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Abstract: The idea of this work is to reduce the negative effect of ordinary Portland cement (OPC) 

manufacture on the environment by decreasing clinker production temperature and developing an 

alternative rankinite binder that hardens in the CO2 atmosphere. The common OPC raw materials, 

limestone and mica clay, if they contain a higher MgO content, have been found to be unsuitable for 

the synthesis of CO2-curing low-lime binders. X-ray diffraction analysis (ex-situ and in-situ in the 

temperature range of 25–1150 °C) showed that akermanite Ca2Mg(Si2O7) begins to form at a temper-

ature of 900 °C. According to Rietveld refinement, the interlayer distances of the resulting curve are 

more accurately described by the compound, which contains intercalated Fe2+ and Al3+ ions and has 

the chemical formula Ca2(MgO0.495·FeO0.202·AlO0.303)·(FeO0.248·AlO·Si1.536·O7). Stoichiometric calcula-

tions showed that FeO and Al2O3 have replaced about half of the MgO content in the akermanite 

structure. All this means that only ~4 wt% MgO content in the raw materials determines that ~60 

wt% calcium magnesium silicates are formed in the synthesis product. Moreover, it was found that 

the formed akermanite practically does not react with CO2. Within 24 h of interaction with 99.9 wt% 

of CO2 gas (15 bar), the intensity of the akermanite peaks does not practically change at 25 °C; no 

changes are observed at 45 °C, either, which means that the chemical reaction does not take place. 

As a result, the compressive strength of the samples compressed from the synthesized product and 

CEN Standard sand EN 196-1 (1:3), and hardened at 15 bar CO2, 45 °C for 24 h, was only 14.45 MPa, 

while the analogous samples made from OPC clinker obtained from the same raw materials yielded 

67.5 MPa.  
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1. Introduction 

The ordinary Portland cement (OPC) industry is responsible for about 5–7 wt% of 

global anthropogenic greenhouse gas emissions. One of the most promising alternative 

binders is rankinite Ca3Si2O7: it is synthesized at a temperature lower than 200 °C while 

requiring almost twice less carbonate rock, and it is able to store a considerable amount 

of CO2 in the concrete structure. 

Rankinite is a low-lime non-hydraulic calcium silicate (Ca3Si2O7 or C3S2). It was first 

found at Scawt Hill, Ireland, and named in honor of G. A. Rankin, a physical chemist at 

the Geophysical Laboratory, Washington, D.C., USA [1]. It is a very rare mineral that can 

be found in paralava rocks [2]. Natural rankinite only slightly varies in composition from 

pure Ca3Si2O7 because ions of other metals hardly ever incorporate into its crystal lattice 

structure. Rankinite belongs to the silicates of the sorosilicate group (Si2O7), in which a 

central O connects two SiO3 units [3]. The interatomic distances between Ca and O show 

a range of values from 2.25 to 2.90 Å, while the angles O-Ca-O are between 60 and 87 

degrees [4]. The rankinite structure is ordered in successive layers of Ca atoms, and Si2O7 
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groups parallel to the z direction, with the Si2O7 units oriented towards the z direction, 

which results in the lower compressibility of the mineral in this direction [3].  

Rankinite can be produced from the same calcareous and siliceous raw materials as 

OPC clinker, and its manufacture needs neither specialized equipment nor additional unit 

operations as already existing OPC plants can be used without virtually any modification. 

The rankinite calcination temperature is about 200–250 °C [5–8] lower than that of OPC. 

The non-hydraulic nature of rankinite eliminates the usage of gypsum as a set-controlling 

component. Moreover, the carbonation curing of rankinite is a relatively speedy process. 

The process can be carried out under ambient and elevated pressure, at a temperature of 

20–60 °C, whereas the duration is usually up to 24 h. It is far more attractive and efficient 

than the conventional 28-day curing cycle of OPC concretes. Above all, rankinite carbon-

ation opens the possibility for the permanent sequestration of CO2 in a hardened concrete 

structure. 

B. Qian et al. [9] determined the optimal sintering temperature and duration of C3S2, 

which is approximately 1300 °C and 4 h, respectively. The materials used for the synthesis 

were industrial lime and quartzite. The authors claim that, at temperatures above 1300 °C, 

the formation of rankinite no longer occurred. With a prolonged sintering time, C3S2 

formed via the consumption of β-C2S and γ-C2S. 

K. Wang et al. [10] synthesized pure rankinite by calcining a C-S-H gel precursor at a 

temperature of 1300 °C for 2 h. The C-S-H gel was prepared hydrothermally at 60 °C for 6 

h from a mixture with a molar ratio of CaO/SiO2 = 1.5. H. Zwang et al. [11] prepared C3S2 

from the mixture of CaCO3 and SiO2 (at 3:2 molar ratios) that was calcined at a temperature 

of 1440 °C for 2 h. B. Lu et al. [12] obtained a low calcium clinker containing rankinite by 

sintering the stoichiometric mixture of calcium oxide, amorphous silica, aluminum oxide, 

and ferroferric oxide. The mixtures were heated to the target temperature of 1250–1320 °C 

for 2 h. The author determined the sintering temperature for this type of clinker was about 

1320 °C and included mostly C3S2, γ-C2S, and little C2AS. G. Hou et al. [13] synthesized a 

new type of clinker with a self-pulverization effect from industrial raw materials (lime-

stone, sandstone, and clay) at a temperature of 1260–1320 °C. It mainly consisted of 

rankinite and γ-dicalcium silicate. The main advantage is that clinker is obtained in the 

form of powder, which significantly reduces energy consumption during grinding. 

Rankinite, as outlined above, can be synthesized from the same raw materials as OPC 

clinker. However, researchers seek to use other, and usually non-traditional, materials, 

waste, or by-products from other productions. W. Ashraf and J. Olek [14] synthesized 

rankinite form CaO and fumed silica with CaO/SiO2 molar ratio 3:2 at the heating temper-

ature of 1250 °C. A. Smigelskyte et al. obtained this compound from a silica–calcite sedi-

mentary rock (opoka) also at 1250 °C [15]. The low CO2 products offered by Solidia Tech-

nologies (USA) are probably the most widely known today. They produce non-hydraulic 

cement, which main components are wollastonite and rankinite [16]. Due to the lower 

amount of CaO present in this binder, the production temperature is only 1200 °C. When 

assessing all stages of production, the technology suggested by Solidia can reduce the car-

bon footprint by up to 70 wt% [17]. However, it should be noted that despite the fact that 

the synthesis temperature of rankinite binder is ~200 °C lower than that of OPC clinker, it 

still remains quite high—at about 1250 °C. 

One of the ways to avoid the calcination step is to use hydrothermally synthesized 

calcium silicate hydrates as a binder instead of anhydrous calcium silicates in the produc-

tion of mortars that harden in the CO environment. It was found that, from α-C2SH/kil-

choanite and sand mixture (1:3 by mass), it is possible to obtain products with a compres-

sive strength of ~25 MPa [18,19]. Another way is to use industrial solid wastes, such as 

steel slag, mine tailings, fly ash, cement kiln dust, and others [20]. They contain intrinsic 

alkalinity (e.g., Ca, Mg, Al, Si, and alkali), which may lead to a reaction with CO2. The 

higher the basicity of such substances, the more CO2 is combined [21–24]. The main prob-

lem preventing the wider use of these materials is that most of the Ca and Mg is not pre-

sent in the pure form but is combined with silicates or another complex oxide phase [20]. 
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Moreover, in natural rocks, the impurities usually alter the course of hydrothermal and 

high-temperature sintering reactions along with the mineral composition of the resulting 

products; hence, their effects still need to be studied in detail. 

However, rankinite synthesis from natural rocks still requires careful and thorough 

research because the impurities contained in the rocks can significantly influence the 

course of high-temperature reactions and the mineralogical composition of the resulting 

products. 

One such impurity is Mg-containing compounds. Reactive MgO is produced at a low 

calcination temperature (700–900 °C) and offers a high CO2 binding capacity [25]. It can 

also be obtained from alternative sources, such as seawater or rejected brine [26,27]. The 

binder that hardens in a CO2 environment is obtained in two stages—firstly, MgO is hy-

drated to form Mg(OH)2, and its further carbonization leads to the formation of a range of 

hydrated magnesium carbonates [20]. Other suitable materials for mineral carbonation 

are Mg silicates, such as forsterite Mg2SiO4 or serpentine Mg6Si4O10(OH)8 [28]. It should be 

noted that Mg silicates are abundant in the Earth’s crust and can be used particularly suc-

cessfully in the regions where limestone and clay are scarce [29]. Magnesium silicates can 

be either used as a permanent CO2 sink or as a raw material to produce MgO [30]. The 

magnesium oxides derived from magnesium silicates (MOMS) approach is based on mag-

nesium silicate raw materials, which have the advantage, relative to limestone, of contain-

ing no chemically bound (“fossil”) CO2. This means that, unlike the other approaches, 

MOMS, at least in theory, provides the possibility of making concretes with a significantly 

negative carbon footprint, especially if carbonation hardening is used. Thus, MgO-based 

binders offer the possibility to produce concretes and mortars with a reduced carbon foot-

print [31]. 

Mg-containing impurities (usually dolomite) are often present in limestone and mica 

clay—the most commonly used raw materials for OPC production worldwide. It does not 

affect the formation of alite and belite (1450 °C). The current data suggest that when syn-

thesizing rankinite or wollastonite (1100–1250 °C), Mg compounds form bredigite and 

akermanite [32,33], but their influence on the synthesis of low-lime calcium silicates is not 

completely clear. The aim of this work is to determine the influence of Mg-impurities pre-

sent in the raw materials on the synthesis of a rankinite-based binder and on the strength 

properties of mortars hardened in a CO2 environment. 

2. Materials and Methods 

2.1. Characterization of the Raw Materials 

Limestone from Karpenai deposit (Lithuania) was dried for 24 h at a temperature of 

100 ± 1 °C and ground in a ball mill to a specific surface area by Blaine Sa = 547 m2/kg with 

ignition losses of 43.26 wt%. The chemical composition is given in Table 1. CaO is the 

dominant compound in the raw material (47.95 wt%). The amount of MgO, which is in-

cluded in the composition of limestone impurity, dolomite, is moderate and equal to al-

most 4 wt%. The number of other oxides does not exceed 1 wt%. 

Table 1. Oxide composition of Karpenai limestone, Saltiskiai clay and JSC Akmenes cementas clinker, 

wt%. 

Material SiO2 CaO Al2O3 K2O Na2O MgO Fe2O3 SO3 Other LOI 

Limestone 2.02 47.95 0.71 0.17 – 3.94 1.15 0.23 0.57 43.26 

Clay 45.64 10.97 14.0 3.06 0.17 4.0 7.04 – 0.22 14.9 

Clinker 20.69 64.06 5.13 1.12 0.10 3.31 3.25 0.53 CaOfree = 1.81 

Clay of the Saltiskiai deposit was dried for 24 h at 100 ± 1 °C and ground to Sa = 614 

m2/kg; ignition losses—14.9 wt%. The chemical composition is given in Table 1. 

OPC clinker granules were taken from JSC Akmenes cementas and ground in a ball mill 

to Sa = 323 m2/kg in 18 h. Its chemical composition is given in Table 1. 
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CEN Standard sand EN 196-1 (Normsand, Beckum, Germany). 

2.2. Experimental Methods 

2.2.1. Samples Preparation, Sintering, and Solidification 

Two mixtures were prepared from Karpenai limestone and Saltiskiai clay (their com-

position and properties are fairly close to those most widely used in the world for the 

production of OPC), with molar ratios of CaO/SiO2 = 1.5 and 1.75. The first ratio corre-

sponds to the stoichiometry of rankinite, whereas, in the second case, the amount of CaO 

is increased due to the fact that, even before the beginning of the reactions of calcium 

silicate formation, part of CaO is consumed for the synthesis of calcium magnesium sili-

cates, i.e., the molar ratio of CaO/SiO2 decreases in the reacting mixture. The necessary 

amounts of components were weighed and then poured into sealed plastic containers; 

then, 6 porcelain grinding bodies were placed into them (to ensure the quality of homog-

enization), and the content was mixed for 2 h at a speed of 48 rpm in a homogenizer Tur-

bula Type T2F (Muttenz, Switzerland) for 1 h at 49 rpm. 

The dry mixtures were mixed with ~20 wt% distilled water, homogenized, and man-

ually formed into pellets with a diameter of ~15 mm. They were dried to a constant mass 

at a temperature of 100 ± 1 °C in a Kambič S-25C dryer (Kambič d.o.o., Semič, Slovenia). 

They were stored in sealed plastic containers and calcinated in air environment at tem-

peratures of 1100 °C, 1150 °C, 1200 °C, and 1250 °C in the furnace Nabertherm LHT 08/16 

(Nabertherm GmbH, Bremen, Germany), isothermal holding time 45 min. The fired pel-

lets were crushed in an agate mortar to ~3 mm size grains, which were ground at a speed 

of 950 rpm in 6 min. In a vibrating cup mill Fritsch Pulverisette 9 (Fritsch GmbH, Idar-

Oberstein, Germany). In preparation for instrumental analysis, the powders were sieved 

through a sieve with a mesh size of 80 µm. 

CO2 curing samples were formed (1.0 kN/s speed) and compressed (1.5 kN/s) accord-

ing to EN 196-1 and EN 12390-6 Standards while using the universal testing machine 

FORM + TEST MEGA 10-400-50 (Seider&Co GmbH, Riedlingen, Germany). During the 

preparation of the samples, the binding material fired at 1150 °C (CaO/SiO2 = 1.5) and OPC 

clinker at a mass ratio of 1:3 were dry mixed with CEN Standard sand EN 196-1. After 

that, the mixtures were moistened so that the amount of water and the binder would cor-

respond to the ratio W/C = 0.3, thoroughly mixed again in a porcelain dish; then, cylinders 

sized Ø36 × 36 ± 1 mm were formed with a force of 12.5 kN with a hold of 20 s. The formed 

samples were weighed (to estimate the mass change after carbonization) and immediately 

placed in an autoclave (to prevent drying). 

The carbonization process was carried out in a Parr Instruments pressure reactor, 

model 4555 (Parr Instrument Company, Moline,IL, USA), with a maximum working pres-

sure of 131 bar, a volume of 18.75 l, and a temperature range of -10 to +350 °C (the system 

diagram is presented in Figure 1a). Before solidification, the autoclave was filled twice 

with CO2 gas to 2 bar, and immediately depressurized to atmospheric pressure so as to 

eliminate the presence of air. During the experiment, the reactor was filled with 99.9 wt% 

CO2 gas at a rate of 2.5 bar/min to the required value. At the end of the set holding time, 

the gas was released at the same rate. The samples were cured at temperatures from 25 to 

45 °C under a pressure of 15 bar of carbon dioxide, and the holding time was from 4 h to 

24 h. After curing, the samples (Figure 1b) were weighed, and while they were still wet, 

the compressive strength was determined. At least 4 samples were tested in each experi-

ment. A specimen weighing ~10 g was taken from one sample of each series, dried at a 

temperature of 100 ± 1 °C to a constant mass, crushed in an agate mortar, sieved through 

a sieve with a mesh size of 80 µm, and analyzed by employing methods of instrumental 

analysis. 
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(a) (b) 

Figure 1. Technological system of samples hardening in CO2 environment (a) and hardened sam-

ples (b): 1—pneumatic pump; 2—manometers; 3—shutters; 4—ball valve; 5—CO2 gas cylinder; 6—

temperature sensor; 7—autoclave; 8—heater-thermostat. 

2.2.2. Instrumental Analysis 

The chemical composition analysis of samples was performed by X-ray fluorescence 

spectroscopy (XRF) on a Bruker X-ray S8 Tiger WD (Bruker AXS GmbH, Karlsruhe, Ger-

many) spectrometer equipped with Rh tube with energy of up to 60 keV. The materials 

were ground, put through a sieve with an 80-µm mesh, and compressed into tablets of 40 

mm with a force of 20 kN. Samples were measured in helium atmosphere, and data were 

analyzed with SPECTRA Plus V.2 QUANT EXPRESS standard-less software. 

The X-ray diffraction analysis (XRD) was performed on the D8 Advance diffractom-

eter (Bruker AXS GmbH, Karlsruhe, Germany) operating at the tube voltage of 40 kV and 

tube current of 40 mA. The X-ray beam was filtered with Ni 0.02 mm filter to select the 

CuKα wavelength. Diffraction patterns were recorded in a Bragg-Brentano geometry us-

ing a fast counting detector Bruker Lynx Eye  (Bruker AXS GmbH, Karlsruhe, Germany) 

based on a silicon strip technology. The samples were scanned over the range 2θ = 3–70° 

at a scanning speed of 6° min−1 using a coupled two theta/theta scan type. The software 

Diffrac.Eva v3.0 (Bruker AXS GmbH, Karlsruhe, Germany) and PDF-4 database were used 

for compound identification. 

The thermal stability and phase transformation were determined by in-situ XRD 

analysis. It was carried out with a high-temperature camera MTC–hightemp (Bruker AXS, 

Karlsruhe, Germany) at a 25–1000 °C temperature range. The measurement was per-

formed with a step width of 0.02 2θ and 0.5 s step−1 at a heating rate of 50 °C min−1 after 

equilibration for 5 min at the desired temperature. 

The quantitative content of the crystalline phases was refined by the Rietveld method, 

as implemented in the TOPAS 4.2 software (Bruker AXS GmbH, Karlsruhe, Germany). 

The quantitative phase analysis (QPA) was carried out on samples after grinding by hand 

to pass a 40 µm sieve, ensuring an isotropic distribution of the crystals in the sample. For 

the quantitative determination of the amorphous phase, 20% of the internal standard 

(ZnO) was added to the sample. Additionally, the sample holder was rotated during the 

data recording to improve the particle statistics and obtain high-quality QPA data. The 

crystal structures used in the refinements were adopted from PDF 2022 database. 

Thermal analyzer Linseis STA PT1000 (Linseis Massgeraete GmbH, Selb, Germany) 

was applied to simultaneous thermal analysis (STA; differential scanning calorimetric 

DSC, and thermogravimetry TG) studies. The heating was carried out under an N2 atmos-

phere at a heating rate of 10 °C·min−1; the temperature ranged from 40 up to 1000 °C. The 

ceramic sample handlers were used for compound identification. 

The granulometric composition of the raw materials was determined by a laser par-

ticle size analyzer CILAS 1090 LD (Cilas, Orléans, France) with a measurement range of 

0.04–500 µm. The dry method was used with an air supply of 6 bar. 
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The specific surface area of the powders was determined by the Blaine method using 

electronic air permeability apparatus CE091 (Toni Technik Baustoff GmbH, Berlin, Ger-

many). 

The density of the materials was determined with an Ultrapyc 1200e pycnometer 

(Quantachrome Instruments, Boynton Beach, FL, USA). 

3. Results and Discussion 

JSC Akmenes Cementas has been successfully producing ordinary Portland cement 

(OPC) from local raw materials (Karpenai deposit limestone and Saltiskiai deposit clay, 

Lithuania) for more than 7 decades. Its main constituents are also anhydrous calcium sil-

icates—alite (3CaO·SiO2; ~66 wt%) and belite (2CaO·SiO2; ~10 wt%). The only significant 

difference is that the molar ratio CaO/SiO2 of the raw material mixture is by one and a half 

points higher (2.7) than that required for the synthesis of rankinite (1.5). It is likely that 

these raw materials are also suitable for the production of low-lime binders, which would 

harden in a CO2 environment. For comparison, we also determined the compressive 

strength and the mineralogical composition of mortar samples formed from OPC clinker 

produced by JSC Akmenes Cementas/sand mixture and hardened in a CO2 environment. 

X-ray diffraction analysis (Figure 2a) shows that the limestone is dominated by calcite 

CaCO3 (PDF No. 00-001-0837). In addition, the raw material also contains dolomite 

CaMg(CO3)2 (PDF No. 01-071-4892) and a small amount of quartz (PDF No. 00-003-0419). 

The simultaneous thermal analysis (STA) of limestone (Figure 2b) showed that, in the 

differential scanning calorimetry (DSC) curve, at 50–120 °C, there is a slight endothermic 

band, and the mass of the sample slightly decreases due to the removal of water residues. 

The decomposition of CaCO3 takes place at 810 °C. The mass loss in the temperature range 

of 730–820 °C is 41.97 wt% (Figure 2b; thermogravimetry TG curve). After recalculations, 

we see that the raw material contains 95.4 wt% (CaCO3 + MgCO3) or 53.4 wt% (CaO + 

MgO). This correlates well with the results of the chemical analysis (Table 1). 

  
(a) (b) 

Figure 2. XRD pattern (a) and STA curves (b; 1—DSC, 2—TG) of Karpenai limestone. Indexes: C—

calcite, D—dolomite, Q—quartz. 

According to the curves of the granulometric analysis of the limestone (Figure 3a), it 

was determined that it contains 10 wt% of particles with a diameter of up to 1.10 µm, 50 

wt% with a diameter of up to 5.16 µm, and 90 wt% with a diameter of up to 33.07 µm, 

while the average diameter of all particles is 11.47 µm. Moreover, the specific surface area 

was equal to 525 m2/kg. 
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(a) (b) 

Figure 3. Particle size distribution of limestone (a) and clay (b), where 1—cumulative volume, 2—

differential volume. 

Based on the granulometric analysis curves of Saltiskiai clay (Figure 3b), it was found 

that it contains 10 wt% of particles with a diameter of up to 0.86 µm, 50 wt%—up to 3.56 

µm and 90 wt%—up to 21.92 µm, and the mean diameter of all particles is 7.89 µm. 

X-ray diffraction analysis (Figure 4a) shows that quartz, in the form of sand, prevails 

in Saltiskiai clay. Among the clay minerals, the peaks of the highest intensity are charac-

teristic of the minerals of the mica group—illite [K,H3O)Al2Si3AlO10(OH)2] (PDF No. 00-

026-0911). There are also small peaks of montmorillonite 

[Na,Ca)0.33(Al,Mg)2(Si4O10)(OH)2·nH2O] (PDF No. 00-026-0911), muscovite 

[Kal2(AlSi3O10)(F,OH)2] (PDF No. 00-019-0814) and kaolinite [Al2Si2O5(OH)4] (PDF No. 00-

03-0052). Calcite and dolomite, i.e., carbonates, were found. They are useful as a partial 

source of CaO for the synthesis of rankinite. STA results (Figure 4b) indicate the charac-

teristic features of mica carbonaceous clays. The following three main peaks were ob-

served: 1) the loss of the absorbed water (up to 150 °C), 2) organic matter burning (300–

450 °C), and 3) the decomposition of dolomite and calcite (650–750 °C) [34]. The mass loss 

within the temperature range of 450–600 °C is 1.46 wt%. This is most likely due to the fact 

that Saltiskiai clay consists of a low amount of kaolinite and montmorilonite. 

  
(a) (b) 

Figure 4. XRD pattern (a) and STA curves (b; 1—DSC, 2—TG) of Saltiskiai clay. Indexes: C—calcite, 

D—dolomite, Q—quartz, I—illite, M—montmorillonite, Ms—muscovite. 

The mineralogical, as well as the granulometric composition of the OPC clinker, is 

presented in Figure 5. 
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(a) (b) 

Figure 5. Mineralogical (a) and granulometric (b) composition of OPC clinker, where 1—cumulative 

volume, 2—differential volume. Indexes: C3S—alite, C2S—belite, C3A—calcium aluminum oxide, 

C3Ana—sodium calcium aluminum oxide, C4AF—calcium aluminum iron oxide, MgO—periclase. 

In order to preliminarily determine the optimal calcination conditions for this mix-

ture, high-temperature X-ray diffraction analysis was performed in the temperature range 

of 25–1150 °C. The data are presented in Table 2 and in Figure 6. 

Table 2. The compounds, which were identified in the synthesis product, from a mixture of 

Karpenai limestone and Saltiskiai clay (CaO/SiO2 = 1.5) in 25–1150 °C temperature range. 

No. Temperature, °C Identified Compounds Remarks 

1 25–625 Calcite, quartz, dolomite, illite  

2 650–675 Quartz, calcite, illite  

3 700–750 Akermanite, calcite, quartz Low intensity peak of akermanite 

4 775–900 Akermanite, quartz High intensity peak of akermanite 

5 925 Akermanite, quartz, larnite Traces of larnite, high intensity peak of akermanite 

6 950 –1075 Akermanite, quartz, larnite High intensity peak of akermanite 

7 1100 Akermanite, quartz, larnite, rankinite Traces of rankinite, high intensity peak of akermanite 

8 1125–1150 Akermanite, quartz, larnite, rankinite High intensity peak of akermanite 

 

Figure 6. XRD diagram of the synthesis product from a mixture of Karpenai limestone and Saltiskiai 

clay (CaO/SiO2 = 1.5) in the temperature range of 25–1150 °C. 

In the temperature range of 25–625 °C, new compounds are not formed—that is, cal-

cite, quartz, dolomite and illite remain in the raw materials. New compounds are not 

formed in the temperature range of 25–625 °C; only calcite, quartz, dolomite, and illite 

remain in the raw materials. Meanwhile, at 650 °C—dolomite and, at 700 °C—illite starts 
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to decompose (Figure 6). Akermanite (PDF No. 00-002-0824) begins to form at 700 °C. The 

latter compound and quartz do not fully react up to the maximum temperature of 1150 

°C. Moreover, at the temperature of 925 °C, the formation of calcium silicate, larnite 

2CaO·SiO2, begins. While the intensity of the peaks of larnite essentially does not change 

throughout the studied temperature range, ones of akermanite increase significantly. This 

means that a higher amount of Ca2+, Si4+, and Mg2+ ions are bound to the composition of 

this compound. The target mineral, rankinite, starts to form only at 1100 °C. When the 

temperature is increased to 1150 °C, the peak intensity of this compound increases only 

slightly. Based on the high-temperature XRD data, it was decided to burn the binder in 

the temperature range of 1100–1250 °C. The data are presented in Figure 7. 

The obtained results are that then good agreement with the high-temperature XRD 

data. In the mixture with CaO/SiO2 = 1.5, the predominant compound is akermanite. Only 

traces of larnite and rankinite are identified. Since the duration of isothermal curing was 

45 min (in contrast to the short retention time in high-temperature XRD), quartz had the 

time to fully react already at 1100 °C. The maximum firing temperature is 1200 °C because 

Saltiskiai clay contains alkaline compounds (K2O = 3.23 wt%), and the granules begin to 

melt and stick together at ~1250 °C. 

An attempt to increase the molar ratio of the mixture to CaO/SiO2 = 1.75 did not work. 

Although the intensity of the akermanite peaks is significantly reduced, another calcium 

magnesium silicate is formed—bredigite Ca7Mg(SiO4)4 (PDF No. 00-035-0260). The quan-

titative oxide composition of akermanite is 41.14 wt% CaO, 14.78 wt% MgO, and 44.08 

wt% SiO2. This means that 1 g of MgO binds almost 3 g of CaO and SiO2 each, and, in the 

reacting mixture, the CaO/SiO2 molar ratio hardly changes at all—the conditions for the 

formation of rankinite remain. Bredigite contains 5.99 wt% MgO, 58.31 wt% CaO and 

35.70 wt% SiO2. Thus, 1 g of MgO binds a significantly higher amount of CaO (9.73 g) than 

SiO2 (5.96 g)—the stoichiometry of the mixture is changed, and rankinite is no longer 

formed. 

 

Figure 7. XRD patterns of Karpenai limestone—Saltiskiai clay mixtures fired at different tempera-

tures. Indexes: A—akermanite, B—bredigite, R—rankinite, L—larnite. 

It was decided to investigate the influence of the sintering duration on the rankinite 

formation processes. The mixture with CaO/SiO2 = 1.5 was fired for 30 and 60 min at 1150 

and 1200 °C.The data are presented in Figure 8. 
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Figure 8. XRD patterns of Karpenai limestone—Saltiskiai clay mixture fired for different durations 

at 1150 and 1200 °C. Indexes: A—akermanite, R—rankinite, L—larnite. 

The obtained results showed a similar tendency, as follows: akermanite is still the 

predominant compound, while smaller amounts of rankinite and larnite were formed. 

When the conversion of the composition of the raw material mixture from moles to 

percentages was applied, it was found that it contained 58.33 wt% of CaO and 41.67 wt% 

of SiO2. Most of the CaO was added with limestone (which contains 3.94 wt% MgO) and 

SiO2—with clay (which contains 4.0 wt% MgO). Arithmetically, it is easy to calculate that 

3.97 wt% MgO is added together with the necessary amounts of CaO and SiO2. As men-

tioned above, akermanite contains 41.14 wt% CaO, 14.78 wt% MgO, and 44.08 wt% SiO2, 

thus, the following: 

14.78 wt% MgO → 100 wt% akermanite  

3.97 wt% MgO → x wt% akermanite     x = 26.86 wt%  

This value is very close to the theoretical amount of akermanite in the mixture calcu-

lated from the molar masses, as follows: 

Ca2Mg[SiO7] =
2CaO

112
·

MgO

40
·

2SiO2

120
;  molar mass = 272  

MMgO = 40 → Makermanite = 272  

3.97 wt% MgO  → xwt% akermanite   x = 26.99 wt%  

Unfortunately, according to the XRD data, it appears that the mixture contains a sig-

nificantly higher quantity of akermanite. The orientation in 2 1 1 plane (d –0.2866 nm) was 

used. Reliability values: Rexp—2.61; Rwp—5.67; GOF—2.17. This would not be surprising 

since it is well known that additional divalent and trivalent metal ions can be inserted into 

the crystal lattice structure of this compound, thus increasing the amount of akermanite 

in the synthesis product. In order to clarify this and determine the exact quantitative com-

position of the binder, a Rietveld refinement analysis was performed. The original data 

are shown in Figure 9, and its graphical representation is provided in Figure 10. 
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Figure 9. Rietveld analysis curve of the product synthesized at 1150 °C in 45 min from a mixture of 

Karpenai limestone and Saltiskiai clay with CaO/SiO2 = 1.5. 

 

Figure 10. Quantitative composition of the synthesis product at 1150 °C in 45 min with CaO/SiO2 = 

1.5. 

After carrying out the Rietveld refinement, we noticed that the interlayer distances 

of the resulting curve are more accurately described by another standard, PDF No. 01-082-

3036. It contains intercalated Fe2+ and Al3+ ions, the chemical formula is 

Ca2(MgO0.495·FeO0.202·AlO0.303)·(FeO0.248·AlO·Si1.536·O7), and a molecular weight equal to 

286.45. It follows that: 

MMgO = 40 × 0.495 = 19.8 → Makermanite (Fe, Al) = 286.45  

3.97 wt% MgO → x wt% akermanite(Fe,Al)     x = 57.43 wt%  

These data allow us to state that only ~4 wt% of MgO in the raw material determines 

that ~60 wt% of calcium magnesium silicates are formed in the synthesis product. Accord-

ingly, the amount of calcium silicates—which give the samples mechanical strength dur-

ing carbonization in a CO2 environment—is low (rankinite—only ~19 wt%, larnite—~15 

wt%). These results correlate well with the chemical composition of Saltiskiai clay as it 

contains 14.0 wt% Al2O3 and 7.04 wt% Fe2O3 (Table 1). No other compounds containing 

Al2O3 or Fe2O3 were identified in the synthesis products; hence, it is logical to assume that 

Al3+ and Fe3+ ions are isomorphically intercalated into the lattice structure of akermanite 

crystals. 

The fundamental question remains—whether akermanite reacts with CO2 and en-

sures the sufficient compressive strength of mortars. In order to determine this, from a 

stoichiometric mixture of analytical grade reagents (CaO, SiO2, MgO) at a temperature of 

1150 °C for 1 h, a product was synthesized, in which akermanite was the predominant 

compound (Figure 11, pattern 1). It is true that, under these conditions, some of the initial 
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components do not react, but this was not the main purpose of the study. Our key objec-

tive was to determine whether akermanite interacts with CO2. Unfortunately, it can be 

concluded that very slowly. Within 24 h interaction of samples (Ø36 × 10 ± 1 mm, dry 

powder mixed with 10 wt% of water and compacted with a pressure of 12.5 kN) with 99.9 

wt% CO2 gas, neither at 25 °C (Figure 11, pattern 2) nor at 45 °C (Figure 11, pattern 3), the 

intensity of the akermanite peaks were similar (Figure 12). It means that this compound 

reacts very difficult with CO2 gas. 

 

Figure 11. XRD patterns of akermanite synthesized for 1 h (1) and after 24 h of carbonization at 25 

°C (2) and 45 °C (3). Indexes: A—akermanite, Q—quartz, W– wollastonite, L– larnite, B—bredigite, 

P—periclase. 

To confirm this, the Net area of the main non-overlapping peak of akermanite (d = 

0.4069 nm) was calculated. For this purpose, Diffrac.Eva software was used. The calcula-

tions were performed on an interval between two points, called the left angle (21.397°) and 

right angle (22.193°). The mentioned angles of the scan point are the closest to the entry 

points. These statistical calculations provide information about the position of the peak 

maximum and its net area. It should be mentioned that instrumental broadening was not 

considered. 
The calculations confirmed that during the carbonization of the akermanite sample, 

its peak profile, and intensity only slightly changed in the XRD curves. In the product 

synthesized at a temperature of 1150 °C, the area of the akermanite peak (d = 2.810 nm) is 

0.9335 relative units. After treatment with 99.9 wt% CO2 (15 bar) for 24 h at a temperature 

of 25 °C, it decreases to 0.8705 r.u. and at a temperature of 45 °C—to 0.7064 r.u. 

In order to finally ascertain the suitability of limestone-clay raw materials with a 

moderate amount of Mg-containing impurities for the production of binders that harden 

in a CO2 environment, the product was burnt from Karpenai limestone and Saltiskiai clay 

(CaO/SiO2 = 1.5, 1150 °C in 45 min; Figure 7, curve 2) and mixed with the standard sand 

(mass ratio 1:3, water/binder ratio 0.25). From this mixture, Ø36 × 36 ± 1 mm samples—

cylinders were formed and cured for 24 h in an atmosphere of 15 bar 99.9 wt% CO2 at 

temperatures 25 and 45 °C. To compare the results, analogous samples were formed and 

hardened under the same conditions from OPC clinker produced by JSC Akmenes cementas 
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(its mineralogical composition is presented in Figure 12a) and standard sand. Figure 12b 

shows the XRD pattern of the carbonized sample (1 part clinker and 3 parts sand). 

  
(a) (b) 

Figure 12. XRD patterns of JSC Akmenes cementas OPC clinker (a) and after 24 h of carbonization of 

samples at 45 °C (b). Indexes: A—alite, B—belite, CA—tricalcium alumina, F—calcium aluminum 

iron oxide, P—periclase, N—sodium calcium aluminum oxide, C—calcite, Q—quartz. 

The XRD pattern of OPC clinker (Figure 12a) shows all the following mineral phases 

characteristic of this type of binder: alite (PDF No. 00-042-0551), belite (PDF No. 00-029-

0369), tricalcium alumina (PDF No. 00-038-1429), calcium aluminum iron oxide (PDF No. 

04-006-8316), periclase (PDF No. 01-076-3013), and sodium calcium aluminum oxide (PDF 

No. 00-026-0957). After carbonization, a lot of quartz remains in the sample because it does 

not react with CO2 gas (Figure 12b). As expected, most of alite and all of the belite, calcium 

aluminates, and calcium aluminum ferrites completely reacted during carbonization, 

thus, forming calcite and a SiO2/Al2O3-rich gel. The obtained calcite densifies the structure 

of the samples and ensures their good physical and mechanical properties. The obtained 

compressive strength data are presented in Table 3. 

Table 3. Compressive strength of the samples formed from the Karpenai limestone and Saltiskiai 

clay (calcination—1150 °C, 45 min) or OPC clinker mixtures with standard sand (mass ratio 1:3). 

No. Curing Temperature, °C Binder Synthesized at a Temperature of 1150 °C OPC Clinker 

  Compressive Strength, MPa 

1 25 9.13 53.03 

2 45 14.45 67.5 

We would like to mention that after synthesizing rankinite from limestone and opoka 

(a sedimentary lime-silica rock; it contains only 0.61 wt% MgO), forming and curing sam-

ples from a mixture of it and sand (the conditions were the same as in this work), their 

compressive strength exceeded 45 MPa [32]. Since the compressive strength of the samples 

differs by 5–6 times, the conclusion is unequivocal—if the raw materials contain a certain 

number of Mg-containing impurities (in this case—limestone and easily fusible mica clay), 

they are not suitable for the production of low-lime binders that harden in CO2 environ-

ment. 

4. Conclusions 

1. Synthesis of low-lime calcium silicates from natural rocks requires careful and thor-

ough research because the impurities contained in them can significantly influence 

the course of high-temperature reactions and the mineralogical composition of the 

resulting products; 

2. The impurity of Mg-containing compounds in limestone and mica clay, the most 

widely used raw materials for ordinary Portland cement production in the world, 
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may determine that they are unsuitable for the synthesis of calcium silicate, rankinite, 

which hardens in a CO2 environment. Already at a temperature of 900 °C, akermanite 

with intercalated Fe3+ and Al3+ ions begins to form, which reacts very difficult with 

CO2 gas; 

3. Only ~4 wt% of the amount of MgO in the mixture of raw materials determines that 

more than 60 wt% of akermanite is formed in the synthesis product. As a result, the 

compressive strength of mortars hardened in a CO2 environment is six–seven times 

lower than the strength of OPC clinker samples made from the same raw materials 

and hardened under the same conditions. 

Author Contributions: Conceptualization, R.S.; methodology, E.P. and Z.V.; analysis of the litera-

ture sources, R.S., E.P., and Z.V.; synthesis of calcium silicates and calcination of products, E.P. and 

Z.V.; data curation, R.S.; instrumental analysis, E.P and Z.V; writing—original draft preparation, 

E.P and Z.V; writing—review and editing, R.S.; supervision, R.S.; funding acquisition, R.S. All au-

thors have read and agreed to the published version of the manuscript. 

Funding: This research was funded by a grant (No. S-MIP-21-4) from the Research Council of Lith-

uania. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: The data that support the findings of this study are available from the 

corresponding author, R.S., upon reasonable request. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Deer, W.A.; Howie, R.A.; Zussman, J. Rock-Forming Minerals–Disilicates and Ring Silicates, 2nd ed; The Geological Society: Lon-

don, UK, 1997; Volume 1B. 

2. Seryotkin, Y.V.; Sokol, E.V.; Kokh, S.N. Natural pseudowollastonite: Crystal structure, associated minerals, and geological con-

text. Lithos 2012, 134–135, 75–90. 

3. Freitas, A.A.; Santos, R.L.; Colaço, R.; Horta, R.B.; Lopes, J.N.C. From lime to silica and alumina: Systematic modeling of cement 

clinkers using a general force-field. Phys. Chem. Chem. Phys. 2015, 17, 18477–18494. 

4. Kusachi, I. The structure of rankinite. Mineral. J. 1975, 8, 38–47. 

5. Sahu, S.; DeCristofaro, N. Solidia Cement, in: Solidia Technol. White Paper. 2013. Available online: http://solidiatech.com/wp-

content/uploads/2014/02/Solidia-Cement-White-Paper-12-17-13-FINAL.pdf (accessed on 24 February 2023). 

6. Jain, J.; Deo, M.; Sahu, S.; DeChristofaro, N. Part two of a series exploring the chemical properties and performance results of 

Sustainable Solidia Cement™ and Solidia Concrete™. Solidia Cem. 2014, 1–16. 

7. Hicks, J.K.; Caldarone, M.A.; Bescher, E. Opportunities from Alternative Cementitious Materials. Concrete International, 2015, 

Vol. 37, p. 47–51. Available online: https://www.concreteinternational.com (accessed on 24 February 2023). 

8. Sahu, S.; Quinn, S.; Atakan, V.; DeCristofaro, N.; Walenta, G. CO2-Reducing Cement Based on Calcium Silicates. In Proceedings 

of the 14th International Congress on the Chemistry of Cement, Beijing, China, 13 October 2015–16 October 2015. 

9. Qian, B.; Li, X.; Shen, X. Preparation and accelerated carbonation of low temperature sintered clinker with low Ca/Si ratio. J. 

Clean. Prod. 2018, 120, 249–259. 

10. Wang, K.; Ren, L.; Yang, L. Excellent Carbonation Behavior of Rankinite Prepared by Calcining the C-S-H: Potential Recycling 

of Waste Concrete Powders for Prefabricated Building Products. Materials 2018, 11, 1474. 

11. Zwang, H.; Chen, J.; Shao, R.; Zhang, Q.; Lu, B.; Xia, G.; Hou, G.; Yun, Z. The usage of rankinite for carbon capture and storage 

and carbonation kinetics. Energy Sources Part A: Recover. Util. Environ. Eff. 2018, 40, 1629–1646. 

12. Lu, B.; Shi, C.; Hou, H. Strength and microstructure of CO2 cured low-calcium clinker. Constr. Build. Mater. 2018, 188, 417–423. 

13. Hou, G.; Chen, J.; Lu, B.; Chen, S.; Cui, E.; Naguib, H.M.; Guo, M.-Z.; Zhang, Q. Composition design and pilot study of an 

advanced energy-saving and low-carbon rankinite clinker. Cem. Concr. Res. 2020, 127, 105926. https://doi.org/10.1016/j.cemcon-

res.2019.105926. 

14. Ashraf, W.; Olek, J. Carbonation activated binders from pure calcium silicates: Reaction kinetics and performance controlling 

factors. Cem. Concr. Compos. 2018, 93, 85–98. 

15. Smigelskyte, A.; Siauciunas, R. Parameter Influence on the Rankinite Binder Paste and Mortar Accelerated Carbonation Curing; Journal 

of Thermal Analysis and Calorimetry; Springer: Dordrecht, The Netherlands, 2019; Volume 138, pp. 2651–2659. 

https://doi.org/10.1007/s10973-019-08590-1. 

16. Solidia. Solidia Solutions. 2021. Available online: https://www.solidiatech.com/solutions.html (accessed on 24 February 2023). 

17. Siegel, R.P. Cutting the carbon from concrete. J. Mech. Eng. 2020, 142, 38–43. 

http://solidiatech.com/wp-content/uploads/2014/02/Solidia-Cement-White-Paper-12-17-13-FINAL.pdf
http://solidiatech.com/wp-content/uploads/2014/02/Solidia-Cement-White-Paper-12-17-13-FINAL.pdf
https://www.concreteinternational.com/
https://doi.org/10.1016/j.cemconres.2019.105926
https://doi.org/10.1016/j.cemconres.2019.105926
https://www.solidiatech.com/solutions.html


Materials 2023, 16, 2930 15 of 15 
 

 

18. Siauciunas, R.; Hilbig, H.; Prichockiene, E.; Smigelskyte, A.; Takulinskas, Z. Accelerated Carbonation of C2SH Based Dense Concrete; 

Ceramics international; Elsevier: Oxford, UK, 2020; Volume 46, pt. B, pp. 29436–29442. https://doi.org/10.1016/j.cera-

mint.2020.05.027. 

19. Siauciunas, R.; Takulinskas, Z.; Prichockiene, E.; Selskiene, A. Hydrothermal synthesis of α-C2SH and kilchoanite Mixture and Its 

Application in CO2 Hardening Mortar; Ceramics international; Elsevier: Oxford, UK, 2022. https://doi.org/10.1016/j.cera-

mint.2022.07.257 Accessed online 07 August 2022. 

20. Li, N.; et al. Emerging CO2 utilization technologies for construction materials: A review. . J. CO2 Util. 2022, 65, 102237. 

https://doi.org/10.1016/j.jcou.2022.102237. 

21. Ibrahim, M.H.; El-Naas, M.H.; Benamor, A.; Al-Sobhi, S.S.; Zhang, Z. Carbon mineralization by reaction with steel-making 

waste: A review. Processes 2019, 7, 115. 

22. Wei, Z.; Wang, B.; Falzone, G.; La Plante, E.C.; Okoronkwo, M.U.; She, Z.; Oey, T.; Balonis, M.; Neithalath, N.; Pilon, L.; et al. 

Clinkering-free cementation by fly ash carbonation. J. CO2 Util. 2018, 23, 117–127. 

23. Li, L.; Ling, T.C.; Pan, S.Y. Environmental benefit assessment of steel slag utilization and carbonation: A systematic review. Sci. 

Total. Environ. 2021, 806, 150280. 

24. Zhang, S.; Ghouleh, Z.; Shao, Y. Green concrete made from MSWI residues derived eco-cement and bottom ash aggregates. 

Constr. Build. Mater. 2021, 297, 123818. 

25. Wu, H.L.; Zhang, D.; Ellis, B.R.; Li, V.C. Development of reactive MgO-based engineered cementitious composite (ECC) through 

accelerated carbonation curing, Constr. Build. Mater. 2018, 191, 23–31. 

26. Dong, H.; Unluer, C.; Yang, E.H.; Al-Tabbaa, A. Recovery of reactive MgO from reject brine via the addition of NaOH. Desalina-

tion 2018, 429, 88–95. 

27. Dong, H.; Unluer, C.;  Yang, E.H.; Jin, F.; Al-Tabbaa, A. Microstructure and carbon storage capacity of hydrated magnesium 

carbonates synthesized from different sources and conditions. J. CO2 Util. 2019, 34, 353–361. 

28. Guermech, S.; Mocellin, J.; Tran, L.-H.; Mercier, G.; Pasquier, L.C. A study of hydromagnesite and nesquehonite precipitation 

in indirect aqueous carbonation of thermally-activated serpentine in a batch mode. J. Cryst. Growth 2022, 584, 126540. 

29. Scott, A.; Oze, C.; Shah, V.; Yang, N.; Shanks, B.; Cheeseman, C.; Marshall, A.; Watson, M. Transformation of abundant magne-

sium silicate minerals for enhanced CO2 sequestration. Comm. Earth Environm. 2021, 2, 25. 

30. Winnefeld, F.; Leemann, A.; German, A.; Lothenbach, B. CO2 storage in cement and concrete by mineral carbonation. Curr. Opin. 

Green Sustain. Chem. 2022, 38, 100672. 

31. Gartner, E.; Sui, T. Alternative cement clinkers. Cem. Concr. Res. 2018, 114, 27–39. 

32. Smigelskyte, A.; Siauciunas, R.; Hilbig, H.; Decker, M.; Urbonas, L.; Skripkiunas, G. Carbonated Rankinite Binder: Effect of Curing 

Parameters on Microstructure, Strength Development and Durability Performance; Scientific reports; Springer Nature: London, UK, 

2020, Volume 10, 14462. https://doi.org/10.1038/s41598-020-71270-w. 

33. Leemann, A.; Winnefeld, F.; Münch, B.; Läng, F. Carbonated wollastonite–An effective supplementary cementitious material? 

J. Microsc. 2022, 286, 120–125. Online: https://doi.org/10.1111/jmi.13067. 

34. Jozanikohan, G.; Sahabi, F.; Norouzi, G.H.; Memarian, H. Thermal analysis: A complementary method to study the shurijeh 

clay minerals. Int. J. Min. Geo-Eng. 2015, 49, 33–45. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to 

people or property resulting from any ideas, methods, instructions or products referred to in the content. 

https://doi.org/10.1016/j.ceramint.2022.07.257
https://doi.org/10.1016/j.ceramint.2022.07.257
https://doi.org/10.1016/j.jcou.2022.102237
https://doi.org/10.1111/jmi.13067

