Cement & Concrete Composites 43 (2013) 69-77

Cement & Concrete Composites

journal homepage: www.elsevier.com/locate/cemconcomp

Contents lists available at SciVerse ScienceDirect

Cement &
Concrete

Composites

Accelerated carbonation - A potential approach to sequester CO,
in cement paste containing slag and reactive MgO

Liwu Mo®P, Daman K. Panesar **

@ CrossMark

2 Department of Civil Engineering, University of Toronto, Toronto, Ontario M5S 1A4, Canada
b College of Materials Science and Engineering, Nanjing University of Technology, Nanjing, Jiangsu 210009, China

ARTICLE INFO

ABSTRACT

Article history:

Received 8 December 2011

Received in revised form 15 June 2013
Accepted 6 July 2013

Available online 20 July 2013

Keywords:
Carbonation
CO, uptake
Microhardness
Microstructure

The cement industry and concrete producers are under pressure to reduce the carbon footprint and
energy demands of cement-based construction materials. This study investigates the CO, uptake of paste
mixtures designed with general use (GU) Portland cement, ground granulated blast furnace slag (GGBFS)
and reactive MgO as cement replacement due to exposure to an accelerated carbonation curing regime
with 99.9% concentration of CO,. The CO, uptake, carbonation mechanism, microstructure and microh-
ardness of cement pastes are examined. Key outcomes revealed that: (i) samples exposed to accelerated
carbonation curing exhibit a denser microstructure and higher microhardness in comparison to non-car-
bonated samples, (ii) irrespective of the presence of reactive MgO, CO, uptake increases with age from 7
to 56 d, (iii) by 56 d, pastes containing 10% and 20% reactive MgO uptake similar amounts of CO, in com-
parison to mixtures without reactive MgO, and (iv) pastes containing 40% reactive MgO uptake the least

Reactive MgO
Slag

amount of CO, however, exhibit the greatest microhardness and the lowest porosity.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Concrete is the most widely used building material in the world.
However, the current process for manufacturing cement is extre-
mely energy intensive, and is also a significant contributor to CO,
emissions, approximately 5% of global, anthropogenic CO, emis-
sions [1]. Owing to the increasing awareness regarding sustainabil-
ity, the cement industry is seeking ways to reduce its CO,
emissions, decrease raw material inputs and lower the energy
intensiveness of its processes. For decades, waste materials such
as fly ash, blast furnace slag and silica fume have been used as sup-
plementary cementing materials to replace conventional Portland
cement [2-4]. Use of supplementary cementing materials im-
proves concrete durability, and has economic and environmental
benefits. However, despite these advantages, the cement industry
and concrete producers remain under pressure to reduce both,
greenhouse gas emissions and energy use and so have imple-
mented initiatives in four primary areas: (i) reduction of energy
required to manufacture cementing materials, (ii) alternative fuel
sources, (iii) clinker substitution, and (iv) carbon capture and
storage [5].
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Mineral CO, sequestration, combining the alkaline earth metals
(i.e. Ca, Mg) in Ca/Mg silica minerals such as olivine and serpentine
with CO, to form stable Ca/Mg-bearing carbonate, is a safe and
rapid approach for reducing industrial CO, emissions [6]. Prior to
exposure to accelerated carbonation at elevated temperatures
and/or pressures, minerals are chemically treated for instance acid
extraction of Mg or Ca, or mechanically treated by grinding in order
to increase the specific surface area [6-8]. Recognizing that these
processes are costly and energy intensive [6,9], an alternative
approach utilizes industrial solid alkaline wastes rich in Ca and/
or Mg (i.e. steel slag, coal fly ash, cement kiln dust) as feedstock
for the sequestration of CO, [10-14]. Cement-based materials
exposed to air sequester CO, over their lifetime through carbon-
ation processes [15-17]. Carbonation of cementitious materials is
a diffusion controlled physicochemical process. The primary
carbonation reaction that occurs between CO, and hydration prod-
ucts of conventional Portland cement is expressed as: CO,
(g - aq) + Ca(OH), (s — aq) — CaCOs3 (aq — s) + H,0. Under natu-
ral conditions, carbonation can be a relatively slow process for con-
crete with low capillary porosity, but it can still yield detrimental
long term effects related to reinforcing steel corrosion. On the
other hand, researchers have begun to quantify the CO, uptake
as a result of carbonation reactions to examine its role in partially
off-setting greenhouse gas emissions associated with the cement
manufacturing process [15-18]. Literature reports reveal that
7.6-57% of CO, produced during manufacture (the calcination pro-
cess) of conventional cement could be reabsorbed by carbonation
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through the life-cycle of concrete [19,20]. Recognizing that the
range of reported CO, uptake values is broad, and that for good
quality concrete the rate natural carbonation is relatively slow, it
is deduced that natural carbonation processes are an inefficient
approach to mitigate global warming. Consequently, this study
explores accelerated carbonation curing of cement-based materials
and examines its implications on CO, uptake, cement chemistry
and the hardened material properties [18,21]. In addition, explor-
ing approaches to reduce the carbon footprint of cement and con-
crete by examining cement replacement alternatives is studied.

Reactive MgO as cement replacement has been used in
relatively new cement-based materials such as ‘Tech-Eco’ and
‘NovaCem’ which have gained attention largely owing to their
potential for CO, absorption [22,23]. ‘Tech-Eco’ contains reactive
MgO produced by calcining magnesite (MgCOs3) at markedly lower
temperatures (i.e. <750 °C) than the sintering temperature (up to
1450 °C) of cement clinker [22]. The reactive MgO in ‘NovaCem’
is extracted from magnesium silicates whereby it is reported that
the process does not emit CO, [23]. To explore the CO, absorption
potential of cement-based materials containing reactive MgO,
some studies have exposed the reactive MgO cements to acceler-
ated carbonation curing regimes using 5-20% CO, concentration
[24]. Samples containing reactive MgO as cement replacement ex-
posed to accelerated carbonation resulted in relatively stronger
mechanical properties and a finer microstructure as a result of
the formation of magnesium carbonates, including nesquehonite
(MgC03-3H,0), dypingite (Mgs(CO3)4(OH),-5H,0) and arinite
(Mg,(0OH),C05-3H,0) [24,25].

This research investigates the ability of paste samples consist-
ing of general use (GU) Portland cement, ground granulated blast
furnace slag (GGBFS) and reactive MgO as cement replacement to
sequester CO, by exposure to an accelerated carbonation curing
regime. In this study the accelerated carbonation curing chamber
is conditioned to 99.9% concentration CO,, a 98% relative humidity,
and a temperature of 23 + 2 °C. The influence of GGBFS and reactive
MgO as cement replacement on the carbonation mechanism, and
the corresponding evolution of microstructure and microhardness
is examined. This research is warranted given that fundamental
quantitative analysis of the CO, uptake and the carbonation mech-
anism of cement blends containing GGBFS and reactive MgO as
cement replacement have not been reported in the literature.
Furthermore, this research is aligned with and compliments
current efforts by the cement industry and concrete producers to
reduce energy consumption, and CO, emissions.

2. Experimental
2.1. Materials, sample preparation and curing

The GU Portland cement and GGBFS used in this study were
supplied by Holcim Canada. The reactive MgO was supplied by
Liyang Special Materials Company, China. The reactive MgO mainly
consists of magnesia, and a small amount of undecomposed MgCO3
also exists. The reactive MgO powder has a maximum particle size
of 80 um, and a specific surface area of 54.6 m?/g. Table 1 presents

the chemical compositions of the GU cement, GGBFS, and reactive
MgO.

Four paste mix designs were examined in this study all of which
contain 40% GGBFS as cement replacement and have a water-to-
binder ratio of 0.5. The primary mix design variable is the percent-
age of reactive MgO as cement replacement. As shown in Table 2,
mixtures designated as M-0, M-10, M-20, and M-40 contain 0%,
10%, 20%, and 40% reactive MgO as cement replacement, respec-
tively. For each mix design, two 20 x 20 x 300 mm paste prisms
were prepared. The prisms were cured for 24 + 2 h in an environ-
ment of 23+2°C, and 98% relative humidity and were then
demoulded.

Once demoulded, one set of paste prisms was exposed to an
accelerated carbonation environment of 99.9% CO, concentration,
98% relative humidity, and a temperature of 23 + 2 °C until tested
at 7d, 28 d, and 56 d. The carbonation chamber condition is based
on literature reports which emphasize the necessity of a high rel-
ative humidity for the formation of Mg-based carbonates such as
nesquehonite (MgCOs3-3H,0) [24,25]. A 98% relative humidity
was achieved with saturated K;SO,4 solution [26]. The CO, pressure
in the chambers was equal to atmospheric pressure. Prior to plac-
ing the specimens in the accelerated carbonation chamber, the
prisms were vacuumed to 100 kPa below atmospheric pressure
for 24 h in a desiccator with silica gel desiccant in order to facilitate
the carbonation process by removal of excess moisture [27]. For
comparison, the second set of paste prisms was cured in non-car-
bonated conditions consisting of natural CO, concentration
(approximately 0.038%), 98% relative humidity, and a temperature
of 23 +2°C until tested at 7d, 28 d, 56 d. The set of specimens
stored in the ‘non-carbonation environment’ will be representative
of and referred to as ‘non-carbonated’ specimens.

2.2. Test procedures

For each mix design, three 12-13 mm thick slices were sawn
from the paste prisms after 7 d, 28 d, and 56 d of curing. The slices
were dried in a desiccator with silica gel desiccant for 72 h by vac-
uuming to 100 kPa below atmospheric pressure. The specimens
were then chemically and physically examined to: identify the for-
mation of carbonation products, quantify the CO, uptake, charac-
terize the microstructure, and measure the microhardness. Prior
to conducting any tests on the carbonated specimens, the carbon-
ation front was examined by spraying 1% phenolphthalein pH-indi-
cator to the freshly-sawn paste surfaces.

2.3.1. Identification of carbonate phases and quantification of CO»
uptake

The dried paste slices were ground into a powder with a maxi-
mum particle size of 80 um using a pestle and mortar. Crystalline
phases present in the samples were analyzed by X-ray diffraction
(XRD) analysis using an Analytical X-ray Powder Diffractometer
with Cu Ko radiation (4 = 1.5418 A), 26 range of 5-80°, and a step
size of 0.02°. The CO, uptake in cement pastes was quantified by
analyzing the mass loss due to decomposition of carbonate phases
between 500 °C and 800 °C by Differential Thermal Analysis (DTA)
and Thermogravimetric (TG) analysis using NETZSCH STA 409

Table 1
Chemical compositions of GU cement, GGBFS and reactive MgO (% by mass).
MgO Ca0 Sio, Al,03 Fe,03 Na,O0 K,0 SO3 Lor®
GU cement 2.34 60.94 19.24 5.43 2.36 0.22 1.11 4.11 3.06
GGBFS 11.36 37.94 37.24 8.70 0.35 0.43 0.43 2.68 0.83
MgO 89.67 1.65 0.36 023 0.34 0.23 0.06 - 7.15

@ LOI: Loss on ignition.
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Table 2
Mix proportions of cement mixtures/weight %.
GU Portland cement Reactive MgO GGBFS
M-0 60 0 40
M-10 50 10 40
M-20 40 20 40
M-40 20 40 40

instrument. During the DTA/TG analysis, the powder samples were
heated from 25 °C to 1050 °C at a uniform rate of 10 °C/min with
nitrogen gas flow of 50 ml/min.

2.3.2. Pore structure analysis

The pore size distribution and the total porosity of the speci-
mens were characterized using a Quantachrome Autoscan 60 Mer-
cury Intrusion Porosimeter (MIP). The apparent densities of
samples were also determined from the MIP test.

2.3.3. Image analysis

A JEOL JSM6610-Lv Scanning Electron Microscope (SEM) cou-
pled with an Oxford SDD (Silicon Drift Detector) Energy Dispersive
X-ray (EDX) analysis detector was used for image and chemical
analysis. The morphology of the carbonated phases was examined
using SEM on the gold coated surface of the cement paste. For each
mixture, one dried paste slice was epoxy resin impregnated, pol-
ished, carbon coated, and then its microstructure was investigated
by Backscattered Scanning Electron Microscopy (BSEM).

2.3.4. Microhardness test

Sample microhardness was tested with a Vickers diamond pyr-
amid indenter using a type 5100 Buehler Microhardness tester. A
load of 0.981 N was applied on the polished surface of the samples
with a dwell time of 10 s. A minimum of nine indentation tests
were conducted on each sample.

3. Results and discussion
3.1. Carbonation front

For all four paste mixtures, no obvious color change was ob-
served on the fresh fractured surfaces when sprayed with 1% phe-
nolphthalein pH-indicator at 7 d, 28 d or 56 d. This indicates that
the CO, penetrated throughout the cross section of the specimens
after only 7d of exposure to the accelerated carbonation
environment.

3.2. Carbonation products

The XRD results shown in Fig. 1 reveals the formation of carbon-
ation products for the four paste mixtures examined. The results
indicate that at all ages, calcite and aragonite were the main car-
bonation products of paste mix M-0 and were also present in mix-
tures containing reactive MgO. Although aragonite was observed in
all mixtures, the peak density decreased with increasing percent-
age of reactive MgO as cement replacement. Magnesian calcite
and dolomite (CaMg(COs3),) were also identified in pastes contain-
ing 10%, 20% and 40% reactive MgO. There were some weak peaks
of magnesite which may be due to the undecomposed MgCOs3 pres-
ent in the reactive MgO (raw material). Although the XRD patterns
of magnesian calcite and calcite are similar making it difficult to
discriminate between them, magnesian calcite was confirmed by
SEM and EDX analysis which is detailed in Section 3.5. The XRD re-
sults shown in Fig. 1b and c indicate unique findings related to the
M-40 mixture, specifically showing the formation of nesquehonite
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Fig. 1. XRD patterns of carbonated pastes, M-0, M-10, M-20, and M-40 at (a) 7 d, (b)
28d and (c) 56 d (A: Aragonite, B: Brucite, C: Calcite (or Magnesia Calcite), Ca:
Calcium Silicate, D: Dolomite, M: Magnesite, N: Nesquehonite, P: Magnesia).

(MgCO03-3H,0), and the presence of non-carbonated brucite
(Mg(OH),) and MgO.

3.3. CO; uptake

The DTA/TG analysis of cement pastes after 56 d of exposure to
the accelerated carbonation environment is shown in Fig. 2. For
sample M-0, a clear decomposition peak is apparent at a tempera-
ture range of 750-900 °C in Fig. 2a, which is accompanied by a rel-
atively large mass loss in Fig. 2b, due to the decomposition of
calcite. For M-0 paste, Fig. 2b also shows a relatively significant
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Fig. 2. Carbonated pastes after 56 d (a) DTA curves and (b) TG curves.

mass loss between 500 °C and 750 °C however, no corresponding
endothermic peak is apparent in Fig. 2a. This may be associated
with the decarbonation of amorphous calcium carbonates or ara-
gonite [28]. Increasing the addition of reactive MgO from 0% to
40% as cement replacement yields a decrease in the peak temper-
ature of decomposition from 850 °C to 780 °C as shown in Fig. 2a.
This may be attributed to the formation of magnesian calcite by
incorporating Mg in the CaCOs crystal. Furthermore, Fig. 2a shows
the presence of additional endothermic peaks between 500 °C and
700 °C for pastes containing reactive MgO. This may be related to
the decomposition of Mg-bearing carbonates, i.e. CaMg(COs3), and
MgCO5-3H,0 [29,30]. An obvious decomposition peak of Mg(OH),
at approximately 450 °C is also present in the DTA curve for sample
M-40 and is also supported by the XRD results shown in Fig. 1b and
C.

It is challenging to identify the exact mass loss corresponding to
each carbonate phase due to the presence of overlapping endother-
mic peaks. However, since the mass loss that occurs between
500 °C and 850 °C is mainly associated with the decarbonation of
calcium and/or magnesium carbonates it is used as the basis to
estimate the total CO, uptake as summarized in Table 3. The esti-
mated total CO, uptake by samples M-0, M-10, M-20, and M-40
after 56 d of exposure to CO, are 30.3%, 33.7%, 31.3%, and 18.0%

(by the mass of blended mixtures after ignition), respectively. For
all mixtures a significant amount of the CO, uptake occurred with-
in the first 7 d of exposure. Approximately 93.2%, 80.1%, 63.9%, and
65.0% of the total 56 d CO, uptake occurred at 7 d for M-0, M-10,
M-20, and M-40, respectively. Most of the CO, was sequestered
at early ages, particularly for the mixtures containing 0% or 10%
reactive MgO. The proportion of CO, sequestered from 7d to
56 d in pastes containing reactive MgO was relatively higher than
that of sample M-0 which is associated with the formation of
Mg-bearing carbonates.

3.4. Pore structure

The pore size distribution of carbonated and non-carbonated
cement pastes after 56 d is shown in Fig. 3. The results show that
the non-carbonated specimens exhibit higher pore volumes of
pores with diameters less than 0.07 pm in comparison to the car-
bonated specimens, irrespective of the presence of reactive MgO.
However, the pore size distribution of the non-carbonated M-0
paste at pore diameters greater than 0.4 um is finer than that of
the corresponding carbonated M-0 sample. This observation is ex-
pected to be attributed to the presence of the GGBFS as cement
replacement. It is well reported in the literature that pastes con-
taining GGBFS are vulnerable to carbonation reactions yielding
an increase in capillary porosity which has been attributed to the
formation of soluble metastable calcium carbonates [31,32]. How-
ever, the interplay between GGBFS and reactive MgO appears to
somewhat offset the effect of carbonation on the pore structure
at intermediate concentrations (10% and 20%) of reactive MgO. In
other words, although carbonation of GGBFS may lead to a coarser
pore size distribution, the carbonation of reactive MgO has the
opposite effect. This is supported by the results in Fig. 3 which
shows that M-10 and M-20 carbonated specimens have relatively
lower pore size distributions in comparison to M-0 and M-40 sam-
ples. Furthermore, the results reveal that at relatively large pore
diameters, 1 um, both the carbonated and non-carbonated M-40
specimens have similar pore volumes which are greater in compar-
ison to the other mixtures. Closer examination of this observation
is discussed in Section 3.5.

Fig. 4 shows the total pore volume of carbonated and non-car-
bonated paste specimens at 7 d, 28 d, and 56 d. After only 7 d of
exposure, the total pore volumes of all carbonated cement pastes
were less than the corresponding non-carbonated cement pastes
after 56 d. With age, all carbonated specimens containing reactive
MgO experienced a reduction in total porosity. In contrast, the car-
bonated mixture M-0 experienced minimal change in total poros-
ity with age. This is likely to be attributed to the effect of GGBFS.
Mixtures containing GGBFS have been shown to be more vulnera-
ble to carbonation reactions in comparison to conventional Port-
land cement pastes in conditions of 40-80% relative humidity
which typically results in a coarser pore structure [31,32]. How-
ever, because the carbonation chamber in this study is set to a
98% relative humidity the progress of carbonation reactions may
be very slow. This supports the porosity measurements shown in
Fig. 4. By 56 d, the M-0 paste has the greatest porosity and increas-
ing percentage of reactive MgO reduces the porosity. This indicates
that the incorporation of reactive MgO facilitates the reduction of
pore volume in accelerated carbonation environments as a result

g:g:rela::ed CO, uptake in carbonated cement pastes (by mass of mixtures after ignition at 1050 °C, weight %).
M-0 M-10 M-20 M-40
7d 28d 56d 7d 28d 56d 7d 28d 56d 7d 28d 56d
Estimated CO, uptake 30.0 30.3 322 27.0 326 33.7 20.0 31.2 31.3 11.7 17.6 18.0
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Fig. 3. Pore size distribution of non-carbonated and carbonated cement pastes after
56 d.

of the volume increase associated with the formation of Mg-based
carbonated phases. Based on reported mineral densities [33], the
transformation of Ca(OH), to CaCO3 can yield 11.4% increase of so-
lid volume, while the transformation of MgO to Mg(OH), and
MgCO5-3H,0, can yield approximately 131.4% and 614.3% increase
in solid volume, respectively.

Fig. 5 shows that after only 7 d all of the carbonated pastes have
greater apparent densities in comparison to the corresponding
non-carbonated specimens after 56 d. The apparent density of ce-
ment pastes containing reactive MgO increases with age which is
expected to be largely attributed to the formation of carbonates.

3.5. Microstructure

Fig. 6a shows a SEM image of sample M-0 after 56 d of acceler-
ated carbonation exposure. The figure shows the formation of
CaCO; agglomerates in and around the pores. The SEM images
and EDX analysis of the carbonated samples M-20 and M-40
shown in Fig. 6b and c, respectively, reveals that the formation of
intergrowth carbonates with round faces and edges manifest both
in the pores and around the pore surfaces. The EDX elemental anal-
ysis shown in Fig. 6b and c identify the round carbonates as mag-
nesian calcite as a result of incorporating Mg in CaCOs crystals
during the precipitation process [34,35]. This validates the discus-
sion of the XRD results presented in Fig. 1. In comparison to Fig. 6a
of M-0 paste, Fig. 6¢ illustrates the presence of relatively greater
amounts of magnesian calcite in carbonated M-40 paste. Further-
more, compared to the calcite formed in the M-0 specimen, the
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Fig. 4. Total pore volumes of non-carbonated and carbonated cement pastes.

1.9 4
0
)
~ 1.8 1
2
‘A
=
] —&— Carb. M-0
g 171 —@— Carb. M-10
£ —A— Carb. M-20
& —¥— Carb. M-40 -
< 1.6 —{+—Non-carb. M-0
—O— Non-carb. M-10 é
—/\— Non-carb. M-20 \v4
—/— Non-carb. M-40
1.5 T T T T T T T T

0 7 14 21 28 35 42 49 56
Exposure time (d)

Fig. 5. Apparent densities of non-carbonated and carbonated cement pastes.

magnesian calcite in the M-40 samples is responsible for the dense
connected microstructure due to its relatively larger crystal size
and tighter conglomerate.

Fig. 7a, a BSEM image of carbonated M-0 sample after 56 d of
accelerated carbonation curing, shows the precipitation of CaCO;
as agglomerates in the pores, and the formation of dense carbonate
layers on the pore surface. The GGBFS particle is surrounded by the
carbonate layers (either calcite or magnesian calcite) which may
obstruct the diffusion of CO, to the GGBFS particles and hinder
its carbonation. Obvious non-carbonated hydration rims around
the GGBFS grains are also visually apparent in Fig. 7a. Similar to
M-0 specimens, the M-20 samples shown in Fig. 7b also illustrates
the formation of carbonates in the pores, on the pore walls, and
around the GGBFS particles. However, the carbonates in the M-
20 samples consist mainly of magnesian calcite.

Fig. 8a shows that after 7 d of accelerated carbonation curing,
the M-40 specimens contain considerable non-carbonated phases
including GGBFS, Mg(OH),, and anhydrous cement clinker yielding
a relatively porous structure, in comparison to later ages (i.e. 56 d)
shown in Fig. 8b. After 56 d of exposure, MgCO3-3H,0 was formed
around the Mg(OH),, and the hydration rims around the GGBFS
grains also carbonated, resulting in a relatively denser structure
compared to that at 7 d.

3.6. Microhardness of cement pastes

The mean microhardness of non-carbonated and carbonated
cement pastes containing various contents of reactive MgO is
shown in Fig. 9. The data represents the average microhardness
of nine measurements, and the corresponding coefficient of varia-
tion for the microhardness values ranged from 5% to 21%. The
microhardness of the non-carbonated cement pastes increased
with age, and achieved approximately 300 MPa at 56 d irrespective
of addition of reactive MgO. For the carbonated pastes, the microh-
ardness developed more rapidly owning to the formation of car-
bonates. After only 7d of accelerated carbonation curing, the
mean microhardness of all the pastes except M-40 was greater
than of the non-carbonated pastes at 56 d. After 56 d of accelerated
carbonation, the mean microhardness increased with increasing
percentage of reactive MgO as cement replacement. For M-0, M-
10, M-20, and M-40 the measured mean microhardness was 379,
416, 551, and 575 MPa, respectively. This result is closely associ-
ated with the influence of reactive MgO on the densification of
the carbonated pastes and the carbonate morphology as discussed
in Sections 3.4 and 3.5, respectively. The incorporation of Mg in
CaCOs crystals influences the crystal morphology and enhances
the inter-connection and agglomeration of carbonate crystals,
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Fig. 6. SEM and EDX analysis of carbonated pastes after 56 d accelerated carbonation (a) M-0, (b) M-20 and (c) M-40 (C: Calcite, MC: Magnesian calcite).

which improves its mechanical performance. De Silva et al. [36]
also found that the morphology of well-developed crystalline
carbonates strongly influence the strength of carbonate binder.

3.7. Mechanism of CO, uptake

CO, sequestration of cement pastes containing 40% GGBFS as
cement replacement and up to 40% reactive MgO as cement
replacement occurs a result of chemical carbonation processes.
After CO, diffused into the pore solution of cement pastes, and
produces carbonate ions, it then reacts with Ca* to precipitate
CaCOs. In M-0 specimens, Ca®* is available due to the dissolution
of Ca(OH),, ettringite, and the decalcification of C-S-H (calcium
silicate hydrate). The Ca?* ions may also be leached directly from
anhydrous C,S (dicalcium silicate), C3S (tricalcium silicate) and
GGBFS. Regardless of the different sources of Ca%*, the precipitation
process of CaCOs in the supersaturated solution is described as:

Ca®(aq) + CO3"(aq) — CaCOs(s) 1)

Figs. 6a and 7a illustrates the precipitation of CaCOs in the pore
solution indicating that it is responsible for partially blocking
capillary pores which may obstruct the diffusion of CO, from the

external environment. At the same time, Fig. 7a shows that the
CaCOs formed on the pore walls and on the surface of GGBFS par-
ticles is a dense carbonate layer which can bar the penetration of
CO, from pores to potential carbonation sites namely, hydration
products of cement and GGBFS.

For specimens M-10, M-20 and M-40, owing to the presence of
Mg?* dissolved in the pore solution, the supersaturated solution
contains both Ca?* and Mg?*. Some of the Mg?* is incorporated into
the CaCOj; crystals to form magnesian calcite as shown in Fig. 6b
and c and is described as:

Ca’*(aq) + Mg*" (aq) + CO3™ (aq) — CaMg; ,COs(s) @)

Various Ca- and Mg-bearing carbonates such as low- and high-
magnesian calcite, and even the CaMg(COs),, may be formed
depending on the abundance of Mg?* indicated by the saturation
index of MgCO; in solution [35]. Increasing Mg?* concentration
in solution increases the Mg content in calcite crystals [37]. In
Mg?*-rich environments as in the case of the M-40 paste mixtures,
magnesium carbonates such as MgC03-3H,0 may be formed
[34,35] by the reaction described in Eq. (3):

Mg**(aq) + CO3 ™ (aq) + H,0(aq) — MgCO; - 3H,0(s) 3)
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Fig. 7. BSEM images of carbonated pastes after 56 d of accelerated carbonation: (a)
M-0 and (b) M-20. (B: Brucite, C: Calcite, MC: Magnesian calcite, S: GGBFS).

In this study, MgC03-3H,0 was formed in specimens containing
40% reactive MgO after 28 d and 56 d of carbonation.

The rate and capacity of CO, sequester in the cement pastes
containing GGBFS and reactive MgO as cement replacement is
dependent on two main factors. Firstly, the dissolving rate, content,
and diffusion of Ca?* and Mg?* from the Portland cement, GGBFS,
and reactive MgO into the pore solution, and secondly, the rate
of dissolving CO, in water and its transport through the paste’s
capillary pore network. Regarding the former, cement hydration
product, Ca(OH),, dissolves relatively easily in the pore solution,
and so carbonates quickly. After only 7d of exposure, all the
Ca(OH), is carbonated, as supported by the XRD results in Fig. 1.
With depletion of Ca2*, Ca%* may be released from the decomposi-
tion of ettringite, and C-S-H [18]. As a result of diffusion of Ca®*
and CO?", Ca-bearing carbonates form a carbonate layer on the sur-
faces of MgO and GGBFS particles.

Leaching of Ca®* from GGBFS may be the rate-determining reac-
tion step for GGBFS carbonation [11]. The amount of Ca** and Mg?*
leached directly from GGBFS particles may be limited due to the
barrier of hydration product rim and carbonate layers formed
around the GGBFS particle as shown in Fig. 7 and 8. Reactive
MgO is easily transformed into Mg(OH), due to hydration, and
then carbonated. Since the solubility of Mg(OH), is only approxi-
mately 1/200 of that of Ca(OH), [38], a relatively small amount
of Mg?* dissolves in the pore solution, limiting the carbonation rate
of Mg(OH),. Moreover, the low solubility of Mg(OH), and the phys-
ical barrier of the Ca-bearing carbonate layer are expected to re-
duce the rate of Mg?* diffusion. However, the CO?~ and/or Ca?*
ions can diffuse through the carbonate layer into the Mg2*-rich re-
gion around the Mg(OH),, and locally form high-magnesian calcite,
and even MgC0s-3H,0 as shown in Figs. 7b and 8b.

BEC 15kV WD11mm  SS50

. 4
BEC 15kV  WD8mm  SS50
Fig. 8. BSEM image of carbonated M-40 pastes (a) 7 d, and (b) 56 d (A: Anhydrous
cement clinker, B: Brucite, C: Calcite, M: Magnesite, MC: Magnesian calcite, N:
Nesquehonite, S: GGBFS, P: Pores).
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Fig. 9. Microhardness of non-carbonated and carbonated cement pastes.

4. Conclusions

The CO, uptake capacity, carbonation mechanism, microstruc-
ture evolution, and microhardness of blended cement pastes con-
taining 40% GGBFS and 0-40% reactive MgO during curing in an
accelerated carbonation environment was investigated. Outcomes
from this study reveal that the utilization of intermediate percent-
ages of reactive MgO, up to 20% cement replacement, exhibits sim-
ilar CO, uptake as compared to mixtures with 0% and 10% reactive
MgO as early as 28 d, and enhances the quality of the paste’s
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microstructure or microhardness. The carbonation mechanism and
examination of its implications on the paste’s hardened properties
is complex. Key conclusions regarding the chemistry and morphol-
ogy of Ca and Mg bearing carbonate phases with age and the effect
on microstructure and microhardness are described below.

(1) Under the accelerated carbonation condition of 99.9% con-
centration CO,, all the blended cement pastes irrespective
of the presence of reactive MgO carbonated rapidly with
most of the CO, uptake occurring with the first 7 d. Approx-
imately 11.7-30.0% CO, by mass of raw mixes after ignition
was sequestered after 7 d due to the formation of calcium
and/or magnesium carbonates. From 7 to 56 d, carbonation
reactions continued more for mixtures containing reactive
MgO than mixtures without reactive MgO (M-0). By 56 d,
cement pastes containing 10 and 20% reactive MgO uptake
similar amounts of CO, in comparison to mixtures without
reactive MgO. Cement pastes containing 40% reactive MgO
uptake the least amount of CO,, implying the reactive MgO
does not improve the CO, uptake.

(2) Calcite and aragonite were the main calcium carbonates
formed in the pastes without reactive MgO as cement
replacement. For mixtures containing 10%, 20%, and 40%
reactive MgO, the Mg-bearing carbonate phases formed
were magnesian calcite and CaMg(COs),. In addition,
MgC03-3H,0 was formed in the blended cement paste
containing 40% reactive MgO.

(3) Ca/Mg carbonates, namely, calcite, and magnesian calcite
precipitated as agglomerates in pores and as dense carbon-
ate layer around the pore wall, Mg(OH),, and GGBFS parti-
cles, limiting the penetration of CO, and diffusion of ions
such as Ca%*, Mg?*, and CO%". Due to the low solubility of
Mg(OH),, and slow leaching of Ca?* from GGBFS, the carbon-
ation rate of reactive MgO and GGBFS are relatively lower
than that of Portland cement hydration product Ca(OH),.

(4) In comparison to the non-carbonated cement pastes, the for-
mation of Ca/Mg carbonates reduced the pore size distribu-
tion and pore volume, and increased the microhardness. The
incorporation of reactive MgO in cement pastes contributes
to the tight morphology and conglomeration of carbonate
phases, resulting in higher microhardness. The effects of
reactive MgO on the strength of cement pastes are of inter-
est, which will be investigated further in our forthcoming
study.

(5) Additional research efforts aimed towards decoupling the
effect of hydration and carbonation for ternary systems
(GU, GGBFS and reactive MgO) and the size effect of speci-
mens in accelerated carbonation environments is warranted.
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