsWt% | H,Ocm W% | CO,e,Wit% | CH,Wt% | Co,wt% | CSHwWt% | x
; 0 - 10.63 5.38 8.57 221 195 584 053
1 1 11 6.98 2.66 19.89 109 | 452 438 |0.72
1 3 11 5.67 0.19 25.35 0.8 57.7 416 |0.97
1 6 11 55 0.14 26.19 0.6 59.6 399 095
1 21 11 451 255 25.56 105 | 581 314 |0.88
1 67 11 6.92 0.01 29.06 0.0 66.1 339 |0.38
1 96 11 7.67 1.88 24.49 77 55.7 366 |0.35
1 120 11 515 0.01 29.72 0.0 67.6 324 072
- 0 ; 16.58 4.88 218 20.1 5.0 750 ]0.29
2 6 1 6.29 2.43 24.22 100 | 551 349 |054
2 6 11 6.55 3.26 23.81 134 | 541 324 039
2 6 31 6.33 3.28 24.08 135 | 548 317 041
2 6 51 6.7 3.42 23.49 141 53.4 325 037

3.3.2.2. The aqueous solution in the carbonation experiments of type 2.

Results for experiments of type 1 are not considered here due to their uncertainty interpretation,
whereas the outcomes for all the chemical analyses of the aqueous solutions collected at the end of
the four experiments of type 2 are presented in Table 3.3. These experiments, were carried out at
Pcoz 0f 1, 11, 31, and 51 bar and resulted to have negative electrical charge unbalance of -6.2, -7.6,
-17.7, and -1.7%, respectively. Alkalinity was therefore recomputed from the electrical charge
balance in speciation-saturation calculations. These agqueous solutions are by far dominated by Ca
and HCOs. The pH decreases with increasing Pcop, from 6.32 at 1 bar to 4.89 at 51 bar. Apart from
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Amorphous Calcium Carbonate, ACC, for which oversaturation is recognized at all Pco, values, the
aqueous solutions of interest are oversaturated with carbonate minerals and ferrihydrite at low Pco;
values and undersaturated at high Pco, values. The saturation conditions occur at ~26 bar for
calcite, ~19 bar for aragonite, ~5 bar for vaterite, and ~28 bar for ferrihydrite. In principle, the
saturation state with ferrihydrite and amorphous Fe(OH)s; (for which speciation-saturation
calculations predict undersaturation at all Pco, values) is controlled not only by pH but also by the
redox potential. In practice, since divalent Fe is unlikely to be present in the considered system, the
redox potential was assumed to be fixed by equilibrium with atmospheric Po,. Finally, ,the aqueous
solution is at all the Pco, values oversaturated with amorphous silica, which is expected to
precipitate faster than other silica minerals, although SI-SiO; 4, < Sl-opal < Sl-a-cristobalite < Sl-
chalcedony < Sl-quartz.

Table 3.3. Chemical composition of the aqueous solutions at the end of the experiments of type 2 (duration 6

hours) performed at different Pco, as indicated. Relevant results of speciation-saturation calculations are also
shown. Sl stands for saturation index.

(*) Analytical value; (**) Computed from the electrical charge balance.

Pco| Na | K |Mg| ca Alk(*) | Alk(*) S0, F cl Br
bar mmol/kg meqg/kg mmol/kg

1 1.40 3.20 2.54 | 23.30 38.0 44.5 5.64 0.0661 0.407 0.0154
11 1.47 2.83 454 | 39.97 67.7 80.8 6.03 0.0846 0.339 0.0259
31 3.03 5.07 4.77 | 35.50 50.4 77.1 5.50 0.0788 0.401 0.0425
51 2.19 4.04 6.39 | 39.86 83.6 87.0 5.51 0.0852 0.592 0.0434
Pcoz SiO, Fe pH | Calcite | Aragonite | Vaterite ACC SiOsam | FE(OH)3am | Ferrihydrite
bar | mmol/kg | umol/kg Si Si SI SI Si SI SI

1 2.35 0.139 |6.32| 0.857 0.713 0.291 -1.58 0.081 -0.878 1.08
11 2.71 0.133 |5.51| 0.420 0.276 -0.147 -2.02 0.143 -1.55 0.413
31 3.21 0.130 |5.06 | -0.095 -0.239 -0.661 -2.53 0.217 -2.01 -0.052
51 3.72 0.165 |4.89 | -0.187 -0.332 -0.754 -2.63 0.281 -2.10 -0.138

3.3.3. Results of the carbonation experiments of type 3 with cubic cement samples

3.3.3.1. Qualitative observations

Pores connected by a network of cracks as well as alteration rims around the pores are clearly
recognizable, through simple macroscopic examination, on the surface of the massive, cubic-shaped
samples reacted for 24 and 210 hours (Figure 3.6).
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Figure 3.6. Different cubic cement samples, both carbonated at 11 bar Pco, and room temperature (a) after 6
hours of reaction time, when some pores are observed, and (b) after 24 hours of carbonation, when both, cracks
and more pores are observed.

Before the beginning of the carbonation experiments both types of features were not distinguishable
neither by macroscopic analysis nor by use of the reflected light microscope. However, very small
pores (10-100 um in diameter) and rare tiny cracks were identifiable on SEM images. Tiny cracks
are recognizable on the surface of the sample reacted for 6 hours by use of the reflected light
microscope. Therefore, it can be concluded that cement alteration at 11 bar Pcoy, for reaction times
of 24 and 210 hours, causes the formation of new pores and cracks and the enlargement of pre-
existing features of these types, as well as the appearance of alteration rims around the pores.
Cracks filled by carbonate minerals are present on the surface of the most carbonated sample, which
was reacted for 210 hours (Figure 3.7). Minerals were identified as carbonatesas they

effervesce when treated with 10% HCI.

Figure 3.7. Carbonates material filling the cracks of carbonated cement samples after 210 hours at 11 bar of
Pcoz.
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3.3.3.2. Carbonation progress

The carbonation depth (phenolphthalein method) is recognizable in the three experiments
performed at 11 bar Pco, and room temperature (Figure 3.8). Precise measurements of the
carbonation depth were carried out by using a reflected light microscope. Averaged results indicate
an increasing carbonation progress with reaction time, especially between 24 and 210 hours,
consistent with the mass gain (Table 3.4).

Table 3.4. Mass gain and carbonation depth (phenolphthalein method) for the cubic cement samples reacted at

11 bar Pco, and room temperature in the experiments of type 3. The carbonation depth, L, is an average of

several measurements on each sample.

Reaction time (hours) Mass gain (%) Carbonation depth, L (mm)
6 2.758 0.189
24 2.843 0.231
210 12.193 0.457

Figure 3.8. (below) Carbonation progress as indicated by the phenolphthalein method for reaction times of (A)
6 hours, (B) 24 hours and (C) 210 hours.

A lcm

v
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The obtained average value of the carbonation depth, L, for each cubic cement sample involved in

experiments of type 3 are plotted against the square root of reaction time in days, t (Figure 3.9)

following the approach commonly used to interpret these data. This plot is used because a linear
relation can be observed between L and t*?, that is:

L= o-t”, (3.8)

if the rate of carbonation is controlled by Fick’s second law of diffusion with a constant
concentration boundary condition. In Equation (3.8), a is a constant related to the rate of diffusion
of the ionic species through the cement frame that depends on the permeability, porosity, tortuosity,
and chemical composition of the cement (e.g., Kutchko et al., 2008). Indeed, the rate of cement
carbonation is expected to be limited by diffusion because the acid-base carbonation reactions
proceed much faster than the diffusion of ionic species in the cement matrix (e.g., Kutchko et al.,

2008 and references therein).

In the plot of carbonation depth against the square root of reaction time (Figure 3.9) the results
obtained in this work for the cubic samples of class G Portland cement reacted in water at room
temperature and 11 bar Pco, distribute close to a linear trend, which is described by the following

linear regression Equation (L in mm:; t in day; R? = 0.998):
L=0.111 - t*+ 0.128. (3.9)

This suggests that the considered system has Fickian behavior and that the cement carbonation rate

is controlled by diffusion.
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3.4. Discussion and conclusions

Pores and fractures - The slit-like mesopores highlighted by the surface analysis of the hydrated
cement powder (see section 3.3.1) might play an important role in the carbonation of cement
powder, assuming that these features were present also on the surface of the massive cubic cement
samples. In fact, these relatively long cylindrical holes allow the deep penetration of the CO,-rich
aqueous phase and, consequently, determine the enlargement of pores, the appearance of alteration
rims around the pores, and the formation of new pores and cracks, as observed in the experiments of
type 3 (see section 3.3.3.1).

Portlandite - As consistently documented by both XRD and TGA/DTA results (see section 3.3.2.1),
there was conflicting evidence on the fate of portlandite. In fact, portlandite disappeared completely
in the seven carbonation experiments of type 1 at 11 bar Pcog, irrespective of their duration, from 1
to 120 hours, whereas it was present, though in relatively small quantities, at the end of the 6-hours-
long experimental runs of type 2, at 1 to 51 bar Pcoy. To explain these discrepancy, it must be
recalled that the experiments of type 1 were performed 1 to 36 days after the end of the curing
period, whereas the experiments of type 2 were carried out 181 to 224 days after the end of the
curing period. This longer storage period preceding the type 2 experiments might have promoted
the conversion of the outer parts of portlandite crystals into calcite (and vaterite) through absorption
of atmospheric CO,. If so, the armouring of portlandite crystals by CaCO3; coatings would have

prevented portlandite dissolution.

Calcite - In the seven carbonation experiments of type 1 at Pco, of 11 bar, the intensity of the
calcite peaks increased gradually with the reaction time, indicating a continuous progress of cement
carbonation (see section 3.3.2.1). Similarly, the carbonation extent increased with reaction time in
the three experiments carried out on massive cubic cement samples at 11 bar Pco, and room

temperature, as consistently indicated by the mass gain and carbonation depth (see section 3.3.3).

In the experimental runs of type 2, the height of the calcite peaks increased with Pco, up to 31 bar,
whereas shorter calcite peaks were recognizable at 51 bar Pcop, suggesting that cement carbonation
occurs up to 31 bar approximately, whereas decarbonation took place at higher Pco, values. This
finding agrees with the varying saturation index of calcite, which indicates attainment of saturation
at ~26 bar Pcop, oversaturation below this Pco, value and undersaturation at higher Pco, values (see
section 3.3.2.2). The obvious implications is that calcite precipitation is thermodynamically possible

below ~26 bar Pco,, whereas calcite dissolution is thermodynamically possible above ~26 bar Pco.
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These thermodynamic constraints have important implications also on the kinetics of cement

carbonation (see below).

CaCOs; polymorphs other than calcite - Several previous studies recognized that the formation of
calcite in aqueous environments typically follows the Ostwald’s step rule and often begins with the
quick precipitation of amorphous calcium carbonate, ACC, from highly oversaturated solutions
(Ogino et al., 1987; Clarkson et al., 1992; Kawano et al., 2002; Kitamura 2002; Kim et al., 2004;
Andreassen, 2005) including lime pastes (Cizer et al., 2012). The ACC is transformed into a
mixture of different crystalline CaCO3 polymorphs within several minutes. Vaterite and calcite are
formed at low temperatures, 14 to 30°C, aragonite and calcite at high temperature, 60 to 80°C,
whereas all three polymorphs are produced at intermediate temperatures, 40 to 50°C. The
metastable CaCO3 polymorphs are transformed into stable calcite in ~200 min at 25°C. The
polymorphic transformation of vaterite and aragonite to calcite occurs through dissolution of the
metastable phase and growth of the stable phase, calcite. The rate-determining step of the
transformation is the calcite growth. When the ion activity product of the initial supersaturated
solution is lower than the solubility product of ACC at 25°C, only vaterite directly precipitates after

some induction period.

Only vaterite and calcite were produced during our experiments whereas ACC and aragonite were
not found (see section 3.3.2.2), probably due to undersaturation conditions and low experimental
temperature, respectively. The height of XRD vaterite peaks did not seem to vary appreciably
during the experiments of types 1 and 2, although it is difficult to appraise possible differences in
vaterite peaks due to their relatively small heights (see section 3.3.2.1). Accepting that the vaterite
mass did not change substantially during the experiments, it seems likely that vaterite was rapidly
converted to calcite, due to coupled dissolution-precipitation. The occurrence of vaterite-calcite
conversion is also indicate by SEM images of carbonated samples, showing the presence of
spherical aggregates of small crystals, which are probably mixtures of vaterite and calcite, since
vaterite often form polycrystalline spherulites (e.g., Ogino et al., 1987; Kawano et al., 2002;
Andreassen, 2005; Nehrke, 2007).

Kinetics of cement carbonation - Let us now resume the examination of Figure 3.9, showing not
only the data of this work but also the previous results obtained by other authors through
carbonation experiments of Portland cement with CO,-saturated water under different conditions,
namely: (i) 90°C, 280 bar Pco, (Barlet-Gouedard et al., 2006, 2007); (ii) 50°C, 303 bar (Kutchko et
al., 2008); and (iii) pH 2.4, 50°C, pH 2.4, 20°C, pH 3.7, 50°C, and pH 3.7, 20°C (Duguid and
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Scherer, 2010) at Pco, close to 1 bar. Cement alteration experiments by supercritical CO, exposure
are disregarded in this discussion. Incidentally, in contrast with our findings, Kutchko et al. (2008)
observed a strong deviation from the Fickian behavior and used the Elovich Equation to model their
kinetic data.

Since the available data on the rate of cement carbonation were obtained at different temperatures,
they cannot be compared as such. In fact, reaction rate constants exhibit an exponential dependence
on temperature, which is usually expressed by means of the Arrhenius Equation (Arrhenius, 1889).
Assuming that the activation energy E, is constant, the Arrhenius Equation can be simplified as

follows for the purpose of this discussion:

m(d_L) :|n(d_Lj LB [1_ 1_) (3.10)
dt e Ldt ). R \T 20815

where R is the universal gas constant and T is the absolute temperature. Since the data of Duguid
and Scherer (2010) refer to two distinct temperatures, 20 and 50°C, they were used to obtain the
E./R term, which resulted to be 3036 K™. This value of the E,/R term was then used to refer at 25°C
(298.15 K) the carbonation depth rates determined at high temperatures.

The effect of CO; on the carbonation depth rates referred at 25°C can be investigated by means of
the log-log plot of Figure 3.10, in which the carbonation depth rates for a reaction time of 1 day are
plotted against the CO, partial pressure. As expected, the carbonation depth rate determined at 11
bar Pcoy in this work is about one order of magnitude higher than the two rates measured by Duguid
and Scherer (2010) at Pcoy close to 1 bar. Considering only the rates determined by Duguid and
Scherer (2010) and in this work, and assuming that there is a linear relation between the carbonation
depth rate and Pcoy, the following Equation (carbonation depth rate in mm/day; Pco in bar; R?
=0.997) is obtained:

% =0.0189-P., +0.0231. (3.11)

Equation (3.11) is expected to hold true up to ~30 bar Pco, since the reverse (decarbonation)
reaction is expected to occur at higher Pco, values based on the indications obtained in this work
(see above). Therefore, it does not come as a surprise that the carbonation depth rates measured by
Barlet-Gouedard et al. (2006, 2007) at 280 bar Pco, and by Kutchko et al. (2008) at 303 bar Pcop
are orders of magnitude lower than those predicted by Equation (3.11). In fact, in these high-Pco2
experiments, different reaction zones were observed, including a porous silica-rich zone dominated

by dissolution (e.g., Kutchko et al., 2007).
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Figure 3.10. Log-log plot of the carbonation depth rate (for a reaction time of 1 day) vs. the CO, partial pressure
showing the data obtained in this work for the cubic samples of class G Portland cement reacted in water at
room temperature and 11 bar Pco, as well as the data from previous studies (Kutchko et al. (2008); Barlet-
Gouedard et al. (2006, 2007); Kutchko et al. (2008); Duguid and Scherer (2010) referred at the temperature of
25°C. Colours of symbols are the same as in Figure 3.9.
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Chapter 4- OCCURRENCE OF A NEARLY CONSTANT AIR FLUX THROUGH THE
ACCUMULATION CHAMBER DURING CO; FLUX MEASUREMENTS. EVIDENCE
FROM LABORATORY EXPERIMENTS AND CONSEQUENCES.

Abstract

Different types of laboratory experiments were carried out during this study. In particular, in type A
experiments a standard gas mixture was continuously injected, at constant flux, into the
accumulation chamber, mimicking the soil CO, flux measurements performed in field surveys. In
type B experiments, a standard gas mixture was initially injected into the accumulation chamber for
a short lapse of time, to achieve a relatively high CO, concentration inside the accumulation
chamber; then the injection of the standard gas mixture was stopped and the CO, concentration
inside the chamber was monitored for a sufficient interval of time. In both types of experiments, the
accumulation chamber appears to be flushed by a considerable flux of atmospheric air, which is
virtually constant in each experiment but is different from experiment to experiment. The type C
experiments, which are a modified version of those of type B, including the use of a plaster to seal
the chamber-desk interface, to verify the absence of gas leakage in the system.

We underscore that the occurrence of this air flux through the accumulation chamber (i) has no
effect on the determination of the soil CO, flux on the basis of the initial slope (at time zero) of the
CO; concentration-time curve, but (ii) it complicates the evaluation of the two components of the
soil CO;, flux, namely the CO, molar fraction of soil gas and the flux of the soil gas mixture.
Atmospheric air enters and leaves the accumulation chamber chiefly through the interface between
the chamber rim and the surface onto which the chamber rests whereas the pressure compensation
device is considered a less likely pathway for atmospheric air.

The air flux appears to be controlled by the membrane pump flowrate in type B experiments, in
which there was only a gas flow driven by the membrane pump, from the accumulation chamber to
the CO, analyzer and back again into the chamber, whereas no gas flow entered the chamber from
below.

In type A experiments, there was both a gas flow entering the chamber from below and a gas flow
driven by the membrane pump. Consequently, the gas exchanges between the chamber and the
atmosphere are probably more complex than in the experiments of type B, leading to a relation
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between the air flux and the gas flow entering the chamber from below, when it is relatively high
(1.67 t0 6.67 cm® s™).

A possible way to obtain the two components of the soil CO, flux is presented although it must be
improved. The implications related to the knowledge of both the CO, molar fraction of soil gas and

the flux of the soil gas mixture are discussed.

Keywords: carbon dioxide; flux; soil gas; degassing; accumulation chamber; geological carbon

storage.

4.1. Introduction

Since the early 1990’s, the soil CO; flux, F., , has been measured, mapped, and monitored in

several sites worldwide for geothermal exploration, volcanic surveillance, surface monitoring of
CO; geological sequestration sites and other geo-scientific purposes (e.g., Baubron et al., 1990,
1991; Allard et al., 1991; Chiodini et al., 1998, 2001, 2007, 2008; Hernandez et al., 1998, 2001;
Carapezza and Federico, 2000; Lewicki and Brantley, 2000; Werner et al., 2014; Bergfeld et al.,
2001; Brombach et al, 2001; Salazar et al., 2001; Carapezza and Granieri, 2004; Frondini et al.,
2004, 2009; Notsu et al., 2005; Fridriksson et al., 2006; Werner and Cardellini, 2006; Padrén et al.,
2008a; Carapezza et al., 2009; Evans et al. 2009; Toutain et al., 2009; Mazot et al., 2011; Rissmann
et al., 2012; Parks et al., 2013; Dionis et al., 2015; Hutchison et al., 2015; Jolie et al., 2015; Lee et
al., 2016; Robertson et al., 2016). These F., studies have been performed adopting the

accumulation chamber method, where an inverted chamber is positioned on the ground, the CO,
concentration inside the chamber is monitored, and the initial slope (at time zero) of the CO,

concentration-time curve is used to compute the F., (Chiodini et al., 1998).
The method has some limitations and uncertainties. For instance, the F., from soil is affected by

changes in atmospheric pressure and other meteorological parameters, such as soil temperature and
moisture, wind speed, and rain (e.g., Edwards, 1975; Hanson et al., 1993; Chiodini et al., 1998;
Rogie et al., 2001; Salazar et al., 2001; Granieri et al., 2003, 2010; Brusca et al, 2004; Lewicki et al,
2007; Padron et al., 2008b; Viveiros et al., 2008, 2009; Perez et al., 2012; Lewicki and Hilley,
2014; Padilla et al., 2014; Werner et al., 2014). Consequently, surveys of F., from soil have to be

carried out under dry and stable weather conditions to avoid the detrimental effects caused by

variations of meteorological parameters.
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The use of the accumulation chamber may change the soil gas flow from its natural undisturbed
state by altering the gas pressure inside the chamber, varying the pressure and concentration
gradients in the underlying soil, diverting the soil gas flow around the chamber, altering locally soil
physical properties (e.g., by inserting a “collar” into the soil to position the chamber), and
determining an increase of water vapor within the chamber (Norman et al., 1992; Healy et al., 1996;
Evans et al. 2001; Gerlach et al. 2001; Welles et al. 2001). These effects have been quantified

through controlled laboratory tests, showing that measured F, Vvalues are 0-25% lower than the
imposed F_,, values, in the range 200 - 12,000 g m™ day™ (Evans et al. 2001). However, these
uncertainties can be mitigated imposing known F, values and calibrating the system accordingly

(Chiodini et al., 1998).
All in all, taking suitable precautions and accepting some minor uncertainties, the accumulation

chamber method can be effectively used to determine the soil F., values from 0.2 to over 10,000 g

m day™, i.e., from the low values sustained by decay of organic substances to the high values of
steaming grounds (Chiodini et al., 1998), as also supported by the results of comparative studies
(e.g., Norman et al., 1992, 1997; Lewicki et al., 2005; Lewicki and Hilley, 2014).

In spite of the impressive number of studies carried out in the last 25 years, the behaviour of the
accumulation chamber has not been fully understood yet and the potentialities of the accumulation
chamber method have not been fully exploited yet. For instance, the accumulation chamber CO,

time series can be used, in principle, to obtain not only the F_, value but also its two components,

namely the CO, molar fraction of soil gas, X and the flux of the soil gas mixture, Fg. Note

0,6
that only two of the three variables F., , Fe, and X, . are independent, as they are linked by the
simple relation:

Feo, = Fo  Xco, 6 (4.1)
This study intends to discuss (1) the results of suitable laboratory experiments aimed at improving
the understanding of the behaviour of the accumulation chamber, (2) a possible way to obtain the

two components of F, , i.e, Fg and X, o, from the CO, time series acquired by means of the

accumulation chamber method, and (3) the implications related to the knowledge of the two

components of F, .
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4.2. Methods
4.2.1. The laboratory experiments

In this work, all the laboratory experiments were performed using West Systems portable CO,
fluxmeters comprising the following main components (Figure 4.1):

(a) A West Systems™ accumulation chamber of type A, equipped with both a 80 rpm fan, to ensure
the homogenization of the gas mixture inside the chamber, and a pressure compensation device, to
maintain pressure equilibrium between inside the chamber and the surrounding air outside the
chamber, avoiding the pressurization of the chamber that would alter the gas flow from soil (see
above).

(b) A non dispersive infrared spectrometer as CO, analyzer, either a LICOR LI-820™ or a Vaisala
CARBOCAP® CO, sensor GMP343. The CO, analyzer performs the continuous determination of
CO;, concentration inside the accumulation chamber. The main technical specifications of the
LICOR LI-820™ are: measurement range 0-20,000 ppmv; root mean square noise <1 ppmv at 370
ppmv with 1 s signal filtering; accuracy 3% of reading. The main technical specifications of the

Vaisala GMP343™ are: measurement range 0-20,000 ppmv; noise at 370 ppm CO; + 3 ppmv COy;

accuracy = (5 ppmv + 2% of reading).

Figure 4.1. The West Systems portable CO, flux meter (from the Handbook of the West Systems CO, fluxmeter).

(c) A membrane pump ensuring the continuous transfer of the gas from the accumulation chamber
to the CO, analyzer and back again into the chamber through the inlet and outlet tubes. The used
fluxmeters were equipped with one of the following three pumps KNF NMP830, KNF NF30, and

KNF NMS020. The flowrate of each pump was measured with an accuracy close to 1% by using a
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Gilian Gilibrator-2 NIOSH Primary Standard Air Flow Calibrator, obtaining the following values:
47.5 cm® s for KNF NMP830, 35.5 cm® s™* for KNF NF30, and 24.2 cm® s for KNF NMS020.

(d) A palmtop computer for data acquisition with the frequency of one record per second. Acquired
data include: time, CO, concentration, pressure and temperature in the measuring cell of the CO,
analyzer, ambient temperature and barometric pressure. The palmtop communicates with the CO,
analyzer through either a wired or a wireless connection.

Further details are given by the handbook of the West Systems CO, fluxmeter which can be
downloaded through the link http://www.westsystems.com/doc/HandBook L1820 7 0.pdf. The

flux meter, comprising the accumulation chamber, the inlet and outlet tubes, the cell of the CO,
analyzer and filters, has a net total volume of 3063 cm®, whereas the accumulation chamber has a
basal area of 314 cm?.

In the adopted experimental set up (Figure 4.2), the accumulation chamber is positioned with the
open side over a desk, either inserting its rim into a collar, to minimize the possible input of
atmospheric air (see below), or without any collar. The desk is equipped with a gas injection point
which conveys the standard gas mixture, at the selected flux, from the cylinder to the accumulation
chamber. The gas flux is controlled by using an electronically stabilized mass flow controller Alicat
Scientific MC-2LPM-D™ with accuracy + 0.2% of full scale, working range from 0.17 to 33.33
cm® s and repeatability + 0.2 %. The used gas mixtures have the following compositions
(percentages by volume): (a) 2 % COy, 1% CHa, 97% Na; (b) 9 % CO,, 91% N, and (c) 50 % CO,,
50 % CHa.

Three types of experiments were performed, called A, B, and C. In type A experiments, the
standard gas mixture was continuously injected into the accumulation chamber keeping the gas flux

constant at the selected value. These experiments mimic the F., measurements performed in field

surveys. In type B experiments: (1) first, the standard gas mixture was injected into the
accumulation chamber for a short interval of time, typically 100-120 s, to achieve a CO,
concentration inside the accumulation chamber of ~7000 ppmv; (2) second, the injection of the
standard gas mixture is stopped and the CO, concentration inside the chamber is monitored for a
long interval of time, typically 1900-2100 s. These experiments are used to understand if the
accumulation chamber is flushed or not by atmospheric air and to quantify the air flux if any. The
type C experiments are similar to those of type B. The only difference is the use of plaster to seal
both the chamber - desk interface and the pressure compensation device. These experiments are

utilized to verify the absence of gas leaks in the whole system.

82


http://www.westsystems.com/doc/HandBook_LI820_7_0.pdf

(a)

@S

Mass flow controller

Standard mixture of carbon dioxide -
cylinder and pressure reducing valve

Figure 4.2. (a) Experimental set up for experiments of type A and B, adopted in the West Systems laboratory
(from the Handbook of the West Systems CO, fluxmeter, modified). Note that the accumulation chamber is
positioned on the desk over the gas injection point either with the collar or without it. (b) Accumulation chamber
during the experiments of type C, in which plaster was used to seal both the chamber - desk interface and the

pressure compensation device.

4.2.2. Methods of interpretation of CO; time series

To interpret the CO, time series acquired during the different types of laboratory experiments of all
types, the accumulation chamber is assumed to behave as a perfectly-mixed single box model. Two
different mass balance approaches can be used, as detailed below. In this work, simple mass
balances involving the total soil-chamber-atmosphere CO, mass exchanges are preferred to
Equations in which the diffusive and advective components of the soil gas flux are considered
separately (e.g., Welles et al., 2001) due to the ambiguities in the characterization and separation of
these two distinct components.

Approach (1) is based on the hypothesis that the accumulation chamber is not flushed by
atmospheric air. It means that the flux of the standard gas mixture entering the accumulation
chamber is balanced, at any time, by the flux of gas mixture leaving it through either the space
between the chamber rim and the desk or the security valve or both. This hypothesis was adopted by
Chiodini et al. (1998).

Approach (2) is based on the assumption that the gas mixture leaving the accumulation chamber
comprises the standard gas mixture flux plus a flux of atmospheric air. In other terms, the

accumulation chamber is considered to be flushed not only by a continuous flux of the standard gas
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mixture but also by a continuous flux of atmospheric air. The need to invoke this second approach

will become apparent in the following discussion.

4.2.2.1. Methods of interpretation of CO, time series: Approach (1)

The CO, time series in approach (1) is described by the following Equation® :

Xeosar 'V = Xeg 1 'V + Xeg 6 - Fo 0t =X - Foy -t (4.2)
where:

t (s) stands for time,

V (cm®) is the volume of the flux meter comprising the accumulation chamber, the inlet and outlet
tubes, the cell of the CO, analyzer and the filters,

X and X, , (mol/mol) designate the CO, molar fraction in the accumulation chamber at

CO,,t+dt
time t+dt and at time t, respectively,

Xco,6 (Mol/mol) represents the CO, molar fraction of the standard gas mixture,

Fo and Fou (cm® s™) stand for the flow rates of the standard gas mixture entering and leaving the
accumulation chamber, respectively, which are assumed to be equal, that is:
Fe = Fout. (4.3)

Dividing both sides of Equation (4.2) by V and considering that X, ;.4 — Xco,, = dX

copt co, ! Equation

(4.2) can be rearranged as follows:

dXeo. Fs Xeos F.
, 2 X . 4.4
dt vV vV CO,t ( )

Note that in the plot of dX., /dt vs. X, , Equation (4.4) defines a straight line of slope — R /V

and intercept F - X¢q o /V -

4.2.2.2. Methods of interpretation of CO2 time series: Approach (2)

The main difference with respect to the previous approach is that in this case, the air entrance is
taken into consideration. Therefore, Equation (4.2) has to be modified as follows:

® Note that Equation (4.2) corresponds to Equation (3) of Chiodini et al. (1998), although CO, fluxes are
expressed in cm® s™ in this work and in cm® s ¢cm™ (or cm s™) in Chiodini et al. (1998). The conversion
factor is the basal area of the accumulation chamber, 314 cm?. The cm® s™ was adopted as measurement unit
of the gas flow because the section related through the flux of atmospheric air flushing the system is
unknown (see below).
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X V = XeoeV + Xeoo - Fo -t + Xeoa- Fa -Gt — X, - (Fg +F,) -t (4.5)

CO, t+dt CO,t C0,,G CO, A
where

Xco,a (Mol/mol) represents the CO, molar fraction of atmospheric air,

Fa (cm® s™) is the flow rate of atmospheric air entering the accumulation chamber.
Equation (4.5) assumes that, at any time, the sum of the standard gas mixture flux and atmospheric
air flux is equal to gas flux leaving the accumulation chamber. Again, dividing both sides of

Equation (4.5) by V and considering that X g .4 — Xco,; =dXc, » the final Equation is rewritten as

follows:

dX o, _ Fe-Xeo,c tFa-Xoon  Fg+Fy X
= - COopt -
dt \Y \Y

(4.6)

In the plot of dX.,, /dt Vs. X , Equation (4.6) defines a straight line of slope —(F; +F,)/V and
intercept (F, - Xco,c +Fa- XCOZ’A)/V. This plot is used to compute Fg and X, ., as discussed in

section 4.4.1.
4.3. Results.

Considering that in both types of experiments A and B, the accumulation chamber seems to be
flushed by an atmospheric air flux but it does not occur for experiments of type C (due to the use of
a plaster to seal the chamber-desk interface) we consider to report first the outcomes of experiments

of type C and then the others.
4.3.1. The type C experiments

For all the type C experiments, the CO, concentration-time curve includes:

(1) a quick build up determined by the input of CO; into the accumulation chamber, followed by

(2) a flat part due to the almost constant CO, content upon ending the CO; input into the
accumulation chamber (Figure 4.3).

Since plaster is not totally impermeable to gases, the CO, concentration-time curve deviates from
the ideal condition of constant CO, content in the chamber, upon discontinuance of the CO, input
into it. The decrease in CO, concentration with time, although very small, depends on the flowrate
of the membrane pumps, Fp, with values of

(a) -1.1 107 to -2.6 -10°" s™ for runs 2 and 4, in which a membrane pump with flowrate of 24.2 cm®
s was deployed, and

(b) -3.4 -107 to -5.0 -107" s for runs 1 and 3, in which a membrane pump with flowrate of 47.5 cm®
s was used.
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Figure 4.3. Plot of the measured CO, concentration inside the accumulation chamber versus time for four
experiments of type C, in which plaster was used to seal both the chamber - desk interface and the pressure

compensation device.

The average difference between the atmospheric pressure and the pressure in the cell of the LICOR
LI-820™ CO, analyzer, AP*, was 43.4 mbar in run 1, 19.2 mbar in run 2, 43.9 mbar in run 3 and
18.9 mbar in run 4.

4.3.2. The type B experiments

The CO, concentration-time curve of all the type B experiments comprises (1) a fast build up
caused by the injection of CO; into the accumulation chamber, followed by (2) a relatively slow
drawdown, upon cessation of the CO; injection into the accumulation chamber (Figure 4.4). The
buildup curve does not give any information of interest. In contrast, the form of the drawdown
curve, with a negative slope decreasing with time, suggests that the accumulation chamber is
continuously flushed by atmospheric air. In fact, in the absence of such atmospheric air flush, the
CO;, concentration inside the accumulation chamber would be expected to remain constant or nearly
so at the maximum value achieved due to CO; injection into the chamber, as it is observed in the
experiments of type C (see section 4.3.1).

In addition to this important qualitative information on the behavior of the accumulation chamber,
the drawdown curve was used to evaluate the flux of atmospheric air flushing the chamber

assuming that it is constant and adopting the trial and error method. The sought solution
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corresponds to the minimum of the average absolute deviation (AAD) between measured X

CO,t

values and corresponding X values computed by means of Equation (4.5).

CO,t
Both the measured CO, concentrations and the corresponding calculated CO, values are plotted
against time for the two experimental runs of type B 152131 and 161126 in Figure 4.4. Run 152131
(Figure 4.4a) was performed inserting the rim of the accumulation chamber into a collar, to
minimize the input of atmospheric air, whereas run 161126 (Figure 4.4b) was carried out placing

the accumulation chamber directly on the desk over the gas injection point without using any collar.
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Figure 4.4. Plot of the measured and computed CO, concentration inside the accumulation chamber versus time
for two experimental runs of type B 152131 and 161126. Run 152131 (a) was performed inserting the rim of the
accumulation chamber into a collar whereas run 161126 (b) was carried out placing the accumulation chamber

directly on the desk over the gas injection point without any collar.

For both runs there is a perfect match between the measured drawdown curve and the calculated
counterpart, with an AAD of 0.26% and a maximum absolute deviation (MAD) of 1.2% in the run
with the collar and with an AAD of 0.38% and a MAD of 1.5%, in the run without the collar. The
main results of the experimental runs of type B, including those depicted in Figure 4.4, are reported
in Table 4.1, showing that there is a very good correspondence between the measured drawdown

curves and the calculated counterparts, with AAD values of 0.14 to 1.54%. Since that the X

CO, t
values computed using Equation (4.5) reproduce with acceptable accuracy the corresponding

measured X values, the starting hypothesis is satisfied, i.e., the flux of atmospheric air flushing

CO, .t
the accumulation chamber during the experiments of type B can be considered to be virtually

constant.
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Table 4.1 also shows that Fa represents 1.4 to 2.8 % of Fp in the experiments with the collar,
whereas Fa constitutes 2.2 to 4.7 % of Fp in most experimental runs without the collar, apart from
run 144401, with Fa equal to 1.4% of Fp, and run 122850, with Fa equal to 6.6% of Fp. The lower
Fa/Fp ratios of the experiments with the collar are not surprising, since the collar acts as a partial

seal, reducing the flow of air entering the accumulation chamber.

Table 4.1. Main characteristics of some experimental runs of type B. The experiments with the code in bold are

displayed in Figure 4.4.

Code | Fp(cm®s™) | Fa(cm®s™) | Collar | Duration(s) | AAD (%) | 100-(Fa/Fp) in (%)
152131 47.5 1.310 Yes 1991 0.26 2.8
105250 475 0.768 Yes 2369 0.75 1.6
115215 24.2 0.381 Yes 2064 0.30 1.6
145200 47.5 1.030 Yes 2508 0.69 2.2
153741 24.2 0.581 Yes 2355 0.65 2.4
95957 35.5 0.482 Yes 2623 0.14 1.4
113154 35.5 0.958 Yes 2247 0.99 2.7
140400 35.5 0.982 Yes 2278 0.80 2.8
161126 47.5 2.210 No 2161 0.38 4.7
122850 47.5 3.130 No 2352 1.54 6.6
141406 24.2 0.789 No 2173 0.49 3.3
164527 47.5 1.270 No 2832 1.12 2.7
173700 24.2 1.010 No 1518 0.78 4.2
105130 35.5 0.927 No 2249 1.15 2.6
121233 35.5 0.789 No 2106 1.07 2.2
144401 35.5 0.513 No 2333 0.78 1.4

4.3.3. The X, -time curve of type A experiments

Plots of CO, concentration versus time are shown for the four selected experiments of type A No.
103212 (Figure 4.5a), 154723 (Figure 4.5b), 112311 (Figure 4.5c), and 141306 (Figure 4.5d), all
with Fg in the range 1.67 to 6.67 cm® s™. In these plots, the measured CO, time series (black line)
are compared with the corresponding CO, time series calculated using: (i) Equation (4.2), i.e.,
assuming that the accumulation chamber is not flushed by atmospheric air (blue curve) and (ii)
Equation (4.5), i.e., assuming that the accumulation chamber is flushed by a constant flux of
atmospheric air (red curve). Again, since the flux of atmospheric air through the chamber was
unknown, this was obtained by the trial and error method until the AAD between measured and
computed data attains the minimum value. These CO,-time plots show that the data calculated using
Equation (4.2) overestimate significantly the measured CO, time series, whereas the data computed
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using Equation (4.5) closely approximate the measured CO, time series. Note that the agreement
between the measured data and those computed for a constant flux of atmospheric air is very good
for the three type A experiments 103212, 154723, and 112311, of duration ranging betwen ~600
and ~1800 s (Figure 4.5a, b, and c, respectively). In contrast, the agreement between the measured

data and those computed for a constant flux of atmospheric air is less satisfactory for the type A

experiment 141306 of longer duration, ~7000 s (Figure 4.5d).
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Figure 4.5. Plot of CO, concentration in the accumulation chamber versus time for four selected experiments of
type A showing the measured CO, time series (black line), the CO, time series calculated using Equation (4.2),
i.e., assuming that the accumulation chamber is not flushed by atmospheric air (blue curve), and the CO, time
series calculated using Equation (4.5), i.e., assuming that the accumulation chamber is flushed by a constant flux

of atmospheric air (red curve).
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For this experimental run, the appearance of a crossover between the measured data line and the
computed curve (for a constant flux of atmospheric air) might be due to the moderate decrease of
the atmospheric air flux with time, an effect which is evidently detectable only in experiments of
long duration at these Fg values.

The main characteristics of some experimental runs of type A, with Fg in the range 1.67 to 6.67 cm®
s, including those displayed in Figure 4.5, are reported in Table 4.2, showing that: (i) the AAD
between measured and computed data is low, varying between 0.64 and 3.37%; (ii) Fa decrease
progressively with increasing Fg (Figure 4.6), apart from the long-duration experiment 141306, and
(iii) consequently, the Fa/(Fa+Fg) ratio decreases gradually from 0.52-0.60 at Fg of 1.67 cm®s™ to
0.08 at Fg of 6.67 cm®s™.

Table 4.2. Main characteristics of some experimental runs of type A with Fg of 1.67-6.67 cm® s’ The

experiments with code in bold are displayed in Figure 4.5.

Code | Xco, | Fo (cm®s™) | Fa(cm®s™) | Collar | Duration (s) | AAD (%) | Fa/(Fa+Fg) in %
103212 | 0.09 1.67 2.26 Yes 590 0.84 0.58
141142 | 0.09 1.67 2.20 No 560 154 0.57
112311 | 0.02 1.67 1.77 Yes 1809 0.64 0.52
104636 | 0.09 1.67 2.54 Yes 714 2.37 0.60
141306 | 0.02 1.67 0.354 Yes 7049 2.69 0.18
113108 | 0.02 3.33 1.25 No 1481 2.14 0.27
154723 | 0.02 5.00 1.05 No 822 1.09 0.17
155254 | 0.09 5.00 1.00 No 160 1.82 0.17
121322 | 0.02 6.67 0.550 Yes 1982 3.37 0.08
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Figure 4.6. Plot of F, vs. Fg for some experiments of type A, with Fg in the range 1.67 to 6.67 cm®s™. The
exponential model was adopted to fit the F, and F¢ values since the squared regression coefficients is higher than

for other models.

Type A experiments with Fg in the range 0.0833 to 0.833 cm® s have higher AAD between
measured and computed data, exhibit a crossover between the measured data line and the computed
curve (for a constant flux of atmospheric air), have high Fa values, in the range 5 to 10 cm®s™, and,
therefore, high Fa/(Fa+Fg) ratios, from 0.85 to 0.99. Since the results for the type A experiments
with Fg in the range 0.0833 to 0.833 cm® s™ are affected by relatively high uncertainties, whose

origins are not properly understood, they are not considered in the following discussion.

4.4. Discussion and conclusions

In all the laboratory experiments carried out during this work, of both type B and type A, with Fg in
the range 1.67 to 6.67 cm® s, the accumulation chamber appears to be flushed by a considerable
flux of atmospheric air. Fa is virtually constant in each type B experiment as well as in each type A
experiment of duration lower than 1800-2000 s, but F4 is different from experiment to experiment.

The occurrence of this considerable air flux through the chamber raises some questions, the first and

most important is does this air flux affect the determination of the F., from soil? To answer

this question, it must be noted that Equation (4.6), which incorporates the air flux through the

chamber, reduces to;
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at the initial conditions, i.e., at time zero. Equation (4.7) corresponds to Equation (7) of Chiodini et

4.7)

al. (1998) which is used to evaluate the F, from soil on the basis of the initial slope (at time zero)

of the CO, concentration-time curve. The only difference between these two equations is the

physical dimension (and consequently the measurement unit) of F., , which is [volume - time™ -

area™] in Chiodini et al. (1998) and [volume - time™] in this work. Leaving aside this difference, the
important thing to be noted is that Fa does not appear in Equation (4.7) and, therefore, the flux of

air through the accumulation chamber has no effect on the determination of the F.,_from soil.

A second question is which are the entry and exit points through which air enters and leaves
the chamber? Before answering this question it must be recalled that maintenance of pressure
equilibrium between inside the chamber and the surrounding air outside the chamber is a necessary

requirement so that the measured F., and its two component terms (Fg and X, ) can be truly

representative of the natural values (e.g., Xu et al., 2006). For this reason, the chamber is equipped
with a pressure compensation device. For the same reason, an effective seal cannot be emplaced
between the chamber and either the soil surface in field deployment or the desk surface in
laboratory tests*. Only a collar can be used to minimize the inflow of atmospheric air during the
measurements, as done in some experiments of type A and B (see above). Therefore, it can be
assumed that atmospheric air may enter and leave the accumulation chamber through both the
interface between the chamber rim and the surface onto which the chamber rests and the pressure
compensation device. The second pathway is considered less likely than the first one unless the
pressure inside the chamber attains a value significantly higher than the external atmospheric
pressure.

A third question is what controls FA? To answer this question let us consider the plot of Fa vs. Fp
for the type B experiments (Figure 4.7), in which there was only a gas flow driven by the membrane
pump, from the accumulation chamber to the CO, analyzer and back again into the chamber,
whereas no gas flow entered the chamber from below. Figure 4.7 shows that the spread of points is
limited for the type B experiments with the collar, whose Fa and Fp data fit the following linear
regression Equation through the origin (R? = 0.944):

Fa=0.0219 - Fp. (4.8).

* The only exception is represented by the experiments of type C, whose purpose is to verify the absence of
gas leaks in the system.
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Figure 4.7. Plot of the the air flux, F,, vs. the membrane pump flowrate, Fp for the experiments of type B with
the collar and without it (see legend). Experiment 122850 is not plotted due to its high Fa, 3.13 cm® 5™, and its
high AAD, 1.54% (Table 1).

In contrast, the type B experiments without the collar show a remarkable spread of points, also
considering that experiment 122850 was not plotted in Figure 4.7 due to the high Fa, 3.13 cm® s,
and the high AAD, 1.54% (Table 4.1). The Fa and Fp values for the type B experiments without the
collar fit the following linear regression Equation through the origin (R? = 0.886)

Fa=0.0304 - Fp (4.9
Equation (4.8) has a slope lower than that of Equation (4.9) since the collar acts to some extent as a
seal, reducing the flux of air through the chamber, as already noted above. The notable spread of
points and the comparatively low squared regression coefficient, are probably due to the variable
section, from one experiment to another, through which air enters the chamber, reflecting the
irregularities of the desk surface onto which the chamber is positioned. In contrast, the use of the
collar seems to decrease the variability of the section through which air entered the chamber.
Irrespective of the somewhat erratic results of the experimental runs without the collar, there is no
doubt that the membrane pump flowrate, Fp_controls the air flux, Fa, in all the type B experiments.
In type A experiments with Fg in the range 1.67 to 6.67 cm® s™ and duration lower than 1800-2000
s, Fa appears to be strictly related to F¢ as already recalled above (Figure 4.6). It must be noted that
in type A experiments there was both a gas flow entering the chamber from below and a gas flow

driven by the membrane pump. Consequently, the gas exchanges between the chamber and the
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atmosphere are probably more complex than in the the experiments of type B. In spite of these
complexities, in type A experiments, Fa is neither a random effect nor a noise, but it was due to the
unavoidable gas exchanges between the chamber and the atmosphere. These gas exchanges must be

taken into account properly to try to estimate Fg and X,  on the basis of the measured CO, time

series.

4.4.1. A possible way to obtain Fg and X, ¢

Let us now use the results of some type A experiments to discuss a possible way to obtain Fg and

Xco, e+ assuming that both variables are unknown and that the accumulation chamber is flushed by

an unknown, constant flux of air, Fa, during the experimental run. Since type A experiments
mimicked the field measurements, only the data acquired during the first 300 s were taken into

account. First, we prepared the plot of dX., /dt vs. X o, in which the mean dX, /dt and
X o, Values, calculated averaging the data acquired in time intervals of 10 s, were plotted instead of
the original data to reduce the scatter of points (Figure 4.8). Second, dX., /dt was fitted against
X¢o, adopting a linear model corresponding to Equation (4.6).

As already recalled in section 4.2.2.2, the obtained straight line has intercept

(Fs - Xco,6 + Fa Xcoa )V - Since the product F - Xeo, ¢ is equal to F, (see Equation 4.1), the

intercept can be rewritten as (FCOZ +F,-X )/V Following the approach of Chiodini et al.

CO,A
(1998), F,, is obtained from the initial slope (at time zero) of the CO, concentration-time curve
and Fa was calculated from the intercept of Equation (4.6), since V and X, , are known. Knowing
Fa, then Fg was computed from the slope of Equation (4.6), which is equal to —(FG + FA)/V .

The procedure is straightforward, but the obtained X, . and Fg, values are somewhat at variance

from the corresponding known, imposed values. Therefore, we used the procedure outlined above to

compute, by trial and error, the CO, flux values, FC*OZ, which are needed to reproduce the known

Xco,c Values.
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Figure 4.8. Plot of chOZ /dt vs. X, for the four selected experiments of type A shown in Figure 4.5.

For the four runs reported in Table 4.3, the absolute percentual deviations of the Fgoz values from
the corresponding F., values were 0.35, 0.21, 0.88 and 0.12%, which are lower than the
uncertainty on the F., values determined from the initial slope (at time zero) of the CO;
concentration-time curve. Table 4.3 also show that increasing and decreasing the F502 values by
1%o cause absolute percentual deviations of 3 to 18% in X, ; and 4 to 16% in Fg for the four
considered runs, indicating that the precision on F., must be in the order of 1%o or even better to
reproduce X,  and Fg with an acceptable approximation by using the procedure described in this

section. Since we cannot expect to achieve this precision (and accuracy) on the F., measurement,
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the determination of the X, . and Fg values from the accumulation chamber CO. time series, a

different procedure has to be found.

Table 4.3. Known and computed X, 5, Fe, Fa and F values for the experimental runs of type A shown in
Figure 4.5.

Code |Xeoo @ Fe® [ Fa? | Fop @ Fro @ [ Xeo,c O Fe® | FA®
cm’s?tem®s?| ecm®s? | cm®s? cm®s?t | em®s™

103212 0.09 1.67 2.26 | 0.14698 | 0.14647 | 0.0899 | 1.629 | 1.655
« « « « « 0.14632 | 0.1065 | 1.374 | 1.910

« « « « « 0.14661 | 0.0778 | 1.884 | 1.400
154723 0.02 5.00 1.05 | 0.10818 | 0.10841 | 0.0200 | 5.415 | 1.809
« « « « « 0.10830 | 0.0207 | 5.223 | 2.001

« « « « « 0.10852 | 0.0194 | 5.607 | 1.617
112311 0.02 1.67 1.77 |0.032527|0.032817| 0.0200 | 1.641 | 1.392
« « « « « 0.032784| 0.0208 | 1.578 | 1.454

“ « “ « « 0.032850| 0.0193 | 1.703 | 1.329
141306 0.02 1.67 | 0.354 |0.030865|0.030828| 0.0200 | 1.540 |0.5233
¢ « “ « « 0.030797| 0.0210 | 1.468 |0.5955
“ « “ « « 0.030859| 0.0191 | 1.613 |0.4510

W Known, imposed value;

@ computed using Equation (4.5), assuming that the accumulation chamber is flushed by a constant flux of
atmospheric air;

®) computed from the initial slope (at time zero) of the CO, concentration-time curve;

@ first of three lines: Fc02 values adopted to reproduce the known XCOZ'G using the procedure outlined in
section 4.4.1; second of three lines: Fcq - 1%o; third of three lines: F., + 1%o;

®) computed from the plot of dXCOZ /dt Vs, XCOZ , using the procedure outlined in section 4.4.1 and adopting

the Fgo, value.

4.4.2. Implications

Assuming that X, . and Fg values can be obtained from the accumulation chamber CO, time

series by means of a suitable procedure, it is worth to underscore two related implications.

One implication results from the availability of three variables, namely F., , Fg, and X, ¢, only
two of which are independent, instead of a single variable, F., . Through the bivariate statistics

and geostatistics of these variables we expect to improve the knowledge of the natural systems of

interest. For instance, it should be possible to understand if high F., values are controlled by

either (i) high Fg values or (ii) high X, . values or (iii) high values of both variables and,
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conversely, if low F.. values are due to either (a) low Fg values or (b) low X or (c) low
co, CO,.G

values of both parameters.

The other implication is the proper interpretation of isotopic data, which has been the subject of
several recent papers (e.g., Chiodini et al., 2008; Parks et al., 2013; Dionis et al., 2015; Lee et al.,
2016; Robertson et al., 2016; Hutchison et al., 2016). To discuss this point, let us assume that two
gas samples are collected at each measurement point from the accumulation chamber, as done by
Chiodini et al. (2008). The first sample (sample A) is collected after a few seconds to allow
homogenisation of the gas mixture inside the chamber, whereas the second sample (sample B) is

collected some time later, at higher CO, concentration. Both samples are then analyzed for the

§°Ceo, value The X, and 5°C., value of the two samples constrain the mixing line between
soil gas and air, which is a straight line in the plot of 8°C., vs. the inverse of X, (Faure, 1986),
as schematically shown in Figure 4.9. This plot also shows that it is possible to reconstruct the
§Cqo, value of soil gas, 5°C., o, butonly if X, o is known. This is why the CO, concentration
of soil gas is of utmost importance for the proper interpretation of the 613CCOZ values of soil gas —

air mixtures collected inside the accumulation chamber.
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Figure 4.9. Plot of the 8'*C value of CO, vs. the inverse of the CO, molar fraction for two soil gas — air mixtures
collected inside the accumulation chamber, samples A and B, which constrain the soil gas — air mixing line (red
dashed line). The inverse of the CO, molar fraction of soil gas allows one to estimate the 3¢ value of CO, of soil

gas, following the blue dashed line with arrow.
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CHAPTER 5- CONCLUSIONS

The present PhD Thesis consists of four chapters, a general introduction as well as three additional
chapters where the results of the research studies are reported. Each of these chapters stand as an
independent manuscript, two that have already been submitted to international scientific journals

and one that is ready to be submitted. The main conclusions are summarized hereunder.

The first part of the thesis (chapter 2: A study on wellbore cement carbonation by CO, leakage in a
natural analogue for the geological CO, storage) focuses on a hypothetical average production well
with a damaged leaking zone, affecting casing and cement, in the natural analogue for the
geological storage of CO; of Sant’Albino, Southern Tuscany. The results of reaction path modeling
and reactive transport modeling of cement alteration driven by COy-rich fluids demonstrate that
CO, causes a comparatively rapid cement alteration (within few years), first characterized by
complete carbonation and later by dissolution of carbonate minerals. This reaction sequence may

ultimately lead to a CO; leakage to the surface in CO, sequestration sites.

The second part of the thesis (chapter 3: Experimental analysis of the reaction rate of hydrated G-
class cement at Pco, of 1 to 51 bar and ambient temperature) presents and discusses the results of
several experiments carried out to investigate the carbonation rate of cement powder and cement
cube samples in contact with an aqueous solution, at 1 to 51 bar CO,. Solid reaction products and
aqueous solution chemistry were thoroughly characterized adopting different analytical techniques.
The main results reports that (i) cement powder carbonation is very fast (few hours to days) and (ii)
the carbonation rate of cement cube samples is diffusion-controlled. These experimental outcomes

support the results of geochemical modeling performed in part I.

The third part of the thesis (chapter 4: Occurrence of a nearly constant air flux through the
accumulation chamber during CO, flux measurements. Evidence from laboratory experiments and
consequences) focuses on the results of laboratory tests carried out with an accumulation chamber
either (i) injecting a known gas mixture at known constant flow, thus mimicking the soil CO; flux
measurements performed in field surveys or (ii) stopping the injection of the gas mixture after a
given time. In both test types the chamber seems to be flushed by atmospheric air. Such an air flux
does not affect the measurement of the soil CO, flux, Fcop,. However, it influences the
determination of CO, molar fraction of soil gas, Xco2, and total soil gas flux, Fg. These are the two
components of the soil CO, flux, which are linked through the simple relation Fco, = Xcoz - Fe. The
knowledge, not only of Fco, but also of the Xco, and the Fg has important practical consequences,
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for instance, for monitoring the possible CO, leakage at the CO, storage sites. Minor improvements

have to be made in order to obtain a reliable and easy applicable method to determine Xco, and F.
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GOALS OF THE RESEARCH

My PhD Thesis is focused on three different aspects related to geological CO, storage. First, on the
assessment of one of the major risks posed by the geological sequestration of CO,. the leakage of
COg,-rich gases from the deep reservoirs in which they have been disposed. This risk can be
mitigated monitoring the flux of CO, from deep reservoirs where CO; is injected, by means of the
accumulation chamber method, (see chapter 4). Second, the study of wellbore cement alteration and
well integrity by using Reaction Path and Reactive Transport Modeling (see chapter 2). The third
topic was the experimental determination of cement alteration by means of laboratory experiments,

these studies are reported in chapter 3
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1°T YEAR (2013-2014)

Research studies (summary); | focused on the study of a natural analogue for the geological CO,
storage at Sant’ Albino, Southern Tuscany, which is affected by intense CO, degassing and where a
thermal spa and a CO, production plant are present. During this period | measured and mapped the
diffuse CO, fluxes from soil to monitor the gas leakage in this area. Reaction Path and Reactive
Transport Modeling of cement hydration and carbonation of cement alteration were used to
investigate the processes occurring near a hypothetical average production well with a damaged

leaking zone, affecting casing and cement.

Seminars/Workshops/Congress:
— “The use of the geochemical code Phreeqc” and “Introdution to write a paper”. Kick off-
meeting of CO,-REACT, Fuerteventura, Spain: 7-14 ™ February, 2014
~ Giornata della Geochimica Italiana, Florence. May 8", 2014.

— Workshop Geobasi Project: the Regional Geochimical Database, 27" of May, 2014. First

application for the management and data analysis of surface waters and groundwaters

— Workshop Prospects and solutions for the development of geothermal district heating in
Italy and Europe, 25" of June , 2014.

— Media training workshop. Communicating science to the media. 24™ August Reykjavik,

Iceland.
~ The International Carbon Conference, Iceland. August 25-29 ™ | 2014.

— GIS per le applicazioni geologiche e ambientali. University of Florence (ltaly), September
10-12", 2014.

— Research project management and communication skills. Mid-term review CO,-REACT

project. Seefeld, Austria.

2"° YEAR (2014-2015)

Research studies (summary): During this period | performed hydration and carbonation
experiments for Portland cement G-class. One part of the study was carried out at the University of

Florence and the other part was carried out at Lafarge-Holcim Research based on Lyon-France,
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where | spent a month of the entire secondment as a PhD student. During this period at Lafarge |
was studying and understanding hydration and carbonation in cements and different techniques for
studying these processes, in the laboratory and/or in the field. Then, I performed first cement
hydration experiments for 28 days at atmospheric conditions. Afterwards, | carried out cement
carbonation experiments using a micro-reactor by reacting, in separate runs, cement powder
samples, under stirred conditions with pure CO,(g) and MilliQ water. The reaction time and the
CO;, partial pressure were varied to constrain the reaction kinetics of the carbonation process and to
investigate the evolution of primary and secondary solid phases. After the completion of each
experiments, mineralogical analyses (X-ray Powder Diffraction and Scanning Electron Microscope)
were carried out to this purpose. Water analyses were also performed by ion chromatography, I1CP-
OES and acidimetric titration at the end of each experimental run, to investigate the chemical
effects of cement carbonation on the aqueous solution. The carbonation degree was calculated from
the results of Thermo-Gravimetric Analysis (TGA).

Seminars/ Workshops/ Congress;

— Congress; 4™ CO2 REACT Project. Network Meeting Tuscany. Career management course.
Demonstration on how to use a Gas Flux Meter, West Systems (Pontedera, Italy). 8-12*
March, 2015.

— Course: Hydrogeochemical transport modeling with PHREEQC version 3. Given by Dr.
C.A.J. Appelo Hydrochemical Consultant, Amsterdam. 30" March- 02 April, 2015

— Workshop: Innovation in Tuscany on dredging sediment processing. Livorno. West
Systems- Progetto Life SEKRET. 14™ April 2015.

— Workshop: PhD Day Florence. University of Florence. Poster presentation. 27" May, 2015.

— Course: Pore Scale geochemical processes. Mineralogical society of America. Goldschmidt
Conference, Prague. 15-16™ August, 2015.

~  Godschmidt International Conference 2015. Prague. 16-21% August, 2015.

— TOUGH2 SHORT COURSE. Lawrence Berkeley National Laboratory. Berkeley,
California. 28-30" September, 2015.

— TOUGH SYMPOSIUM 2015, Lawrence Berkeley National Laboratory. Berkeley,
California. 23-25" September, 2015.

~ Course; Introduzione all'utilizzo di Matlab. University of Pisa. 26™ -29™ October, 2015.
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3" YEAR (2015-2016)

Research studies (summary): | completed the carbonation experiments for a G-class Portland
cement powder samples explained above together with the performance of new cement carbonation
experiments in massive samples. For the new carbonation experiments, | used the same hydration
cement made for the previous studies. The experiments were performed in a micro-reactor with
pure CO(g) and MilliQ but with massive samples, under stagnant conditions at room temperature.
In this case the pressure was maintained and the reaction time was changed in different runs. The
carbonation progress was assessed for each sample from: (1) the mass gain, that is the difference
between the weight of the cement cube after and before the carbonation experiment, and (2) the
carbonation depth, which was obtained by using the phenolphthalein method.

Part of the experiments were carried out either at the University of Florence or at Lafarge-Holcim
research center where | completed also the three-month secondment period for my PhD.

Last months, | performed gas laboratory experiments to improve the present understanding of the
accumulation chamber method. These studies concerns the measuring of diffuse CO, fluxes from

soil to monitor the gas leakage in gas reservoirs or CO, injection sites.

Seminars/Workshops/Congress:
— Tecniche di misura di flussi di gas dal suolo ed applicazioni. Professor; Orlando Vaselli.
University of Florence. 10-11% March, 2016.

~  CO,-React network meeting on Industrial Applications of Water-Rock Interactions. 13-17"
March, 2016.

— Participation at the EGU Conference . Vienna, Austria. 17-22" April, 2016.

— Attendance to the CO,-React last meeting. Training in Career Management Skills. 18-23™
September 2016.

~ Attendance to the Water Rock Interaction Conference. Evora, Portugal. 16-21%" October
2016.
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