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Abstract

Carbonation of silicate-based minerals and industrial residues can help to reduce CO2 emissions as well as produce useful materials. However,
until a full understanding of the chemistry and microstructural development of carbonation products is obtained, their utilization in engineering
applications may remain limited. In respect of this, the present work examines microstructural properties of accelerated carbonated dicalcium
silicate and Portland cement by using the complementary analytical techniques of XRD, SEM, TG-DTA, and NMR MAS. It was found that carbon
dioxide reacts with calcium silicates to form calcite and aragonite and a polymerized silicate product comprised of cross-linked Q3 co-ordinated
silicon and fully polymerized Q4 co-ordinated silicon. The extent of silicate polymerization was higher in carbonated dicalcium silicate, however,
in the Portland cement-derived product, Al substitution in the Si-framework was detected. The amount of CO that reacted with dicalcium silicate
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nd Portland cement was 48 and 37% by mass, respectively.
2006 Elsevier B.V. All rights reserved.
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. Introduction

In recent years there has been an increasing interest in the
equestration of industrial carbon dioxide by mineral carbon-
tion [1–3]. Silicates and oxides of calcium and magnesium
erived from both geological media and man-made processes
ave been considered as potentially effective sinks for CO2 dis-
osal.

As a natural mineral feedstock, earth silicates, including
erpentine Mg3SiO5(OH)4, wollastonite CaSiO3 and olivine

g2SiO4, have been identified as being both widely available
nd susceptible to carbonation [1,3]. However, the impact and
ost of large-scale mining and pre-treatment of the rock media
rior to carbonation may place restrictions on this approach [4].

Synthetic silicate-based materials, including industrial
esidues such as metallurgical slags, combustion ashes, and
ement kiln dust, can be a sustainable alternative to natural sil-
cates as they are often available in industrial areas close to
O2 sources, precluding the need for mining and transporta-

ion, and some of them have better reactivity (i.e. available in
ne powders) [1,2,5,6]. An additional major advantage is that

certain properties of these materials can be altered by carbon-
ation, reducing their environmental impact and increasing the
value. For example, recycling of carbon dioxide in cement com-
posites can reduce product setting time and enhance strength
development [7,8]. Carbonation has been also used to stabilize
metallurgical ‘falling’ slag containing unstable �-dicalcium sil-
icate [5,6], and with combustion ashes the application of CO2
has been used to improve both their physical stability and metal
leaching properties [2,9].

Preliminary work involving accelerated carbonation of Port-
land cement powder resulted in carbonated products that were
effective in removing heavy and radioactive metals from aqueous
solution [10]. This investigation highlighted the potential of con-
verting calcium silicate-based materials into low-cost sorbents
whilst also utilizing CO2 gas that would otherwise be emitted to
the atmosphere. However, the structural properties of these ‘sor-
bents’ require further investigation if metal–sorbent interactions
are to be fully understood.

A summary of work on the carbonation of a number of anhy-
drous calcium silicates is presented in Table 1; and shows that
under different carbonation conditions, a decrease of Ca/Si ratios
∗ Corresponding author. Tel.: +44 1932577296; fax: +44 1932571917.
E-mail address: olga shtepenko@hotmail.com (O. Shtepenko).

in original mineral matrices and formation of CaCO3 have been
observed [3,11–14]. However, the structure of transforming sil-
icate phases is not fully understood, and has been reported to
comprise amorphous silica [6,11]. Other studies describe a low-
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Table 1
Structural studies on carbonated calcium silicates

Mineral phase [source] Carbonation products Conditions Characterization techniques

Single silicate phases
Dicalcium silicate, Ca2SiO4

[11] Amorphous silica gel, aragonite (CaCO3) T 20 ◦C; RHa 80%; PCO2 1 bar XRD, SEM
[12] Calcium silicate hydro-carbonate; aragonite T 20 ◦C; RH 50%; CO2 5%; DT-TGA; XRD; Gas Spectr.
[13] Low-lime C–S–H gel; calcite (CaCO3) T 20 ◦C; W/Sb 0.125; RH 50%; PCO2 2 bar XRD; SEM-XRF
[14] Low-lime C–S–H gel; calcite; vaterite T 20 ◦C; W/S 0.2; PCO2 0–56 bar TGA; SEM; XRD

Tricalcium silicate, Ca3SiO5

[11] Amorphous silica gel, aragonite T 20 ◦C; RH 80%; PCO2 1 bar XRD, SEM
[12] Calcium silicate hydro-carbonate; calcite T 20 ◦C; RH 50%; CO2 5%; DT-TGA; XRD; Gas Spectr.
[13] Low-lime C–S–H gel; calcite T 20 ◦C; W/S 0.125; RH 50%; PCO2 2 bar XRD; SEM-XRF

Wollastonite, CaSiO3 [14] Low-lime C–S–H gel; calcite T 20 ◦C; W/S 0.2; PCO2 0–56 bar TGA; SEM; XRD

Multi-component silicate phases
Portland cement [7] CaCO3 T 20 ◦C; W/S 0.125 XRD, TGA

Slag containing Ca2SiO4

[5] Calcite T 20 ◦C; W/S 0.125 PCO2 3 bar XRD; SEM
[6] CaCO3; Ca-containing SiO2 T 100 ◦C; W/S 10; PCO2 20 XRD, SEM

a RH, relative humidity maintained during carbonation.
b W/S, the ratio of water added to anhydrous mineral powder prior to carbonation.

lime silica gel (C–S–H) in which calcium is bound with silicate
units [7,13,14], whereas Goto et al. [12] argued for the forma-
tion of calcium silicate hydrocarbonate. Little information on
the structure of Si-rich carbonation products can be found from
the research involving magnesium silicates [1,15].

The present work seeks to address these uncertainties through
an investigation of carbonated products of �-dicalcium silicate
and anhydrous Portland cement using a range of complementary
analytical techniques, including NMR spectroscopy; which is a
proven method for the investigation of silicate structures.

1.1. Approach

The way in which accelerated carbonation is applied to cal-
cium silicate minerals may have a considerable bearing on the
rate of reaction and nature of the carbonated products. The rate
of atmospheric carbonation is generally too slow to be used on
an industrial scale, but when the reaction rate is enhanced suffi-
ciently, for example, by using aqueous processes, the industrial-
scale sequestration may be considered feasible [1,5,11–14].

During aqueous carbonation, CO2 rapidly reacts with cal-
cium silicate in the presence of water or water vapour. However,
when most of mineral surface has reacted, a continuous layer
of carbonation products acts as a barrier to the two-way diffu-
sion and hinders the reaction [2,11,15]. In order to mitigate the

inhibiting effect of this passivating layer, different approaches
have been suggested [1], including raised temperatures and pres-
sures, mechanical activation and the use of chemical accelerators
and additives, such as NaHCO3, NaCl, and acid.

The use of mechanical activation (i.e. grinding) has sev-
eral advantages over other methods. The process is techni-
cally simple, does not involve chemicals, and most importantly,
can increase carbonation efficiency by an order of magnitude
[15–17]. In view of this, mechanical activation approach is
adopted in the present work and is described below.

2. Experimental

2.1. Materials

The materials used in this study were dicalcium silicate (C2S)
and Portland cement (PC) comprised of tricalcium and dical-
cium silicates and minor quantities of tricalcium aluminate and
tetracalcium aluminoferrite.

Portland cement (reference batch TG1/12) was supplied by
Blue Circle Cement. Beta-dicalcium silicate (�-C2S) was pre-
pared by grinding a 2:1 molar ratio mixture of reagent-grade
lime and silica and small amounts of MgO and Al2O3 [18]. The
mixture was then pelletised and sintered at 1450–1500 ◦C. The
composition of both materials is given in Table 2.

T
O

M

P
C

able 2
xide composition of Portland cement and dicalcium silicate

aterial Constituent (%)

CaO SiO2 Al2O3 Fe2O3

C 64.1 20.5 4.8 2.8

2S 63.9 33.9 0.12 0.11
MgO K2O Na2O SO3 LOI

1.0 0.66 0.12 3.1 1.6
0.46 0 0 0.04 1
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Fig. 1. Carbonation chamber equipped with a CO2 pressure control mechanism.

2.2. Methods

The two materials under investigation were mixed with 10%
of de-ionized water (water/solid ratio = 0.1) and placed immedi-
ately into a carbonation chamber (Fig. 1), to be purged with pure
CO2 at the pressure of 2 bar for 60 min. The materials were then
dried at 40 ◦C and ground in a ball mill for 2–3 min. This pro-
cedure was repeated five times until analysis by XRD revealed
that the intensity of X-rays from the unreacted phases had fallen
to the background level (Figs. 2 and 3). The carbonated samples
were then finally dried at 40 ◦C, sealed in polyethylene bags and
stored in a desiccator.

Semi-quantitative X-ray powder diffraction (Siemens D500
X-ray diffractometer) was carried out using Cu K� radiation
between 10◦ and 60◦ 2-theta, with a step-rate of 0.01◦ s−1. Scan-
ning electron microscopic analysis of polished, resin impreg-
nated specimens, utilized a JEOL JSM-53C microscope with a
LINK 860 energy dispersive X-ray (EDX) system and an accel-
erating voltage of 20 kV.

29Si and 27Al solid-state nuclear magnetic resonance (NMR)
spectroscopy was used to investigate the structure of both crys-
talline and amorphous phases. 29Si and 27Al spectra were

F
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a

Fig. 3. X-ray diffraction patterns of (a) PC and (b) carbonated PC. Min-
eral phases depicted include: (�) aragonite, (+) calcite, (�) dicalcium sil-
icate (Ca2SiO4), (�) tricalcium silicate Ca3SiO5, (�) tricalcium aluminate
(Ca3Al2O6), and (*) calcium aluminium iron oxide (C4AF).

acquired at 59.5 and 78.20 MHz, respectively, using a Var-
ian Infinity Plus 300 spectrometer equipped with an Oxford
Instruments 7.05 T superconducting solenoid, and Chemagnet-
ics MAS probes. Samples were spun at 4 and 10 kHz in 6 and
4 mm zirconia rotors for 29Si and 27Al analysis, respectively. The
29Si spectra were excited with a 45◦ pulse, with a pulse delay of
5 s and acquired directly. The 1H–29Si cross-polarization (CP)
spectra were acquired using a Hartman-Hahn field strength of
40 kHz with contact time of 3 ms. 27Al MAS NMR spectra were
acquired with a pulse delay of 1 s, and a short excitation pulse
to ensure uniform excitation.

Carbon dioxide uptake by parent materials was evaluated with
Stanton Redcroft STA 780 Simultaneous Thermal Analyzer.
Samples weighing 20 mg were packed into a ceramic crucible,
and then heated in air (flow rate of 10 ◦C min−1) from 20 to
1000 ◦C, using an alumina reference material.

3. Results

3.1. Mineralogical composition

The examination of carbonated materials by XRD gave
reflections for calcite and aragonite (Figs. 2 and 3), with arag-
onite being only detected in the carbonated PC. This data is
generally consistent with previous studies [11–14], which show
that the polymorphism of calcium carbonate may vary in similar
m
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ig. 2. X-ray diffraction patterns of (a) synthesised C2S and (b) carbonated C2S.
ineral phases depicted include: (+) calcite, (�) dicalcium silicate (Ca2SiO4),

nd (©) wollastonite (CaSiO3).
ineral systems, and is a function of physical conditions (tem-
erature, water content, etc.) and pore solution chemistry [23]
t the time of formation. It is interesting to note that the carbon-
tion of calcium silicates under high relative humidity and no
dded water resulted in the preferential formation of aragonite
11,12], whereas, with added water, calcite was formed [13,14].

The moisture content used in present work was kept nomi-
ally the same (10%), however, it is possible that it varied as
esult of the drying effect from the heat of carbonation, which
lthough not measured here, is known to elevate materials tem-
eratures by as much as 60 ◦C. Nevertheless, calcite was present
n both carbonated materials examined, and it is certain that fac-
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Fig. 4. Range of 29Si chemical shifts for Si tetrahedra with different polymer-
izations in Al-free silicate phases.

tors favouring the formation of aragonite in carbonated PC were
present.

Calcium aluminoferrite was also identified in carbonated
PC, indicating its low reactivity to CO2. The absence of any
reflections for crystalline silicates in both carbonated materials
supports the observation that the Si-containing reaction products
are amorphous in nature [5–7,11–14].

3.2. NMR analysis

Magic-angle spinning (MAS) NMR spectroscopy is a pow-
erful method for the investigation of silicates and aluminosil-
icate solid materials as it allows the identification of 29Si and
27Al structural environments, in both crystalline and amorphous
phases [19,20].

There are well known relationships between various struc-
tural parameters and 27Al and 29Si NMR chemical shifts. For
both nuclides the first-order control on the chemical shifts is the
nearest-neighbour (NN) atomic coordination, where increasing
NN coordination is correlated to more shielded chemical shifts
[20]. Tetrahedrally coordinated Al (Al(4)) has chemical shifts
in the region from +50 to +85 ppm, whereas octahedrally coor-
dinated Al (Al(6)) has chemical shifts in the range of +15 to
−15 ppm. 29Si in tetrahedral coordination is identified between
−62 and −126 ppm.
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Fig. 5. 29Si MAS NMR spectra of (a) carbonated C2S, (b) carbonated PC, and
(c) PC, acquired at 59.5 MHz and spinning speed of 4 kHz.
There are also significant next-nearest atomic neighbour
NNN) effects [20]. For 29Si, in silicates and aluminosilicates,
here are a number of important correlations. The chemical
hift becomes more shielded as the polymerization increases
Fig. 4) [19]. The polymerization is described by the standard

n notation, where superscript n indicates the number of bridg-
ng oxygens per tetrahedron. In addition, for framework and
heet silicates (Q2–Q4) the 29Si chemical shift becomes slightly
ess shielded as the number of Al(4) NNN to a given Si-site
ncreases. For example, chemical shift characteristic of Q3 sites
ies in the region of −95 to −103 ppm. Substitution of one sili-
on atom in this group with Al atom (Q3 (1 Al)) results in less
egative values, ranging from approximately −89 to −97 ppm,
ue to de-shielding [19].

The 29Si MAS NMR spectra obtained in this study (Fig. 5)
ndicated that a significant change in silicon environment
ccurred as calcium silicates were exposed to CO2. The original
0 (−71 ppm) arising from monomeric silicate groups, typical
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Fig. 6. 1H–29Si CPMAS NMR spectra of (a) carbonated C2S and (b) carbonated
PC, acquired at 40 kHz and contact time of 3 ms.

of C2S and C3S (Fig. 5c), were transformed into polymerized Q3

and Q4 arising from 3- and 4-coordinated silicate units (Fig. 5a
and b). The predominance of fully polymerized silica phase
could be observed from the resonance line centered at 112 ppm
in the spectrum of carbonated C2S (Fig. 5a). A distinct peak
around 102 ppm was assigned to cross-linked silicate species.

In the spectrum of carbonated PC (Fig. 5b) a single broad
resonance (−85 to−120 ppm) is indicative of a continuous range
of Q2–4 (0–1 Al) silicate units. A signal maximum at 103 ppm
for the chemical shift distribution showed that silicate groups
are primarily organized in three-dimensional networks of Q3

(0–1 Al) and Q4 (0–1 Al) silicate tetrahedra. A small amount of
silicon was present as Q2 units.

1H cross-polarization combined with MAS (CPMAS) is a
technique that enhances the signal from observed Si nuclei near
protons, thus allowing sites in hydrated and anhydrous phases
to be distinguished [20]. 29Si–1H spectrum of carbonated PC
(Fig. 6b) exhibited poor signal/noise ratios and broad peak cen-
tered at 101 ppm, similar in shape to the 29Si spectrum (Fig. 5b).
This indicates that the whole range of Q3–4 (0–1 Al) silicon
sites contained some OH groups and/or water molecules in the
immediate vicinity of silicon atoms. 29Si–1H spectrum of car-
bonated C2S (Fig. 6a) had two easily resolved resonances at

around 112 and 101 ppm. The intense resonance correspond-
ing to Q3 sites (101 ppm), indicated a predominant existence of
hydrated phases within the three-dimensional silicate networks,
rather than fully polymerized silica (Q4).

The carbonated and non-carbonated samples of cement were
further characterized by 27Al MAS NMR spectroscopy to detect

Fig. 7. 27Al MAS NMR spectra of the central transitions for (a) PC and (b)
carbonated PC, acquired at 78.2 MHz and spinning speed of 10kHz. Asterisks
identify side bands.
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Fig. 8. (1) BSE image of polished PC particles, consisting of (a) C3S and C2S, (b) C3A, and (c) C4AF. (2) EDX element mapping micrographs for calcium, silicon,
aluminium, and iron constituents.
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the changes in the aluminium environment. The 27Al spectrum
of PC displayed two central transitions at around 81 and 8 ppm
(Fig. 7a). The 81 ppm center-band was assigned to tetrahedrally
coordinated aluminium sites (AlO4) in C3A, and Al-guest ions
incorporated into C2S and C3S [20,21]. The center-band at
8 ppm demonstrated the presence of octahedrally coordinated
aluminium (AlO6), possibly originating from insignificant C3A
hydration [20]. In the carbonated sample the presence of differ-
ent tetrahedral sites was observed at around 53 ppm (Fig. 7b).
This was not in the region expected for aluminium substituted
into C–S–H (approximately 70 ppm [20]), but in the region
expected for aluminium substituted into a cross-linked silicate
network, such as a silica gel or zeolite [19]. This confirms that
aluminium ions re-speciated in the process of carbonation as a
result of C3A decomposition, and substituted some silicon in
the formed Q3 and Q4 silicate networks. It should be noted that
Al present in the ferrite phase, C4AF, was largely not observed,

as it is well established that aluminium present in paramagnetic
phases contributes little or not at all to 27Al spectra [22].

3.3. SEM observations and microanalysis

Backscattered electron imaging of the PC (Fig. 8(1)) showed
ferrite (C4AF), the bright interstitial phase, labelled ‘c’, alite and
belite (C3S and C2S, respectively), labelled ‘a’, and aluminate
(C3A), labelled ‘b’. Element maps for Ca, Si, Al, and Fe are
shown in Fig. 8(2); the images obtained from the �-C2S are not
included.

The micrographs obtained from the carbonated materials
(Figs. 9 and 10) show that the morphology of calcium sili-
cates substantially changed after reacting with CO2. Three main
phases were identified, comprising a decalcified Si-rich pseu-
domorph, a Ca-rich phase, and unreacted aluminoferrite. The
morphology of Ca-rich phase associated with carbonated C2S

F
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ig. 9. (1) BSE image of carbonated PC, comprising (a) Ca-rich phase, (b) Si-rich pha
luminium, and iron (similar) constituents.
se, and (c) C4AF. (2) EDX element mapping micrographs for calcium, silicon,
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Fig. 10. (1) BSE image of carbonated C2S, comprising (a) Ca-rich phase (b) Si-rich phase. (2) EDX element mapping micrographs for calcium and silicon constituents.

was different and appeared to have a porous “floc-like” struc-
ture. The particles of both carbonated products were irregular in
size and shape.

EDX quantitative analysis of Ca, Si, Al, and Fe, involved the
collection of X-ray counts from around 10 areas of each material
(a total of ≈300 spots were analyzed), showed that in the Ca-
rich product (labelled ‘a’) the Ca/Si ratios varied from 5 to 21.
The Ca/Si ratios obtained from the examination of Si-rich phase
(labelled ‘b’), are given in Figs. 11 and 12, and demonstrate a
higher proportion of low Ca/Si ratios (<0.1) in the carbonated

C2S, as might be expected from the higher degree of Si poly-
merisation. Overall, the Si-rich phases in both materials were
characterized by Ca/Si ratios typically varying between 0.03
and 0.4.

In the carbonated cement Al was found in the Si-rich prod-
uct, and calculated atomic Al/Si ratios varied from 0.04 to 0.1
(Fig. 12). This is consistent with the NMR results, which indi-
cated the presence of aluminium-substituted silicate species. The
composition and morphology of C4AF appeared unaffected by
accelerated carbonation.
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Fig. 11. Compositional variation of the Si-rich phase in carbonated C2S.

Fig. 12. Compositional variation of the Si-rich phase in carbonated PC.

3.4. Thermal analysis TG-DTA

The TG-DTA output for the carbonated samples is shown in
Figs. 13 and 14 and the weight losses are summarized in Table 3.

Table 3
Thermal decomposition of the carbonated materials: calculated mass loss

Temperature range (◦C) Mass loss (%)

Carbonated C2S Carbonated PC

0–200 2.1 3.4
200–500 1 2.1
500–700 3.6 6.4
700–900 28.2 18.5

0–1000 34.7 30.5

Fig. 13. (a) TG and (b) DTA curves of carbonated C2S, obtained in air flow at
a heating rate of 10 ◦C/min.

Both carbonated materials were characterized by endothermic
peaks in the low temperature region. The endotherm for carbon-
ated C2S had a minimum at 80 ◦C and was accompanied by a
small mass loss. The corresponding endotherm for carbonated
PC had a higher temperature peak at 138 ◦C, and a greater mass
loss, suggesting larger amount of physically bound water. A fur-
ther small weight loss, in the region of 200–500 ◦C, was assigned
to surface de-hydroxylation.

For both carbonated materials weight loss was observed
between 500 and 700 ◦C followed by an endothermic peak, char-
acteristic of CaCO3 decomposition. The study by Goto et al.
[12] has employed XRD, and TG-DTA in combination with
gas-phase mass spectroscopy to identify the products of C2S
and C3S carbonation. In addition to the mass loss associated
with CaCO3 decomposition, the authors recorded a mass loss
between 500 and 600 ◦C and ascribed it to the decomposition
of amorphous calcium silicate hydrocarbonate based on a cor-
related evolution of H2O and CO2. Without the gas analysis our
results provide no direct evidence that calcium silicate hydro-
carbonate is present in the carbonated C2S and PC. However,

F
h

ig. 14. (a) TG and (b) DTA curves of carbonated PC, obtained in air flow at a
eating rate of 10 ◦C/min.
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MAS NMR analysis identified cross-linked calcium silicates as
the carbonation products of both C2S and PC, thus it is possible
that calcium end-members of Si framework reacted with carbon
dioxide and water to form calcium silicate (hydro)-carbonates
of varying stoichiometry.

Overall, the carbonated materials underwent four distinguish-
able mass losses, with the first two being due to dehydration and
de-hydroxylation, followed by the losses associated with the
low- and high-temperature de-carbonation reactions.

4. Discussion

4.1. Reaction products

The work described shows that during accelerated carbona-
tion the calcium silicates substrates were transformed into new
products. The 29Si NMR data revealed that the silicate anions
changed from single units to the three dimensional structures
(see Fig. 15). The degree of polymerisation was substantially
higher in the carbonated C2S, and the intensities of distinct Q4

and Q3 peaks indicated that fully polymerised silica was pre-
dominant over the partially polymerised sites. A single broad
resonance centered at 103 ppm was observed in the carbonated
cement sample, giving the evidence of abundant cross-linked
calcium silicate species (Q3 sites) and some silica (Q4 sites). It
is probable that some of this structural calcium was also carbon-
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the original aluminate phase of PC decomposed, allowing alu-
minium to substitute for silicon in the Si-rich phase. The Al/Si
ratios derived from quantitative SEM EDX microanalysis sug-
gested that one aluminium atom was associated on average with
10–25 silicon atoms. Accordingly, it is reasonable to suggest that
the carbonation of calcium silicate systems containing admix-
tures, for example, aluminate, may result in the incorporation of
Al (or other constituents) into the polymerizing silicate frame-
work.

The morphology of the samples examined by backscattered
electron imaging suggested that Ca-rich and Si-rich phases
were effectively separated in the carbonated products, and this
was most likely due to grinding. The fact that unreacted fer-
rite was often found embedded in the polymerized Si-rich
phase, underlines that this reaction product is pseudomorphic in
nature.

4.2. Carbon dioxide uptake

The exposure of dicalcium silicate and cement powder to CO2
and moisture produced a noticeable exothermic reaction which
is described in previous work with anhydrous calcium silicates
[7,11–14]; however in our work the amount of heat evolved
was not measured. Nevertheless, a rapid temperature rise was
observed over 10–20 min during the first two carbonation cycles.
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t in ca
ted to form calcium silicate (hydro)-carbonates in addition to
alcite and aragonite.

The differences in Si polymerization between the carbonated
aterials can be explained by the Ca/Si ratios of the starting

ubstrates. When calcium reacts with carbon dioxide, calcium
arbonate species nucleate on the surface of ‘decalcified’ silica
atrix, in which silicon tetrahedra, being freed from calcium,

ombine to form chains, and then sheets as carbonation pro-
eeds. When few or no calcium ions interfere with combining
etrahedra (in all directions), fully polymerised silica forms. It
ould be logical to conclude, therefore, that the carbonation of

tructurally similar calcium silicate minerals with lower Ca/Si
atios should result in a higher degree of Si polymerisation, and
his is in agreement with the NMR results obtained during this
ork.
Another distinct feature of carbonated PC was the presence

f Al in the polymerized Si product. 27Al NMR showed that

Fig. 15. Schematic illustration of silicon environmen
s the amount of CO2 that reacts with calcium silicate appears
o be a logarithmic function of time [7,12,14], this observation
as not surprising.
The amount of CO2 determined to have combined with the

2S was 31.8% of the product’s weight (see Table 3) and this
orresponds to a CO2 uptake of 48% of the weight of starting
aterial; for PC this value was 37%. These figures equate to 480

nd 370 kg of CO2 captured per tonne of C2S and PC, respec-
ively.

The efficacy of carbonation was calculated with reference to
teinour’s equation (1), which expresses theoretical sequestra-

ion potential of a material based on its stochiometry [24]:

O2 (%) = 0.785(CaO − 0.7SO3) + 1.09Na2O + 0.93K2O

(1)

here CaO, SO3, Na2O, and K2O are the mass percentages of
elevant constituent oxides.

lcium silicate systems before and after carbonation.
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Fig. 16. Experimental CO2 uptake (in grey) plotted against theoretical seques-
tration potential of C2S and PC.

The calculated theoretical and experimental values for CO2
uptake are presented in Fig. 16. It appears that carbonation
was efficient and 96 and 75% of dicalcium silicate and Port-
land cement reacted with carbon dioxide, respectively. Other
studies have reported up to 70% conversions of C2S and C3S
when carbonated up to 24 h [12–14]. Wang et al. [7] achieved
7.3% conversion of cement powder at the W/S ratio of 1.25 after
30 min of carbonation. Clearly, the experimental conditions used
in this study were more favourable and the use of mechanical
activation and low W/S ratio were key to achieving the high CO2
uptakes for the materials examined.

It is important to stress that although the theoretical value for
CO2 uptake can be calculated based on the stochiometry of a
material, the actual CO2 uptake is also reliant on mineralogy.
For example, the calcium found in ferrite was not susceptible to
carbonation, thus deducting from the theoretical sequestration
potential of Portland cement.

5. Conclusions

A detailed structural examination of the carbonation products
of �-dicalcium silicate and anhydrous Portland cement was car-
ried out, and key structural differences in the reaction products
were identified. These findings are summarized below:

•

C4AF in cement, and no crystalline silicate reaction products
were detected. Calcite and aragonite were formed, and the
latter polymorph was associated with carbonated PC.

• The structural environment of silicon in the carbonated prod-
ucts was identified by MAS NMR. Both cross-linked calcium
silicate frameworks (Q3 silicon environment) and fully poly-
merized silica (Q4 silicon environment) were observed, with
the latter being dominant in carbonated dicalcium silicate.

• The Ca/Si ratio of the parent material may influence the degree
of silicate polymerization, as carbonated C2S had higher pro-
portion on silica (Q4) in comparison to carbonated PC.

• The presence of certain admixtures can influence the chem-
istry of carbonation products. For example, the aluminate in
Portland cement decomposed during carbonation resulting in
aluminium being incorporated into polymerized silicate net-
work.

• The PC and C2S carbonated to 75 and 96%, respectively,
of the maximum theoretical sequestration potential based on
bulk chemistry. Mechanical activation was an important fac-
tor in achieving such high levels, suggesting that optimised
carbonation conditions may not necessarily require raised
temperatures and pressures.

• The chemistry and mineralogy of parent materials are primary
controls on the effectiveness of carbonation. For example, the
presence of Ca-bearing minerals such as calcium aluminofer-
rite may not readily combine with CO .

•

b
o
a
o
c
b
d
p
a
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Both dicalcium silicate and Portland cement were trans-
formed into new products on exposure to carbon dioxide. The
original crystalline phases decomposed, with the exception of
2
The results of current work show that materials containing
anhydrous calcium silicates have potential to capture signif-
icant quantities of CO2. An equivalent of 480 and 370 kg of
CO2 was captured by each a tonne of C2S and PC, respec-
tively.

It is important to stress that the aim of current work was to
roaden the knowledge on the structure of carbonation products
f anhydrous silicate minerals which are either naturally avail-
ble or produced by high temperature processes (i.e. constituents
f slag, ash, cement powder). The carbonation of hydrated sili-
ate systems, particularly hydrated cement-based materials has
een described elsewhere [25–27]. The comparison of these two
ifferent classes of carbonated products indicates that silicate
olymerization and formation of calcium carbonates are char-
cteristic to both.
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