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ABSTRACT: Storing CO2 in deep underground reservoirs has been an important progress in 
 reducing pollution to the atmosphere and standing against climate change. The accumulated gas in 
these reservoirs is in a supercritical state (scCO2) and in contact with the cement plug during its useful 
life. Ordinary cement paste cannot stop the carbonation of the system and can lead into CO2 escape 
paths to other reservoirs or to the surface in a short period of time. In view of this problem, a chemical 
and microstructural characterization of modified cement with glass microspheres and bacterial nano-
cellulose is presented. Using this data, we simulate the carbonation process in reservoir conditions with 
a chemo-poromechanical model implemented in a finite element code. Results show an increase in 
properties of the modified cement samples in the experimental and simulation stages.

1 INTRODUCTION

The concept of storing carbon dioxide (CO2) is taking importance worldwide and offers an impor-
tant solution for reducing CO2 emissions to the atmosphere (Gielen, 2003). Captured CO2 from 
power plants can be used as injection fluid and at the same time it can be stored, however, economic 
and technical viability have to be taken into account (Gozalpour et al. 2005).

The hardened cement paste is in contact with the rock formation (reservoir and cover), the fluids 
of the geological formation and the injected gases. The interface rock-cement will be submitted 
throughout the injection process and to the accumulation of the injected gas in the reservoir at high 
temperature and high pressure during its useful life, therefore, well integrity must be maintained 
against the scCO2 attack on cement. In principle, the cement must satisfy certain conditions for 
being used in wells. However, common unmodified cements cannot withstand the advance of CO2 
on the hydrated cement products (Bruckdorfer, 1986) where chemical reactions take place, produc-
ing cracks and potential CO2 leakage paths to the surface or other formations (Scherer, 2005).

In view of this problem, this article studies, through the use of polymers and nanotechnology, 
the critical alteration matrix of the rock-cement interface at the level of the reservoir rock cover, 
the cementing of the injection well contact and the consequence of its degradation in a CO2 storage 
context. The study is aimed to present a preliminary characterization of conventional oil cements 
and modified cements with glass microspheres (GM) and Nano-biopolymer such as the bacterial 
Nanocellulose (BNC) which can be used as a nucleating agent and crack inhibitor in the oil and 
gas industry (Panchuk et al. 2016). The paper is divided in: 1) a study of the physical-chemical 
characterization of the cement slurry considering cements used in the oil industry and g{modified 
cements with bacterial nanocellulose and glass microsphere, 2) a numerical study of the behavior of 
the intervening materials in the rock-well interface under stresses of chemical, hydraulic, thermal 
or mechanical origin.
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2 METHODOLOGY

2.1 Experimental

Class “G” Portland Cement was used for the tests and five different types of slurry compositions 
were prepared according to the API Standart 10A (API Specification 10A, 2010) as shown in Table 
1. Glass microsphere and bacterial nanocellulose mixtures content utilized were 12% and 0.15% by 
weight of cement (bwoc) respectively. The water to cement ratio used was of 0.44 and 0.68. In the 
case of slurries with 0.44 w/c ratio and additions of GM or BNC, due to the increase of yield stress of 
slurry which difficult the mixing of the cement paste, a superplasticizer ADVA 175 LN was added 
to the mixture. The slurry was poured into cylindrical molds of 38x76 mm, after 24 hours they were 
demolded and kept under saturated lime water at 20 °C and atmospheric pressure during 28 days.

Thermogravimetric Analysis (TGA) were carried out at the Instituto de Tecnología en Polímeros 
y Nanotecnología (ITPN) in Argentina. Hardened slurry dust was placed in a TGA-50 Shimadzu at 
a heating rate of 10 °C/min, paused at 140 °C during 15 minutes and then continued until 800 °C. 
Portlandite content can be measured by using the formula (Sun et al. 2016):

 WLCa OHWCa(OH)
74.09
18.01

* ( )22 =  (1)

where WLCa(OH)2 = loss step percentage of portlandite at approximate 450 °C, WCa(OH)2 = Portlandite 
content in percentage of total weight of the sample.

To better understand the pore distribution and porosity of the materials, two different meth-
ods were performed; Mercury Intrusion Porosimetry (MIP) on mixtures 1, 3 and 5 utilizing a 
Micromeritics Autopore IV at the École des Ponts et Chaussées (ENPC) in France and Pore Volume 
Index (PVI) on mixture 2 and 4.

PVI is a method that consists on the determination of the weight of the hardened slurry sample 
at different conditions (dry, wet and boiled). From these measurements, bulk density and apparent 
density are obtained and, therefore, porosity can be easily calculated.

Samples tested with MIP were dried by freeze drying method before obtaining cement porosim-
etry. Pore size distribution is obtained by force equilibrium between the cement pores and outside 
pressure which leads to the formula:

 D P
4* *cos( )γ θ

=  (2)

where ϒ = mercury surface tension = 0.485 N/m, θ = mercury contact angle = 130°, P = mercury 
pressure, D = pore diameter.

Carbonation on cement samples was performed at the ENPC in a titanium cell of 16 cm of diam-
eter by 20 cm high. A 22 MPa maximum pressure safety valve was placed while the maximum 
service temperature of the cell is 90 °C. Cement samples were core into 66 mm of high and car-
bonation was carried out placing the saturated samples of pattern cement and modified cement 
with bacterial nanocellulose at 19 MPa of pressure and 90 °C of temperature during 30 days in a 
CO2 atmosphere. At this temperature and pressure CO2 it is in a supercritical state which favors 
the increase of carbonation reactions on cement. CO2 dissolution in water is the first reaction that 
occurs in this experiment:

CO2(sc)+H2O(aq)→H2CO3(aq)

H2CO3(aq)→H(aq)+HCO3(aq)

Table 1. Cement mixtures.
Mixture Content Cement [g] Water [g] BNC [g] GM [g] SP [g]

1 CP 0.44 792 349 0 0 0
2 CP 0.68 792 539 0 0 0
3 CP 0.44 + 12% GM 792 349 0 95 1.6
4 CP 0.68 + 12% GM 792 539 0 95 0
5 CP 0.44 + 0.15% BNC 792 349 1.2 0 2.7
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As in an ordinary cement carbonation, the first component that dissolves in contact with CO2 is 
calcium hydroxide (Ca(OH)2 or CH):

Ca(OH)2(s) → Ca2+
(aq) + 2OH-

(aq)

Ca2+
(aq) + HCO3(aq) + OH-

(aq) → CaCO3 + H2O
CH + CO2 → CaCO3 + H2O (Simplified)

Portlandite maintains a high pH level in cement, once the carbonation process dissolves the CH, a 
new carbonation step begins on the hydrated calcium silicate (C-S-H):

2H+
(aq) + C-S-H(s) → Ca2+

(aq) + H2O(aq) + am−SiO2(s)

Ca2+
(aq) + HCO-

3(aq) + OH-
(aq) → CaCO3 + H2O

0.625 C-S-H + CO2 → CaCO3 + 1.3 H2O + 0.625 SiO2(H2O)0.5 (Simplified)

These processes produce the precipitation of calcium carbonates which reduces cement porosity 
and increases compressive strength, while water liberation during the reaction increases the pore 
pressure on the medium. However, this can be a problem if carbonation reaches the steel casing 
and, if carbonation process continues, it can dissolve the CaCO3 until thermodynamic equilibrium 
is reached (Kim & Santamarina 2015) leading to a very porous cementitious matrix.

After carbonation, samples were removed and a slice of 3 mm was cut to appreciate the penetra-
tion of carbonation.

2.2 Numerical simulations under downhole conditions

Usual wellbores consist in a steel casing protected by a thin annular layer of cement. In our case, 
we simulate the carbonation in a 2 cm thickness of cement with a coupled chemo-poromechanical 
model of finite elements implemented in BIL 2.3.0. We consider a 1D axisymmetric representation 
utilizing a mesh with 500 elements.

From MIP/PVI and TGA results we can obtain the porosity and CH amount in the hardened cement 
respectively. GM and BNC volumetric proportion where calculated from its apparent density while 
for CSH and aluminates quantities, values were taken from the literature (Ghabezloo 2011, Neves 
Junior et al. 2017, Vallin et al. 2013). These values are shown in Table 2.

3 RESULTS

TGA and DrTGA results are shown in Figure 1 and Figure 2 respectively. Cement modified with 
bacterial nanocellulose increases portlandite content. This behavior can be explained by the water 
retention effect which follows with the addition of BNC and generates more hydration products 
(Hoyos et al. 2013). Meanwhile, cement with glass microspheres and high w/c ratio show a decrease 
in CH. Table 3 summarizes the quantities.

Table 2. Volumetric proportions of the cement paste.

Component

Volumetric Proportions Bulk Modulus  
[GPa]

Shear Modulus  
[GPa]

1 2 3 4 5
Porosity 0.2225 0.3579 0.1850 0.2980 0.1481 - -
CH 0.1992 0.1592 0.1295 0.1259 0.2190 33.0 14.5
CSH 0.488 0.41447 0.33205 0.34237 0.53942 25.0 18.4
Aluminates 0.09 0.06843 0.06395 0.05629 0.09 27.0   9.5
Calcite 0 0 0 0 0 69.0 37.4
GM 0 0 0.2895 0.17744 0 36.0 25.5
BNC 0 0 0 0 0.00058 42.0 38.0
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Figure 1. TGA results.

Figure 2. DrTGA results.

Table 3. Ca(OH)2 Content.

Mixture Ca(OH)2 Content [%]

1 19.92
2 15.92
3 12.95
4 12.59
5 21.90

Mercury porosimetry curves are presented in Figure 3 and Figure 4 while porosities are sum-
marized in Table 4. Pattern cement contains 22.2% of porosity and present a peak at 005 μm of 
diameter. With respect to the other mixtures, cement with bacterial nanocellulose contains 15% of 
porosity and presents a smaller peak in pores of 0.045 μm of diameter. Cement with GM shows a 
similar behavior and as expected, porosity increases with w/c ratio.
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Figure 3. Pore distribution.

Figure 4. Cumulative mercury intrusion.

Table 4. Porosity.
Mixture Porosity [%]
1 22.25
2 35.79
3 18.50
4 29.80
5 14.81

Figure 5 are two pictures after carbonation process. We can see the usual annular carbonation of the 
pattern cement sample. Even though modified cement apparently contains more porous in the image, 
carbonation depth is less compared with pattern cement. It is probable that pattern cement has more per-
meability while cement with BNC contains fewer interconnected pores where carbonation can advance.

Figure 5. Carbonated sample of unmodified cement (left) and modified cement with BNC (right).
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On the simulated models, the advance of the carbonation front in time can be represented in 
layers where different processes are taking place simultaneously (Kutchko et al. 2007). On Figure 
6, the blue line corresponds to the initial point of dissolution of CH, while the red line is the limit 
between the carbonation process and where the hydrated products have been already carbonated. 
In a first contact between cement and scCO2, an increase in dissolution of CH and precipitation of 
CaCO3 take place during the first days, but after 5 days this trend decreases. This behavior can be 
caused by the growth of calcium carbonated inside the pores, which tends to delay the carbonation.

Cement with bacterial nanocellulose decreases the penetration in a 33% at 30 days of supercrit-
ical carbonation compared with the pattern cement (PC). Part of this improvement is due to the 
reduction of the porosity and the effect of crack inhibitor of the BNC. Final porosity in the simula-
tions of the carbonated cement with BNC is 9%, while for CP, the final porosity is 16.8 %.

Cement with addition of GM shows a similar behavior to PC, as can be specially understood by 
analyzing the slurries with a w/c ratio of 0.68. In this case, the dissolution and precipitation zone has 
a smaller width and a lower penetration from that obtained in p cement slurry.

In each of the cement mixtures being described in this work, different quantities of cement hydra-
tion products are present. We focus on the two main components of cement (CH and CSH) and in 
the calcium carbonate (CC). A simplification was made considering that initially there is no CC 
present in the cement. Figure 7 represents the molar quantities of a point very close to the exposed 
to scCO2 surface. The CH and CSH quantities are the values considered at the beginning of carbon-
ation and the value of CC is considered at the end of carbonation.

Figure 6. Carbonation layers in different cement types.
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CC quantity is the highest at the end of carbonation while CH and CSH quantities were depleted. 
Cement with bacterial nanocellulose contains more hydration products due to the enhance of BNC 
in the hydration process (Sun et al. 2016), which lead to more material for carbonating and more CC 
final content. On the other hand, cement with glass microspheres and higher w/c ratios results in 
fewer hydration products, thus fewer CC final content.

4 CONCLUSIONS

This work introduces preliminary laboratory study on the effects of bacterial nanocellulose (BNC) and 
glass microspheres (GM) on chemo–mechanical behavior cement pastes composites when they are sub-
jected to carbonation processes. The same process was study with a coupled chemo-poromechanical 
model implemented in finite element code and modification on the homogenization formulation is intro-
duced to incorporate the BNC and GM in the cement composite. A numerical model of the behavior 
under downhole conditions in the context of CO2 geological storage is presented to understand the 
hydro-chemo-mechanical coupling in rock-cement well interface. Comparison between modified and 
non-modified cement composite has been analyzed in terms of porosity, carbonation penetration and 
molar quantities development.

TGA results indicate an increase of portlandite content in the modified cement with bacterial 
nanocellulose, while a decrease on its porosity is observed. Carbonation on samples with BNC 
shows a considerable opposition to penetration compared to pattern cement, thus improving cement 
durability and performance. Cement with glass microspheres also decreases porosity and contains 
fewer hydration products which can be carbonated, while in the simulations it has a similar behavior 
to pattern cement.

More detailed tests are underway to understand the carbonation behavior in the modified cement.
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