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Abstract 17 

To reduce CO2 emissions during the production of cement and to cope with increasing demands for 18 

concrete, and thereby cement, the cement industry needs to identify new supplementary 19 

cementitious materials. These new composite cements should provide, among others, a similar or 20 

improved durability of the concrete structures. This study investigated the hydrate phase assemblage 21 

in Portland cement pastes containing dolomite or a combination of dolomite and metakaolin after 22 

leaching, carbonation, and chloride exposure. The phase assemblage and phase compositions of the 23 

exposed samples and the unexposed reference samples were investigated using TGA, XRD, and SEM-24 

EDS. The reaction of dolomite in the cement paste resulted in the formation of hydrotalcite. It was 25 

found that, unlike most other hydration phases, hydrotalcite can withstand high degrees of leaching 26 

and carbonation. When the samples were exposed to a chloride solution, the formation of a chloride-27 

containing hydrotalcite was observed. 28 

 29 
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1. Introduction 34 

There is a need to identify potential new supplementary cementitious materials (SCMs) both to 35 

reduce CO2 emissions during cement production and to cope with increasing demand for concrete 36 

and thereby cement. These new composite cements should provide, among others, a similar or 37 

improved strength development and durability compared to today’s commercial cements. The use of 38 

new SCMs might change the chemistry of the cementitious system and therefore change its phase 39 

assemblage and its resistance to deterioration. Typical deterioration mechanisms for reinforced 40 

concrete include carbonation-induced or chloride-induced corrosion of the reinforcement.  41 

 42 

During carbonation, portlandite reacts with the CO2 dissolved in the pore solution to form CaCO3. 43 

Carbonation decomposes ettringite and AFm phases and leads to the formation of CaCO3, hydrous 44 

alumina and, in the case of hydrates containing sulphate, gypsum. The C-S-H phase decalcifies 45 

gradually and decomposes to amorphous silica and CaCO3 [1]. The decalcification of the C-S-H phase 46 

results in an increase in the average silicate chain length and a higher Si/Ca ratio. An increased 47 

amount of calcium carbonate has been reported to form in samples with lower Si/Ca ratios and very 48 

little change in the average silicate chain length has been reported during the carbonation of the C-S-49 

H with a high initial Si/Ca ratio [2].  50 

 51 

When cement paste is exposed to chloride solutions, some of the chlorides will be taken up by the 52 

hydrates, while the rest will be freely available for transport in the pore solution. When Portland 53 

cement pastes are exposed to NaCl solutions, chlorides will be bound chemically in chloride-54 

containing AFm phases like Friedel’s salt or Kuzel’s salt. Unlike the exposure to CaCl2 solutions, 55 

exposure to NaCl solutions has been reported to result in little or no chloride being physically bound 56 

by adsorption on the C-S-H [3–7].  57 

 58 

In addition, leaching of the cement paste, another possible deterioration mechanism, causes a drop 59 

in the pH of the pore solution and can thereby cause a change in the stability of the phase assemblage. 60 

During the leaching of a cement paste, portlandite dissolves and the C-S-H gradually decalcifies until 61 

it also decomposes together with ettringite and AFm phases, leaving only hydrous silica, alumina and 62 

iron oxide detectable in the residue [1]. However, C-S-H with a higher average silicate chain length 63 

due to the addition of SCMs containing silicon typically shows improved resistance to the leaching of 64 

calcium [8–10].  65 

 66 
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The effect on the phase assemblage of replacing 40 wt% clinker with a combination of metakaolin 67 

and dolomite or limestone has been reported in an earlier study [11]. It was shown that, depending 68 

on curing time and curing temperature, the addition of dolomite in combination with small quantities 69 

of metakaolin can lead to the formation of carbonate AFm phases and ettringite as well as a 70 

hydrotalcite-like phase (member of the hydrotalcite supergroup [12], in the following simply 71 

referred to as hydrotalcite), . The formation of hydrotalcite in Portland composite cements, especially 72 

at elevated temperatures (60 °C), has also been reported for other replacement levels of dolomite 73 

[13–15].  74 

 75 

Hydrotalcite has shown good resistance to leaching in MgO-activated slag binder systems [16,17]. It 76 

is also reported to be a promising material for CO2-capture technology because of its high CO2 77 

adsorption capacity [18]. Moreover, thermodynamic modelling of leaching has predicted that 78 

hydrotalcite will withstand harsher leaching conditions and will decompose only when the C-S-H has 79 

completely decomposed [19].  80 

 81 

When exposed to a chloride-containing solution, hydrotalcite has been reported to show a high 82 

chloride-binding capacity due to its excellent ion exchange properties [20–22]. In cementitious 83 

systems containing slag, it has been predicted to bind more chlorides than Friedel’s salt [23]. The 84 

minerals of the hydrotalcite supergroup belong to the layered double hydroxides, which are defined 85 

by the general formula [Me2+1-xMe3+x(OH)2]x+ [Am-]x/m·nH2O. The crystal structure of hydrotalcite can 86 

be derived from that of brucite. The main layer consists of metals (here abbreviated with Me), 87 

specifically magnesium (Me2+) and aluminium (Me3+) hydroxide octahedra. The substitution of 88 

aluminium for magnesium in the main layer charges this layer positively. To maintain electrical 89 

neutrality, the interlayer incorporates monovalent or divalent anions (here abbreviated with A), such 90 

as OH-, Cl-, CO32- or SO42-.  91 

 92 

Previous studies reporting on the stability of hydrotalcite or its chloride-binding capacity focused on 93 

pure synthesized hydrotalcite or on hydrotalcite formed in alkali-activated slag binder systems or 94 

slag-containing cements. These systems may deviate in pH and composition from Portland-cement-95 

based systems, which will affect the composition and stability of the hydrotalcite formed. Moreover, 96 

the chloride-binding capacity of hydrotalcite depends strongly on the presence of carbonate ions in 97 

the pore solution [24], because divalent ions, such as carbonates, are favoured in the interlayer of 98 

hydrotalcite compared to monovalent ions, such as chlorides [20,21]. The chloride-binding capacity 99 
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of hydrotalcite could therefore be reduced for the binder systems investigated in this study, where 100 

significant amounts of dolomite are used.  101 

 102 

In this study, we investigated the stability of the hydrate phase assemblage formed in dolomite-103 

containing cementitious systems after leaching, carbonation, and chloride exposure with special 104 

focus on hydrotalcite. The sample preparation and curing were adapted to ensure the formation of 105 

hydrotalcite in the samples investigated [11,13]. Equivalent samples containing limestone instead of 106 

dolomite were used as references. The stability of the various hydration phases and their 107 

compositions were investigated after exposure using TGA, XRD and SEM-EDS. The results were 108 

compared to non-exposed reference samples of the same compositions and to the results of the 109 

thermodynamic modelling of one sample composition in this study.  110 

 111 

2. Materials & Methods 112 

2.1. Materials and cement paste preparation 113 

For the preparation of the various binder compositions, we used a Portland cement (C) supplied by 114 

Norcem AS, to which only gypsum was added during grinding, natural dolomite (D, dolomite content: 115 

approx. 90 wt%, for more detailed information see [11]) supplied by Miljøkalk AS, natural limestone 116 

(L) supplied by Miljøkalk AS, and laboratory-grade metakaolin (M) supplied by Imerys 117 

(Metastar501). Table 1 gives the chemical composition of the materials, determined with X-ray 118 

fluorescence (XRF) and their specific surface areas determined using the Blaine method. Figure 1 119 

shows the particle size distributions of the materials, determined using laser diffraction with a 120 

Malvern Mastersizer 2000E.  121 

 122 

In the samples investigated, 40 wt% of the cement was replaced with dolomite (60C40D) or a 123 

combination of dolomite and metakaolin (60C35D5M). Equivalent samples containing limestone 124 

instead of dolomite (60C40L, 60C35L5M) were prepared as references. Table 2 gives an overview of 125 

the samples investigated in this study. 126 

 127 

The pastes were prepared in batches of 540 g with a w/b ratio of 0.5 using a Braun MR 5550CA high-128 

shear mixer (mixing procedure: mixing for 30 s, resting for 5 min, mixing for 60 s). The resulting 129 

pastes were poured into 125 mL plastic bottles, which were sealed and stored immersed up to their 130 

bottle-necks in water at 60 °C. After 3 months of curing, to ensure a high degree of reaction in the 131 
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samples, they were crushed in a jaw crusher and subsequently ground in a rotating disc mill to a 132 

particle size < 1 mm. Afterwards, 30 wt% of water was added to the ground pastes, which were then 133 

poured into tight and sealed polypropylene bottles (1 L) and stored for another 4 months at 60 °C. 134 

After a total of 7 months of curing, the samples were transferred to 20 °C for 2 weeks prior to 135 

exposure, which was also carried out at 20 °C. An overview of the sample preparation and curing is 136 

given in Table 3. The samples were cured at 60 °C, to accelerate the dolomite reaction and 137 

consequently achieve a sufficient reaction degree of dolomite within the curing time, because in a 138 

previous study the reaction of dolomite was shown to be very slow at curing temperatures of 20 °C 139 

or 38 °C [11]. 140 

 141 

2.2. Exposure conditions and reference samples 142 

2.2.1. Leaching 143 

50 g of each of the prepared well-hydrated ground cement pastes were poured into a cellulose 144 

extraction thimble and loaded into a Soxhlet extraction chamber in a temperature-controlled room 145 

at 20 °C. A large volume of deionized water compared to the sample size was slowly dripped onto 146 

these samples over time. When the extraction chamber was full (250 mL), it was automatically 147 

emptied again. A total of 100 L deionized water was dripped onto the sample (over approx. 6 weeks). 148 

The experimental setup was adapted from De Weerdt and Justnes [25].  149 

 150 

2.2.2. Carbonation 151 

Approx. 10 g of each of the prepared well-hydrated cement pastes was spread on an evaporating dish 152 

(diameter approx. 6 cm) and placed in a carbonation chamber (20 °C, 60% RH, 1% CO2) for 34 days.  153 

 154 

2.2.3. Exposure to chloride solutions 155 

30 g of each of the well-hydrated cement pastes was poured into 45 mL centrifuge tubes. To these 156 

samples, 15 mL of a 2 mol/L NaCl solution was added using a volumetric pipette. The solution was 157 

prepared with laboratory-grade NaCl supplied by Merck. The samples were stored at 20 °C for at 158 

least one month to reach equilibrium. The experimental approach for the chloride exposure of the 159 

samples was the same as in [5,6]. 160 

 161 



    6 

2.2.4. Reference samples 162 

Reference samples were prepared for all three types of exposures. The unexposed reference samples 163 

for the leached and carbonated samples were stored sealed in a temperature-controlled room at 164 

20 °C. The reference samples for the chloride-exposed samples were prepared by adding 15 mL of 165 

deionized water to 30 g of the samples instead of a chloride solution. The XRD and TGA results of the 166 

exposed samples were compared with their reference samples, which had been stored for a similar 167 

time at 20 °C. As reference samples for the SEM-EDS analyses for all types of exposure, we used the 168 

results from an earlier study [11]. In that study, the samples were prepared with a similar cement 169 

clinker and the same SCMs, and they were cured sealed at 100% RH for 360 days at 60 °C and were 170 

prepared for SEM-EDS in a similar way. 171 

 172 

2.3. Analyses after exposure 173 

The samples were analysed before and after leaching, carbonation, or chloride exposure using 174 

thermogravimetric analysis (TGA), X-ray diffraction (XRD), and scanning electron microscopy (SEM). 175 

Prior to the investigation of the cement pastes, the hydration was stopped by double solvent 176 

exchange. For this, approx. 6 g of the coarsely crushed moist cement paste (whether exposed sample 177 

or reference sample) was immersed in 100 mL isopropanol, shaken for 30 seconds, and left to rest 178 

for 5 min before the isopropanol was decanted. This isopropanol treatment was performed twice, 179 

and then the sample was transferred to a filtration unit where the isopropanol was filtrated out and 180 

the paste was immersed in 20 mL petroleum ether. After 30 seconds of stirring, the suspension was 181 

left to rest for 5 minutes. The sample was then vacuum-filtrated and subsequently dried overnight in 182 

a desiccator under a slight vacuum (-0.2 bar) applied using a aspirator pump. For the TGA and XRD 183 

analyses, parts of each dried sample were crushed in a porcelain mortar until the whole sample 184 

passed through a 63 µm sieve. All samples were stored in a desiccator over silica gel and soda lime 185 

until measurement. 186 

 187 

The TGA investigations were carried out using a Mettler Toledo TGA/DSC 3+. The 600 µL alumina 188 

crucibles were filled with approx. 150 mg of the prepared powder samples. The analysis was 189 

performed over the range of 40–900 °C with a heating rate of 10 °C/min. During the analysis, the 190 

measurement cell was purged with 50 mL/min N2 gas. The derivate curves of the TG signal, the DTG 191 

curves, were used to detect phase changes. The DTG curves can be divided into several sections as 192 

suggested by Lothenbach et al. [26], in which the decomposition of specific phases can be detected 193 

as a weight loss. The first peak at around 100 °C is related to the ettringite (Et) decomposition and 194 
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the beginning of the dehydroxylation of the C-S-H phase. C-S-H decomposes gradually between 40 °C 195 

and 600 °C and appears as a polynomial baseline under the other peaks. Hydrotalcite (Ht) shows two 196 

weight loss events: the first at approx. 220 °C and the second at around 400 °C. The subsequent sharp 197 

peak between approx. 400 °C and 550 °C is related to the decomposition of portlandite (CH). Above 198 

550 °C, carbonates decompose and emit CO2.  199 

 200 

TGA was also used to quantify the weight losses caused by the decomposition of the hydrotalcite (wHt, 201 

see Eq. 1). This was done by integrating the DTG curve in the specific temperature intervals for 202 

hydrotalcite and subtraction of a linear baseline. The resulting area represents the wHt-measured in 203 

[wt%]. By applying this method the additional weight loss from the decomposition of the C-S-H 204 

phase, which appears as a baseline in this temperature region, is excluded as described in [26].  205 

 206 

For the leaching experiments, the calculated weight losses from TGA had to be corrected for the loss 207 

of material during the leaching (Δwleached in [wt%]) as shown in Eq. 2. The Δwleached was determined 208 

by using XRF to quantify the amount of Fe2O3 in the well-hydrated cement pastes before (Fereference) 209 

and after leaching (Feleached), assuming that iron was not leached from the sample during exposure. 210 

When a certain percentage of the material is lost due to the leaching, the iron is relatively enriched 211 

in the leached sample compared to reference sample. From the quantifications of the iron content 212 

(see Appendix Table A.1) the loss of material during leaching was calculated to be approx. 30 wt% 213 

±5% relative to the ignited sample weight at 900 °C. This calculation was also done for titanium oxide 214 

and led to similar results (see Appendix Table A.1).  215 

 216 

The weight loss due to the decomposition of the hydrotalcite was normalized to the ignited weight at 217 

approx. 900 °C, which was corrected for the theoretical amount of CO2 that is lost due to the 218 

decomposition of the carbonates (dolomite or limestone) included in the binder (w900 – wcarbonate). 219 

wcarbonate was determined from the theoretical amount of dolomite or limestone in the samples 220 

(Xdolomite/limestone, which was either 40 wt% or 35 wt%), the molar mass of CO2 (M(CO2), and the molar 221 

masses of dolomite (M(CaMg(CO3)2) or limestone (M(CaCO3)), as shown in Eq 3a) and b). In the case 222 

of the samples containing dolomite, the calculated values had to be multiplied by two prior to the 223 

normalization to the bound water content (BW) (Eq. 3a) because dolomite contains 2 mol of CO32-. 224 

An overview of the values for wHt-measured, w900, and BW for the various samples can be found in the 225 

Appendix (Table A.2). 226 

 227 
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𝑤𝐻𝑡  =  
𝑤𝐻𝑡−𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

𝑤900 +  𝑤𝑐𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒
 ∙ 100 ∙  (1 −

∆𝑤𝑙𝑒𝑎𝑐ℎ𝑒𝑑

100
) 

Eq. 1 

  

∆𝑤𝑙𝑒𝑎𝑐ℎ𝑒𝑑 = 100 − (100 ∙  
𝐹𝑒𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒

𝐹𝑒𝑙𝑒𝑎𝑐ℎ𝑒𝑑
) 

Eq. 2 

  

a) 
𝑤𝑐𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒,𝐷 = 𝑋𝑑𝑜𝑙𝑜𝑚𝑖𝑡𝑒 ∙

100

100 + 𝐵𝑊
∙

𝑀(𝐶𝑂2) ∙ 2

𝑀(𝐶𝑎𝑀𝑔(𝐶𝑂3)2)
  

Eq. 3 

b) 
𝑤𝑐𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒,𝐿 = 𝑋𝑙𝑖𝑚𝑒𝑠𝑡𝑜𝑛𝑒 ∙

100

100 + 𝐵𝑊
∙

𝑀(𝐶𝑂2)

𝑀(𝐶𝑎𝐶𝑂3)
 

 

 228 

For the carbonation experiments, the calculated weight losses for hydrotalcite were also normalized 229 

to the sample weight at approx. 900 °C, which was assumed to be the ignited binder weight, 230 

eliminating any increased sample weight due to carbonation [27] (Eq. 1). The weight loss originating 231 

from the carbonates already present in the binder when the samples were prepared (wcarbonate) was 232 

taken into account (see Eq. 3). 233 

 234 

The XRD analyses were carried out using a Bruker AXS D8 focus diffractometer. The diffractometer 235 

operates with CuKα radiation in a Bragg-Brentano θ–2θ geometry with a goniometer radius of 236 

200.5 mm and is equipped with a LynxEye detector. The powder samples were front-loaded into the 237 

sample holders and queued in the sample changer until measurement. The scans ranged from 5–238 

55 °2θ, with a step size of 0.01 °2θ and a sampling time of 0.5 s per step. 239 

 240 

Scanning electron microscopy (SEM) was carried out using a Hitachi S-3400N microscope equipped 241 

with energy dispersive X-ray spectroscopy (EDS) from Oxford Instruments. Polished and carbon-242 

coated sections of stopped but not ground samples were investigated. The acceleration voltage was 243 

set to 15 keV.  244 

 245 

2.4. Thermodynamic modelling 246 

The Gibbs free energy minimization program GEMS [28–31] was used to model changes in the 247 

hydrate phase assemblages and their volumes for sample 60C40D during leaching and carbonation 248 

exposure. The thermodynamic data from the PSI-GEMS database was supplemented with a cement-249 

specific database (CEMDATA14 database) [32], which includes solubility products of the solids 250 

relevant for cementitious materials. For the C-S-H phase, the CSHQ model proposed by Kulik was 251 
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used [33]. The modelling of sample 60C40D was carried out for an exposure temperature of 20 °C. 252 

The composition of the Portland cement used as an input for the model was calculated from the XRF 253 

results (Table 1) by excluding TiO2, MnO, MgO and P2O5 from the results and normalizing the 254 

remaining oxides to 100%. The degree of reaction of the Portland cement was assumed to be 90%, 255 

and the reaction degree of the dolomite added was assumed to be 10%. Increasing amounts of water 256 

for modelling the leaching and increasing amounts of CO2 for modelling the carbonation were added 257 

to the hydrated binder in the model. The formation of the following phases was blocked in the 258 

modelling: CA, CA2, hematite, magnetite, goethite, pyrite, troilite, iron, kaolinite, quartz, zeolites 259 

(chabazite), and thaumasite. This was done to prevent the formation of phases, whose formation is 260 

kinetically impossible at the conditions (temperature, pressure) of the exposure. For most of the 261 

blocked phases, 20 °C and/or the ambient pressure are too low for them to form. For thaumasite, 262 

however, this temperature is too high, because its formation has only been reported at temperatures 263 

below 20 °C [1]. 264 

 265 

3. Results 266 

3.1. Phase changes due to sample preparation  267 

Phase changes due to the various stages of sample preparation were monitored. An unexposed 268 

reference sample (60C35D5M) was investigated with XRD and TGA after regrinding and rehydration 269 

(α-samples), after 2 weeks at 20 °C (β-samples), and after the exposure time (γ-samples). Table 3 270 

gives an overview of the various sample preparation stages and phase assemblage investigations. 271 

 272 

Figure 2 shows the DTG curves of sample 60C35D5M at the various stages of sample preparation (α, 273 

β, γ). The α and β preparation stages seem only to differ in the weight loss temperature range of the 274 

carbonate decomposition. This means that the samples carbonated slightly during preparation and 275 

storage. However, a significant increase in the first weight loss interval is observed for both sample 276 

compositions between the β and γ preparation stages. Originally, the samples were stored at 60 °C, 277 

but the subsequent exposure was at 20 °C. This means that the prolonged curing of the samples at 278 

20 °C caused the formation of additional ettringite, which was not stable at 60 °C. It is therefore 279 

important to compare the exposed samples with the γ-references, because they have been stored at 280 

20 °C for the same time (including the exposure time). Phase changes observed between the exposed 281 

samples and the γ-reference samples should therefore be due solely to the exposure and not due to 282 

changes in phase stabilities caused by the change in curing temperature from 60 °C to 20 °C. In the 283 

following, the graphs of the various samples after leaching or carbonation are always compared with 284 
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their γ-reference samples for the TGA and XRD results. It should be noted that, for the samples 285 

exposed to 2 mol/L NaCl solution, the reference samples were exposed to deionized water for a 286 

similar time. The SEM-EDS results (BSE images, elemental maps, and point analyses) are compared 287 

with samples from an earlier study, as explained in 2.2.4. 288 

 289 

3.2. Phase assemblage of the exposed samples 290 

3.2.1. BSE images and elemental maps 291 

Figure 3 shows the BSE images and elemental maps of magnesium, aluminium, calcium, silicon, 292 

oxygen, and chlorine for samples 60C40Dreference, 60C40Dleached, 60C40DCO2, and 60C40DNaCl. Sample 293 

60C40Dreference is from an earlier study and was used as the reference of an unexposed sample. The 294 

BSE images and elemental maps for the mix 60C35D5M can be found in the Appendix (Figure A.1). 295 

 296 

Figure 3a shows the BSE image and the elemental maps for the unexposed reference sample 297 

(60C40Dreference). The large uniformly grey particles, which are rich in magnesium and calcium, are 298 

partially reacted dolomite particles. The shape of the original grain boundaries of the dolomite 299 

particles before reaction is still visible due to the thin layer of C-S-H that precipitated around them at 300 

early hydration ages, and in the magnesium map. The reaction rims between the unreacted parts of 301 

the dolomite particles and their former grain boundaries are filled with hydrates, visible due to the 302 

increased oxygen counts in that area. The hydrates inside the reaction rims are rich in aluminium 303 

and magnesium, but poor in calcium and silicon, which might indicate that they are filled with 304 

hydrotalcite. This will be checked later (see 3.3.1) by SEM-EDS dot plots from measurement points 305 

taken inside these reaction rims.  306 

 307 

Figure 3b shows that these reaction rims are still visible after leaching this sample, which indicates 308 

that hydrotalcite persisted through the leaching procedure applied. Moreover, the portlandite, which 309 

is visible due to high calcium counts in the unexposed sample, has vanished in the leached sample. 310 

 311 

In contrast to the leached samples, the carbonated samples show relatively large uniformly bright 312 

areas within the matrix, which are rich in calcium (Figure 3c). These areas probably consist of calcium 313 

carbonate precipitated during carbonation of the calcium-containing phases in the cement paste, 314 

such as portlandite or C-S-H. The reaction rims around dolomite probably containing hydrotalcite 315 

are also visible in the carbonated samples.  316 

 317 
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In the samples exposed to a NaCl solution (Figure 3d), the chlorine map shows generally higher 318 

counts than in the other samples. Moreover, the reaction rims inside the original grain boundaries of 319 

dolomite are also rich in chlorine. This indicates that the hydrotalcite formed in these reaction rims 320 

has taken up significant amounts of chlorine.  321 

 322 

3.2.2. TGA 323 

Figure 4(a–c) shows the DTG curves of samples 60C40D and 60C35D5M after leaching, carbonation 324 

and chloride exposure, and their unexposed reference samples. The two binder compositions show 325 

a similar trend and are described together in the following. 326 

 327 

The weight losses in the temperature regions of C-S-H and ettringite are significantly lower in the 328 

leached samples than in their reference samples (Figure 4a). The peak related to the decomposition 329 

of the portlandite has completely disappeared in the leached samples, but the peaks related to the 330 

decomposition of the hydrotalcite seem to be higher in the leached samples than in their references.  331 

 332 

A significant decrease in the first weight loss interval (up to approx. 200 °C) can also be observed in 333 

the carbonated samples compared to their reference samples (Figure 4b), indicating the 334 

decomposition of ettringite and C-S-H during carbonation. The small peak in the first temperature 335 

interval of the carbonated samples might indicate the dehydration of gypsum. The decomposition of 336 

the C-S-H phase is also visible where the whole curve shifts upwards between 40–400 °C. The 337 

portlandite peak completely disappears in the carbonated samples. The two peaks related to the 338 

decomposition of hydrotalcite seem to be slightly smaller in the carbonated samples than in the 339 

reference samples.  340 

 341 

Figure 4c shows the DTG curves of samples 60C40DNaCl and 60C35D5MNaCl, and their reference 342 

samples which were exposed to deionized water. The first weight loss peak related to the 343 

decomposition of ettringite and the beginning dehydroxylation of C-S-H is higher in the chloride-344 

exposed sample 60C40D than in its reference. In sample 60C35D5M, the weight loss in this 345 

temperature region seems to be unaffected by the chloride exposure. In both samples (60C40D and 346 

60C35D5M), the two peaks related to the decomposition of hydrotalcite were changed by the 347 

exposure. The first peak (approx. 220°C) is smaller in sample 60C35D5M, and it has completely 348 

vanished in sample 60C40D. The second peak of hydrotalcite (approx. 400 °C) appears at lower 349 

temperatures. The portlandite peak is slightly smaller in samples exposed to the NaCl solution than 350 
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in their reference samples. In both exposed samples, there are several peaks in the weight loss 351 

temperature region of the carbonates, all of which can be related to the emission of CO2 [34]. 352 

 353 

To investigate whether the amount of hydrotalcite in the samples changed during leaching or 354 

carbonation, we quantified the weight loss related to the decomposition of hydrotalcite. However, 355 

small weight losses were also observed in the hydrotalcite temperature regions for the samples 356 

containing limestone (see Appendix Figure A.2 and Figure A.3). This indicates that weight losses 357 

observed in the samples containing dolomite might not be caused solely by the decomposition of 358 

hydrotalcite formed by the reacted of dolomite. We therefore subtracted the weight losses in the 359 

samples containing limestone from those containing dolomite, so that we could quantify the hydrate 360 

weight loss in these temperature regions due solely to the reaction of dolomite.  361 

 362 

Figure 5a shows the quantifications for the two leached samples compared to their unexposed 363 

references. The quantifications were normalized to the sample weight loss due to leaching as 364 

described in 2.2.4 (Eq. 1–2). Assuming an error of 0.1 wt%, we can see a slight increase in the weight 365 

loss of the hydrotalcite in the leached samples compared to their reference samples.  366 

 367 

The DTG curves of the carbonated samples (Figure 4b) shifted upwards compared to those of their 368 

reference samples, because their initial mass at 40 °C increased during carbonation due to CO2 369 

binding, so the hydrotalcite weight loss peaks seemed lower in the carbonated samples than in the 370 

reference samples. Figure 5b shows the results of these quantifications for the carbonated samples 371 

compared to their unexposed references normalized as described in 2.2.4 (Eq. 1), to eliminate the 372 

effect of increased sample weight due to carbonation. The results of the hydrotalcite quantification 373 

for the carbonated and reference samples of 60C35D5M are very similar and within the assumed 374 

error of 0.1%. However, sample 60C40D shows a lower hydrotalcite weight loss in the carbonated 375 

sample than the reference. 376 

 377 

3.2.3. XRD 378 

Figure 4(d–f) shows the XRD patterns of samples 60C40D and 60C35D5M after leaching, carbonation, 379 

and chloride exposure, and their unexposed reference samples. The peak positions of ettringite (Et – 380 

9.1 °2θ), Friedel’s salt (Fs – 11.2 °2θ), Ferrite (C4AF – 12.2 °2θ), hydrogarnet (Htg – 17.4 °2θ), 381 

hydrotalcite (Ht – approx. 11.4 °2θ), portlandite (CH – 18.1 °2θ), and brucite (Bru – 18.6 °2θ) are 382 

indicated. 383 
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 384 

Both leached samples show a higher hydrotalcite peak than their reference samples (Figure 4d). This 385 

is in good agreement with the results obtained from TGA, where a slightly increased weight loss for 386 

the hydrotalcite was measured in the leached samples than in their reference samples.  Moreover, no 387 

ettringite or portlandite was detected with XRD in either of the leached samples. In sample 388 

60C40Dleached, brucite was detected, and a siliceous hydrogarnet was detected in both samples 389 

(60C40Dleached and 60C35D5Mleached). These phases seem not to be affected by leaching, because they 390 

are visible in both the leached and the reference samples. 391 

 392 

No portlandite or ettringite peaks are observed in the carbonated samples (Figure 4e). The brucite 393 

peak observed in the reference sample 60C40D has disappeared in the carbonated sample. This 394 

might be explained by the carbonation of Mg(OH)2 probably to MgCO3. However, no peaks of MgCO3 395 

were observed with XRD. Generally, the XRD results agree fairly well with the results from TGA. There 396 

are no clear changes in the hydrotalcite peak between the carbonated and reference samples of 397 

60C40D and 60C35D5M. In summary, this indicates that hydrotalcite can withstand carbonation. 398 

 399 

The XRD patterns of the samples 60C40DNaCl and 60C35D5MNaCl are shown in Figure 4f alongside 400 

their reference samples, which were exposed to deionized water. It can be seen that the phase 401 

assemblage was not affected by the exposure to a 2 mol/L NaCl solution. No clear peaks of Friedel’s 402 

salt can be seen in the samples exposed to NaCl.  403 

 404 

Figure 6 shows the XRD patterns of the samples 60C40DNaCl and 60C35D5MNaCl and their reference 405 

samples just in the range of the first hydrotalcite peak (10–12 °2θ). The peak positions of Friedel’s 406 

salt, hydrotalcite and chloride-containing hydrotalcite (HtCl – approx. 11.1–11.3 °2θ) are indicated 407 

together with the exact angle of their reflections. The peaks of the hydrotalcite in samples exposed 408 

to NaCl have shifted to lower angles compared to those of the hydrotalcite in the reference samples 409 

exposed to deionized water.  410 

 411 

3.3. Phase composition 412 

3.3.1. Composition of the hydrotalcite 413 

Figure 7 shows the results of the point analyses of the reaction rims around the unreacted dolomite 414 

grains in samples 60C40D and 60C35D5M after a) leaching, b) carbonation, and c) chloride exposure. 415 

The results of these analyses are plotted as the Mg/Si ratio over the Al/Si ratio. 416 
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 417 

Most of the points for sample 60C35D5M, and some of the points for sample 60C40D plot along linear 418 

lines, which are indicated by dotted lines. This suggests the presence of a reaction product with a 419 

fixed Mg/Al ratio, which does not contain significant amounts of silicon. It can, therefore, be identified 420 

as hydrotalcite [35,36]. The Mg/Al ratios of the hydrotalcite for the exposed samples and their 421 

references are shown by the slope of the dotted lines and are summarized in Table 4.  422 

 423 

The Mg/Al ratio is higher for sample 60C40D than for sample 60C35D5M, regardless of the exposure. 424 

This difference can be explained by the 5 wt% of metakaolin in sample 60C35D5M, which acts as a 425 

source for aluminium and therefore lowers the Mg/Al ratio of the hydrotalcite. This effect has been 426 

described for similar binder compositions [11] and for cements containing ground granulated blast 427 

furnace slag either in various amounts or with various aluminium contents [37,38].  428 

 429 

For the mix 60C40D, there is a bigger spread in the EDS-points of the leached or chloride-exposed 430 

samples than in the carbonated sample. In leached or chloride-exposed samples, some of the points 431 

spread towards a higher magnesium content. This is due to intermixing with brucite, which is shown 432 

by a peak in XRD, both in the reference and in the leached and chloride-exposed 60C40D samples. 433 

Intermixing with brucite was not observed for sample 60C40DCO2, probably because brucite was not 434 

stable after carbonation. 435 

 436 

Figure 8 shows the results of the point analyses for the samples 60C40DNaCl and 60C35D5MNaCl and 437 

the unexposed reference sample plotted as the Cl/Ca ratio over the Al/Ca ratio. The plots confirm the 438 

findings from TGA and XRD that the hydrotalcite in the samples exposed to NaCl contains chlorides, 439 

whereas the results from the unexposed reference sample show no chloride uptake in the 440 

hydrotalcite.  441 

 442 

3.3.2. Composition of the C-S-H phase 443 

We also investigated the composition of the C-S-H in the exposed samples. All graphs show the results 444 

from an earlier study [11] as unexposed reference samples with a similar binder composition. 445 

 446 

In Figure 9, the results of the point analyses for the leached samples are plotted as the Al/Ca ratio 447 

over the Si/Ca ratio. In this graph, the composition of the C-S-H can be determined as shown by the 448 

dashed ovals [1]. The C-S-H phase in mature Portland cement pastes usually has a Si/Ca ratio of 449 
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approx. 0.5, as shown by the reference samples. This value is significantly lower than the Si/Ca ratio 450 

determined in the leached samples in this study, which have a Si/Ca ratio in the range of approx. 1.5–451 

2.0. Moreover, the leached samples showed a less defined C-S-H composition than the reference 452 

samples. This is probably due to the decalcification of the C-S-H phase, which causes a significant 453 

spread in the results when they are normalized to calcium. It should also be mentioned that the setup 454 

applied in this study did not leach the samples homogenously. This inhomogeneity might also cause 455 

a spread in the results, as shown previously where the same setup was used [25].  456 

Figure 10 shows the C-S-H composition as the Mg/Si ratio over the Al/Si ratio for the samples 457 

60C40Dleached and 60C35D5Mleached compared to their reference samples with similar compositions. 458 

This graph shows the Al/Si ratio of the C-S-H as the intersection between the X-axis and the lines 459 

described by the data points. The leached samples show similar results to the reference samples, 460 

which indicates that the Al/Si ratio of the C-S-H was not affected by the leaching and that the 461 

aluminium uptake in the C-S-H was similar in both samples. The slope of the lines in Figure 10 462 

represents the Mg/Al ratio of the matrix. The Mg/Al ratios of the C-S-H are very similar to those of 463 

the hydrotalcite listed in Table 4, which indicates that hydrotalcite can also be found finely 464 

intermixed with the C-S-H in the matrix.  465 

 466 

The C-S-H compositions in the carbonated samples were also measured with SEM-EDS, as shown in 467 

Figure 11. Unlike the results for the leached samples, the results of these point analyses do not show 468 

a clear composition of the C-S-H phase. Instead, the results spread in two directions: towards lower 469 

and higher Si/Ca ratios.  470 

 471 

Figure 12 shows the Mg/Si ratio over the Al/Si ratio of the C-S-H of the carbonated samples 60C40D 472 

and 60C35D5M compared to the non-carbonated reference samples. Before carbonation, sample 473 

60C35D5M showed a higher Al/Si ratio of the C-S-H due to the metakaolin added in this sample. In 474 

contrast to the results from the leached samples (Figure 10), the Al/Si ratio decreased in the 475 

carbonated sample 60C35D5M to approximately the same value as for sample 60C40D. Similarly to 476 

the leached samples, the Mg/Al ratios of the matrix show very similar results compared to the Mg/Al 477 

ratios of the hydrotalcite listed in Table 4, which indicates that hydrotalcite is finely intermixed with 478 

the C-S-H in the matrix.  479 

 480 
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Figure 13 shows the Al/Ca ratio over the Si/Ca ratio of the samples 60C40DNaCl and 60C35D5MNaCl 481 

alongside the results of the unexposed reference samples. The C-S-H in sample 60C35D5M shows a 482 

higher Si/Ca ratio than sample 60C40D.  483 

 484 

Figure 14 shows the Cl/Al ratio over the Si/Ca ratio for these samples and illustrates the chloride 485 

uptake of the C-S-H. The results of the unexposed reference samples plot almost completely on the 486 

X-axis, indicating little or no chloride content in these samples, whereas the samples exposed to NaCl 487 

show a higher chloride content. This confirms the observations made with the elemental maps in 488 

3.2.1, where sample 60C40DNaCl showed generally higher counts of chlorine also in the matrix. This 489 

also agrees well with the observations made from Figure 10 and Figure 12, which indicated that 490 

hydrotalcite is also finely intermixed with the C-S-H in the matrix.  491 

 492 

3.4. Thermodynamic modelling of the phase assemblage during leaching and 493 

carbonation 494 

Figure 15 shows the phase assemblage modelled for sample 60C40D in contact with an increasing 495 

amount of water. First, the portlandite, and then the ettringite, monocarbonate and C-S-H all 496 

decompose. The calcite predicted by the thermodynamic modelling originated from the reaction of 497 

dolomite, which we assumed to have a reaction degree of 10%. Ferrihydrite (Fe2O3·0.5H2O) is 498 

predicted due to the decomposition of AFm and AFt phases, which were modelled to contain a certain 499 

amount of iron due to the high degree of reaction we assumed for the Portland cement (90%), but it 500 

was not observed experimentally. Hydrotalcite seemed to be stable until approx. 28000 L of 501 

deionized water had been added. Hydrous silica and aluminium have also been reported in the 502 

residue of an extremely leached cement sample [1], but were not predicted by the thermodynamic 503 

model. This difference can probably be explained by the modelling, which represents an idealized 504 

case leading to the full dissolution of these phases.   505 

 506 

Figure 16 shows the phase assemblage modelled for sample 60C40D with increasing amounts of CO2 507 

added (in grams). First, the portlandite, and then the C-S-H, ettringite and monocarbonate all 508 

decompose, and an increasing amount of calcite is formed. As with the leaching model, ferrihydrite 509 

is predicted due to the decomposition of the iron-containing AFm and AFt phases. Strätlingite forms 510 

as an intermediate state between C-S-H and amorphous silica. The stable phases predicted at high 511 

levels of added CO2 are calcite, ferrihydrite, gypsum, magnesite, natrolite, and gibbsite, but some of 512 

these were not observed experimentally. This can be explained either by the small quantities of some 513 
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of these phases, which make their identification difficult, or by the fact that our system had not 514 

reached equilibrium.  515 

 516 

4. Discussion 517 

4.1. Comparison of the results of the thermodynamic modelling with the phase 518 

assemblage experimentally observed  519 

In the following, we compare the thermodynamic modelling of the leaching (Figure 15) and 520 

carbonation (Figure 16) of sample 60C40D with the phase assemblages experimentally observed 521 

(Figure 4). The dashed rectangles drawn in Figure 15 and Figure 16 indicate the areas of the 522 

experimentally observed phase assemblages in the thermodynamic modelling. Within the rectangles, 523 

all the portlandite has decomposed, and C-S-H and ettringite have started to decompose, while the 524 

hydrotalcite is still stable. 525 

 526 

The thermodynamic modelling predicted the decomposition of portlandite with increasing amounts 527 

of water or CO2 added to the system. This is in agreement with the phase assemblage experimentally 528 

observed in this study, because portlandite was not observed with TGA or XRD after carbonation or 529 

leaching. The decomposition of portlandite is caused, in the case of leaching, by its dissolution in the 530 

leachate, and, in the case of carbonation, by its reaction with the CO2 dissolved in the pore solution 531 

to form CaCO3 [1]. 532 

 533 

During carbonation, ettringite is reported to decompose, while hydrous alumina, calcite, and gypsum 534 

form instead [1]. This is only partially in agreement with our results. No ettringite peak was observed 535 

in the carbonated samples with XRD, but no peak of gypsum was detected either with XRD, and only 536 

a small peak of gypsum was observed with TGA. The reason why gypsum was not detected with XRD 537 

might be that the gypsum (11.6°2θ) and hydrotalcite (11.4°2θ) peak positions overlapped slightly, 538 

or that too little gypsum was formed. During leaching, the thermodynamic model also predicts the 539 

dissolution of ettringite. This was confirmed by the experimental results, where no peak of ettringite 540 

was observed with XRD and the weight loss of ettringite in TGA was significantly lower in the samples 541 

after leaching.  542 

 543 

The general shift upwards of the DTG curves after carbonation or leaching indicates the reduced 544 

amount of C-S-H, as predicted by the thermodynamic modelling. The thermodynamic modelling 545 
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predicted the decomposition of the C-S-H starting when the portlandite has decomposed during the 546 

carbonation or leaching of the samples, which is also according to the literature [1].  547 

 548 

Hydrotalcite was observed experimentally with XRD and TGA and predicted by the thermodynamic 549 

modelling before and after leaching. This confirms the findings of Feng et al. [19]. Hydrotalcite was 550 

also observed experimentally in the samples after carbonation. It should be noted that in the 551 

thermodynamic model magnesite (MgCO3) is predicted for high amounts of added CO2, but 552 

hydrotalcite has been reported to be able to take up significant amounts of CO2 and therefore to 553 

withstand a high degree of carbonation [18]. The reason for different results in the thermodynamic 554 

modelling might be that the hydrotalcite used for the modelling is a hydroxide-hydrotalcite that is 555 

not stable at high partial pressures of CO2, or it might be due to kinetic effects of the transformation 556 

of hydrotalcite to MgCO3.  557 

 558 

It should be noted that the dashed rectangles in Figure 15 indicate a greater amount of water in the 559 

modelling compared to the experimental 100 L. This can be explained by the use of a Soxhlet 560 

extractor in our experimental setup. The samples were immersed in a small amount of deionized 561 

water for a short time, and then the Soxhlet extractor emptied itself automatically and was slowly 562 

filled again. This meant that the samples were not able to reach equilibrium with the total amount of 563 

water added. In the modelling, however, increasing amounts of water were added, which were in 564 

equilibrium with the solids present. The presence of monocarbonate in the modelling, which was not 565 

observed experimentally, can be explained by the sample preparation. The thermodynamic 566 

modelling was performed at 20 °C, while the samples were cured at 60 °C for approx. 7 months prior 567 

to the exposure at 20 °C. This indicates that due to this high-temperature curing the monocarbonate 568 

was not stable in our experimental samples. This is in accordance with the findings from Lothenbach 569 

et al., who reported a decreasing amount of monocarbonate in samples cured at such high 570 

temperatures [39]. 571 

 572 

Taking into account the limitations described above, the thermodynamic modelling agreed fairly well 573 

with the phase assemblage experimentally observed with XRD and TGA. The thermodynamic model 574 

confirms that the hydrotalcite formed by the reaction of dolomite in a cementitious system is a stable 575 

hydration product, which can withstand leaching, or carbonation within the range tested.  576 

 577 
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4.2. Composition of the C-S-H 578 

Because the exposure to a 2 mol/L chloride solution did not change the phase assemblage or the 579 

Si/Ca ratio of the C-S-H, these samples can be used to elucidate the effect of metakaolin addition on 580 

the composition of the C-S-H. We measured a higher Si/Ca ratio of the C-S-H in samples containing 581 

5 wt% metakaolin than in sample 60C40D. This can be explained by the pozzolanic reaction of 582 

metakaolin in sample 60C35D5M, which increases the Si/Ca ratio and the silicate chain length of the 583 

C-S-H [40,41]. This has also been reported previously for other silicon-containing SCMs, e.g. silica 584 

fume [9,42,43]. 585 

 586 

Sample 60C35D5MNaCl shows a higher Si/Ca ratio of the C-S-H than the unexposed reference sample 587 

from an earlier study [11]. This can be explained by the sample preparation in this study, which 588 

resulted in a higher degree of reaction of the cement and metakaolin. The reference samples from an 589 

earlier study were cured in sealed tubes for 360 days and probably show a less mature C-S-H phase 590 

than the C-S-H in this study.  591 

 592 

The increased Si/Ca ratio in the C-S-H in the leached samples indicates a severe decalcification of the 593 

C-S-H phase due to the leaching. This effect of leaching on the Si/Ca ratio of the C-S-H is in agreement 594 

with previous findings [1,44]. 595 

 596 

The SEM-EDS point analyses of the C-S-H after carbonation show a spread in the results towards 597 

higher and lower Si/Ca ratios (Figure 11). This indicates the presence of calcium carbonate and a 598 

silicon-rich phase. A similar observation is reported by Leemann et al. [45]. It can be explained by the 599 

gradual decalcification of the C-S-H until it finally decomposes to amorphous silica and CaCO3 [1]. In 600 

contrast, Belda Revert et al., who used a similar cement, observed only a decrease in the Si/Ca ratio 601 

of the C-S-H due to the fine intermixing of decalcified C-S-H and calcium carbonate [27]. In this study, 602 

however, the calcium carbonate precipitated in large lumps, rather than finely intermixed with the 603 

C-S-H. The lumps of calcium carbonate can be seen, for example, in a larger picture of the carbonated 604 

sample 60C35D5M (see Appendix Figure A.4), where the calcium carbonate (Cc) is indicated with 605 

arrows. The large lumps are probably due to the sample preparation in our study. We crushed the 606 

samples after 3 months of curing to a grain size <1 mm and added 30 wt% of additional water. These 607 

actions were taken in order to maximize the hydration degree of the samples, but they also 608 

significantly coarsened the microstructure. This method of sample preparation also changed the 609 

transport of CO2 and H2O in the samples during exposure. 610 
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 611 

Moreover, we observed a decrease in the aluminium uptake of the C-S-H for carbonated samples 612 

compared to the reference samples, which is in agreement with the results of Belda Revert et al., who 613 

observed a decrease in the Al/Ca ratio for C-S-H in carbonated mortar samples containing 30 wt% 614 

fly-ash after carbonation [27].  615 

 616 

4.3. Quantification of the amount of hydrotalcite in the samples after leaching 617 

and carbonation 618 

The fact that sample 60C40D shows a higher weight loss in the temperature region of hydrotalcite in 619 

the reference than in the carbonated sample (Figure 5b) might be due to the presence of brucite in 620 

the reference sample, which can also result in a weight loss in the temperature region of hydrotalcite. 621 

In the carbonated samples, brucite (Mg(OH)2) was not observed with XRD because it probably had 622 

reacted to MgCO3 and therefore did not contribute to the weight losses in this temperature region. 623 

Brucite and calcite have been reported to be the reaction products of the dedolomitization reaction 624 

of dolomite and portlandite [46–48], as shown in Eq. 4. 625 

 626 

CaMg(CO3)2 + Ca(OH)2 → Mg(OH)2 + 2CaCO3 Eq. 4 

 627 

However, in cementitious systems, where other ions are present (e.g. Al), hydrotalcite has been 628 

reported to form [11,13–15], as shown in Eq. 5.  629 

 630 

6CaMg(CO3)2 + 2Al(OH)3 + 6Ca(OH)2 + 3H2O → Mg6Al2(OH)18·3(H2O) + 12CaCO3 Eq. 5 

 631 

In an earlier study focusing on a similar binder composition, no clear peaks of brucite could be 632 

detected [11]. The formation of brucite solely in sample 60C40D in this study might be explained by 633 

the sample preparation including the crushing and rehydrating of the samples, which considerably 634 

increased the reaction degree of the system and probably also the reaction degree of the dolomite. 635 

This would increase the magnesium available in the system. There was no metakaolin in sample 636 

60C40D, so the amount of aluminium in the system is relatively low, which together with the high 637 

magnesium content in the sample led to the formation of brucite. No brucite was detected in sample 638 

60C35D5M, because sufficient aluminium was available in this sample containing 5 wt% metakaolin.  639 

 640 
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In the leached samples, the amount of hydrotalcite quantified with TGA was slightly higher than in 641 

the unleached reference samples (Figure 5 a). This could have been an artefact of the low sample 642 

weight of the leached samples compared to their references, but the quantifications with TGA were 643 

normalized by the XRF results, which would eliminate this effect. Another possible explanation could 644 

be the increased dissolution rate of dolomite in solutions at a lower pH [49–52]. Leaching with 100 L 645 

of deionized water lowered the pH of the samples to approx. 10.7 according to the modelling results. 646 

However, this drop in pH due to leaching is probably not big enough to increase the dissolution rate 647 

of dolomite, because significant changes is the dolomite dissolution rate were reported only for pH 648 

values < 9 [52]. 649 

 650 

4.4. Composition of the hydrotalcite 651 

 652 

Mg/Al ratios of approx. 2 are commonly reported for hydrotalcite-like phases in cementitious 653 

systems [13,35,38,53–56]. However, higher Mg/Al ratios are also possible because the natural 654 

mineral hydrotalcite has a Mg/Al ratio of 3 [57]. The high Mg/Al ratios in our study (60C40D:3.2, 655 

60C35D5M: 2.4) might be explained by the relatively pure dolomite (dolomite content approx. 90 656 

wt%) and small metakaolin additions used in our study.  657 

 658 

The values of the Mg/Al ratios of the hydrotalcite after the various exposures were similar to the 659 

Mg/Al ratios of hydrotalcite formed in unexposed samples of an earlier study [11]. This indicates that 660 

the hydrotalcite formed was not only stable during leaching, carbonation, and chloride exposure, but 661 

also did not change its composition with regard to its Mg/Al ratio. 662 

 663 

The phase assemblage seemed to be only slightly affected by the exposure to a 2 mol/L NaCl solution 664 

and was therefore not discussed in detail above. For the hydrotalcite, however, a shift in the peak 665 

position was observed with XRD when the samples were exposed to NaCl. This shift to lower angles 666 

has been reported previously and can be related to the formation of a chloride-containing 667 

hydrotalcite (HtCl) [24]. A possible intermixing with Friedel’s salt cannot be excluded, because the 668 

peaks of the chloride-containing hydrotalcite are slightly asymmetric, which could indicate the 669 

presence of small amounts of Friedel’s salt. The TGA signal of the hydrotalcite also changed during 670 

chloride exposure. These changes in the TGA signal have previously been reported for pure 671 

synthesized hydrotalcite [24], but the temperatures of these peaks in the present study differ from 672 

those reported by Ke et al. [24], probably because the hydrotalcite in this study was formed in a 673 
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cementitious system rather than as a pure phase. The chloride-uptake of the hydrotalcite was 674 

confirmed qualitatively by the SEM-EDS investigations (Figure 8).  675 

 676 

4.5. Outlook 677 

This study represents a first step in investigating composite cements containing dolomite and 678 

metakaolin with regard to durability. The stability in various environments of hydrotalcite, one of 679 

the main reaction products of dolomite in Portland cement-based pastes, indicates that its formation 680 

can potentially be beneficial for the durability of the resulting concrete. A next step for evaluating the 681 

durability would be to conduct suitable performance tests on concrete with this new composite 682 

cement compared with today’s commercial cements. 683 

 684 

  685 
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5. Conclusions 686 

This study presents a screening of the stability of the hydrate phase assemblage after selected 687 

exposures. Well-hydrated cement paste samples in which 40 wt% of the cement was replaced by 688 

dolomite or by a combination of dolomite and metakaolin were investigated after carbonation, 689 

leaching, and chloride exposure. The exposed samples were compared to unexposed reference 690 

samples. From the results obtained, the following conclusions can be drawn: 691 

 692 

 Leaching caused severe decalcification of the C-S-H and decomposition of the portlandite and 693 

ettringite. The Mg/Al ratio of the hydrotalcite did not change during leaching. 694 

 Carbonation resulted in an almost complete decomposition of the C-S-H phase and ettringite, 695 

and the consumption of the portlandite. Hydrotalcite seemed to resist carbonation without 696 

changes in its Mg/Al ratio.  697 

 The exposure to a 2 mol/L NaCl solution resulted in the formation of a chloride-containing 698 

hydrotalcite. The Mg/Al ratio of the hydrotalcite did not change during exposure to NaCl.  699 

 700 

It can be concluded that the hydrotalcite formed in the reaction of dolomite in a Portland composite 701 

cement is a stable hydration product in the environments tested.  702 

 703 
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8. Tables 855 

 856 

Table 1: Chemical composition of the Portland cement, dolomite, limestone and metakaolin used, determined with XRF [ 857 
wt%] and their Blaine specific surface areas [m2/kg]. 858 

Oxide C 
Portland 

cement 

D 
Dolomite 

L 
Limestone 

M 
Metakaolin 

SiO2 19.91 0.52 0.12 52.18 

Al2O3 5.15 0.01 0.06 44.92 

TiO2 0.282 0.00 0.00 1.14 

MnO 0.062 0.00 0.00 0.00 

Fe2O3 3.42 0.04 0.03 0.62 

CaO 62.73 31.52 55.12 0.12 

MgO 2.34 20.14 0.41 0.04 

K2O 1.09 0.00 0.01 0.18 

Na2O 0.48 0.00 0.00 0.17 

SO3 3.16 0.00 0.02 0.14 

P2O5 0.109 0.01 0.00 0.07 

LOI 1.07 46.79 43.57 0.29 

Sum (1050°C) 99.80 99.03 99.34 99.87 

Blaine [m2/kg] 416 340 370 987 

 859 
 860 
Table 2: Overview of the various binder compositions investigated [ wt%]. The sulphate content of the cement was set to 861 
3.2 wt%. 862 

Name C 
Portland 
cement 

D 
Dolomite 

L 
Limestone 

M 
Metakaolin 

60C40D 60 40 - - 
60C35D5M 60 35 - 5 
60C40L 60 - 40 - 
60C35L5M 60 - 35 5 

 863 

 864 

Table 3: Overview of the various sample preparation stages and phase assemblage investigations with XRD and TGA. 865 
Sample preparation stage XRD & TGA 

investigation 

Paste mixing  

1st curing at 60°C for 3 months  

Grinding & re-hydration  

 α 

2nd curing at 60°C for 4 months  

Transferring samples (20°C, 2 weeks)  

 β 

Start of exposure (at 20 °C)  

End of exposure γ 

 866 
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Table 4: Mg/Al ratios of the hydrotalcite formed in the samples 60C40D and 60C35D5M after leaching, carbonation, or 867 
chloride exposure. As reference, the Mg/Al ratios of the hydrotalcite in samples from an earlier study are given [11]. 868 

 Mg/Al 
Exposure 60C40D 60C35D5M 
Reference 3.2 2.4 
Leaching 3.0 2.6 
Carbonation 3.1 2.4 
NaCl 3.2 2.4 

 869 

 870 

  871 
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9. Figures 872 

 873 

 

Figure 1: Particle size distributions of the materials 
used, determined using laser diffraction. 

 874 

 

Figure 2: DTG curves of the various stages of sample 
preparation (α, β, γ, see Table 3) of the reference samples 
60C35D5M. 

 875 

 876 

  877 
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a) 60C40Dreference b) 60C40Dleached c) 60C40DCO2 d) 60C40DNaCl 

    

    

    

    

    

    

    

Figure 3: BSE image and elemental maps of magnesium, aluminium, calcium, silicon, oxygen, and chlorine 
for the samples 60C40Dreference, 60C40Dleached, 60C40DCO2, and 60C40DNaCl. The unexposed reference sample 
is from an earlier study [11]. 
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Figure 4: Phase assemblage of the samples 60C40D and 60C35D5M after leaching, carbonation, or chloride exposure 
determined with TGA (from 40–900 °C) and XRD (shown from 5–19.5 °2θ). The results of unexposed reference samples 
are also shown. The following abbreviations are used: ettringite (Et), hydrotalcite (Ht), chloride-containing hydrotalcite 
(HtCl), portlandite (CH), carboantes (CO32-), Friedel’s salt (Fs), ferrite (C4AF), siliceous hydrogarnet (Htg), brucite (Bru). 
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Figure 5: Difference in the weight loss in the hydrotalcite temperature region between samples containing dolomite and 
limestone in the unexposed reference samples and the exposed samples after a) leaching and b) carbonation. 

 880 

 

Figure 6: XRD patterns (zoomed in to 10-12 °2θ) of the samples 
60C40DNaCl, 60C35D5MNaCl, and their reference samples 
exposed to deionized water. 
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Figure 7: Mg/Si ratio over the Al/Si ratio for the point analyses of the reaction rims around the dolomite grains of samples 60C40D and 
60C35D5M after a) leaching, b) carbonation, and c) chloride exposure. 

 883 

 

Figure 8: Cl/Ca ratio over the Al/Ca ratio for the point 
analyses of the reaction rims around the dolomite grains of 
samples 60C40DNaCl and 60C35D5MNaCl and the unexposed 
reference sample [11]. 

 884 

  885 



    36 

  

Figure 9: Al/Ca ratio over the Si/Ca ratio for the point 
analyses of the matrix of the leached samples 60C40D and 
60C35D5M. The results of the C-S-H point analyses from 
an earlier study are shown as a reference for samples that 
have not been leached [11]. 

Figure 10: Mg/Si ratio over the Al/Si ratio for the point 
analyses of the matrix of the leached samples 60C40D and 
60C35D5M. The results of the C-S-H point analyses from 
an earlier study are shown as a reference for samples that 
have not been leached [11]. 
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Figure 11: Al/Ca ratio over the Si/Ca ratio for the point 
analyses of the matrix of the carbonated samples 60C40D 
and 60C35D5M. The results of the C-S-H point analyses 
from an earlier study are shown as a reference for samples 
that have not been carbonated [11]. 

Figure 12: Mg/Si ratio over the Al/Si ratio for the point 
analyses of the matrix of the carbonated samples 60C40D 
and 60C35D5M. The results of the C-S-H point analyses 
from an earlier study are shown as a reference for 
samples that have not been carbonated [11]. 
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Figure 13: Al/Ca ratio over the Si/Ca ratio for the point 
analyses of the matrix of the samples 60C40D and 
60C35D5M exposed to NaCl. The results of the C-S-H point 
analyses from an earlier study are shown as a reference for 
unexposed samples [11] 

Figure 14: Cl/Ca ratio over the Al/Ca ratio for the point 
analyses of the matrix of the samples 60C40D and 
60C35D5M exposed to NaCl. The results of the C-S-H point 
analyses from an earlier study are shown as a reference for 
unexposed samples [11] 
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Figure 15: Results of the thermodynamic modelling of the effect 
of leaching on the phase assemblage in sample 60C40D. The 
dashed rectangle indicates the phase assemblage 
experimentally observed with TGA and XRD. 

Figure 16: Results of the thermodynamic modelling of the effect 
of carbonation on the phase assemblage in sample 60C40D. The 
dashed rectangle indicates the phase assemblage 
experimentally observed with TGA and XRD 
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10. Appendix 892 

 893 

Table A.1: Ti and Fe contents [ wt%] on the ignited weight basis of the various samples determined with XRF and the weight 894 
losses of the samples after leaching (Δwleached) calculated with Eq. 2 [ wt%]. 895 

  60C40D 60C35D5M 60C40L 60C35L5M Average 

Ti Tireference 0.14 0.19 0.14 0.19  

 Tileached 0.19 0.29 0.22 0.26  

 Tireference/Tileached 0.74 0.65 0.66 0.72  

 Δwleached 26 35 34 28 30±4 

Fe Fereference 1.70 1.77 1.71 1.74  

 Feleached 2.27 2.83 2.38 2.45  

 Fereference/Feleached 0.75 0.63 0.72 0.71  

 Δwleached 25 37 28 29 30±5 

 896 

Table A.2: Overview of the wHt-measured, w900, and BW values of the various samples used for the calculations in Eq. 1 and 897 
Eq.3. 898 

Sample Exposure wHt-measured 
[wt%] 

w900 
[wt%] 

BW 
[wt%] 

60C40D reference 1.5 67.3 14.2 
 leached 2.5 67.8 12.8 
 CO2 1.0 61.6 9.1 
60C35D5M reference 1.4 68.3 15.8 
 leached 2.7 65.6 13.7 
 CO2 1.3 63.4 9.7 
60C40L reference 0.3 68.3 13.7 
 leached 0.3 66.9 10.2 
 CO2 0.1 62.1 6.2 
60C35L5M reference 0.3 69.7 13.9 
 leached 0.4 69.2 11.4 
 CO2 0.1 64.0 7.1 
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a) 

60C35D5Mreference 

b) 

60C35D5Mleached 

c)  

6035D5MCO2 

d)  

60C35D5MNaCl 

    

    

    

    

    

    

    

Figure A.1: BSE image and elemental maps of magnesium, aluminium, calcium, silicon, oxygen, and chlorine 
for the samples 60C35D5Mreference, 60C35D5Mleached, 60C35D5MCO2, and 60C35D5MNaCl. The unexposed 
reference sample is from an earlier study [11]. 
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 900 

 901 

  

Figure A.2: DTG curves of the samples 60C40L and 
60C35L5M after leaching and their unexposed reference 
samples. 

Figure A.3: DTG curves of the samples 60C40L and 
60C35L5M after carbonation and their unexposed 
reference samples. 
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 904 

6035D5MCO2 

 

  
Figure A.4: BSE image and elemental maps of calcium and silicon for sample 60C35D5M CO2. Areas of 
dolomite (D), calcite (Cc) and hydrotalcite (Ht) are indicated. 
 905 


