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 15 
Abstract

Calcium-silicate-hydrate (C-S-H) gel is the main binder component in hydrated ordinary Portland 

cement (OPC) paste, and is known to play a crucial role in the carbonation of cementitious 

materials, especially for more sustainable alternatives containing supplementary cementitious 

materials. However, the exact atomic structural changes that occur during carbonation of C-S-H gel 20 

remain unknown. Here, we investigate the local atomic structural changes that occur during 

carbonation of a synthetic calcium-silicate-hydrate (C-S-H) gel exposed to pure CO2 vapour, using 

in situ X-ray total scattering measurements and subsequent pair distribution function (PDF) 

analysis. By analysing both the reciprocal and real-space scattering data as the C-S-H carbonation 

reaction progresses, all phases present during the reaction (crystalline and non-crystalline) have 25 

been identified and quantified, with the results revealing the emergence of several polymorphs of 

crystalline calcium carbonate (vaterite and calcite) in addition to the decalcified C-S-H gel. 

Furthermore, the results point toward residual calcium being present in the amorphous decalcified 

gel, potentially in the form of an amorphous calcium carbonate phase. As a result of the 

quantification process, the reaction kinetics for the evolution of the individual phases have been 30 

obtained, revealing new information on the rate of growth/dissolution for each phase associated 
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with C-S-H gel carbonation. Moreover, the investigation reveals that the use of real space 

diffraction data in the form of PDFs enables more accurate determination of the phases that develop 

during complex reaction processes such as C-S-H gel carbonation in comparison to the 

conventional reciprocal space Rietveld analysis approach. 35 

 

 1. Introduction 

Calcium-silicate-hydrate (C-S-H) gel is an important nanocrystalline and heterogeneous phase that 

exists in hydrated ordinary Portland cement (OPC) paste. This phase is known to control important 

performance and durability aspects of OPC-based concrete, including permeability and shrinkage,1 40 

and is also affected by chemical degradation mechanisms such as carbonation.2 Therefore, it is 

crucial that this phase is well-characterised across a range of length scales, including having a full 

understanding of the atomic structural changes that occur when exposed to different degradation 

environments. The atomic structure and associated properties of C-S-H gel have been investigated 

in the past using a variety of experimental and theoretical techniques.2–9 However, due to the non-45 

crystalline and heterogeneous nature of this material, the atomic and nanoscale structure is still 

being debated in the literature.10,11 Nevertheless, recently new information has been obtained using 

the total scattering method,4,5,9 which utilises X-ray and/or neutron scattering data and the 

associated pair distribution function (PDF) to obtain real-space information on the atom-atom 

correlations present in the material. A PDF investigation on one type of C-S-H gel (synthetically 50 

synthesised) has revealed that the atomic structure with a Ca/Si ratio of 1 ± 0.15 consists of local 

and medium range ordering similar to 11 Å tobermorite.4 

 

Carbonation of C-S-H gel is an important chemical degradation process controlling concrete 

durability. Carbonation of C-S-H gel will occur naturally under atmospheric conditions, and 55 

consists of the removal of calcium ions from the gel leading to the formation of an amorphous silica 
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gel and various polymorphs of calcium carbonate: amorphous calcium carbonates (ACC), calcite, 

vaterite and/or aragonite. The transformation of C-S-H gel to an amorphous silica gel due to 

carbonation is described in Eq. (1). 

 60 

(CaO)x(SiO2)(H2O)z+x CO2 → x CaCO3+SiO2 (H 2 O)t+( z− t )H 2O  (1) 

 

Several investigations have been conducted on the atomic structure of C-S-H gel and the changes 

that occur as a result of carbonation using a range of experimental techniques including Raman 

spectroscopy12,13 and X-ray photoelectron spectroscopy (XPS).2 The Raman spectroscopy 

investigation on carbonated C-S-H gel revealed that the extent of decalcification is strongly linked 65 

with the initial Ca/Si ratio of the gel.13 Gels with high Ca/Si ratios (Ca/Si ~ 1.5) were seen to 

contain a large number of dimeric silicate anions (Q1 sites) prior to carbonation,12 which were more 

susceptible to reorganisation as a result of carbonation compared silicate chain units (Q2 sites). This 

reorganisation process of the gel consists of the polymerisation of the silicate species to form the 

silica gel (Q4 sites).2 Furthermore, these authors observed the presence of ACC in the carbonated 70 

gels during the initial stages of the carbonation reaction, that later transformed into crystalline 

calcium carbonate polymorphs vaterite and aragonite.13 Aragonite was present only when Raman 

bands attributed to Q4 silicates were observed, and therefore the investigation concluded that 

aragonite precipitation is favoured in the presence of amorphous silica.13 

 75 

The kinetics of C-S-H gel carbonation and associated evolution of the individual phases (crystalline 

calcium carbonate polymorphs and decalcification of C-S-H gel) has been investigated by 

Castellote et al.,14 where carbonation of plain cement paste exposed to 100% CO2 was monitored 

using in situ neutron diffraction. The results revealed an exponential decay of the CH, C-S-H gel 

and ettringite content over time.14 However, the investigation concentrated on the kinetics of the 80 
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carbonation reaction, as opposed to a detailed study of the structural changes occurring to the C-S-H 

gel, and therefore the exact atomic structural changes that occurred during carbonation of C-S-H gel 

were not analysed or reported. Hence, although the C-S-H gel carbonation reaction has been 

investigated in the past, revealing important information on the local bonding environments (Raman 

spectroscopy and XPS) and crystalline phases (diffraction), the local and medium range atomic 85 

structural information have not been analysed, which contains details such as the reorganisation of 

the silica polyhedra in the decalcifying gel and ordering present in the amorphous silica gel.  

 

In this work, the local and medium range ordering of a synthetic C-S-H gel have been measured 

using X-ray PDF analysis together with the changes induced due to carbonation. By performing 90 

both reciprocal and real-space fitting of the data, the kinetics of reaction for various phases that 

evolve has been obtained and analysed. Furthermore, the local structural nature of the amorphous 

silica gel that forms as a result of C-S-H gel carbonation has been assessed, especially in terms of 

further structural evolution that occurs as the reaction proceeds. 

 95 

 2. Materials and methods 

2.1 C-S-H synthesis and characterisation 

C-S-H gel was synthesised using a double decomposition method with calcium nitrate and sodium 

silicate as the starting materials.15 During each step of the synthesis, precautions were taken to 

avoid early carbonation by working under a flow of industrial-grade nitrogen. Each solution was 100 

prepared with chemicals from Sigma-Aldrich and deionised water. 6.10 g of reagent-grade Na2SiO3 

powder  was dissolved in 125 ml of water (to obtain a 0.050 molar solution), and then stirred for 24 

hours in order to ensure full dissolution of Na2SiO3. A separate solution of 0.075 molar of reagent-

grade CaNO3 was synthesised by dissolving 13.06 g of CaNO3·4H2O in 75 ml of water. The two 
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solutions were added together, and then shaken manually for 15 min. The C-S-H precipitate was 105 

then filtered using a Buchner funnel and washed with a 2L calcium hydroxide solution with a 

concentration of a 20 mM. After the wash solution had passed through the solid, the sample was 

flushed with nitrogen and tightly sealed in a plastic container for one month. 

 

The Ca/Si ratio of the as obtained C-S-H gel was quantified by X-ray Fluorescence Spectroscopy 110 

(XRF, Rigaku Supermini). The C-S-H used for the XRF analysis was dried at 105°C until 

equilibration of the mass, at which point it was mixed with a cellulose binder in order to make a flat 

pellet. This pellet was analysed in the XRF under vacuum. The results revealed that the Ca/Si ratio 

of the synthesised C-S-H gel was approximately 1.4 with no traces of Na, Mg or NO3. 

 115 

2.2 X-ray data collection and analysis 

Detailed information on the methods can be found in the Supplementary Information. For the X-ray 

PDF measurements the C-S-H gel was loaded into a 1 mm diameter polyimide capillary which was 

then sealed using porous glass wool in order to enable the gases (Ar and CO2) to flow through the 

sample. The capillary was then mounted and aligned in the gas cell16 on the 11-ID-B beamline at the 120 

Advanced Photon Source, Argonne National Laboratory, under ambient temperature conditions. The 

sample was analysed using a wavelength of 0.2114 Å and a two-dimensional image plate detector.17 

The detector was located 167 mm from the sample. Data collection commenced under a flow of Ar 

for the first 2 min to obtain data on the initial (non-carbonated) C-S-H gel. Then the gas was 

switched to CO2 (100%), and data sets were acquired every 30 s for a duration of 4 minutes, after 125 

which the scan times were extended to every 2 min. These measurements continue for ~ 3hrs, after 

which no significant changes in the local structure were detected. The data conversion from 2D to 

1D was carried out using the program Fit2D with CeO2 as the calibration material.18,19 
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Reciprocal space analysis has been carried out using the Rietveld method20 and the Maud 130 

software.21 Details of the refinement process are given in the Supplementary Information. The scale 

factors of C-S-H gel (ICSD #18704122), calcite (ICSD #1816623) and vaterite (COD #91356524,25) 

were refined in order to quantify the evolution of these phases as an extent of the carbonation 

reaction, and therefore to obtain information on the kinetics of reaction with respect to a particular 

phase (i.e., C-S-H gel, calcite and vaterite). 135 

 

 
The real space analysis was carried using the PDF data. This function (G(r)) is obtained by taking a 

sine Fourier transform of the measured total scattering function, S(Q), as shown in Eq. (2) , where 

Q is the momentum transfer given in Eq. (3).26 140 

G (r )=
2
π

∫
Qmin

Qmax

Q [S (Q )− 1]sin (Qr)dQ

 

(2) 

 

Q=
4 π sin θ

λ  
(3) 

 

Standard data reduction procedures were followed to obtain the PDF using PDFgetX2,27 with a 

Qmax of 20 Å-1. The instrument parameters were elucidated by measuring a nickel standard (Sigma-

Aldrich) and performing a refinement using the PDFgui software.28 The refined parameters were 145 

Qbroad = 0.0196 Å-1
 and Qdamp = 0.0347 Å-1.  

 

To quantify the extent of reaction in real space, a methodology was used similar to that outlined in a 

previous article29 where the initial and final PDF data sets from an in situ diffraction experiment 

were used as the start and end points for quantification. The intermediate data sets were then fitted 150 
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over various r ranges (in Å) using a linear combination of the initial and final data sets (Eq. (4)), 

where α is between 0 and 1).  

G( r )calc= (1− α)initial+αfinal
 (4) 

 

In this investigation, the best fit has been obtained by minimising Σ[(G(r)calc – G(r)exp)
2] with 

respect to α for each intermediate data set (G(r)exp), giving the α value (or extent of carbonation 155 

reaction), where α = 0 corresponds to the initial data set, and α = 1 corresponds to the final data set 

(fully reacted). The linear combination method was carried out using Matlab, where α was varied in 

increments of 0.001, and the value of α that gave the best fit (smallest difference) being the value 

reported in the Results and Discussion section. 

 160 

The PDF of the amorphous silica gel G(r)am existing in the fully-carbonated sample was obtained by 

subtracting out the contributions from the crystalline phases, calcite and vaterite, with the remaining 

atom-atom correlations being attributed to the decalcified amorphous silica gel. This subtraction 

procedure was achieved by simulating the PDFs of calcite (G(r)calcite) and vaterite (G(r)vaterite) using 

PDFgui,28 which were subsequently subtracted from the experimental data set. The atomic 165 

structures for calcite and vaterite were refined (lattice parameters (a, b and c), atomic displacement 

parameters (ui) and scale factors) over the range 40 < r < 65 Å for the fully carbonated PDF data set 

(3 hrs) since previous investigations have revealed that C-S-H gel contributes to atom-atom 

correlations only below ~ 40 Å.4,9 The calcium carbonate structures chosen were calcite23 (ICSD 

#18166) and vaterite24,25 (COD #913565). It should be noted that the structure of vaterite is still 170 

being debated in the literature24,25,30, and therefore careful choice of a representative structure was 

necessary. Due to the need to avoid vaterite structural representations containing partial site 

occupancies, which would artificially create infeasible atom-atom correlations at low r values, the 

structure proposed by Wang et al.24,25 based on density functional theory calculations was selected. 
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Detailed procedures for the refinement are given in the Supplementary Information. 175 

 

 3. Results and discussion 

3.1 Reciprocal space analysis 

The X-ray diffraction patterns of (i) C-S-H gel and (ii) the changes occurring to the C-S-H gel 

during carbonation are displayed in Fig. 1, where the scattered intensity, I(Q), has been normalised 180 

by the incoming photon flux. It is clear in Fig. 1 that the nanocrystalline phase C-S-H gel is initially 

present in the sample prior to carbonation, and as the carbonation reaction proceeds, the crystalline 

phases, calcite and vaterite, increase in intensity. Apart from the C-S-H gel phase, a relatively small 

amount of calcite (~ 7 wt. % calculated using Rietveld analysis) is also present prior to carbonation, 

which implies that the sample did carbonate slightly before to the beginning of the measurement. 185 

The presence of vaterite in Fig. 1 is visible via the Bragg peaks located at Q values of 1.76, 1.90 and 

2.30 Å-1,24,25 while calcite is identified by the peaks located at Q values of 2.51 and 2.74 Å-1. 23 The 

main peak at a Q value of 2.06 Å-1 is attributed both to C-S-H gel22 and calcite, and is seen to 

decrease in intensity as the carbonation reaction proceeds. Due to the increase in Bragg peaks 

associated solely with calcite as the reaction progresses, the decrease in the C-S-H gel/calcite peak 190 

is associated with the decalcification of the gel. 

 

 

Fig. 2 displays the results of the Rietveld refinement as a function of carbonation time, where the 

mass fractions for the various (nano)crystalline phases are reported as the reaction progresses. The 195 

time necessary for the CO2 to travel from the gas valve-switch to the sample (2.4 min) has been 

subtracted from the data. It is clear from Fig. 2 that a rapid formation of vaterite and calcite occurs 

as soon as the CO2 vapour reaches the capillary. This behaviour is accompanied by the fast 

reduction in intensity of the C-S-H gel, which is attributed to C-S-H gel decalcification. During the 
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initial 20 to 30 minutes of reaction the rate of decalcification of C-S-H gel and the formation of 200 

vaterite are both linear in nature, whereas the formation of calcite follows an exponential decay 

trend (given in Eq. (5)). In terms of thermodynamic stability, vaterite is the least stable phase among 

the three anhydrous crystalline calcium carbonate polymorphs: calcite, aragonite, and vaterite.31 

However, previous investigations have revealed that all three crystalline phases together with 

ACC32 have been observed in naturally carbonated OPC paste33 and for pastes subjected to 205 

accelerated conditions.33,34 Specifically, a high CO2 concentration leads to the formation of the less 

thermodynamically stable phases (vaterite or aragonite),35,36 while the relative humidity (RH) 

controls the formation of ACC together with the crystalline polymorphs, with a low RH (< 20%) 

favouring the formation of ACC, intermediate RH (20 < RH < 60%) leading to the coexistence of 

all three crystalline phases, and high RH favouring only the formation of calcite.32 The Ca/Si ratio 210 

of the C-S-H gel is also seen to influence the formation of various calcium carbonate polymorphs 

during carbonation, with lower Ca/Si ratios (approx. < 1.0) favouring the formation of vaterite and 

aragonite over calcite.13 

 

mcalcite (t )

mtotal

=A×(1− exp

− t
τ

calcite)+B
 

(5) 

 215 

After the initial stage of carbonation has finished (after ~27 min), subsequent exposure to CO2 

appears to result in a slow transformation of vaterite to the more stable form of calcite. A previous 

investigation on this transformation from vaterite to calcite using the solution-based synthesis 

method revealed that this transformation is strongly dependent on the temperature, and for ambient 

conditions takes approx. 6 hrs or more, with the majority of changes seen to occur in the last 3 hrs.37 220 

Hence, further changes are expected to occur beyond the time scale depicted in Fig. 2, with the 

dominant process being the slow transformation of vaterite to calcite. Later in this investigation the 
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PDF data will be analysed to assess if the same behaviour (slow transformation of vaterite to 

calcite) is obtained from the real space information. 

 225 

The rate of formation of calcite does not abruptly change once the calcium in C-S-H gel has been 

depleted, and instead calcite then continues to form at the expense of vaterite, it is clear that the 

kinetics controlling calcite formation are independent of the rate of C-S-H gel decalcification 

(above a certain CO2 partial pressure). This is probably due to the fact that the pore solution is 

supersaturated with respect to carbonate phases (due to 100% CO2 gas flow and rapid 230 

decalcification of C-S-H gel) and thus the maximum calcite growth rate is reached and is the 

limiting kinetic factor. Since the solubility product of vaterite is greater than calcite (Ksp 10-7.913 

compared to 10-8.480 for calcite31), the data appear to suggest that the solution remains 

supersaturated by the preferential dissolution (buffering) of vaterite once all of the calcium has been 

leached from the C-S-H gel. 235 

 

Fitting the first order rate expression (Eq. (5)) to the calcite data in Fig. 2 results in an initial content 

(B in fractional amount, where 1.0 equates to all calcite) of 0.074, while amplitude at the 

completion of reaction (A + B) is 0.451 ± 0.004 and the characteristic time of reaction (τcalcite) is 

23.6 ± 0.7 min. C-S-H gel carbonation has been analysed in the past using neutron diffraction and 240 

the Rietveld method. Castellote et al.14 investigated carbonation of OPC paste using neutron 

diffraction and 100% CO2 as the gas supply. However, in their study the C-S-H gel content was not 

easily quantified due to limited instrument resolution combined with the presence of portlandite in 

the sample. Vaterite formation was not observed, which may also be due to the limited resolution 

data and/or portlandite carbonation dominating the diffraction pattern. Furthermore, Castellote et al. 245 

controlled the relative humidity (at 65%) by using a saturated saline solution,14 whereas in our case 

the relative humidity was not controlled and most likely was lower which explain the presence of 
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vaterite in higher quantity compared to calcite.32 It is important to note that calcite molar volume is 

36.8 cm3.mol-1, compared to 39.0 cm3.mol-1 for vaterite (calculated from the Rietveld refinement 

results). Hence, for certain accelerated testing conditions, where the CO2 concentration is relatively 250 

high, this difference in molar volume together with the presence of vaterite in addition to calcite 

will affect/change the porosity, and thus the transport properties in the porous media when 

compared to natural conditions. Furthermore, the transport properties will also be affected by the 

fact that these crystals can grow in the C-S-H gel pores or on the surface of the agglomerated gel 

particles. This could be answered by a microstructural study investigating the discrepancy between 255 

thermodynamic and kinetic effects concerning the precipitation/dissolution of the various crystalline 

calcium carbonate polymorphs, specifically to assess the nucleation location of vaterite and calcite. 

 

3.2 Real space analysis: C-S-H gel carbonation 

The X-ray PDFs of the carbonation reaction of C-S-H gel are displayed in Fig. 3. The initial (non-260 

carbonated) C-S-H gel PDF has been compared to the experimental results obtained by White et al.9 

for synthetic C-S-D gels (where D stands for deuterated water) in the Supplementary Information, 

with the results showing that the double decomposition method is successful in replicating the local 

atomic structure and nanocrystalline nature of this important OPC phase. As the carbonation 

reaction proceeds in C-S-H gel (Fig. 3), there are evident changes in all atom-atom correlations 265 

related to the crystalline calcium carbonate polymorphs, specifically the C-O, Ca-C and Ca-O 

correlations, which increase in intensity. On the other hand, the main correlation pertaining to the C-

S-H gel, namely Ca-Si, drastically diminishes in intensity. In the dreierkette-based models for C-S-

H gel,3 the silica chain paired to the central Ca-O layer gives rise to the Ca-Si correlation seen in 

Fig. 3, and therefore as C-S-H gel is exposed to CO2, the removal of calcium atoms 270 

(decalcification) from the layered chain structure leads to a reduction in the number of Ca-Si 

correlations in the material. The medium range order is also affected by the carbonation reaction, as 
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seen by the changes in intensity in Fig. 3 due to the (i) decalcification of C-S-H gel, and (ii) 

precipitation of calcite and vaterite. The change in kinetics once all calcium has been removed from 

the C-S-H gel is particularly noticeable in Fig. 3, which coincides with the arrestment of vaterite 275 

formation (occurs at ~27 min). This behaviour is evident in the C-O correlation at 1.26 Å, where the 

correlation stops increasing in intensity at some stage between 20 and 30 min. Furthermore, the 

correlation at 6.5 Å is seen to stop changing between 20 and 40 minutes, only to increase in 

intensity at a different r value towards the final stages of the reaction. Other atom-atom correlations 

in this region are seen to follow smooth transitions over the entire reaction time, and therefore are 280 

either (i) indicative of C-S-H gel changes, or (ii) correlations that are common to both calcite and 

vaterite. 

 

In order to assess the rate of change for specific atom-atom correlations present in Fig. 3 together 

with the overall reaction kinetics from the X-ray PDF data, the data have been analysed using the 285 

quantification method outlined in the Supplementary Information for different r ranges, with the 

results given in Fig. 4 (extent of reaction (α) as a function of time). Interestingly, not all of the 

fitting ranges give the same profile for the extent of reaction, as is evident by the Si-O and Ca-O 

correlations in Fig. 4, where they possess slower kinetics compared to the other regions (e.g., C-O). 

For the Si-O correlation, this behaviour is indicating that there are subtle changes occurring to the 290 

local environment of the silicon atoms as the C-S-H gel transitions to the amorphous silica gel. 

Furthermore, since the Si-O extent of reaction in Fig. 4 does not reach the same plateau as the 

majority of the other profiles, it is likely that the silica gel is undergoing structural reorganisation 

during the later stages of reaction, even after the majority of the calcium has been removed from the 

gel. Likewise, the delay in the Ca-O correlation peak in Fig. 4 indicates that the local environment 295 

of the calcium atoms is different in C-S-H gel and vaterite/calcite, and therefore, the slower 

transformations during the later stages of reaction (such as from vaterite to calcite, or the 
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continuation of leaching of calcium from the C-S-H gel) are accompanied by changes in the Ca-O 

atom-atom correlation.  

 300 

3.3 Atomic structure of amorphous silica gel 

The PDF of the amorphous silica gel after removal of the crystalline components from the fully-

carbonated data set (C-S-H gel exposed to CO2 for 3 hrs), is given in Fig. 5. Also provided in this 

figure is the original data set for the fully-carbonated sample together with the fit obtained by 

refining the calcite and vaterite content. This figure includes an insert showing correlations present 305 

above 7 Å, where good agreement between the experimental PDF of the carbonated C-S-H gel and 

the refined contributions from calcite and vaterite is obtained. The residual product of C-S-H gel 

carbonation shown in Fig. 5 reveals that this silica gel possesses mostly short range order (as 

opposed to containing strong atom-atom correlation beyond ~ 10 Å) and therefore is predominately 

amorphous.  310 

 

The local atomic structure of silica gel (Fig. 5) consists of a dominant Si-O correlation at 1.63 Å, 

along with a smaller remnant Ca-O peak which indicates that some remaining calcium is trapped 

within the gel, or is not accessible to form carbonation products. This may be due to kinetic effects 

since this data was obtained 3 hours after the commencement of the accelerated carbonation 315 

experiment, and therefore the residual calcium in the silica gel may be accessible for reaction at 

longer time scales. However, this result where calcium is still present in the sample corroborates 

previous carbonation investigations (10% CO2 accelerated conditions) on cement paste which 

revealed that not all the calcium present in the C-S-H gel is available for carbonation.33,38,39 C-S-H 

gels with higher density39 or lower initial Ca/Si ratios are harder to fully decalcify.2 However, it 320 

remains unknown if this residual calcium is trapped as (i) a separated phase such as ACC, or (ii) is 

distributed homogeneously throughout the silica gel. Furthermore, the observance of the Ca-O peak 
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in silica gel in Fig. 5 warrants further investigation, especially since the atomic structure of vaterite 

is still an area of open debate, and therefore the simulated Ca-O shown in Fig. 5 for calcite/vaterite 

may not be accurate, with the low r shoulder of this simulated peak possibly accounting for the 325 

significant differences seen at maximum peak intensity. A future PDF investigation of vaterite 

would be able to rectify these uncertainties. 

 

3.4 Evolution of the amorphous/nanocrystalline phase during 

carbonation 330 

The crystalline contributions present in the PDFs have been removed by refining the scale factors 

for both crystalline polymorph as a function of time (as outlined in the Supplementary Information). 

The evolution of the scale factors for calcite and vaterite as the reaction progressed are shown in 

Fig. 6, together with the goodness of the fit (Rw, as defined in PDFgui28). This figure reveals that 

the formation of calcite and vaterite, as obtained from the real space PDF data, follows a similar 335 

trend to the reciprocal space Rietveld results (Fig. 2), especially for the case of vaterite, which is 

seen to increase linearly during the initial stages of reaction, and then plateaus after ~ 27 minutes. 

On the other hand, the evolution of calcite does not closely follow a first order rate expression, and 

initially a much greater percentage of calcite is present (15% by mass) compared to the Rietveld 

result. It is important to note that the absolute values for scale factors is semi-quantitative without 340 

the use of an internal standard, and therefore the percentage of calcite initially present prior to 

accelerated carbonation is a rough estimate. Nevertheless, the real space data reveals that a higher 

amount of calcite exists in the sample prior to carbonation, and the evolution of the two calcium 

carbonate polymorphs do not follow the exact same trends as obtained using reciprocal space 

analysis (Fig. 2). 345 

 

There are distinct differences between the reciprocal and real space data for the evolution of the 
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crystalline phases during the carbonation reaction. For the reciprocal space data it was necessary to 

(i) fit a background function and (ii) simulate the atomic structure of the initial C-S-H gel. 

Furthermore, any resulting amorphous silica gel was not explicitly simulated, and instead was 350 

encapsulated in the increasingly dominant background function. On the other hand, for the real 

space PDF data there were no assumptions made regarding the structure of the C-S-H gel and 

resulting amorphous silica gel, since only the high r data was fitting, beyond the distances where 

these amorphous/nanocrystalline phases contribute. Furthermore, due to the careful subtraction 

process required in order to produce the X-ray PDFs, no assumptions/fitting was needed for the 355 

background since this was measured and subtracted prior to performing the sine Fourier transform. 

 

The evolution profile of the vaterite scale factor during the C-S-H carbonation reaction is dependent 

on the form of the diffraction data (reciprocal and real space data, Fig. 2 and Fig. 6, respectively). 

From the Rietveld refinement, vaterite is seen to increase in mass fraction beyond the final value 360 

reached at 3 hrs, and therefore dissolves slightly during the later stages of reaction due to the 

continual increase in mass fraction of calcite. On the other hand, the real space data (Fig. 6) reveals 

that once the vaterite fraction reaches a maximum there is no further increase or decrease in this 

value. Although Fig. 6 shows that the calcite fraction continues to grow past ~ 27 min, this growth 

is not at the expense of vaterite. Instead, another source of calcium must be readily available for 365 

calcite growth and is attributed to either the decalcifying C-S-H gel and/or ACC.  

 

The X-ray PDFs of the carbonating C-S-H gel after removal of the contributions from calcite and 

vaterite are displayed in Fig. 7. The 'initial' PDF is the non-carbonated C-S-H gel without the 

contributions from calcite. As the carbonation reaction proceeds, the Si-O correlation peaks at 1.63 370 

Å greatly increases as a result of the change (decrease) in atomic number density (ρ0), which 

indicates that the atomic structure of the amorphous silica gel is less dense compared to the original 
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C-S-H gel. As the carbonation reaction progresses the Ca-O peak at 2.38 Å decreases as calcium 

ions are removed from the C-S-H gel. Also shown in Fig. 7 is the long range ordering (7 < r < 30 Å) 

of the initial (C-S-H gel) and final (amorphous silica gel) PDF curves, where it is apparent that the 375 

silica gel contains less ordering at this length scale, and therefore the decalcifying C-S-H gel 

evolves towards a structure with predominately short range ordering. 

 

It was earlier discussed that in contrast to the Rietveld refinement results, which stated that at later 

stages of the reaction vaterite provides the calcium ions for further calcite formation, the PDF 380 

analysis revealed that another source of calcium was responsible for the later stages of calcite 

formation since the scale factor for vaterite remains relatively constant at ~ 0.37 after 27 min of 

reaction. Figs. 3 and 7 reveal that there are small changes still occurring to the Ca-Si correlation at ~ 

3.60 Å beyond 30 min, which indicates that calcium ions are still being leached from the partially-

decalcified C-S-H gel during the later stages of the reaction. These ions are then reacting with 385 

carbonate molecules to form more calcite. The additional peaks that arise during the carbonation 

reaction at r values of ~ 4.20 and 5.17 Å are attributed to formation of the amorphous silica gel, and 

have been documented in previous investigations.40,41 However, it is important to note that prior to 

drawing definitive conclusions regarding the exact atom-atom correlations present in the decalcified 

C-S-H gel/amorphous silica gel, it is necessary to obtain accurate PDF data on calcite and vaterite. 390 

Currently it cannot be ruled out that some of the atom-atom correlations in Fig. 7, especially at low 

r, arise due to non-ideal structural representations for vaterite and calcite. This is particularly 

apparent in the correlation present at ~ 3.22 Å in Fig. 7, which increases in intensity as the reaction 

progresses. Interestingly, this correlation is also seen to be present in ACC,42,43 and therefore may 

indicate that ACC exists in the sample. Hence, further analysis is required to determine if this 395 

correlation is attributed to non-ideal structural representations of vaterite and calcite, and therefore 

erroneous subtraction of the crystalline phases at low r values (< 5 Å), or if the correlation is real 
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and potentially due to the emergence of ACC during the carbonation reaction. An overview of the 

phases present during C-S-H carbonation and the reaction sequence elucidated in this investigation 

are given in Eqs. (6) and (7), where Eq. (7) Shows the later stage transformation of ACC to the most 400 

stable crystalline polymorph (calcite). 

 

C− S− H +carbon dioxide→ ACC+Calcite+Vaterite+Silica gel  (6) 

ACC →Calcite  (7) 

 

3.5 Reciprocal versus real space analysis of cementitious systems 

As highlighted in the previous section, the use of real space diffraction data in the form of PDFs 405 

enables more accurate determination of the phase evolution during complex reaction processes such 

as C-S-H gel carbonation in comparison to the conventional reciprocal space Rietveld analysis 

approach. The advantage of using real space data is attributed to the fact that the crystalline 

contributions in the sample can be successfully isolated from the amorphous/nanocrystalline 

contributions without the need for prior knowledge of the exact atomic structure existing in this 410 

non-crystalline phase(s). This is achieved by only refining the contributions from the crystalline 

phases over an r range that is beyond the atom-atom distances attributed to the non-crystalline 

phases (> 40 Å in this investigation). On the other hand, for Rietveld analysis, prior knowledge is 

needed on the exact structures of the non-crystalline phases to ensure that an accurate quantification 

of all the phases is obtained. As seen by the differences between Figs. 2 and 6, Rietveld analysis 415 

infers that all the C-S-H gel is depleted by ~27 min, at which stage further calcium is obtained via 

dissolution of vaterite, however, from real space analysis of the data it is seen that calcium remains 

in the partially-decalcified C-S-H gel at 27 min, and this calcium in addition to  possible calcium in 

ACC, enables further formation of calcite (potentially via formation of vaterite and aragonite). 

 420 
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This discrepancy in results (i.e., nature of vaterite formation/dissolution) between reciprocal and 

real space analysis is attributed to the nature of the information in reciprocal space, where 

amorphous, nanocrystalline and crystalline phases contribute to the entire diffraction pattern. 

Although the amorphous components tend to be noticeable via broad diffraction peaks located in a 

particular region in the diffraction pattern, information on the real space atom-atom correlations is 425 

present as frequencies in reciprocal space, and therefore spans the full range of measured data. On 

the other hand, the real space PDF data can be segmented in r according to the type of phases 

present in the sample. For the case of C-S-H gel carbonation, this segmentation has been carried out 

at 40 Å, above which only the crystalline phases are seen to contribute to the data. Hence, this 

makes it possible to accurately determine the evolution of these crystalline phases without the need 430 

to make assumptions regarding the scattering signals from the non-crystalline components. 

Furthermore, even though appropriate structural models of C-S-H gel are available in the literature 

that replicate the diffraction data in reciprocal space, there are no such models available as this gel 

decalcifies, and therefore assumptions have to be made regarding the nature of the gel during 

decalcification. Real space analysis using the PDF technique is well-poised for circumventing these 435 

limitations associated with Rietveld analysis, since our real space PDF subtraction approach only 

requires the use of structural models for the crystalline phases. This investigation has served as a 

proof of principle study of the atomic structural changes that occur to the non-crystalline phases 

during carbonation of C-S-H gel, and it is important to keep in mind that the CO2 concentration 

employed during the experiment is high. Future work should include application of this method 440 

using more realistic CO2 concentrations for accelerated testing scenarios. Other potential 

applications of this form of analysis include the cement hydration reaction (hydration of C3S), 

hydration of OPC and chemical degradation processes such as sulphate attack. 
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4. Conclusion 445 

The results presented in this investigation have revealed that in situ X-ray PDF analysis is a 

valuable method for investigating the atomic structural changes that occur during carbonation of C-

S-H gel, particularly since this process involves the dissolution and formation of 

amorphous/nanocrystalline phases that are extremely difficult to fully characterise using the 

conventional X-ray diffraction approach (Rietveld analysis). Both reciprocal and real space results 450 

reveal that during the initial stages of the carbonation reaction a rapid formation of the calcium 

carbonate crystalline polymorphs occur (vaterite and calcite) during the initial 27 min of reaction, 

which corresponds to the period during which calcium is still readily available in the partially-

reacted C-S-H gel. During the later stages of the reaction a slow rate of transformation from vaterite 

to calcite is observed from Rietveld analysis, however, this result is likely erroneous due to the 455 

absence of accurate structural models of the decalcifying C-S-H gel. 

 

More accurate results for the C-S-H gel carbonation reaction are obtained using real space PDF 

analysis, which reveals that calcium is still available in the partially-decalcified C-S-H gel after 27 

min of reaction, and it is this source of calcium that contributes to the continual formation of calcite 460 

throughout the reaction. Furthermore, there is the possibility that ACC is present during the 

carbonation reaction, and may be the source of calcium during the later stages for calcite formation. 

Analysis of the calcite rate of formation provides important kinetics-based information regarding 

the dominant reactions controlling this process, where calcite formation is the rate limiting factor 

and excess calcium and carbonate ions in the supersaturated solution lead to the formation of 465 

vaterite (and potentially ACC). Via analysis of the PDF data, including the removal of the 

crystalline phases, this investigation reveals the exact atomic structural changes that occur as 

nanocrystalline C-S-H gel transforms to amorphous silica gel. The data directly shows the loss of 

medium range atom-atom correlations during the decalcification process of the gel together with the 
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emergence of new correlations at low r attributed to the silica gel (and potentially ACC). Hence, 470 

this investigation serves as an important step towards elucidating the exact structural changes that 

occur during a complex reaction processes such as C-S-H gel carbonation, and there is significant 

potential for similar approaches to be adopted in the research community in order to further 

characterise other important reaction processes relating to cementitious materials. 

 475 
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List of figures: 

Figure 1. X-ray diffraction patterns of C-S-H gel as a function of the carbonation time. The initial 

diffraction pattern is for C-S-H gel prior to exposure to CO2 vapour. 

 

Figure 2. Evolution of the (nano)crystalline phases during C-S-H gel carbonation, obtained using 

Rietveld quantification of X-ray diffraction data. The normalised calcite mass evolution has been 

fitted using a first order rate equation (exponential function given in Eq. (5)). 

 

Figure 3. Evolution of the X-ray PDF of C-S-H gel as a function of the carbonation time. Peak 

assignments are given based on references.41,44 
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Figure 4. Extent of the carbonation reaction as a function of time for various fitting ranges of the X-

ray PDF data. The full range is defined as 0.01 < r < 50 Å. 

 

Figure 5. X-ray PDF data of C-S-H gel after 3 hours of accelerated carbonation (#1) and simulated 

contributions from the crystalline phases (calcite and vaterite, #2). The curve for amorphous silica 

gel (#3) was obtained after removing contributions from crystalline calcite and vaterite. Peak 

assignments are given based on references.41,44 

 485 

Figure 6. Calcite and vaterite scale factors and goodness of the fit (Rw) for the real space 

refinement of C-S-H gel exposed to CO2 as a function of time. The data were obtained by fitting the 

simulated PDFs of crystalline calcium carbonate polymorphs (calcite and vaterite) to the 

experimental data sets at high r (40 < r < 65 Å). 

 

Figure 7: PDFs of the decalcifying C-S-H gel/amorphous silica gel as a function of the carbonation 

time after removal of the crystalline contributions from calcite and vaterite. The initial slope, 

denoted as -4πρ0r, provides an indication of the evolution of the atomic number density, ρ0, during 

the carbonation reaction. 
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