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5. SUMMARY 

5.1 Introduction 

Recently, the synthesis, structure, and applications of calcium aluminate – 

mayenite (12CaO∙7Al2O3) have received considerable attention in the scientific 

literature. Its unique properties have attracted the attention of researchers, which lead 

to a wide range of applications: an accelerating effect on cement hydration, ionic 

conductivity, adsorption capacity for pollutants and the best catalytic properties 

compared to other compounds of the calcium aluminate group. Mayenite is also a 

component of environmentally friendly calcium aluminate and calcium 

sulfoaluminate cements.  

The application of mayenite depends on the applied method of synthesis. All 

methods currently used for the synthesis of mayenite can be divided into three broad 

groups, which are characterized by the same recurring regularity. One of the most 

widely used and oldest synthesis methods is the solid-state sintering of the initial 

mixture at high temperatures (900–1700°C), which takes place during the reaction of 

calcium oxide and aluminum oxide mixture. This process usually uses a mixture of 

portlandite (Ca(OH)2) or calcite (CaCO3) and aluminum hydroxide as the starting 

material. However, mayenite produced by this method has a lower specific surface 

area, low reactivity and porosity compared to mayenite produced by other synthesis 

methods. Another widely used synthesis method, such as sol-gel and related methods, 

has the main distinctive feature that synthesis products are formed by crystallisation 

from solutions. Although the sol-gel synthesis method can be used to obtain mayenite 

in a wide range of compositions, it has a number of drawbacks: the use of expensive 

starting compounds containing calcium and aluminium elements, which must be 

soluble in the reaction medium, and the multi-step process of both precursor 

production and purification. It is also inconvenient because the synthesis requires a 

large amount of expensive solvents and often produces synthesis and/or degradation 

by-products, which require additional technology and facilities for their 

isolation/utilisation. 

The third group includes two-stage production methods such as the synthesis of 

calcium hydroaluminate precursors of mayenite and the heat treatment of the resulting 

products to form the target synthesis product. In the first stage, hydrothermal and/or 

microwave fusion are commonly used. The properties of the resulting products 

depend not only on the composition of the starting mixture but also on the choice of 

synthesis parameters. During heat treatment, it is possible to control the rate of 

temperature rise, isothermal retention temperature and duration, all of which allow 

control over the structure and physical parameters of the synthetic mayenite during 

both hydrothermal and thermal synthesis. This technology has been applied to the 

synthesis of mayenite, but the scientific literature provides only fragmentary data, 

often without continuity. 

For this reason, the first step is to investigate the influence of the two-stage 

synthesis conditions on the formation and properties of mayenite. The resulting 
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synthetic mayenite is likely to be highly reactive and its structural parameters (specific 

surface area, crystallinity, particle size and pore shape) are likely to be controlled 

during synthesis. Controlling the properties during production would allow mayenite 

to be used in wide range of application, for example as an additive in cement, catalysis 

or adsorption processes. This is very relevant for the reduction of the cement content 

in concrete and the use of various technogenic wastes and/or natural raw materials in 

concrete production, in order to reduce CO2 emissions and to make it cheaper to 

produce. However, in these systems the initial strength of the cementitious stone is 

reduced and the hydration process is prolonged, so that a positive and controlled effect 

of this synthetic additive would allow to accelerate the hydration of both virgin and 

compound cements. 

Another very topical application of synthetic mayenite is the purification of 

aqueous solutions by adsorption of ionic/anionic contaminants. The literature reports 

that mayenite adsorbs organic pollutants very efficiently, but studies on its use in 

aqueous solutions of inorganic cations/anions are limited. The adsorption of Cu2+ and 

SO4
2- ions will be a major focus of this work, as both copper, a heavy metal widely 

used in industry and subsequently found in wastewaters, and SO4
2-, one of the more 

difficult cations to treat, also have a high prevalence in industrial wastewaters.  

After sorption in aqueous solutions, it is likely that some of the mayenite will 

directly hydrate to form calcium hydroaluminates, which after heat treatment will 

form calcium aluminate phases that are active for re-hydration, and thus the activated 

adsorbent will be suitable for the second adsorption cycle. This would increase the 

maximum adsorption capacity of pollutants. In order to fully utilize the inorganic 

cation/anion pollutants the adsorbent could be used as an additive to Portland cement. 

The aim of the dissertation is to determine the influence of two-stage synthesis 

conditions on the formation and properties of mayenite derivatives and propose 

rational areas of applications 

The goals of this work are: 

1. To determine the influence of the initial CaO/Al2O3 molar ratio and the 

duration of hydrothermal synthesis on the formation of katoite and its stability 

at 130°C. 

2. To investigate the effect of the combustion temperature of katoite on the 

formation of mayenite derivatives, their stable existence over temperature 

ranges and structural properties. 

3. To investigate the influence of the additive of synthetic mayenite derivatives 

on the heat release during early hydration of Portland cement and the mineral 

composition of the resulting products. 

4. Determine the influence of the conditions of synthesis of mayenite derivatives 

on its adsorption capacity for Cu2+/SO4
2- ions at different initial 

concentrations of copper sulfate in aqueous solutions. 

5. To investigate the effect of activation temperature on the adsorption capacity 

of Cu2+ and SO4
2- ions during repeated adsorption cycles. 

6. To develop a heat balance for the mayenite production process based on the 

best experimental conditions obtained. 
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Statements presented for the defense 

1. Increasing the combustion temperature (from 350 to 900°C) increases the 

specific surface area and pore volume of the mayenite derivatives almost 

threefold, and changes the predominant pore shape from a slit between 

parallel planes to a cylindrical one.   

2. The additive of mayenite derivatives, irrespective of the temperature at which 

it is obtained, modifies the hydration process of Portland cement: promotes 

calcium sulphate dihydrate reacting, the formation of ettringite, and increases 

the total amount of heat released. 

Scientific novelty of the research 

1. The additive of mayenite derivatives obtained under different conditions was 

found to influence the hydration mechanism of Portland cement, since only 

the mayenite derivative obtained at 550°C reacts with ettringite and water 

after a period of wetting in a new exothermic reaction. 

2. It was determined that the total adsorption capacity of synthetic mayenite 

derivatives for Cu2+ and SO4
2- ions increases with increasing combustion 

temperature of the mayenite derivatives and the initial concentration of copper 

sulphate solution. 

Practical significance of the scientific research 

For the first time, it has been shown that, after thermal activation, mayenite 

derivatives can be used for the re-adsorption of Cu2+ and SO4
2- ions from aqueous 

solutions. It has been investigated that the products obtained after two cycles of 

adsorption and additional heat treatment can be used as accelerators for the hydration 

process of Portland cement. 

Approval and publication of the research results 

The results of the research were published in 3 scientific publications in journals 

indexed in the Web of Science with Impact Factor (JCR SCIE). The results of the 

dissertation have been reported in 8 international conference proceedings or abstracts.  

Contribution of the author and co-authors 

The author synthesized and described all the compounds described in the thesis. 

She also studied the physical, thermal and adsorptive properties of the synthesized 

compounds, performed mathematical calculations of data reliability and specific 

surface area, microcalorimetry tests and the effect of the synthesised additive on the 

early hydration of Portland cement. Anatolijus Eisinas advised on the formation of 

calcium hydroaluminates by hydrothermal synthesis, the formation of mayenite by 

heat treatment, the design of the plan, the sequence of experiments and the preparation 

of the manuscript. 

Structure and contents of the dissertation 
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The dissertation consists of an introduction, a literature review, an experimental 

part, results and discussion, conclusions, a list of references, a list of publications on 

the topic of the dissertation. The list of references includes 165 bibliographic sources. 

The main results are discussed in 153 pages and illustrated in 29 tables and 79 figures. 

5.2 MATERIALS AND METHODS 

Materials  

1. Ca(OH)2 (Sigma-Aldrich, Germany; additionally burned at 550°C for 1.5 h), 

the quantity of free CaO = 92 wt%, Sa = 1341 m2/kg. 

2. Al(OH)3 (Sigma-Aldrich, Germany) was additionally burned at 475°C (4 h), 

Sa = 1129 m2/kg. 

3. OPC was manufactured by grinding a mixture of 95.5 wt% clinker (Akmenės 

cementas, Lithuania) with 4.5 wt% CaSO4·2H2O (Sigma-Aldrich, Germany), OPC 

specific surface area was equal 450 m2/kg. The composition of OPC (tricalcium 

silicate = 63.19%; dicalcium silicate = 8.89%; tricalcium aluminate = 7.21%; 

brownmillerite = 12.81%). 

4. Quartz sand (“Anykščių kvarcas”) ground for 30 min in a vibrating disk mill 

at a frequency of 900 rpm, specific surface area = 298 m2/kg, SiO2 = 99.5%. 

5. CuSO4 ∙5H2O, Reachem, Slovakia, purity 99%. Four aqueous solutions were 

prepared from the salt granules, in which the concentration of Cu2+ ions corresponded 

to 0.5, 1, 3, and 5 g/l. 

6. Other pure chemical reagents: HCL (1:1), acetone, ethanol. 

Methods 

Preparation of initial mixtures and hydrothermal synthesis conditions. The 

required amount of CaO and Al2O3 (molar ratio of CaO/Al2O3 = 1.7, 2.8-3.2) was 

homogenized for 45 min at 49 rpm in a Turbula Type T2F homogenizer (Artisan 

Technology Group, Czech Republic). The mixture was mixed with H2O to reach the 

H2O/solid ratio by mass value of 10. The synthesis of katoite was performed by the 

hydrothermal method: in PTFE cells (25 ml) which were added in a stainless-steel 

autoclave (Parr Instruments, Germany) under saturated steam pressure at a 

temperature of 130°C for 1–72 val. The isothermal condition was reached within 2 h. 

After hydrothermal treatment, the samples were rinsed with ethanol and dried (for 24 

h) at 50°C temperature. 

The determination of free CaO. In fact, 1 g of the sample was weighed and 

placed into a 250 cm3 conical flask, poured with 150 cm3 of distilled water, and 5–10 

pieces of glass beads were added. The slurry was heated for 5 minutes. After that, the 

suspension was cooled down, the inner wall of the flask was sprayed with distilled 

water, and 2–3 drops of phenolphthalein indicator were added. Finally, the suspension 

was titrated with 1N HCl, until the pink color disappeared. The amount of free CaO 

(X) in the sample was calculated by using the following equation:  

𝑋 =
𝑉∙𝑁∙28.04∙100

𝐺∙1000
;     (5.1)  

where N is the normality of HCl; V is the volume of titrated HCl, cm3; 28.04 is 

CaO equivalent, g; G is the initial mass of the sample, g. 
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The amount of portlandite was determined by quantitative XRD analysis. 

The quantity of portlandite was calculated from the intensity change of the basic 

reflection (0.261 nm). Each calculation was done five times, and it was determined 

that their data declined no more than ±2% from the mean. Repetition of the 

measurements (3 time) showed deviations in total heat below 2% for samples of 

similar type and the heat evolution rates were essentially identical. The function 

between the main diffraction maximum area of Ca(OH)2 (d-spacing – 0.261 nm) and 

the quantity of Ca(OH)2 (from 0 to 12% by mass) in the mixtures with quartz was 

determined. The quantity of portlandite was calculated from a linear equation where 

R2 = 0.9855. 

The X-ray diffraction analysis.The X-ray diffraction (XRD) powder analysis 

of the samples was performed on the D8 Advance diffractometer (Bruker AXS, 

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. The diffraction patterns were recorded in a Bragg–Brentano geometry, 

using a fast counting detector Bruker LynxEye based on the silicon strip technology. 

The specimens were scanned over the range of 3–70° (2 θ) at a scanning speed of 

6°/min, using a coupled two theta/theta scan type. In Situ XRD analysis was made 

with a high-temperature camera MTC-hightemp (Bruker AXS, Germany). The 

measurements were carried out with a step width of 0.02 2θ and 0.6 s/step at the 

heating rate of 50°C/min after the equilibration for 5 min at the desired temperature. 

The Fluorescence Spectroscopy (XRF) analysis. Fluorescence Spectroscopy 

(XRF) performed on a Bruker X-ray S8 Tiger WD (Germany) spectrometer equipped 

with a Rh tube with the energy of up to 60 keV. Powder samples (passed through a 63 

μm sieve and pressed to cylindrical tablets of 5×40 mm) were measured in He 

atmosphere, and the data was analyzed with SPECTRAPlus QUANT EXPRESS 

standardless software. 

Simultaneous thermal analysis (STA). STA (differential scanning calorimetry 

(DSC) and thermogravimetry (TG)) was employed for measuring the thermal stability 

and phase transformation of samples. The tests were carried out by using two different 

apparatuses:  

1) The simultaneous thermal analysis (STA) which consists of differential 

calorimetric analysis and thermogravimetry was carried out in a thermal analyzer 

Linseis STA PT-1000 (Germany). The flow of N2 gas was 20 mL/min, heating rate of 

– 10°C/min; the temperature ranged from RT up to 1000°C. Ceramic sample handlers 

and PT/10%Rh crucibles were used.  

2) Differential scanning calorimetry (DSC) and specific heat measurement was 

carried using Netzsch DSC 214 Polyma (Germany). The heating rate was 5°C/min, 

the temperature ranged from 10°C up to 50°C; the flow of N2 gas was 20 mL/min. 

Ceramic sample handlers and Al crucibles were used. 

Fourier transform infrared spectroscopy (FTIR) analysis. Fourier transform 

infrared spectroscopy (FTIR) spectra were carried out with the spectrometer Perkin 

Elmer FT-IR system Spectrum X (USA). The specimens were prepared by mixing 1 

mg of the sample material in 200 mg of KBr. Spectral analysis was performed in the 

range of 4000–400 cm-1 with the spectral resolution of 1 cm-1. 
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Determination of specific surface area. The specific surface area was 

determined by Brunauer, Emmet, and Taller (BET) method. The measurements were 

performed on Autosorb iQ (Quantachrome Instruments, JAV). Sorptometer (Costech 

Instruments, USA) using a nitrogen adsorption isotherm 77 K. The specific surface 

area was calculated according to the BET equation, using N2 adsorption isotherm data 

in the range of 0.05 < P/P0 < 0.35. 

The mineralogical composition of the hydration products was as follows: 

OPC with 7.5 wt.%. Different additives (CA1 – (350°C), CA2 – (550°C), CA3 – 

(900°C)) were formed when the water/cementitious mixtures ratio was 0.5 at 25°C. 

The hydration process was stopped with ethanol. Finally, the products were crushed 

and dried at 50°C temperature for 24 h. 

The heat evolution rate of the manufactured binder during the hydration was 

investigated by using an eight-channel isothermal calorimeter TAM Air III (TA 

Instruments). Glass ampoules (20 ml), each containing 3 g of the dry material, were  

placed in the calorimeter and the injection units for each ampoule filled with 1.5 g of 

water. Having reached the isothermal conditions (25±0.1°C), the water was injected 

into the ampoules and mixed inside the calorimeter with the dry material for 20 s 

(frequency 2–3 s-1). The heat evolution rate was measured over a period of 72 h. 

Adsorption experiments were carried out at 25°C in the thermostatic adsorber 

Grant SUB14 for different time periods (3, 20 and 60 min). 1 g of adsorbent (CA1; 

CA2 or CA3) was added to 100 ml of CuSO4 aqueous solution containing 0.5, 1, 3, 

and 5 g/l of Cu2+ ions. The amount of the adsorbed (Cu2+) and (SO4
2−) ions was 

determined on the basis of the changes of the concentration of cations in the solution 

at different durations (3, 20, and 60 min). The concentrations of Cu2+ and SO4
2− ions 

were determined by the colorimetric method (Colorimeter DR890, Hach Lange).  

The thermal stability of samples was investigated in a furnace Nabertherm LH 

15/13 within the 350–950°C temperature range for 1 h when the heating rate was equal 

to 6°C/min. 

The microstructure of the materials was observed by using scanning electron 

microscopy (SEM) (Model JSM-7600F, JEOL Co., Japan) coupled with energy 

dispersive X-ray spectrometry (EDX) (Inca Energy 350, Oxford Instruments, 

Silicon Drift type detector X-Max20) performed by using accelerated voltage of 

10kV, the 32 working distance of 8.6 and 8.7 mm for SEM observation, and 200 s 

accumulation time for EDX analysis. The samples were affixed to the SEM specimen 

holder by using epoxy resin and then sputter-coated with gold aimed to promote 

electrical conductivity. 

5.3 RESULTS AND THEIR DISCUSSION 

5.3.1. Formed compounds in the CaO−Al2O3−H2O system and their thermal 

properties when the C/A ratio is equal to 1.7 

 

It was determined that in unstirred CaO–Al2O3–H2O suspensions when 

CaO/Al2O3 molar ratio of primary mixture was equal to 1.714, within 1 h of isothermal 

curing at 130°C calcium monocarboaluminate—Ca4Al2O6CO3·11H2O and 
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hydrogarnet–katoite (Ca3Al2(OH)12) were formed (Fig. 5.1, a, curve 1). Also, the basic 

reflections of partially unreacted gibbsite (Al(OH)3) and the traces of calcium 

carbonate (CaCO3;) were observed in X-ray diffraction patterns (Fig. 5.1, a, curve 1).  

 
 

Fig. 5.1 XRD patterns (a) and DSC curves (b) of synthesis products in the 

mixtures with C/A molar ratio of 1.714, when the duration of hydrothermal treatment 

at 130°C temperature is h: 1—1; 2—4; 3—16; and 4—72. Indices: c—calcium 

monocarboaluminate (Ca4Al2O6CO3·11H2O); k—katoite (Ca3Al2(OH)12); g—

gibbsite (Al(OH)3); d—calcite (CaCO3); and b—boehmite (AlO(OH)) 

 

After 4 h of hydrothermal treatment, XRD analysis data showed that only the 

basic diffraction maximum intensity of Ca4Al2O6CO3·11H2O significantly increases 

(Fig. 5.1, curve 2). In comparison with the products obtained after 1 h of synthesis, it 

was observed that the other compounds remained stable (Fig. 5.1, a, curve 1–2). It 

was determined that after 16 h of hydrothermal treatment, calcium 

monocarboaluminate decomposed to CaCO3 and Ca3Al2(OH)12, because the intensity 

of diffraction maximums characteristics to calcite and katoite increased (Fig. 5.1, a, 

curve 3). The obtained results were confirmed by STA analysis data (Fig. 5.1, b). On 

the DSC curve, at 150°C temperature, the broad endothermic peak is characteristic to 

the decomposition of calcium monocarboaluminate (first endothermic effect). It was 

observed that after 1–4 h of synthesis, the heat of this endothermic effect increased 

from 98.06 to 110.77 J/g (Fig. 5.1, b, curve 1–2). By prolonging the duration of 

synthesis to 24 or 72 h, the formation of mentioned compound is inhibited and the 

heat values were two times lower (Fig. 5.1, b, curve 3–4). 
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It should be noted that the decomposition of gibssite (second endothermic 

effect) as well as the decomposition of katoite (third endothermic effect) overlapped 

in a 240–320°C temperature range. It is clearly visible that the third endothermic peak 

characteristic to the decomposition of katoite almost does not change even after 

continuing the synthesis to 72 h. Meanwhile, the area of the second endothermic peak 

decreased, when the duration of synthesis was extended and after 72 h, it is completely 

separated. Meanwhile, within 16–72 h of hydrothermal treatment, STA analysis data 

showed that at 460°C the amount of adsorbed heat attributed to dehydration of 

boehmite (fourth endothermic effect) was increased from 39.07 to 121.04 J/g (Fig. 

5.1, b). It was also supported by XRD results, which indicated that gibbsite 

recrystallized to boehmite. 

In order to evaluate the thermal behavior of primary synthesis products, the 

products were calcined by performing in situ XRD. The synthesis product, which was 

obtained after 4 h of hydrothermal treatment at 130°C temperature, was examined in 

a high-temperature camera MTC-hightemp in a 25–1150°C temperature range. It was 

estimated that calcium monocarboaluminate is stable till 125°C, because the 

diffraction maximums characteristic to the mentioned compound remain unchanged. 

Meanwhile, at a higher temperature (125–150°C), the latter compound fully 

decomposed. Furthermore, when the temperature of calcination was increased to 

300°C, gibbsite was fully dehydroxylated. Meanwhile, at 350°C, the crystalline 

structure of katoite was destroyed and the mentioned compound recrystallized to 

mayenite. After this process, when intensive diffraction peaks characteristic to katoite 

disappeared, the reflections of aragonite (d-spacing–0.3397, 0.3274 nm) became 

visible. It was examined that when the temperature of calcination was increased to 

600°C, aragonite became metastable and recrystallized to calcite. It is worth 

mentioning that when the calcination temperature varied in a 850–1150°C range, the 

intensity of diffraction maximums, which are characteristic to mayenite, increased. 

Furthermore, calcite fully decomposed to calcium oxide at 900°C. It is possible to 

assume that during experiments of the calcination of calcium monocarboaluminate, 

the phase transformation occurred in the following sequence: 

 

Ca4Al2O6CO3·11H2O
150°C
→   |

CaCO3(arag.)
Al2O3∙3H2O

CaO
8H2O

|
250-300°C
→      |

CaCO3(arag.)
Al2O3
CaO
11H2O

|
600-700°C
→      |

CaCO3(kalcitas)
Al2O3
CaO
11H2O

|
800−900°C
→        

800−900°C
→       |

CaO
Al2O3
11H2O
CO2

|  (5.2) 

  

5.3.2. Formed compounds in the CaO−Al2O3−H2O system and their thermal 

properties when the C/A ratio is equal 2.8−3.2 

It was found that in the CaO–Al2O3–H2O system, within 4 h of isothermal 

treatment at 130°C, calcium aluminum hydrate katoite (Ca3Al2(OH)12 was formed. 

The best synthesis results are observed after the 4 h hydrothermal treatment with 2.8, 
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meanwhile, with a longer duration of the hydrothermal reaction (72 h), in addition to 

the target synthesis product, calcium monocarboaluminate, boehmite, and portlandite 

were also identified (Fig. 5.2, a). After determining the optimal C/A ratio, the next 

stage of research analyzes the influence of the duration of hydrothermal treatment on 

the formation of katoite. It was determined that katoite was formed (Fig 5.2, b). Also, 

typical reflections of partially unreacted portlandite were observed in the XRD 

pattern. The partial carbonization of the synthesis products and/or unreacted primary 

components was observed when they were dried in an air-conditioned chamber 

because the diffraction maximum typical to calcium monocarboaluminate was 

determined (Fig. 5.2, b, pattern 1). It was determined that after 4 h of isothermal 

curing, only traces of portlandite and intensive diffraction peaks characteristic to 

Ca3Al2(OH)12 were detected in the synthesis products (Fig. 2, b pattern 2). 

   
 

Fig. 5.2. XRD curves of synthesis products in the mixtures with C/A molar ratio 

range 2.8–3.2: 1–2.8, 2–2.9, 3–3, 4–3.2 (a), and XRD curves of synthesis products in 

the mixtures with C/A molar ratio 2.8 when the duration of hydrothermal treatment 

is, h: 1–1h; 2–4h; 3–16h; 4–24h; 5–72h. Indexes: c – calcium monocarboaluminate; k 

– katoite; b – boehmite; p – portlandite.  

It should be noted that after 16–72 h of hydrothermal treatment, katoite started 

decomposing because the intensity of the diffraction peaks characteristic to this 

compound slightly decreased and the typical diffraction maximums characteristic to 

calcium monocarboaluminate and boehmite were observed (Fig. 5.2, patterns 3–4). 
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The obtained results showed that a higher quantity of pure katoite formed after 4 h of 

isothermal curing. For this reason, this synthesis product was characterized by thermal 

analysis. 

  
 

Fig. 5.3 STA curves of synthesis products after 4 h of hydrothermal treatment 

(a: 1 – TGA; 2 – DSC) and the change of the main diffraction peaks of portlandite (b): 

after 4 h of hydrothermal duration (pattern 1) and after 1 h of treatment at 350°C 

(pattern 2). 

The typical thermal behavior of the formed crystalline compounds was 

determined in the STA curves. In the DSC curve, the broad endothermic effect in 30–

230°C temperature range can be assigned to the removal of adsorbed water from the 

synthetic products. The decomposition of katoite was observed at 240–380°C 

temperature. The final endothermic effect within the temperature interval of 400–

500°C is related to the decomposition of portlandite. TGA data showed that during 

dehydration of portlandite, the mass loss is 1.25%, which is equal to 5.13% of 

portlandite (Fig. 5.3, a). This value was calculated with equation Wportlandite = MPortlandite 

(74 g/mol)/(Mwater(18 g/mol) ·TGA (1.25%). It should be noted that at the process of 

partial katoite dehydration (at 308°C), the extra/additional portlandite was formed 

which decomposed at the same time with the primary portlandite at ∼440°C 

temperature. For this reason, more information was obtained from QXRD analysis: 

the determined results showed that after thermal treatment at 350°C temperature, the 

main diffraction peak area of portlandite increased ∼5 times (Fig. 5.3, b). It was 

calculated that the quantity of portlandite increased from 1.00% (in the sample before 

calcination) to 5.47% (in the sample after calcination at 350°C) (Fig. 5.3, b).  

In order to evaluate the thermal behavior of primary synthesis products, in the 

next stage of this work the products were calcined by performing in-situ XRD. The 

results of in-situ XRD analysis showed that katoite is stable up to 275°C because the 

reflections typical to that compound remained stable (Fig. 5.4). At a higher 

temperature (350°C), katoite fully transformed into mayenite, and the basic diffraction 

peak of portlandite (d-spacing – 0.2620 nm) increased. The obtained results show that 

at 450°C temperature portlandite fully dehydrated into CaO, and the crystallinity of 

mayenite decreased by increasing the temperature to 750°C. In addition, when the 

temperature was increased (750°C–1150°C), the diffraction peaks typical to mayenite 

and CaO also increased.  
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Fig. 5.4 XRD patterns (in-situ) of the synthesis product (hydrothermal duration 

4 h at 130°C temperature) after thermal treatment from 25 to 1150°C. Indexes: k – 

katoite; p – portlandite; M − mayenite; L – CaO. 

 

It is possible that katoite decomposed to mayenite and lower crystallinity CaO 

mixture because the decomposition of C3AH6 most likely occurs according to 

reaction: 

7Ca3Al2(OH)12 
350 C
→    9Ca(OH)2 + 12CaO ∙ 7Al2O3 +33 H2O 

>400 C
→     12CaO ∙ 

7Al2O3 + 9CaO + 42H2O. 
5.2 

Another important physical parameter that directly determines the possibilities 

of using products is the specific surface area. It was obtained that a stable monolayer 

of absorbed N2 was formed on the surface of all samples, because straight lines were 

obtained for all samples in a BET coordination (0.05 ≤ p/p0 ≤ 0.30) and correlation 

coefficients R2 remained very close to the unit, i.e. 0.998 (Fig.5.5). In addition, the 

calculated CBET constant values varied in the range from 50 to 250 in all conditions. 

This fact confirmed that the calculated SBET value is correct because only one 

adsorption layer of nitrogen in 0.05–0.35 p/p0 range were formed. It was noted that 

the specific surface area (SBET) was equal to 9.23 m2/g of synthetic katoite. The 

obtained data showed that the specific surface area of mayenite depends on calcination 

temperature. It was determined that SBET of mayenite was equal to 11.11 m2/g after 

calcination at 350°C temperature. Meanwhile, at a higher temperature (550°C), the 

value of SBET slightly decreased to 9.98 m2/g. It should be noted that SBET value 

characteristic for calcination product increased more than two times to 24.55 m2/g 

after calcination at 900°C. In all samples, nitrogen adsorption and desorption 

isotherms formed hysteresis loops. The hysteresis loops of pure katoite and calcined 

katoite at 350°C; 550°C temperature samples are not suitable for either type of IUPAC 

classifications. It should be emphasized that the mentioned samples form is typical as 
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H3 type, but the adsorption and desorption isotherms must coincide in the range of 

relative pressures p/p0 ≈ 0.30. Meanwhile, in our case these isotherms intersected 

when relative pressure p/p0 = 0.70–0.8, which is characteristic for H1 type loops. The 

calculation revealed that the hysteresis loops of mayenite prepared at 900°C 

temperature is of H1 type, which is characteristic for materials with well-defined 

cylindrical-like pore agglomerates (Fig. 5.5 b).  

 
 

Fig. 5.5. Adsorption (1) – desorption (2) isotherms of calcined products for 1 h 

at a different calcination temperature, °C: a – 550°C, b – 900°C. 

 

It was determined that the total pore volume of pure katoite and formed 

mayenite at 350–550°C temperature samples was equal to ~30 mm3/g and it increased 

more than 3 times after calcination at 900°C. It is likely that at a higher calcination 

temperature (900°C), the formation of new pores proceeded, which led to an increased 

total pore volume. 

5.3.3. Influence of synthetic mayenite derivatives on early hydration of Portland 

cement 

In the next stage, the influence of a calcined additive with a different mineral 

composition on the hydration of cement samples was determined: CA1 – (350°C), 

CA2 – (550°C), CA3 – (900°C) additive (2.5, 5 and 7.5 wt%) were replacement part 

of OPC. The heat release kinetics were calculated based on pure OPC weight: real 

measured values (Qreal,W/g) were recalculated to present values (Qpresented,W/g)= 

(Qreal,W/g)/(OPC in parts per unit mass; 0.975; 0.95; 0.925). After 72 h of hydration, 

the highest quantity of the total heat (300–350 J/g) was obtained in the mixtures with 

7.5% of CA, while, in the samples with 5% of additives, it reached only 268–292 J/g, 

which was slightly higher than the value obtained in the pure OPC sample (∼248 J/g) 

(Table 2). Therefore, the mixtures with 7.5% of CA were further investigated in detail. 

Synthetic calcined additives accelerated the first reaction (1–3 min) of cement samples 

because the maximum heat evolution rate increased from 0.005 W/g (pure OPC) to 

0.1 W/g (OPC with additives (7.5%)). 
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Table 5.1. Heat of cement paste with synthetic calcined additive 

Additive, 

% 
Sample 

Calcinated 

temperature, 

°C 

Duration of hydration, h 

0.3 1 3 10 15 24 72 

Total heat after, J/g 

Pure OPC 3.5 6.3 10 53.9 97.3 157 248 

7.5 

OPC-7,5-

CA1 
350 58 76 85 128 160 201 300 

OPC-7,5-

CA2 
550 44 100 112 165 201 248 336 

OPC-7,5-

CA3 
900 83 98 110 157 195 249 350 

 

Moreover, the new exothermic reaction was identified in the cases of OPC-7,5-

CA2 and OPC-7,5-CA3. In addition, the induction period was shortened to 

approximately 2.2 h for OPC-7,5-CA1, while it lasted 3 h for pure OPC. Meanwhile, 

the lowest peak of reaction II: tricalcium silicate hydration was determined in OPC 

samples with additives. In addition, reaction III, typical of calcium aluminate 

hydration and ettringite formation, was not identified in the OPC samples with 

additives (Fig. 5.6). 

 

  
 

Fig. 5.6. Heat flow of OPC, OPC-CA1, OPC-CA2 and OPC-CA3 curves during 

hydration process. 

 

It was established that the interaction of gypsum and the formation of ettringite 

depends on the reactivity of the additive, and the proceeding reaction can be written 

as: 

C12A7 + 12CŜH2 + 137H → 4C6AŜ3H32 + 3AH3(gel) (5.3) 

 

This first reaction was confirmed by STA results: at ∼86 С, the amount of the 

absorbed heat typical to the dehydration of AH3 gel was observed in the OPC samples 
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with the additives. It was determined that the calcination temperature of additives 

exerts significant influence on the hydration rate of mayenite with gypsum. Thus, the 

obtained results indicate that at the first stage (after 3 min) of hydration, the 

calcination temperature exerts negative influence on the formation of ettringite, 

although it also slows down the intensity of the main diffraction peak of the gypsum. 

However, during the following hydration step (3–21 min), the reaction of the gypsum 

with the calcined additive at 900°C is more accelerated as well as the formation of 

ettringite in view of the reduction or increased peak intensities related to these 

compounds (5.2 table). 

 

Table 5.2. Intensity changes of gypsum ettringite and mayenite main diffraction 

peak in samples during hydration process. 

Compounds Sample Intensity of the main diffraction peak  

Hydration duration, min 0 3 21 60 

Gypsum 

OPC 70.83 52.53 43.57 41.2 

OPC-7.5-CA1 65.42 3.7 2.03 0 

OPC-7.5-CA2 70.36 11.67 0.5 0 

OPC-7.5-CA3 70.31 19.76 3.85 0 

Ettringite 

OPC 0 0.65 0.78 2.37 

OPC-7.5-CA1 0 3.57 3.41 2.89 

OPC-7.5-CA2 0 3.78 3.75 2.24 

OPC-7.5-CA3 0 2.97 4.71 3.6 

Mayenite 

OPC-7.5-CA1 2.66 2.58 1.34 0 

OPC-7.5-CA2 3.65 3.39 1.67 0 

OPC-7.5-CA3 5.03 4.43 2.12 0 

When hydration is extended to more than 1 h, the gypsum reaction is completed 

because the diffraction maximums typical of this compound are not detected in any 

sample with additives. On the other hand, there is insignificant decrease in the 

intensity of the ettringite diffraction maximums. However, in the pure system, it was 

determined that the gypsum reaction and ettringite formation are directly dependent 

on the duration of hydration (5.2 table). The fact that unreacted mayenite is still 

present in all the samples after 21 min hydration was confirmed by XRD analysis. The 

obtained results show that after 21 min of hydration, the main diffraction maximum 

typical of mayenite decreases by ∼55% in comparison with the samples before 

hydration (5.2 table). It was established that during the next stage of hydration (21–

60 min), the used additives stimulate the formation of CASH or/and monosulphate 

or/and CAH because a broad basal reflection typical of the above-mentioned 

compounds was identified in the interval of 9–13 diffraction angles (Fig. 5.7).  
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Fig. 5.7. XRD patterns of OPC-CA2 (a) and OPC-CA3 (b) samples after 

different hydration times, h: 1–3 min; 1.5–9 min; 2–21 min; 3–32 min; 4–60 min. 

Indexes: e− ettringite, g–gypsum. 

 

The mechanism of hydration (21–60 min) depends mostly on the calcination 

temperature of mayenite. The sequential reactions in the systems OPC-CA1 and OPC-

CA3 at this stage of hydration could be described by the following routes: during this 

period, ettringite is partially decomposed into monosulfoaluminate and gypsum 

according to Eq (5.4): 

C6AŜ3H32↔ C4AŜH10.5 + 2CŜH2 + 16H (5.4) 

After this period, part of unreacted mayenite and the newly formed gypsum (Eq. 5.4) 

were found to be still present in all the samples. Therefore, these components can 

again react to form new or secondary ettringite (Eq. 5.3). It was observed that the 

intensity of the diffraction peak characteristics to ettringite insignificantly decreased, 

and gypsum fully disappeared in the samples after 60 min of hydration (5.2 table). 

Meanwhile, in the OPC-CA2 system, the mechanism of hydration is different. The 

new exothermic reaction can be described by the following equation: 

C12A7 + C6AŜ3H32 + 34H → 3C4AŜH10.5 + 0.5C4AH13 + 2C2AH8 + 

2.5AH3(gel) 
(5.5) 

This highly simplified reaction equation shows only the direction of this process. 

It was determined that after 60 min of hydration, a new broad basal reflection (d-

0.8078 nm; 2θ–10.89 deg.) was formed in the sample (Fig. 5.7a). This broad basal 

reflection shifts to the range of higher diffraction angles and can be assigned to 

monosulfoaluminate and semi-crystalline structure (hydroxy-AFm) compounds 

5 7 9 11 13

1

2

3

4

e d-0.8132
In

te
n
si

ty
, 

a.
u
.

Diffraction angle 2θ, deg.

~

~

S

5 7 9 11 13

1

2

3

4

e
d-0.8078

In
te

n
si

ty
, 

a.
u
.

Diffraction angle 2θ, deg.

~

a b 



20 

which partially overlap. Also, this reaction (Eq. 5.5) was confirmed by a significantly 

decreasing diffraction peak which is characteristic to ettringite (Table 5.2).  

5.3.4. Tailoring of mayenite derivatives for adsorption of Cu2+ and SO4
2- ions 

Heavy metals are not only some of the most difficult pollutants to clean up, they 

also have a negative impact on the environment. Anions (such as sulphate, nitrate, 

phosphate, etc.) are slightly less harmful, but their solubility in water is much higher. 

Increasing industrial development has highlighted today's wastewater treatment 

problems and the need to develop efficient, low-cost, and environmentally friendly 

materials that effectively remove both cationic and anionic pollutants simultaneously. 

The results discussed in the previous section are also quite optimistic, as a high 

chemical activity of synthetic mayenite derivatives is observed at the beginning of 

hydration. It was therefore decided to determine the adsorption capacity of synthetic 

mayenite derivatives for both cations and anions simultaneously. One of the most 

widely used heavy metals in the industry and subsequently detected in wastewater, 

copper, and one of the more difficult cations to treat, SO4
2-, which is also highly 

abundant in industrial wastewater, were chosen for this study. After the adsorption 

process, the mayenite with the harmful Cu2+ and SO4
2- ions present can be recovered 

in the cement stone, which will help to address the risk of secondary pollution. 

5.3.4.1 Adsorption capacity of mayenite derivatives for Cu2+ and SO4
2- ions in 

500 mg/l copper sulphate solution and thermal stability of obtained products 

 

The experiment of Cu2+ ion adsorption by using samples calcined at 350°C (CA1) and 

900°C (CA3) temperature, which differ in structural properties (specific surface area), 

was investigated. It was determined that the calcination temperature of products 

greatly affected their adsorption capacity for cooper ions. It was observed that after 3 

min of adsorption more than 94% of cooper ions were already intercalated into the 

structure of mayenite, i.e. ~47 mg Cu2+/g, when the initial solution concentration was 

equal to 500 mg/l. The adsorption process ended after 60 min, when almost all cooper 

ions were intercalated (~99%). It should be mentioned that mayenite also adsorbed 

SO4
2− anions, because they did not appear in the aqueous solution after 60 min under 

all experimental conditions. Besides, the largest amount of Cu2+ ions was adsorbed 

when mayenite formed at 900°C temperature was used.  
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Fig. 5.8. XRD patterns of products after adsorption processes (curve 1 – when 

using calcined at 350°C (CA1); curve 2 – when using calcined at 900°C (CA3)). 

Indexes: c – calcium aluminium carbonate hydroxide hydrate; d– calcite; k –katoite; 

H – LDH group compounds. 

 

It was determined that after the mentioned process in the sample prepared at 350°C 

(CA1), calcium monocarboaluminate (Ca4Al2O6CO3·11H2O), calcite and traces of 

katoite were formed (Fig. 5.8, curve 1). Also, new hydrotalcite group compounds were 

observed in X-ray diffraction patterns. This can be explained by the fact that no other 

compounds which consist of Cu2+ and SO4
2− ions were identified in XRD patterns. 

Thus, all mentioned ions were bound to form new layered double hydroxides (LDH). 

Meanwhile, when the mayenite was prepared at 900°C temperature (CA3), XRD 

analysis data showed that the diffraction maximum intensity of katoite and LDH 

insignificantly increased (Fig. 5.8, curve 2).  

The thermal stability of the products after adsorption processes (when using 

adsorbent calcined at 900°C) was investigated in a high-temperature camera MTC-

hightemp in a 25–1000°C temperature range (Fig. 8). It was estimated that calcium 

monocarboaluminate and LDH is stable up to 175°C, whereas at a higher temperature 

(175–200°C), the latter compounds fully decomposed. The results demonstrate that 

the intensities of diffraction peaks characteristic for katoite were almost the same with 

increasing calcination temperature (from 25°C to 275°C). 
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Fig. 5.9. In situ XRD patterns of the products after adsorption processes (when using 

adsorbent calcined at 900°C), when the temperature of calcination is 25–1000°C. 

Indices: K – katoite; C – calcium monocarboaluminate; O – calcium copper oxide 

(Ca2CuO3); Y – ye'elimite; T – tricalcium aluminate; L – lime. 

Meanwhile, at a higher temperature (350°C), katoite fully destroyed to amorphous 

structure compounds. It was determined that the calcite fully decomposed to calcium 

oxide at 700°C. It should be underlined that when the temperature of calcinations was 

increased to 800°C, amorphous structure compounds started recrystallizing to 

ye'elimite, tricalcium aluminate, and calcium copper oxide. It was determined that the 

crystallinity of mentioned compounds increased by increasing the temperature to 

1000°C. 

5.3.4.2. Adsorption capacity of mayenite derivatives for Cu2+/SO4
2- ions, 

influence of copper ion concentration on adsorption processes, and secondary 

adsorbent use 

It was determined that the calcination temperature of mayenite (CA1 – (350°C), 

CA2 – (550°C), CA3 – (900°C)) affected their adsorption capacity for copper ions 

and SO4
2− anions. It was obtained that after 3 min of adsorption in a solution 

containing 1 g/l of copper ions, the amount of the adsorbed ions by CA1 was equal to 

39 mg Cu2+/l (39%). Meanwhile, after 60 min, all Cu2+ ions (100 mg/g) were adsorbed, 

and 58% of SO4
2− anions were intercalated into the structure of mayenite (CA1), i.e., 

∼87 mg SO4
2−/g. It is worth noting that the Cu2+ and SO4

2− adsorption capacity of 

mayenite (CA1) decreased by increasing the initial concentration of copper ions in the 

solution to 3 g/l because after 60 min of this process, the determined values were equal 

to 50 mg of Cu2+ ions and 80 mg of SO4
2− anions, respectively. A further increment 

of the initial concentration of copper ions (5 g/l) had a negative effect on the total 

adsorbed ions.  
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Table 5.3 The amount of adsorbed Cu2+ ions and SO4
2− anions, under different 

conditions 

The primary aqueas 

solution containing g/l 

of Cu2+ ions 

1 g/l     

pH = 4.87 

3 g/l 

pH=4.00 

5 g/l 

pH = 3.85 

Sample 

Duration of 

adsorption, 

min 

The amount of adsorbed Cu2+ ions and SO4
2- anions, mg/g 

Cu2+ SO4
2- Cu2+ SO4

2- Cu2+ SO4
2- 

CA1 

3 39 40 42 45 23 40 

20 100 75 42 55 33 50 

60 100 87 50 80 38 60 

pH value after 

adsorption 
9.65 5.15 4.89 

CA2 

3 29 35 14 70 18 50 

20 70 65 32 65 26 70 

60 81 82 46 80 59 85 

pH value after 

adsorption 
8.12 5.04 4.72 

CA3 

3 27 20 28 34 57 80 

20 73 61 41 48 58 90 

60 77 80 63 82 93 98 

pH value after 

adsorption 
10.48 5.14 4.97 

 

It was observed that the calcination temperature of the products exerts negative 

influence on the adsorption capacity of Cu2+ ions and SO4
2− anions when the initial 

concentration of copper ions is equal to 1 g/l. It should be emphasized that within 20 

min of copper ions adsorption (when the sample was synthesized at 550–900°C (CA2 

and CA3), the adsorbed amount of the above-mentioned ions increased to 27–29 

mg/g, and after 1 h, it was equal to 77–81 mg/g. Meanwhile, in the case of SO4
2− 

anions adsorption by the above-mentioned samples, the removal efficiency was 

insignificantly lower, and the maximum amount of the adsorbed anions (80–82 mg/g) 

was obtained after 60 min. It was determined that the adsorption capacity of CA2 and 

CA3 mayenite samples decreased by increasing the initial concentration of copper 

ions in the solution to 3 g/l. It can be assumed that the largest total capacity of 

mayenite synthesized at 900°C temperature (CA3) is ∼63 mg Cu2+/g. It was observed 

that the SO4
2− anions adsorption capacity of CA2 and CA3 mayenite samples was still 

the same when increasing the initial concentration of copper ions (3 g/l) because, after 

60 min of adsorption, 80–82 mg of SO4
2− anions was adsorbed by 1 g of CA2 or CA3 

samples. When the concentration of copper ions in the solution was increased to 5 

g/dm3, the adsorption capacity of CA2 and CA3 mayenite samples insignificantly 

increased. Thus, the largest amount of Cu2+ ions was adsorbed by CA1 mayenite 

sample (100 mg/g) when the initial concentration of copper ions in the solution to 1 

g/l and the total SO4
2− ions adsorption capacity of the above-mentioned sample is 
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slightly lower (87 mg/g) than in CA3 sample from the higher concentration copper 

solutions. It should be noted that SBET and the total pore volume values of mayenite, 

which in CA1 and CA3 samples increased by 2 and 3 times, respectively, did not 

affect the adsorption capacity of Cu2+/SO4
2− ions. Presumably, low solubility 

portlandite (1.13 gCaO/1000 gH2O) had a positive effect on the CA1 adsorbent 

adsorption capacity. However, if we calculated the total adsorption capacity of both 

ions (the total quantity of Cu2+ and SO4
2− ions, i.e., ∼187 mg/g) of CA1 adsorbent, we 

would have very close values. 

It was detected that mayenite is not stable during the adsorption process, and it 

fully reacted under all experimental conditions. After the adsorption process in the 

solution with a lower concertation of copper ions, katoite (PDF No. 024–0217; d – 

5.130; 4.442; 3.358 nm), ettringite (PDF No. 013–3691; d – 9.725; 5.614; 3.881 nm), 

and products of partial carbonization – calcium aluminium carbonate hydroxide 

hydrate (Ca2Al(CO3)0.25(OH)6.5(H2O)2; PDF No. 018–9908; d – 8.135; 4.068; 2.888 

nm); calcium aluminium carbonate hydroxide hydrate (Ca4Al2(CO3)OH12(H2O)5; 

PDF No. 011–4223; d – 7.554; 3.777; 3.809 nm); and calcite (PDF No. 001–0837; d 

– 3.04; 1.92; 1.87 nm)) were determined in all adsorbent samples. Meanwhile, after 

adsorption in the solution with a higher concertation of copper ions (3 g/l and 5 g/l), 

the diffraction peaks characteristic to katoite decreased when increasing the 

concentration of copper ions in the initial solution. Presumably, the stability of katoite 

at low pH values decreased when increasing the concentration of copper ions. It is 

worth noting that under these conditions, a compound containing copper ions – copper 

sulphate hydroxide hydrate – posnjakite (Cu4SO4(OH)6H2O; PDF No. 010–7185; d – 

6.944; 3.472; 2.423 nm) – was formed (fig. 5.10, a). 
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Fig. 5.10. XRD (a) curve 1 – 1 g/l CuSO4; curve 2 – 3 g/l CuSO4; curve 3 – 5 

g/l CuSO4, and XRD patterns of products after the first adsorption processes (1 g/l 

CuSO4) and calcination (curve 1 – 350°C, curve 2 – 800°C, curve 3 – 950°C) when 

using adsorbent CA1. Indexes: e − ettringite, c – calcium aluminium carbonate 

hydroxide hydrate, k – katoite, d – calcite, f – calcium aluminium carbonate hydroxide 

hydrate, n – posnjakite, Y – ye'elimite, L – lime, d – calcite, m – mayenite, s – calcium 

sulfate, z – CuO. 

The thermal stability of the products after adsorption processes when the initial 

solution concentration of Cu2+ ions was equal to 1 g/l, was investigated within the 

350–950°C temperature range (Fig 5.10, b). It was determined that at 350°C, katoite 

was fully destroyed to mayenite, and the crystal structures of ettringite, calcium 

aluminium carbonate hydroxide hydrate, and calcium aluminium carbonate hydroxide 

hydrate were destroyed to amorphous structure compounds which mainly contained 

calcium and/or aluminium components (Fig 5.10, b).  

For the second set of adsorption experiments, two samples after the first set of 

adsorption processes (CA1 and CA3 after adsorption in 1 g/l CuSO4) were extra 

calcined at 350°C and 950°C. These samples were labelled according to their 

preparation: CA3_1_950, CA1_1_950, CA1_1_350, CA3_1_350. It should be 

emphasized that after the first adsorption process, thermal regeneration/activation 

products showed high adsorption capacity. It was found out that after 60 min of 

adsorption, the highest amount of Cu2+ ions (96 mg Cu2+/g (96%)) and SO4
2− anions 

(142 mg SO4
2−/g (95%)) was adsorbed by extra calcined at 950°C adsorbent CA1 after 

the first set of adsorption processes (CA1_1_950). A similar tendency was observed 

during the adsorption process by adsorbent CA3 extra calcined at 950°C after the first 

set of adsorption processes (CA3_1_950). It was determined that Cu2+ ions (95 mg 

Cu2+/g) and SO4
2− anions (135 mg SO4

2−/g) were adsorbed by CA3_1_950, and this 

value is slightly lower in comparison to that of CA3_1_950 (Table 5.4).  

 

Table 5.4. The amount of adsorbed Cu2+ ions and SO4
2− anions after second 

adsorption cycle, mg/g 

Sample Duration, min 

The amount of adsorbed Cu2+ ions 

and SO4
2- anions, mg/g 

Cu2+ SO4
2- 

CA3_1_950 

3 84 130 

20 92 134 

60 95 135 

CA3_1_350 

3 35 125 

20 40 126 

60 55 129 

CA1_1_950 

3 91 133 

20 94 136 

60 96 142 

CA1_1_350 

3 10 123 

20 34 125 

60 40 131 
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It was determined that the Cu2+ ions adsorption capacity of the samples was 

decreased by decreasing the extra calcination temperature (350°C) because after 60 

min of this process, the determined values were equal: 40 mg and 55 mg Cu2+ions in 

CA1_1_350 and CA3_1_350, respectively. The obtained data led us to conclude that 

the optimum condition and a high adsorption capacity (after the adsorption process 

involving two cycles) was determined in CA1 sample when we used 1 g/l CuSO4 

solution, and when the thermal regeneration/activation temperature was equal to 

950°C. In order to investigate the thermal stability of the products after the second set 

of adsorption processes, the products were calcined for 1 h at 350 and 950°C 

temperatures. It was determined that at 350°C, ettringite was fully destroyed, and 

lower intensity diffraction maximums, which are characteristic to CuO, calcium 

sulphate and Ca2CuO3, were now detected (Fig. 5.11., a). When the temperature of 

calcinations was increased to 950°C, calcite fully decomposed, and compounds of 

amorphous structure started recrystallizing to ye'elimite, mayenite, CuO, Ca2CuO3, 

and calcium oxide (Fig. 5.11, b). The presented results showed that the finally formed 

calcium aluminate phases with the incorporated Cu2+/SO4
2− ions (adsorbent after the 

second adsorption process (which have a higher adsorption capacity (CA3_1_950 and 

CA1_1_950) were extra calcined at 350°C and 950°C) showed different crystallinity. 

Presumably, the above-mentioned compounds are denoted by high hydration activity 

and can have a positive effect on the early hydration of OPC samples. Besides, after 

the hydration process, the adsorbed Cu2+/SO4
2− ions will be immobilized in cement 

stone. For this reason, the test of the influence of additives (5 wt%) on the hydration 

process was performed: CA1_1_950_1_350; CA3_1_950_1_350; 

CA1_1_950_1_950; CA3_1_950_1_950 additives were mixed with pure OPC. The 

heat release kinetics was calculated based on the pure OPC weight.  
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Fig. 5.11. patterns of products after second adsorption (adsorbent after the first 

adsorption process (1 g/l CuSO4) was extra calcined at 350°C (a) and 950°C (b)) 

process (1 g/l CuSO4) and second calcination at 350°C (a) and 950°C (b). Indexes: y 

– ye'elimite, L – lime, d – calcite, m – mayenite, s – calcium sulphate, z – CuO, e − 

ettringite, v – vaterite (CaCO3), o – Ca2CuO3. 

 

It was observed that all additives accelerated the first reaction (1–3 min) of 

cement samples because the maximum heat evolution rate increased from 0.005 W/g 

(pure OPC) to 0.038 W/g (OPC with CA3_1_950_1_350 additives). In the first few 

minutes of hydration, there was a rapid release of Ca2+, OH− and alkali ions from the 

cement compounds. Meanwhile, in the curves with a lower crystallinity additive, the 

maximum heat evolution rate increased only to 0.01–0.012. In addition, the induction 

period was longer; it was only extended to approximately 2.5–3 h for the sample with 

the above-mentioned additive in comparison with pure OPC (Fig. 5.12 b, curves 1, 4, 

and 5). However, the sample with the higher crystallinity additive, this period finished 

only after 37 h of hydration (Fig. 5.12, b, curves 2 and 3). The results demonstrate 

that the lower values of heat flow of the second exothermic reaction were reached in 

all OPC samples with additives. After 115 h of hydration, the highest quantity of the 

total heat (∼300 J/g) was obtained in the sample with the higher crystallinity additive, 

while, in the samples with lower crystallinity additive it reached only 267 J/g.  
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Fig. 5.12. Heat evolution rate (a, b) of pure OPC (curve 1) and OPC with 

different additives (5% wt.; curves 2–5) samples during the early stage of hydration. 

Types of additives: 2 – CA1_1_950_1_350 (curve 2); 3 – CA3_1_950_1_350 (curve 

3); 4 – CA1_1_950_1_950 (curve 4); 5 – CA3_1_950_1_950 (curve 5). 

 

The results presented here show that calcium aluminate phases with 

incorporated Cu2+/SO4
2− ions with higher crystallinity have a positive effect on the 

early hydration of OPC samples, and further research is needed to determine the 

degree of Cu2+/SO4
2− ions immobilization in cement stone. 

5.4 Heat balance for the mayenite production process 

In order to estimate the preliminary energy required for the production of 

mayenite, the most energy-intensive stages were modelled by Aspen Technology, 

Inc., i. e., the manufacturer of the chemical engineering process design software Apen 

Hysys and Aspen Plus. One of the most important production operations is the 

hydrothermal synthesis of the precursor of mayenite, katoite. The synthesis 

parameters were chosen according to the conditions with the highest yield of katoite: 

a mixture of calcium oxide and aluminium oxide with a molar ratio of CaO/Al2O3= 

2,8, when the isothermal retention time is 4 hours in an immiscible suspension with a 

water/solids ratio of 10 at a saturated steam temperature of 130°C. The katoite 

synthesis process consists of the following steps: raising the temperature to 130°C, 

isothermal treatment (4 h), natural cooling to room temperature. For one cycle, the 

initial solid raw materials required are CaO = 83.15 kg, Al2O3 = 166.85 kg and 3,404 

kg H2O. The design autoclave has a volume of 10,000 l. 

The Aspen Hysys software was used in this phase, which allows for both static 

and dynamic process modelling. Reaction interactions were not evaluated because 

their energy value is very low. It is generally accepted that the formation of calcium 

hydroaluminates takes place in a liquid medium, which is directly influenced by the 

solubility of the starting intermediates and diffusion processes. Simulated 
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hydrothermal reactor/autoclave (Fig. 5.13). The material flow in this model is based 

on a mixture of katoite (ID No. 200002) and water (CAS No. 7732-18-5) from the 

Aspen database, using the Fluid Packages – Solid system of thermodynamic 

equations, which is designed to simulate solid state processes. 

 
Fig. 5.13. Principle diagram of the autoclave, modelled in Aspen HYSYS 

environment, where: S1 – initial raw material flow; S2 – product flow; E-100 – 

autoclave; Q1 – process energy flow 

The calculations are carried out using three different models: the first one 

develops a static model, which estimates the amount of energy needed to reach the 

required isothermal holding temperature (between 25°C and 130°C) under ideal 

conditions (without considering losses). The calculations showed that the energy 

required to achieve this process is 423.1 kW/cycle. The second is a dynamic model 

that evaluates the relationship between energy loss (heat loss) and the geometrical 

dimensions of the autoclave during temperature rise. In this model, an additional 

energy consumption of 7.16 kW (per cycle) was found to be needed to compensate 

for these heat losses. The third dynamic model is designed to estimate the amount of 

additional energy that needs to be fed into the system in order to maintain isothermal 

conditions, i.e. to compensate for heat losses during the isothermal maintenance mode, 

with value of 50.6 kW/cycle. 

Thus, after autoclaving, the synthesised katoite is intensively mixed with the 

water in the medium to form a homogeneous slurry and fed into a drum centrifuge, 

where the excess moisture is removed, reducing the moisture content to 15%, and then 

fed into a dryer. Many manufacturers offer centrifuges with a total energy requirement 

varying from 18 to 24 kW/cycle, depending on the manufacturer. Thus, for this 

process, filtration in a centrifuge, the maximum energy consumption (24 kW/cycle). 



30 

The number of autoclaves and their operating mode will be such that 24 cycles can be 

performed/produced per day.  

5.5 Conclusions 

1. It was found that after 1–72 h of isothermal retention (CaO/Al2O3=1.7 at 

130°C), the synthesis products are dominated by a mixture of calcium 

monocarboaluminate and katoite. The formation of calcium 

monocarboaluminate has been experimentally shown to occur during drying 

of the sample. The synthesis product (CaO/Al2O3=2.8, 4 hours at 130°C) was 

found to be dominated by katoite. The impurities of calcium 

monocarboaluminate and boehmite are observed as the duration of the 

hydrothermal reaction increases. A further increase in the CaO/Al2O3 ratio 

(2.9–3.2) has a positive effect on the intensity of the diffraction peaks of 

portlandite and calcium monocarboaluminate under all the conditions studied. 

2. Calcium monocarboaluminate has been shown to completely decompose at 

~150°C to form calcium oxide, aragonite, and gibbsite. The subsequent 

thermal decomposition of the latter 2 compounds is multistep, with the final 

stable products being CaO and Al2O3. 

3. The SBET value for synthetic katoite (CaO/Al2O3=2.8, 4 hours at 130°C) is 

9.23 m2/g. It remains stable up to 275°C and fully recrystallises at 350°C into 

a mixture of mayenite and portlandite. At 550°C, the portlandite completes 

its decomposition and the crystallinity and SBET value of the mayenite 

decrease slightly. At 900°C, the intensity of the diffraction peaks of mayenite 

and calcium oxide increases and the SBET of the product increases to 24.55 

m2/g. 

4. The additive of mayenite derivatives has a positive effect on the early stage 

of the hydration of the Portland cement and as the content increases from 2.5 

to 7.5%, the amount of heat released, the degree of gypsum reaction and the 

amount of ettringite produced increase consistently. Also, this additive, 

obtained under different conditions, has an influence on its hydration 

mechanism at the end of the wetting period, since it is only at 550°C that the 

mayenite obtained reacts with the ettringite and the water to form a new 

exothermic reaction. 

5. The adsorption capacity of the mayenite derivatives for Cu2+ and SO4
2- ions 

depends both on their combustion temperature and on the initial concentration 

of the copper sulphate solution. The highest total (192 mg/g; 93 mg/g Cu2+ + 

98 mg/g SO4
2-) ions were found to be adsorbed by the mayenite obtained at 

900°C at the highest initial copper sulphate concentration (5 g Cu2+/l). 

Meanwhile, the highest amount of copper ions (100 mg/g) was adsorbed by 

the mayenite obtained at 350°C at an initial copper sulphate solution 

concentration of 1 g Cu2+/l. After the adsorption process, katoite, ettringite, 

and partial carbonisation products were identified in all samples, and copper 
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sulphate hydroxide was also formed when the concentration of the copper 

sulphate solution was increased to 3–5 g Cu2+/l. After sorption and additional 

heat treatment at 350°C, it was found that the katoite completely recrystallised 

into mayenite. 

6. After a first adsorption process and additional thermal activation, the products 

obtained were found to have a high adsorption capacity for Cu2+ and SO4
2- 

ions in copper sulphate solution (1 g Cu2+/l). After the adsorption process, it 

was found that the sample activated at 950°C adsorbed the highest amount of 

Cu2+ ions (96 mg Cu2+/g) and SO4
2- anions (142 mg SO4

2-/g (95 %)). After the 

re-adsorption process, ettringite predominates in all samples analysed. 

7. The total energy required for the hydrothermal treatment (4 hours isothermal 

holding at 130°C) to synthesise 333 kg of katoite per cycle is calculated to be 

481 kW/cycle after taking into account the heat losses. After synthesis, the 

final drying and thermal decomposition is carried out in a fluidised bed reactor 

fed with air (9,000 kg/h, 10.7 bar and 417°C) at the lowest temperature for 

the formation of the mayenite (350°C), with an energy required to pressurise 

the air flow of 1,006 kW/cycle. Meanwhile, at the maximum temperature for 

the formation of mayenite (900°C), the process requires a temperature of 

1,001°C and and air flow rate of 8,702 kg/h, which requires 2,572 kW/cycle 

of energy to heat and pressurise. 
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4. IŠVADOS 

1. Nustatyta, kad po 1–72 val. izoterminio išlaikymo (CaO/Al2O3=1,7, esant 130 

°C) sintezės produktuose vyrauja kalcio monokarboaliuminato ir katoito 

mišinys. Eksperimentiškai įrodyta, kad kalcio monokarboaliuminato 

susidarymas vyksta bandinio džiovinimo metu. Ištirta, kad sintezės produkte 

(CaO/Al2O3=2,8, 4 val., esant 130  C) vyrauja katoitas. Pailginus hidroterminės 

reakcijos trukmę matomos kalcio monokarboaliuminato bei bemito priemaišos. 

Tolimesnis CaO/Al2O3 santykio didėjimas (2,9-3,2) turi teigiamą įtaką 

portlandito ir kalcio monokarboaliuminato difrakcinių smailių intensyvumui 

visomis tirtomis sąlygomis. 

2. Ištirta, kad kalcio monokarboaliuminatas visiškai suskyla ~150 °C 

temperatūroje susidarant kalcio oksidui, aragonitui ir gipsitui. Pastarųjų 2-jų 

junginių tolesnis terminis skilimas yra daugiapakopis, o galutiniai stabilūs 

produktai yra CaO ir Al2O3. 

3. Sintetinio katoito (CaO/Al2O3=2,8, 4 val., esant 130 °C) SBET vertė yra lygi 

9,23 m2/g. Jis išlieka stabilus iki 275  C temperatūros, o esant 350 ºC visiškai 

pereina į majenito bei portlandito mišinį. 550 ºC temperatūroje baigia skilti 

portlanditas, o majenito kristališkumas ir SBET vertė šiek tiek sumažėja. 900  C 

temperatūroje gerokai padidėja majenito ir kalcio oksido difrakcinių smailių 

intensyvumas bei produkto SBET – net iki 24,55 m2/g. 

4. Majenito darinių priedas turi teigiamos įtakos ankstyvajai portlandcemenčio 

hidratacijos stadijai, o jo kiekį didinant nuo 2,5 iki 7,5%, išsiskyrusios šilumos 

kiekis, gipso sureagavimo laipsnis bei susidarančio etringito kiekis nuosekliai 

didėja. Taip pat šio priedo prigimtis turi įtakos jo hidratacijos mechanizmui 

pasibaigus drėkinimo periodui, nes tik 550  C temperatūroje gautas majenitas 

reaguoja su etringitu bei vandeniu vykstant naujai egzoterminei reakcijai. 

5. Majenito darinių geba adsorbuoti Cu2+ ir SO4
2- jonus priklauso tiek nuo jų 

degimo temperatūros, tiek nuo pradinės vario sulfato tirpalo koncentracijos. 

Nustatyta, kad didžiausią bendrą (192 mg/g; 93 mg/g Cu2+ + 98 mg/g SO4
2-) 

jonų kiekį adsorbavo 900  C temperatūroje gautas majenitas esant didžiausiai 

pradinei vario sulfato koncentracijai (5 g Cu2+/l). O didžiausią vario jonų kiekį 

(100 mg/g) adsorbavo 350  C temperatūroje gautas majenitas, kai pradinio 

vario sulfato tirpalo koncentracija – 1 g Cu2+/l. Po adsorbcijos proceso visuose 

bandiniuose identifikuoti katoitas, etringitas ir dalinės karbonizacijos 

produktai, o vario sulfato tirpalo koncentraciją padidinus iki 3–5 g Cu2+/l, 

susidaro ir vario sulfato hidroksidas. Nustatyta, kad po sorbcijos ir papildomo 

terminio apdorojimo 350  C temperatūroje katoitas visiškai persikristalizuoja į 

majenitą. 

6. Nustatyta, kad po pirmojo adsorbcijos proceso ir papildomos terminės 

aktyvacijos gauti produktai pasižymi didele geba adsorbuoti Cu2+ ir SO4
2- jonus 

vario sulfato tirpale (1 g Cu2+/l). Nustatyta, kad po adsorbcijos proceso 

didžiausią Cu2+ jonų (96 mg Cu2+/g) ir SO4
2- anijonų (142 mg SO4

2−/g (95 %)) 
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kiekį adsorbuoja 950  C temperatūroje aktyvuotas bandinys. Po pakartotinės 

adsorbcijos visuose tirtuose bandiniuose vyrauja etringitas. 

7. Apskaičiuotas bendras hidroterminio apdorojimo (4 val. izoterminio išlaikymo 

130 oC temperatūroje) metu reikalingas energijos kiekis sintetinant 333 kg 

katoito vieno ciklo metu, įvertinus šilumos nuostolius jis yra 481 kW/ciklui. Po 

sintezės katoito galutinis džiovinimas bei jo terminis skilimas vykdomas 

verdančio sluoksnio reaktoriuje, į kurį, esant mažiausiai (350  C) majenito 

gavimo temperatūrai, tiekiamas (9000 kg/h, 10,7 bar. ir 417 °C) oras (oro srauto 

suslėgimui reikalinga energija 1006 kW/ciklui). Esant didžiausiai (900 °C) 

majenito gavimo temperatūrai, procesui pasiekti reikalingas 1001  C ir 8702 

kg/h oro debitas, kuriam pašildyti ir suslėgti yra reikalingas 2572 kW/ciklui 

energijos kiekis. 
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