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Abstract The nanostructure of the main binding phase of

the hydrated cements, the calcium silicate hydrates (C–S–H),

and their structural changes due to aqueous carbonation

have been characterized using TEM, nitrogen physisorp-

tion, and SAXS. Synthetic C–S–H has been used for this

purpose. Two different morphologies were identified,

similar to the high density and low density C–S–H types.

When submitting the sample to a CO2 flux, the low density

phase was completely carbonated. The carbonation

by-products, calcium carbonate, and silica gel were also

identified and characterized. The precipitation of the silica

gel increased the specific surface area from 95 to 132 m2/g,

and its structure, formed by particles of *5 nm typical

radius, was observed by small angle X-ray scattering. In

addition, the resistance of the high density C–S–H to car-

bonation is reported, and the passivating effect of the

precipitated calcium carbonate is also discussed. Finally,

the results have been compared with carbonation features

observed in Portland cement carbonated experimentally at

downhole conditions.

Introduction

Calcium silicate hydrate (C–S–H)1 is the main binding

phase of hydrated cements [1] and is formed by the

hydration of the C2S and C3S phases of the cement. It is a

porous particulate quasi-mineral of variable composition

which plays a central role in the properties of hydrated

cements, such as mechanical properties, diffusivity, or

durability of most of the constructions. Specifically, the

reactivity of hydrated cements with carbon dioxide has

become a topic of major importance given the current

expansion of the technology of carbon removal by geo-

logical storage. This technology is already being imple-

mented to reduce the anthropological emissions of

greenhouse gases to the atmosphere, and carbon dioxide

injection wells are being sealed with cement [2, 3]. The

reactivity and characteristics of hydrated cements in con-

tact with CO2 is currently under research. Among the dif-

ferent calcium-rich phases of the cement, the C–S–H does

also carbonate yielding calcium carbonates, silica gel, and

water [4–6]. Therefore, knowing the properties of hydrated

cements in contact with CO2-rich environments, both

supercritical CO2 and CO2-rich aqueous fluids, and

understanding the structural and chemical changes

encountered by C–S–H as main binding phase, are critical

to estimate and improve the efficiency and durability of

underground CO2 storage.

In the literature, C–S–H is often referred to as a gel

although it must rather be considered as a precipitate due to

the presence of capillary pores in cement pastes [7]. The

structure of C–S–H is very heterogeneous at the nano-

metric scale, so developing a complete structural model is a
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Fourier, 38041 Grenoble Cedex 9, France

1 We use the cement notation: C=Ca0, S=SiO2, and H=H2O. In the

C–S–H notation, the hyphenation indicates variable composition.

123

J Mater Sci (2012) 47:764–771

DOI 10.1007/s10853-011-5852-6



complex task. For simplification, C–S–H’s are often cate-

gorized as types I and II, outer and inner product (OP and

IP), or high density (HD) and low density C–S–H (LD)

[1, 8–10]. This binary description has been established

since two different particulate nanostructures can be found

in C–S–H’s, depending on where they form with respect to

the parent anhydrous C–S, namely, in the pore space

among the original clinker grains or in the space initially

occupied by them. The inner product is a rough and dense

disordered particulate matrix, whereas the outer product is

a less dense phase with sheet- and needle-like morpholo-

gies. Transmission Electron Microscopy (TEM) imaging

clearly illustrates [11] the aforementioned types of C–S–H.

These nanostructures can be described as assemblages

of random packings of particles with embedded water

molecules [12], arranged in several hierarchical levels

[10, 11, 13, 14] that eventually extends through the space

between mineral grains [15]. Small angle scattering

experiments (SAXS, if X-rays are used as radiation, or

SANS if neutrons are used) have been used to research the

C–S–H formation during hydration of the cement, report-

ing the surface fractal morphology of C–S–H [16] 11 h

after hydration of cement on the length scale 10–100 nm.

These experiments have also revealed some characteristic

features as the multi-level structures, the density, and the

role of the water in the basic building blocks [17, 18] of

C–S–H. The size, shape, or crystallographic nature and

water content of the basic building blocks, and their

arrangements forming hierarchical fractal structures, are

currently the focus of research efforts, both experimentally

[19–21] and computationally [14, 22]. Tobermorite or

jennite is being proposed as structural references for the

basic building blocks [11, 23].

The structural changes of cementitius calcium-rich

phases due to carbonation have previously been studied.

For example [24], it has been shown that *50 nm clusters

appear under the influence of different environments con-

taining CO2. The carbonation effect on cement mortar has

also been studied, pointing out the appearance of pores

with radii between 2 and 7 nm, and no change in the

specific surface area of the mortar [25]. In order to focus

our study on the effect of carbonation on C–S–H structural

properties, C–S–H was synthesized separately, and the

effect of carbonation was compared with those obtained on

hydrated Portland cements.

Experimental methods

Sample preparation

The C–S–H sample was synthesized from a solution with a

Ca/Si ratio of 1.8 according to the co-precipitation method

[26] which consists of adding, under stirring, a solution of

Na2SiO3 (Merck, 1 L = 1.35 kg) to a calcium saturated

solution. This solution was aged for up to 21 days in sealed

containers inside an argon-filled glovebox at ambient

pressure and temperature. In this inert environment, the

supernatant was exchanged with CO2-free water to remove

Na traces. This washing yielded a Na content in the final

solid phase down to 1 wt.%. Afterward, the supernatant

was removed and the residual solid product was dried

inside a glovebox at ambient conditions in the presence of

silica gel for several weeks. Silica gel was renewed every

2 days under a vigorous argon flux to minimize air (and

therefore CO2) contamination. Hereafter, this sample will

be referred to as ‘‘original C–S–H sample’’. In addition, a

hydrated cement reference sample (Class G well cement,

slurry density = 1.89 g/cm3) was also characterized to

compare both cement and C–S–H structures. Full details of

the cement reference sample preparation, and processing

can be found in Ref. [4].

Carbonation experiments

The original C–S–H sample was dispersed in CO2-

saturated water under vigorous stirring in an open Teflon

open reactor (at ambient pressure and temperature). Then, a

CO2 flux (20 cm3/s, 1.5 bar) was imposed for 15 min,

setting the pH of the aqueous medium down to *6.

Afterward, the powder sample rested in the CO2-saturated

water overnight and was then dried under atmospheric

conditions. This sample will be referred to hereafter as

‘‘carbonated C–S–H sample’’. For comparison purposes, a

sample of hydrated cement was cored and carbonated

under static conditions at 90 �C and 280 bars (simulation of

downhole conditions) for 6 months to obtain a reference

carbonated cement sample. Full details of the carbonation

of hydrated cement can be found in Ref. [4].

Characterization techniques

Nitrogen physisorption experiments (Micrometrics, model

ASAP2010) were made at a constant temperature of

77.35 K. Samples were milled and degasified at 150 �C for

2 h. Isotherm curves were analyzed by the Brunauer–

Emmet–Teller [27] and Barret–Joyner–Halenda [28]

methods to obtain specific surface area (SBET) and pore size

distribution (PSD), respectively. For TEM, samples were

finely milled in an agate mortar and then dispersed in

ethanol. Dispersion was assisted by an ultrasound bath.

One drop of this dispersion was poured onto the holey

carbon sample holder. The TEM images (JEOL 2011

microscope) were taken using an electron acceleration

voltage of 200 keV, yielding a wavelength of

2.5 9 10-3 nm. Image processing was made with the
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ImageJ v1.40g software package [29]. The possible beam

damage was minimized by limiting the sample exposition

to the electron beam to less than 30 s. No damages were

observed on the C–S–H phase, but damages were found in

the calcium carbonate crystals.

Small angle X-ray scattering (SAXS) experiments were

performed at the BM16 workstation at the European Syn-

chrotron Radiation Facility (ESRF) in Grenoble (France).

Milled powders were enclosed between kapton tapes in the

center of metallic washers of 8-mm inner diameter. Signals

from empty metallic washers were measured for back-

ground removal. For these experiments, the wavelength of

the X-ray beam was 0.098 nm. The SAXS workstation was

previously calibrated using a reference sample of silver

behenate. The experimental set-up (the CDD detector

camera size, beam-stop size, and the maximum detector-to-

sample distance of 14 m) allowed exploring a q-range from

0.05 to 1.47 nm-1.

Results and discussion

Nitrogen physisorption experiments

First, the structure of the C–S–H samples was studied by

nitrogen physisorption experiments (Fig. 1). Type IV

curves are typically obtained in mesoporous materials with

a hysteresis loop type H2, indicating irregular pore shape

and size distribution [30]. Analyses of the curves yielded

the texture data shown in Table 1. In the case of the C–S–H

samples (original and carbonated), the results showed an

increase of the specific surface area from 95 to 132 m2/g,

and an increase of the specific porous volume from 0.52 to

0.68 cm3/g due to the CO2 attack. Note that large non-

porous calcium carbonate crystals coexisted with the por-

ous phases and contributed to the total mass, but their

contribution to the specific surface area is negligible.

Therefore, the values of the surface and porous volume of

the particulate phases are underestimated. The PSD did not

show a major modification with carbonation, though the

carbonated sample showed a wider distribution corre-

sponding to an increased polydispersity of the pores

(Fig. 1). These features, i.e., the increase in specific surface

area and porous volume due to carbonation, can be

explained in terms of precipitation of silica gel, a common

by-product of the carbonation of the calcium silicate

hydrates.

In the case of the Portland cement samples, both iso-

therms display type II curves, corresponding to non-porous

or macroporous adsorbents. The carbonated cement pre-

sented a hysteresis loop type revealing capillary conden-

sation typically found for silica gel. The specific surface

area (26 m2/g) and specific porous volume (0.07 cm3/g)

remained constant for both carbonated and non carbonated

samples, similar to what has been reported with water

adsorption [25]. Thus, the precipitation of porous silica gel

due to carbonation made up for the disappearance of por-

ous C–S–H. Nevertheless, these values are not represen-

tative of the texture values (specific surface area and

porous volume) of the C–S–H of the hydrated cement, as

this porous phase coexists with other non-porous phases in

hardened hydrated cements that contribute to the total

sample mass. And again, the PSD of cements broadens

with the carbonation process, indicating again higher

polydispersity in the pore sizes, given the formation of the

silica gel by-product.

TEM

The TEM images of the original sample showed randomly

oriented needles *100 nm in size in a disordered meso-

porous matrix (Fig. 2), similar to the reported morphology

of the LD C–S–H. Looking closer at the disordered phase

(Fig. 3), embedded nanocrystals of less than 10 nm could

be found. The presence of these nanocrystals was previ-

ously reported by Zangh [31] and Viehland [32], who

explained that this disordered phase corresponds to HD

C–S–H of the cement hydration process. Xu and Viehland

[33] also observed nanometric crystals in hydrated cements

that developed very rapidly in several days. So in this

synthetic C–S–H, a mixture of both LD and HD C–S–H

was found. Interplanar distances determined directly on the

TEM images or from analyzing the electron diffraction

patterns (inset of Fig. 3) are shown in Table 2. They were

indexed as tobermorite reflections [34]. It was also

observed that the needles showed a very poor crystallinity,

with interplanar distances of 1.10 ± 0.1 nm.

Fig. 1 Nitrogen physisorption isotherm cycles and pore size distri-

butions (inset) for original and carbonated C–S–H
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The images of the carbonated C–S–H present a different

morphology (Fig. 4). Tobermorite needles are no longer

found, but embedded nanocrystals can still be observed in

the disordered matrix (lower part of Fig. 5), corresponding

to remaining HD C–S–H. The reflections on the electron

diffraction pattern obtained in that region were identified

again as tobermorite from the interplanar distances

(Table 2). In Fig. 5, the silica by-product (upper right part

of Fig. 5) can be clearly differentiated from the remaining

HD C–S–H. This silica gel shows particle and pore sizes in

the order of 13 nm, as indicated by the reference circle of

13 nm in Fig. 5, similar to the pore size observed in

nitrogen physisorption experiments.

Thus, the carbonated C–S–H sample can be described,

as a multitude of carbonate microcrystals,2 dispersed in a

disordered matrix [35]. Calcite layers covering large areas

of the residual C–S–H are observed as well (indicated by

an arrow in Fig. 4). Such layers of calcium carbonate

covering the C–S–H structure have been previously

reported [24, 36], and described as CaCO3 accumulated on

the pores of tobermorite. This carbonate layer or film could

eventually prevent the HD C–S–H from being fully car-

bonated (passivation layer, [37]), or it could, at least, slow

down the carbonation process locally.

SAXS

The same samples were also studied by SAXS [38, 39].

Scattered intensities from both original and carbonated

synthetic C–S–H and from original and carbonated

hydrated cement are plotted in Fig. 6 as a function of the

modulus of the momentum transfer vector q. The similarity

on the change of plot shape due to CO2 attack on both types

of samples is remarkable and is attributed to similarity in

the structural changes induced by the carbonation process.

When analyzing the scattering curves starting from low

q values, all curves fit the exponential decay, in the range

q \ 0.2 nm-1, corresponding to sizes greater than 30 nm.

Values of their exponents obtained by numerical fitting are

indicated in Table 3. For all samples, the slope decreased

(in absolute values) with carbonation from 3.16 to 2.83 for

the C–S–H and from 3.07 to 2.92 for the hydrated cements,

respectively. Thus, both samples increased the average

roughness of the nanostructure, revealing a similar change

in the roughness of the nanostructures. The disappearance

of the needles and the precipitation of silica gel in the

carbonated sample changed the fractal description from a

surface fractal structure (|slope| [ 3) to a volume fractal

Table 1 Texture values of the

synthetic C–S–H and hydrated

cements obtained by nitrogen

physisorption

Sample SBET (m2/g) Porous volume (cm3/g) Mean pore size (nm)

C–S–H

Original 95 0.52 11–13

Attacked 132 0.68 13

Hydrated cements

Original 26 0.07 4.7 nm

Attacked 26 0.08 1.9 nm and 2.7–4.7 nm

Fig. 2 TEM micrograph of the original C–S–H. Tobermorite-like

needles typical for Low Density C–S–H type can be observed as well

as a disordered particulate mesoporous structure (High Density

C–S–H)

Fig. 3 Detailed view of the boundary of the HD C–S–H (original

sample before carbonation). The embedded nanocrystals as well as

Moire’s patterns can be seen clearly. Inset: electron diffraction pattern

of the same area; measured interplanar distances are listed in Table 2

2 We use the term ‘‘microcrystals’’ to design crystals with a size

around hundreds of nanometers, to mark the difference with the

previously defined embedded tobermorite ‘‘nanocrystals’’.
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matrix (|slope| \ 3). This corresponds to the disappearance

of the outer product which is characterized by a surface

fractal [13].

Comparing these features with the TEM images and N2

physisorption results, typical sizes of the structure of the

original sample can be seen in Fig. 2. That is, in the scale

of the validity limit of the fractal approach ([30 nm), it

behaves as a surface fractal and shows pore sizes of

11–13 nm as obtained by the BJH analysis.

In the next q-range, the precipitation of the silica

by-product also gave rise to a shoulder around 0.05 nm-1

in both carbonated C–S–H sample and carbonated hydrated

cement. The calculated Guinier’s radii are 5.01 and

4.37 nm, respectively. The good fitting of both considered

models (fractal and Guinier) with the experimental curves

of both carbonated samples from lowest q up to

q = 0.75 nm-1 can be seen in Fig. 6. Given the relation-

ship between a bulk sphere and Guinier’s radius (R =

(5/3)1/2RG), the value of RG = 5.01 nm for carbonated

C–S–H yielded a characteristic radius R * 6.5 nm. A

reference circle of 6.5 nm radius is drawn in Fig. 5 to show

the agreement between the results of the different tech-

niques. Again, the mean pore diameter of 13 nm obtained

by gas physisorption indicates that the pores are the

Table 2 Identified reflections

by direct observation of the

TEM image or by electron

diffraction patterns

(–) no reflection was found for

the corresponding interplanar

distance

Image Resolved distances (1 Å = 0.1 nm) Tobermorite reflections

Embedded nanocrystals of the

original C–S–H

(Fig. 2)

4.90; 2.56; 2.44

2.43; 2.38; 2.34

2.33; 2.29; 2.27

(-2 0 1) (3 1 2) (-4 0 2)

(-3 -1 3) (-1 -3 1) (4 0 2)

(1 3 0) (1 -1 4) (-1 -3 2)

Electron diffraction pattern

(Inset Fig. 2)

3.47; 2.79; 2.50

2.43; 1.75; 1.71

1.39; 1.08

(-1 1 2) (-2 0 3) (–)

(-3 -1 3) (4 0 4) (6 0 2)

(8 0 0) (–)

Embedded nanocrystals in

carbonated C–S–H

(Fig. 4)

3.49; 3.10; 2.99

2.94; 2.89. 2.87

2.84. 2.81. 2.57

2.50; 2.48; 2.46

(-1 1 2) (-3 1 1) (2 2 0)

(1 -1 3) (–) (-3 -1 2)

(–) (–) (1 1 3)

(–) (–) (-4 0 2)

Electron diffraction pattern

(Inset Fig. 4)

5.88; 3.97; 3.77

3.00; 2.78; 2.40

2.08; 1.70; 1.51

(–) (1 -1 2) (–)

(2 2 0) (-2 -2 2) (-2 -2 3)

(-1 -3 3) (6 0 2) (1 3 4)

Fig. 4 TEM image of the carbonated C–S–H sample. Calcium

carbonate microcrystals can be distinguished as well as films covering

the porous matrix (pointed by the arrow). The degradation of the

calcium carbonate microcrystals due to electron beam damage can be

also observed; the circular hole was made in just 5 s by focusing the

beam. Note that this beam damage was not observed on embedded

calcium silicate nanocrystals (Figs. 2 and 4)

Fig. 5 TEM image of carbonated C–S–H. Two different morphol-

ogies can be easily identified: the HD C–S–H with embedded

nanocrystals, similar to that observed in the original sample (lower
part of the image) and the silica gel resulting from C–S–H

carbonation (upper right part). The circle shows the typical particle

size of 13 nm obtained by the SAXS data treatment. Inset Electron

diffraction pattern focused on the disordered area indicated by the

arrow
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scatterers in the silica gel structure, and not the particles

(considering Babinet’s principle).

Porod analyses of the high q-range of the scattering

patterns were performed. The theoretical analysis shows

that the scattering due to completely flat surfaces presents a

slope = -4. Thus, in the Porod plots (Iq4 vs. q), the

existence of a plateau reveals the observation of a flat

surface, typically associated to the interface of the struc-

ture, namely, the measurement of the specific surface area

of the sample. These plots are traced on Fig. 7. No plateau

was found for any of the samples except for the carbonated

C–S–H. Horizontal black arrows on Fig. 7 point at a very

rough estimation of the values of Porod’s constant, giving

an assessment of the specific surface area for all the sam-

ples. Assuming a constant density for the solid phase of

both the original and carbonated C–S–H of 2.35 g/cm3

(equal to those of tobermorite and jennite, and also similar

to that of the silica), we found that specific surface area

values changed from 214 to 458 m2/g in the synthetic

C–S–H (Table 3) due to CO2 attack. This change corre-

sponds to the behavior of the specific surface area obtained

by gas physisorption, considering that the values obtained

by nitrogen physisorption were underestimated due to the

presence of non-porous phases, and assuming that there are

closed porosities in the silica matrix or hidden porosity by

the precipitated calcium carbonate [25]. Nevertheless, the

specific surface area values obtained by SAXS can only be

considered for qualitative comparison purposes given the

rough estimation of Porod’s constant, and they should not

be considered as an accurate quantification of this param-

eter. As C–S–H is the most important contributor to the

specific surface area of the hydrated cements, assessments

of the values were also obtained at a constant skeleton

density of 2.35 g/cm3. The disappearance of the outer

product and the formation of a porous silica matrix can also

explain the increase in the specific surface area from 141 to

340 m2/g.

Finally, Debye’s model [40] was also applied for ana-

lyzing the highest q-range of the scattering curves. This

model was conceived for two-phase random media, in this

case the solid skeleton and the porous space. The most

important idea is that the autocorrelation function behaves

as an exponential decay e-r/a, with ‘a’ being the measure

Fig. 6 Log–log plot of the scattered intensities of the original and

carbonated C–S–H and cement samples. Intensities for C–S–H have

been multiplied by a factor of 0.01 for clarity. The fitting model is the

sum of the power law decay and Guinier’s model

Table 3 Data from the scattering curves plotted in Fig. 6

Sample Decay exponent Fractal dimension Guinier radius (nm) Specific surface area (m2/g) Debye’s length (nm)

C–S–H original 3.16 Ds = 2.84 – 214 –

C–S–H carbonated 2.83 Dv = 2.83 5.01 458 4.2

Cement original 3,07 Ds = 2.93 – 141 –

Cement carbonated 2.92 Dv = 2.92 4.37 340 –

The power law decay exponent (m) and fractal dimension (Ds for surface fractals and Dv for volume fractals) governing the power law decay; the

validity size range of this description is r [ 30 nm, except for carbonated C–S–H which is r [ 60 nm; Guinier’s radii from model fitting on the

shoulder. (–) Guinier’s or Debye’s model could not be successfully fitted; specific surface area was obtained by estimating Porod’s constant in

Fig. 7; Debye’s characteristic length estimated by the fitting shown in Fig. 8

Fig. 7 Porod plot of the hydrated cements and C–S–H samples,

original and carbonated. Values of the Porod constants and therefore

of the specific surface areas are only considered as rough estimates

due to the lack of a well-defined Porod region
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of the extension of the scatterers. Therefore, assuming this

distribution, the derived scattered intensity is proportional

to

I qð Þ a a3

1þ q2a2ð Þ2
ð1Þ

From the linear region found in the Debye plot I(q)-1/2

versus q2, Debye’s characteristic length a can be derived.

In Fig. 8, Debye plots of the four samples are presented.

Whereas Debye’s model fits very well the data for

carbonated synthetic C–S–H, no acceptable fit was

obtained for the original C–S–H and for both types of

cement pastes, as the linear ranges were too small. Thus,

only the structure of the carbonated synthetic C–S–H can

bear a description as a two-phase random medium, yielding

a characteristic length of 4.2 nm for carbonated C–S–H,

which can be understood as the size of the elemental

particles of the silica gel by-product, as the silica gel has

already been described by Debye’s model [41, 42].

Comparing these values with Guinier’s model fitting, a

hierarchical structural distribution of the particles can be

inferred: Debye’s model analyses smaller structural fea-

tures (higher q values), revealing therefore the properties of

the elemental particles of the silica gel, which form clus-

ters. The characteristic length of 13 nm resolved by

Guinier’s fitting corresponds to the size of the pores formed

by the arrangement of the clusters.

Conclusions

A mixture of low density and high density synthetic C–S–H

has been synthesized by the co-precipitation method. With

a gentle aqueous CO2 attack at room temperature, low

density C–S–H carbonated more easily and completely

disappeared whereas some inner product remained, likely

aided by the passivation effect of precipitated calcium

carbonate, resulting in closing part of the porosities. In both

synthetic C–S–H and hydrated Portland cements, carbon-

ation led to the precipitation of silica gel by-products of

identical structure, i.e., based on two hierarchical levels

with a primary particle size of 4.2 nm and building clusters

that agglomerated and formed pores of 13 nm. Another

prominent result of this study is the increase in the specific

surface area revealed from SAXS which is due to the

carbonation of the low density C–S–H and the precipitation

of the silica gel carbonation product.

This study clearly points out the central role played by

low density C–S–H’s in the cement carbonation process

through (1) their high reactivity, (2) the possible passiv-

ating effect of their Ca-carbonate products over high den-

sity C–S–H carbonation, and (3) the formation of porous

silica gel which will likely control the transport of CO2

aqueous species through the cement, the porosity of which

being progressively filled with Ca-carbonates.
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