
Construction and Building Materials 378 (2023) 131028

Available online 28 March 2023
0950-0618/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Investigating the hydration of C3A in the combined presence of anhydrite 
and limestone using solid-state NMR, XRD and TG techniques 

Valentino Merlo a,*, Leonardo Marchese b, Daniela Gastaldi a, Enrico Boccaleri c,d,*, 
Fulvio Canonico a, Geo Paul b 

a Built - Buzzi Unicem Innovation Lab and Technology, Via Restano 3, 13100 Vercelli, Italy 
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A B S T R A C T   

Diverse AFm phases are commonly found during the hydration of calcium sulfoaluminate (CSA), Portland (OPC), 
and calcium aluminate (CAC) cements. Due to the flexibility in their layered double hydroxide (LDH) structure, 
they are observed in variable single or multi-anion bearing forms, water contents and transient states. When 
multiple sulfate and carbonate anion sources, in variable compositions, are available during the hydration of 
cements, the identity, quantity, and stability of the formed AFm phases vary considerably. They may also pre-
cipitate as microcrystalline and/or amorphous phases, rendering their detection by X-ray powder diffraction 
(PXRD) difficult. In this study the AFm phases have been generated through the hydration of tricalcium 
aluminate (C3A) in the presence of sulfate (anhydrite) and carbonate ions (limestone) in various compositions. A 
multi-technique approach involving solid-state nuclear magnetic resonance spectroscopy (ssNMR), thermogra-
vimetric analysis/differential scanning calorimetry (TGA/DSC) and PXRD has been employed to govern the 
sequence of hydration reactions, the evolution, structure, and the stability of AFm phases at 1 and 28 days of C3A 
hydration. The results show that the identity and quantity of AFm phases formed vary considerably according to 
the nature of the anion sources available during the hydration. Hydration products such as crystalline C3AH6, 
ettringite and amorphous as well as crystalline/microcrystalline monoanionic AFm phases (monosulfate, mon-
ocarbonate, hydroxy-AFm) and bi-anionic phases (hemicarbonate and solid-solutions involving more anions) 
have been identified and quantified.   

1. Introduction 

Al2O3 − Fe2O3 − Monosulfate (AFm) phases belong to the layered 
double hydroxide family whose structure derives from brucite. The 
general structure of AFm phases are built up of positively charged main 
layers composed of divalent and trivalent cation hydroxides of the for-
mula [MII

1-xMIII
x(OH)2]x+ and an interlayer gallery accommodating 

negatively charged anions and water molecules of the formula [An-
x/ 

n⋅zH2O]x- where A is either a monovalent anion or half of a divalent 
anion. During the cement hydration, the divalent and trivalent cations 
generally present are Ca and Al, respectively. However, other types of 
cations such as Mg and Fe may also be present. Similarly, anions such as 

OH–, Cl-, CO3
2–, SO4

2- etc. are commonly found in AFm phases in a cement 
paste [1–5]. 

Being one of the important constituents of Portland and calcium 
sulfoaluminate cements, tricalcium aluminate (C3A) plays a crucial role 
in the hydration, workability, setting and durability of cement and thus 
of concrete. The properties of the cement pastes are directly linked to its 
hydration products and their microstructure development. C3A hydra-
tion results in the formation of various aluminate hydrates and AFm 
phases [1–5]. The reactions involving the hydration of pure C3A1 in the 
absence of any anion can be summarized as follows. 

2C3A+ 21H→C4AH13 +C2AH8→2C3AH6 + 9H (1) 
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2C3A+ 27H→C4AH19 +C2AH8→2C3AH6 + 15H (2) 

The highly hydraulic C3A reacts instantaneously with water resulting 
in calcium aluminate hydrates (hydroxy-AFm phases) such as C4AH13, 
C4AH19 and C2AH8, that is responsible for flash setting of cement. When 
setting in cement paste occurs spontaneously, loss of workability and 
failure of strength development results consequently. However, these 
hydroxy-AFm phases are thermodynamically metastable and might 
convert into a fully hydrated stable phase C3AH6 (hydrogarnet) [6–8]. In 
a real-world cement paste, some hydroxy-AFm phases are still detected. 

In order to prevent the flash setting in cement, inter-grinding or 
addition of proper dosage of calcium sulfate (gypsum and/or anhydrite) 
to clinker is carried out. The amount of calcium sulfate influences the 
hydration rate as well as the hydration products of C3A. The reactions 
involving the hydration of gypsum and C3A can be summarized as 
follows. 

C3A+ 3CSH2 + 26H→C6AS3H32 (3)  

C6AS3H32 + 2C3A+ 4H→3C4ASH12 (4)  

C3A+CSH2 + 10H→C4ASH12 (5) 

In the presence of gypsum, highly hydraulic C3A still reacts 
extremely fast with water, however, mineral ettringite is formed 
(equation (3). If insufficient gypsum is present or if exhausted, then the 
ettringite will react with excess C3A to form the AFm mineral calcium 
monosulfoaluminate hydrate (monosulfate) according to equation (4). 
In addition, the type of calcium sulfate (gypsum, hemihydrate or 
anhydrite) employed in the binary composition can influence the 
resulting calcium aluminate hydrates as well as the actual mole ratio 
between calcium sulfate and C3A in the cement control the setting 
characteristics [9,10]. Under certain conditions (i.e. in under-sulfated 
system), the hydration of C3A in presence of gypsum can result in the 
direct precipitation of monosulfate without the formation of ettringite 
(Equation (5). Moreover, the presence of quicklime in combination with 
CaSO4 can also influence the C3A hydration rate and the formation of 
calcium aluminate hydrates [11]. The other types of sulfates (anhydrite 
or hemihydrate) will follow similar reaction routine mainly based on the 
availability of sulfate. 

The other most common conditions that alter the nature, evolution 
and microstructures of C3A hydration products are the presence of other 
anions, particularly carbonates (limestone) in cement. Limestone can 
also be added to the clinker (up to 35%) either to control the setting time 
or as a SCM [12]. Limestone can either participate in the hydration re-
actions or act as an inert filler. The reactions involving the hydration of 
C3A and CaCO3 binary system can be summarized as follows. 

C3A+CC+ 11H→C4ACH11 (6)  

2C3A+CC+ 12H→2C4AC0.5H12 (7) 

In the presence of excess of CaCO3, the hydration of C3A leads to the 
formation of another AFm phase calcium monocarboaluminate hydrate 
(monocarbonate), probably through the rapid reaction with hydroxy- 
AFm phases, preventing the generation of hydrogarnet (equation (6) 
[7,13,14]. However, when insufficient amount of CaCO3 is present 
during the hydration of C3A, a transitionally stable AFm phase, hemi-
carbonate, can appear in this system (equation (7). The availability of 
dissolved carbonates in the system can destabilize hemicarbonate and a 
gradual conversion into monocarbonate can be expected [15,16]. 

A combination of gypsum and CaCO3 in suitable proportions has 
been effectively used to control the C3A setting time [17]. Presence of 
varying amounts of calcium sulfate and calcium carbonate in a ternary 
formulation alters the phase composition of hydrated C3A paste due to 
the formation of sulfoaluminate and carboaluminate AFm phases. 
Among them, the most expected AFm phases are monosulfate, mono-
carbonate, hemicarbonate, hemisulfate, and hydroxy-AFm phases. In 

addition, solid-solutions involving hydroxyls, sulfates and carbonates 
are predicted. A thorough understanding of the development of AFm 
phases, their transitional stability as well as their long-term co-existence 
are important when considering the various applications of C3A based 
cements. 

Nowadays, the use of anhydrite and limestone in cements become 
frequent due to either economic, environmental or sustainability rea-
sons. In countries such as China, who accounts for more than 50% 
worlds’ cement production, availability of natural anhydrite for cheaper 
prices contribute to the replacement of gypsum in Portland cement 
[9,18]. Similarly, European cement standard regulations (EN 197–1) 
identifies six types of limestone cements containing, 6–20% (CEM II/A- 
L, CEM II/A-LL and CEM II/A-M) and 21–35% limestone (CEM II/B-L, 
CEM II/B-LL and CEM II/B-M), that can be used in structural concrete, 
highlighting it as an attractive material due to its low processing costs 
and unlimited availability [19]. 

Aluminium is a fundamental building block for various types of AFm 
minerals formed during the hydration of cement. Various AFm phases 
involving anions such as hydroxyl, sulfate, carbonate, chloride, alumi-
nosilicate etc possess aluminium in their structure [20–25]. Given the 
importance of aluminate minerals in cement hydration chemistry, NMR 
spectroscopic study of 27Al nucleus can provide unique insight about 
reactivity and structure through the determination of its local environ-
ments (Table S1) [26]. Monoanionic AFm phases (monosulfate, mono-
carbonate, hydroxy-AFm) and bi-anionic phases (hemicarbonate and 
solid-solutions involving more anions) may be precipitated as either 
microcrystalline or amorphous species in cement pastes, rendering their 
detection by PXRD difficult. Due to its unparalleled ability to equally 
detect and quantify amorphous, crystalline, disordered phases and sur-
face species, solid-state NMR spectroscopy is an ideal tool for the 
investigation of AFm phases. 

In this study, various AFm phases are prepared by the hydration of 
synthetic C3A in the presence, absence and co-presence of anhydrite and 
limestone, with a view to investigate the formation and evolution of 
OH–, CO3

– and SO4
- AFm phases in the hydrated system. An integrated 

approach involving well-established technique of 27Al solid-state NMR 
spectroscopy, X-ray powder diffraction and thermogravimetric analysis/ 
differential scanning calorimetry is employed for the characterization of 
the different crystalline/microcrystalline/amorphous AFm phases. The 
coupling of complementary techniques supports the combined identifi-
cation and quantification of crystalline, microcrystalline, and disordered 
AFm phases in cement pastes in an unprecedented detail. 

2. Materials and methods 

2.1. Materials 

Pure C3A was prepared in the laboratory according to the procedure 
reported previously [27]. Calculated amounts of reagent grade (Sigma/ 
Aldrich) calcium carbonate (CaCO3) and aluminium hydroxide (Al 
(OH)3), were mixed with water to prepare a paste which was then fired 
into a tubular furnace. The mixture was sintered at 1440 ◦C for 40 min. 
The purity of the obtained cubic C3A was determined by PXRD 
(Figure S1). 

Before the hydration procedure, powdered cubic C3A along with 
anhydrite or limestone (supplied by Buzzi Unicem) or both were thor-
oughly mixed. Pastes were prepared with deionized milliQ water and 
mixed at 400 rpm in a vertical mixer for 5 min with water to solid ratio 
(W/B) of 0.4 at 20 ◦C. Composition of the samples are given in Table 1. 
C3A alone was also hydrated for comparison purpose (sample 
C100_S0_L0). The levels of anions (sulfates and carbonates) were chosen 
so as to control the amount of AFm phases such as monosulfate or 
monocarbonate in samples C93_S7_L0, C67_S33_L0 and C73_S0_L27, 
respectively. C72_S13_L15 was considered as a combined sulfate- 
carbonate system. The pastes were poured into plastic tubes, sealed 
immediately after mixing and stored at room temperature. Specimens of 
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hydrating pastes were picked after 1 and 28 days. Sampling was per-
formed by breaking a fragment of the paste which was immediately 
transferred into a desiccator under nitrogen at 40 ◦C for 24 h. The 
treatment was required to stop the hydration by removing free water 
and to reduce interaction with external agents such as CO2. Dried pastes 
were then manually ground in agate mortar and analysed. 

2.2. Solid-state NMR 

Solid-state NMR spectra were acquired with a wide bore 11.75 Tesla 
magnet on a Bruker Avance III 500 spectrometer using operational fre-
quencies for 1H and 27Al of 500.13 and 130.32 MHz, respectively. A 4 
mm triple resonance probe, in double resonance mode, with magic angle 
spinning (MAS) was employed in all the experiments and the samples 
were packed on a Zirconia rotor and spun at a MAS rate of 15 kHz. The 
27Al 1D MAS spectra have been acquired on large sweep width with 
small pulse angle (π/12) to ensure quantitative interpretation [28]. In 
addition, central transition 27Al MAS NMR spectra were acquired under 
high power 1H decoupling conditions. The delay, d1, between accu-
mulations was 1 s and the chemical shifts are reported using δ scale and 
are externally referenced to Al(H2O)6

3+ ion in 1.0 M AlCl3 solution to 0.0 
ppm. 

All NMR spectra were fitted (DMFIT) for quantitative deconvolution 
of overlapping peaks [29]. The lineshape of the peaks associated with 
calcium aluminate hydrates was described by a Gaussian and/or Lor-
entzian function except for monocarbonate and AFm*, where quad-
rupolar lineshapes were employed [30,31]. Quadrupolar coupling 
parameters and chemical shift values of most common aluminate phases 
in hydrating cement systems have already been reported in the literature 
and were used for the quantitative deconvolution study (Refer to 
Table S2). 

2.3. Powder XRD 

PXRD analyses were performed on a Bruker AXS D4 Endeavor 
diffractometer working in Bragg-Brentano geometry, equipped with a 
ceramic X-ray tube KFF (Cu Kα radiation) and a “Linx Eye” dispersive 
detector. The acquisition of diffraction patterns was performed in the 8- 
55◦ 2θ range at 0.02◦ 2θ step size and 0.5 sec time/step; during the 
acquisition the sample was continuously spun at 30 rpm [21]. Samples 
of pastes were ground and pressed in pellet through a Polysius Auto-
matic Sample Preparation Module (APM). 

Semi-quantitative mineralogical analyses were conducted by Riet-
veld method using the Topas 2.0 package (software were commercially 
supplied by Bruker AXS). The refinements were conducted in the whole 
8-55◦ 2θ range by using a 5th order Chebychev Polynomium for the 
background calculation and allowing refinement of the sample 
displacement; crystal size of all structures was set free to vary between 
32 and 500 nm while preferred orientations were avoided thanks to 
automatic sample preparation; Rwp (Residual weighted profile) value 
was in all cases lower than 10% and estimated average error of refine-
ment was lower than 2%. 

2.4. Tg/dsc 

Thermogravimetric/Differential Scanning Calorimetric (TG/DSC) 

measurements were performed on paste fragments by means of a Mettler 
Toledo TG/DSC 1: thermal ramp was set from 35 to 950 ◦C at 20 ◦C/min 
in 80 mL/min air flow; 90 µL alumina pans were used. 

3. Results 

3.1. Hydration of C3A alone 

Fig. 1A shows the 27Al central transition MAS NMR spectra of 
anhydrous cubic C3A sample along with the deconvoluted spectrum 
with individual contribution from each 27Al site. There are two crys-
tallographically distinct tetrahedrally coordinated 27Al sites present in 
the cubic C3A with similar isotropic chemical shift values as well as 
quadrupolar coupling parameters and is in agreement with earlier re-
ports [5,8]. Note that the peak area belonging to these two tetrahedral Al 
sites cover the entire chemical shift range associated with the tetra- 
(80–45 ppm), penta- (40–25 ppm) and octa- (15 – 0 ppm) coordinated 
aluminium sites, rendering the spectral assignments of hydrated alu-
minates complicated [32]. During the hydration of C3A, in the absence 
of any anions, various AFm calcium aluminate hydrates are formed 
(Equation (1) and (2). The stability of the hydrates is usually influenced 
by the relative humidity and temperature as hydroxy-AFm phases are 
initially formed which would get converted into a more stable hydro-
garnet. The 27Al central transition MAS NMR spectra recorded with 
proton decoupling from the paste hydrated for 1 and 28 days are shown 
in Fig. 1B, together with the corresponding fitted spectra and their in-
dividual components from each 27Al site. According to the position of 
the chemical shifts, it is possible to state that the main hydration product 
is hydrogarnet (C3AH6, 12.3 ppm) in both the cases. However, traces of 
hydroxy-AFm phases (10.4 ppm) (C4AH13, C4AH19 and C2AH8) are 
present. Relative proportion of the population distribution of 27Al sites 
in the hydrated C3A are given in Table 2. According to Sanchez-Herrero 
et al., immediate stabilization of the paste with the formation of C3AH6 
can be achieved by the use of a low liquid/solid ratios [33]. 

It is important to note here that the resonance peaks associated with 
hydrogarnet and hydroxy-AFm phases exhibited narrower resonances 
(without the quadrupolar broadening) making the deconvolution and 
quantification rather straightforward. Within the first 24 h, around 80% 
of C3A has been subjected to hydration which would increase up to 97% 
after 28 days. Although around 8% of aluminium nuclei belongs to 
hydroxy-AFm phases at early hydration stages, their level diminished 
greatly with increasing hydration time, and they have been eventually 
converted to stable hydrogarnet at 28 days which is the dominant phase. 

The formation of AFm phases during C3A hydration could also be 
followed by powder X-ray diffraction (Fig. 2A). The identity and dis-
tribution of phases in hydrated C3A has been verified by Rietveld 
refinement and is shown in Table 3. The main hydration product is 
C3AH6 (main peak at 2θ = 17.2◦, corresponding to reflection 211), in 
addition traces of hydroxy-AFm phases are detected (peaks at 10.9◦ and 
11.4◦ 2θ). The presence of two peaks generally ascribed to hydroxy-AFm 
is due to the variable nature of this phase, that can be described either as 
C4AH13 or C4AH19 or C2AH8. As the hydration progressed up to 28 days, 
only less than 2% of residual anhydrous cubic C3A remained in the 
sample where 97% accounted for C3AH6. Moreover, the thermal 
behavior of the AFm phases has been studied (Fig. 2B): sample 
C100_S0_L0 shows major endothermic signals in two consecutive steps 
associated with the weight loss due to dehydration at around 340 ◦C and 
485 ◦C and is in agreement with the patterns reported in the literature 
for C3AH6 [34]. In addition, a small weight loss at around 180 ◦C is 
visible and is due to dehydration of hydroxy-AFm phases. 

3.2. Hydration of C3A in presence of calcium sulfate 

Blends of cubic tricalcium aluminate with two different amounts of 
anhydrite has been hydrated for 1 and 28 days and evaluated via 27Al 
MAS NMR spectroscopy (Table 1). Fig. 3 shows the 27Al central 

Table 1 
Composition (in wt%) of the samples.  

Sample Name C3A Anhydrite Limestone 

C100_S0_L0 100 0 0 
C93_S7_L0 93 7 0 
C67_S33_L0 67 33 0 
C73_S0_L27 73 0 27 
C72_S13_L15 72 13 15  
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transition MAS NMR spectra recorded with proton decoupling of various 
anhydrite based hydrated C3A pastes. When low amount of anhydrite 
has been used (sample C93_S7_L0), the C3A hydration products were 
AFm phases, calcium monosulfoaluminate (monosulfate) and the 
hydroxy-AFm along with C3AH6. Here, monosulfate appeared as narrow 
peak with δcg at 9.7 ppm (see supplementary data). After 1 day, C3AH6 
and hydroxy-AFm have been the dominant hydrated phases (Table 2). 
The formation of monosulfate has been retarded at this stage and could 
be related to a faster formation of hydroxy-AFm phases. 27Al NMR 
revealed that no changes in the type of hydrated phases occurs within 
28 days, although the relative intensities of the peaks and therefore the 
quantity of these phases did vary: after 28 days, more monosulfate is 
formed at expenses of hydroxy-AFm phases. 

It is important to note here that even at this stage of hydration, major 

amounts of anhydrous C3A remain (28%), probably related to either the 
low W/B ratio used or due to the coating of precipitates of hydrated 
aluminates and/or calcium and sulfate ions on the C3A grains which 
prevented its hydration further. Indeed, there are few studies that pro-
vided various insights on the retardation of C3A hydration in the pres-
ence of calcium sulfate [35,36]. Moreover, ettringite has been never 
detected at any stages of hydration in this composition presumably due 
to the lack of sulfate in the system. C3AH6 being crystallized in a cubic 
phase, the 27Al nucleus residing in an extremely symmetrical environ-
ment would experience a relatively negligible quadrupolar interactions 
and expected to show a narrow resonance peak. However, the relatively 
broader peak detected for C3AH6 could be attributed to the chemical 
shift distribution originating from its growth as a shell around the wider 
C3A grain boundaries [37]. 

Fig. 1.. 27Al central transition MAS NMR spectrum (blue) for anhydrous (A) and hydrated (B) cubic C3A obtained with 1H decoupling along with the deconvoluted 
spectra (red) and individual contribution from each 27Al site. δiso = isotropic chemical shift, CQ = quadrupolar coupling constant and ηQ = asymmetry parameter of 
the electric field gradients. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 2 
Relative proportion of the population distribution of AFm phases through 27Al sites from the MAS NMR data in different hydrated C3A blends (estimated error ± 2%). 
E1 and E2 = ettringite, Ms = monosulfate, Mc = monocarbonate, Hy-AFm = hydroxy-AFm phases, AFm* = other AFm phases, SEF = secondary ettringite formed.    

27Al Species (wt%) 
AlIV AlVI 

C3A C3AH6 E1 E2 Ms Hy-AFm AFm* Mc SEF 

C100_S0_L0 1d 20 72  –  –  8 – – – 
28d 3 96  –  –  1 – – – 

C93_S7_L0 1d 31 42  –  – 9 18 – – – 
28d 28 48  –  – 16 8 – – – 

C67_S33_L0 1d 36 31  4.5  4.5 8 16 – – – 
28d 36 23  7.5  7.5 14 12 – – – 

C73_S0_L27 1d 22 25  –  – – – 20 33 – 
28d 13 24  –  – – – 20 43 – 

C72_S13_L15 1d 38 13  2.5  2.5 5 – 25 8 6 
28d 28 15  1.5  1.5 6 – 28 10 10  

Fig. 2. Powder X-ray diffraction patterns (A) and TG/DSC evaluation (B) of sample C100_S0_L0 hydrated at 20 ◦C with W/B = 0.4.  
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For the composition with higher amounts of anhydrite (sample 
C67_S33_L0), the hydration of C3A leads to major differences in the 
quantity and distribution of aluminate hydrates as noted in Fig. 3B. 
Ettringite has been detected here from the beginning of hydration and 
the amount formed has increased as the hydration progressed. There 
have been two distinct 27Al resonances detected for ettringite in this 
sample at 13.1 and 13.5 ppm highlighting the highly symmetrical 
aluminium sites in a well crystallised sample [38,39]. Besides ettringite, 
presence of AFm phases monosulfate and hydroxy-AFm along with 
C3AH6, have also been noted. A decrease in the amount of hydrogarnet 
has been noted here as we go from 1 to 28 days (Table 2), presumably 

due to reactions (8) and (9). 

C3AH6 + 3CS+ 26H→C6AS3H32 (8)  

C3AH6 +CS+ 6H→C4ASH12 (9) 

A significant C3A dissolution inhibition (36 %, Table 2) has been 
noted, much higher than in sample C93_S7_L0: in fact, the level of re-
sidual anhydrous C3A showed no change between 1 and 28 days of 
hydration. Presence of additional anhydrite being the only difference 
from sample C93_S7_L0, pronounced C3A hydration inhibition could be 
due to the existence of further calcium and sulfate ions on the C3A grains 

Table 3 
Mineralogical composition in weight (%) of the different AFm phases formed during the hydration of C3A blends at different aging times obtained by means of semi- 
quantitative Rietveld refinement on PXRD patterns (estimated error ± 2%). HT = hydration time, E = ettringite, Ms = monosulfate, Mc = monocarbonate, Hc =
hemicarbonate, Hy-AFm = hydroxy-AFm phases, AFm* = other AFm phases, MH = monohydrocalcite, An = anhydrite, L = calcite, OP = other phases.   

Phases (wt%)              
HT C3A C3AH6 E Hy - AFm AFm* Ms MH Hc Mc An L OP 

C100_S0_L0 1d 14.4 77.1 – 2.8 5.7 – – – – – – –  
28d 1.3 97.3 – 1.4 – – – – – – – – 

C93_S7_L0 1d 20.6 53.4 – 14.8 – 5.5 – – – 1.5 4.2 –  
28d 18.0 52.0 – 9.9 1.0 13.7 – – – – 2.3 2.9 

C67_S33_L0 1d 19.3 18.8 23.0 20.5 – 1.7 – – – 13.0 3.8 –  
28d 19.3 14.7 30.5 9.6 – 14.0 – – – 7.5 4.4 – 

C73_S0_L27 1d 9.5 19.5 – – – – 3.1 7.6 15.4 – 37.8 7.2  
28d 6.8 26.8 – – – – 3.8 8.6 18.2 – 29.4 6.5 

C72_S13_L15 1d 19.0 20.5 9.0 10.0 – 2.5 3.0 7.2 3.5 1.8 19.9 3.4  
28d 14.3 18.9 11.9 9.1 – 9.8 1.8 7.9 6.5 1.5 12.8 5.5  

Fig. 3. 27Al central transition MAS NMR spectra (octahedral region) for the hydrated C93_S7_L0 (A) and C67_S33_L0 (B) obtained with 1H decoupling along with the 
deconvoluted spectra and individual contribution from each 27Al site. 

Fig. 4. Powder X-ray diffraction patterns of samples C93_S7_L0 (A) and C67_S33_L0 (B) hydrated at 20 ̊C with W/B = 0.4. Ms = Monosulfate, E = ettringite, C$ 
= anhydrite. 
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preventing its access to water. On the other hand, majority of the water 
is stored in highly hydrated phases such as ettringite and monosulfate 
leading to water deficiency. 

Fig. 4 presents the evolution of the PXRD patterns of the samples 
C93_S7_L0 and C67_S33_L0 after 1 and 28 days of hydration, confirming 
that the hydration of C3A in the presence of anhydrite leads to a very 
rapid formation of hydrated calcium sulfoaluminate phases. Depending 
on the amount of anhydrite, different calcium sulfoaluminate hydrates 
have been produced during the hydration: when a very low amount of 
anhydrite has been used, as in sample C93_S7_L0, the diffraction pat-
terns have been dominated by monosulfate (peaks at 9.9◦ 2θ, reflection 
003) and hydroxy-AFm as well as C3AH6. Although the peaks attributed 
to anhydrous C3A diminished in intensity over time due to hydration, 
significant amount of residual anhydrous C3A has still been detected 
even after 28 days in this sample (Table 3). The development of mon-
osulfate is probably due to the favourable conversion from hydroxy-AFm 
phases, rather than from the further hydration of C3A. 

When a higher amount of anhydrite has been used, as in sample 
C67_S33_L0, characteristic changes are seen in the PXRD pattern 
(Fig. 4B) compared to the preceding sample. After 1 day of hydration, 
the PXRD pattern has been dominated by peaks due to ettringite (peaks 
at 9.2◦ 2θ, reflection 100) whose appearance at an early stage confirms 
its rapid formation in a favourable sulfate ion concentration in the 
blend; its quantity gradually increases as the hydration progressed to 28 
days. Besides ettringite, C3AH6, monosulfate and hydroxy-AFm are also 
identified in this composition. The amounts of C3AH6 and hydroxy-AFm 
diminished greatly with increasing hydration time confirming their 
gradual conversion to ettringite and monosulfate (Table 3). C3A hy-
dration is inhibited after 1 day; moreover, anhydrite has been detected 
throughout the hydration period, albeit in small quantities. 

The TGA/DSC patterns of the two samples C93_S7_L0 and 
C67_S33_L0, after 1 and 28 days of hydration, are shown in Fig. 5. In 
sample C93_S7_L0 only three major endotherms at around 210, 340 and 
480 ◦C have been noted that are associated with weight losses due to 
water from hydroxy-AFm and C3AH6 (Fig. 5A). The presence of an 
endotherm close to 220 ◦C is also visible which is attributed to the loss of 
water from monosulfate. In sample C67_S33_L0 (Fig. 5B), the sharp 
endothermal signal at about 155 ◦C is attributed to the characteristic 
dehydration of ettringite [40], in addition to the one at around 220 ◦C, 
associated with weight loss of water molecules from monosulfate. 
Moreover, two intense endothermal signals at around 340 ◦C and 
485 ◦C, attributed to the dehydration of C3AH6, have been also 
confirmed in this sample. Decomposition of hydroxy-AFm phases occurs 
around 210 ◦C and their presence cannot be ruled out, being over-
whelmed by the strong and large signal of ettringite. 

3.3. Hydration of C3A in combination with limestone and anhydrite 

Before discussing the effects of the combined presence of sulfates and 
carbonates on the AFm phase formations, binary formulation containing 

only C3A and limestone is presented (sample C73_S0_L27). The central 
transition 27Al MAS NMR spectrum recorded with proton decoupling of 
hydrated sample C73_S0_L27 showed three distinct peaks (Fig. 6A). The 
assignment of resonance due to C3AH6 is straight forward as it appeared 
as a Gaussian/Lorentzian peak at 12.4 ppm. The assignment of the 
remaining two peaks has been complicated as they displayed quad-
rupolar line shapes. Many considerations suggest that the up-field peak 
(δCG at 8.6 ppm), which showed characteristic second-order quadrupolar 
broadening, has been due to calcium carboaluminate AFm phase, 
monocarbonate [41,42]. The other peak displayed asymmetric line-
shape characteristic of the combination of second-order quadrupolar 
broadening and significant distributions of isotropic chemical shift with 
δCG at around 10.6 ppm. Although the broadening observed here could 
also suggest the presence of some disorder in the phase, this peak is 
tentatively assigned as AFm* and might be due to the concomitant 
presence either multiple AFm phases or solid-solutions involving car-
bonates and hydroxyls. The assignment of this resonance peak will be 
further clarified while discussing the PXRD data. After 28 days of hy-
dration, the dominant octahedral aluminate phase has been mono-
carbonate which can be formed directly from C3A (equation (6) or from 
C3AH6 according to reaction (10). 

C3AH6 +CC+ 5H→C4ACH11 (10) 

The fast formation of AFm phase monocarbonate from C3A and 
CaCO3 can be seen from the accompanying Table 2: this phase is the 
dominant one after 24 h of hydration. While the amounts of AFm* 
formed in the course of the early stages of hydration remains unchanged, 
an increase in the monocarbonate phase has been noted. This particular 
observation is contrary to what has been determined for the three pre-
vious compositions where a reduction in hydroxy-AFm phases has been 
recorded (Table 2). Past reports on the study of C3A hydration found out 
that in the presence of CaCO3, the formation of AFm phases C4AH13 and 
C2AH8 is prohibited [43]. Moreover, the amount of anhydrous C3A 
detected after 28 days of hydration is much lower (13 %) than that 
observed for anhydrite based binary compositions (samples C93_S7_L0 
and C67_S33_L0). The modulation of C3A hydration inhibition is prob-
ably associated with the presence of carbonate anions which, unlike 
sulfate anions, are less favourably chemisorbed onto the C3A grains. 

When the rate of hydration in C93_S7_L0/C67_S33_L0 and 
C73_S0_L27 are compared, an obvious deviation between them is 
evident and the differences in the anion source is highlighted. The 
apparent disparity of hydration process is first emerged at early hydra-
tion stage where a suppression of C3A hydration is pronounced in 
samples C93_S7_L0/C67_S33_L0. On the other hand, C3A hydration is 
boosted by the presence of carbonate species as implied by the low 
content of residual C3A at 28 days in sample C73_S0_L27. Thus, the 
adequacy of carbonate ions in the formulation is a crucial step to prevent 
the inhibition of C3A hydration. Examination of the hydrated aluminate 
phases at early hydration stage showcases that the formation of C3AH6 is 
disadvantaged in sample C73_S0_L27 and the trend is continued at 28 

Fig. 5. TG/DSC patterns of sample C93_S7_L0 (A) and C67_S33_L0 (B) hydrated at 20 ◦C with W/B = 0.4. Ms = Monosulfate, E = ettringite.  
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days as well. This can be attributed to the presence of carbonate ions and 
its concomitant consumption by various calcium aluminate hydrates to 
precipitate carboaluminate AFm phases. 

Proceeding to the system with the concurrent presence of anhydrite 
and limestone, the formation of AFm phases from the hydration of C3A is 
substantially more complicated. The central transition 27Al MAS NMR 
spectra, recorded with proton decoupling, of sample C72_S13_L15 is 
shown in Fig. 6B. Characteristic changes have been seen in the 27Al MAS 
NMR spectra and the products’ identities are confirmed with the help of 
PXRD. Within a narrow chemical shift range of 5 ppm (between 8.5 and 
13.5 ppm) at least five different hydrated aluminates (namely ettringite, 
C3AH6 and AFm phases monosulfate, AFm*, and monocarbonate) have 
been observed in this sample during the whole hydration period under 
study. According to Glasser and co-workers, several AFm phases, con-
taining OH− , SO4

2− and CO3
2− , are incompletely miscible with each other 

and may coexist at 25 ◦C [44]. AFm* and C3AH6 are the main hydrated 
phases after 1 day, followed by monosulfate and monocarbonate in 
similar quantities. Small amount of crystalline ettringite has been 
formed after 1 day as can be seen from the two narrow resonances in the 
spectra at 13.1 and 13.5 ppm. Moreover, significant amount of mono-
sulfate has been detected at the beginning of hydration with an increase 
in its content at 28 days. Interestingly, an additional broader peak 
centred at 13.3 ppm also appears at 1d whose intensity increases at 28 
days. Many considerations suggest the broad peak is also associated with 
ettringite and called secondary ettringite formation (SEF), however, 
morphologically different from the highly crystalline ettringite 
mentioned earlier. Its formation can be associated to the delayed 

dissolution of limestone, which destabilizes various AFm phases and can 
lead to the formation of secondary ettringite. 

Kuzel and Pöllmann have reported similar observations and ascribed 
them to the instabilities of ettringite during the carbonate hydrate pre-
cipitations [45]. Another study using thermodynamic models reported 
that the stabilization of ettringite can be achieved at the expense of 
monosulfate by the presence of limestone in Portland-limestone cements 
through the formation of monocarbonate [46]. The phase distribution is 
not significantly affected after 28 days: a general increase in all the 
hydrated phases is observed at the expense of C3A, whose residual 
amount is still significantly high. 

The PXRD patterns of binary formulation containing only C3A and 
limestone, sample C73_S0_L27, is presented in Fig. 7A. The observed 
pattern is dominated by a single AFm phase with reflections close to that 
of monocarbonate (peak at 11.8◦ 2Θ, reflection 100) and the presence of 
C3AH6 is also confirmed. Formation of carbonate bearing AFm phase 
monocarbonate is expected in this paste according to equation (6) and it 
is known that generally metastable hemicarbonate (equation (7) is 
formed first and gradually converts to monocarbonate with time if 
excess limestone is present [47]. 

Contrary to the observation from 27Al NMR data for sample 
C73_S0_L27, where an additional hydrated aluminate phase (AFm*) has 
been detected, no other AFm phases, including hemicarbonate or 
hydroxy-AFm phases, have been detected in the PXRD pattern of hy-
drated sample C73_S0_L27 at any time of hydration. According to the 
single crystal structural solution, the structure of AFm phase hemi-
carbonate is composed of positively charged main layers, 

Fig. 6. 27Al central transition MAS NMR spectra (octahedral region) for the hydrated C73_S0_L27 (A) and C72_S13_L15 (B) obtained with 1H decoupling along with 
the deconvoluted spectra and individual contribution from each 27Al site. AFm* = various AFm phases and/or solid-solutions. 

Fig. 7. PXRD patterns of samples C73_S0_L27 (A) and C72_S13_L15 (B) hydrated at 20 ◦C with W/B = 0.4. Mc = Monocarbonate, E = ettringite, Ms = monosulfate, 
Hc = hemicarbonate, C = calcite, D = dolomite. 
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[Ca4Al2(OH)12]2+, and negatively charged inter-layers where water 
molecules and statistically distributed carbonate anions are located 
[48]. The structure of the main layers is typical of the AFm family, 
therefore, a Lorentzian peak is expected in the 27Al NMR spectrum, 
similar to hydroxy-AFm or monosulfate. Many of the cementitious 
phases are poorly crystallized and disordered, therefore, PXRD cannot 
render satisfactory structural information [20]. Accordingly, it can be 
stated that AFm* is not a well-crystalline AFm phase. 

Based on the classical work by Francois et al. and Renaudin et al., 
single crystal diffraction studies have revealed two modifications for 
monocarbonate, ordered- and disordered-C4AĈH11 structure with 
different stacking sequences of the layers [49,50]. The arrangement of 
stacking slab varies: the ordered structure can be regarded as being built 
from a unique neutral layer [Ca4Al2(OH)12⋅CO3⋅5H2O], whereas the 
disordered structure is built from two kinds of layers, one positively 
charged [Ca4Al2(OH)12⋅4H2O]2+ and the other one negatively charged 
[Ca4Al2(OH)12⋅2CO3⋅6H2O]2- with different arrangements of water 
molecules and carbonate groups forming the interlayer region. More-
over, the distances between two adjacent main layers are closely similar 
in both structures. Such diverse structural arrangements in a disordered 
phase can give rise to multiple 27Al resonance lines while a very close 
interlayer distances reveal no differences between two modifications by 
PXRD [42]. 

The formation of solid-solutions between hydroxyls and carbonates 
in the interlayer structure of Al-containing AFm phases are common and 
can play an important role in stabilizing these solids [44,51]. Besides 
that, carbonation of AFm phases is a possibility and phases such as 
carbonated hemicarbonate is also reported [48,52,53]. Therefore, AFm* 
can be any of the above phases in amorphous form or a combination of 
phases or solid-solution involving hydroxyls and carbonates, the identity 
as well as the nature of its formation warrant further studies. 

Fig. 7B shows the PXRD pattern of ternary formulation, containing 
C3A, anhydrite and limestone, hydrated for 1 and 28 days. The phase 
analysis shows that the main hydration products are ettringite, C3AH6, 
monosulfate and monocarbonate. Traces of hemicarbonate (peak at 
10.8◦ 2θ) are also visible in this sample, however, its intensity decreased 
as hydration progressed. Moreover, a continuous solid-solution between 
hydroxyls, carbonates and/or sulfates cannot be precluded. Significant 
amount of anhydrous C3A as well as calcite/dolomite has still been 
detected even after 28 days of hydration (Table 3). Formation of calcium 
sulfoaluminate and calcium carboaluminate phases are expected in this 
ternary system according to equation (11), however, what is important 
is their mutual presence in the final phase assemblage. It is essential to 
note that despite the presence of significant amounts of anhydrite and 
calcite/dolomite in the phase assemblage at 28 days, inhibition of C3A 
hydration is still stronger in this ternary formulation. 

5C3A + 4CS + 2CC + CH + 78H→C6AS3H32 + C4ASH12 + C4ACH11

+ 2C4AC0.5H12 (11) 

The TGA/DSC patterns of the two samples, C73_S0_L27 and 
C72_S13_L15, after 1 and 28 days of hydration, are shown in Fig. 8. 
C73_S0_L27 has a sharp endothermal signal at around 205 ◦C with two 
shoulders at 150 ◦C and 260 ◦C that corresponds to the loss of water from 
AFm phases such as AFm* and/or monocarbonate, confirming the for-
mation of considerable amounts of calcium carboaluminate phases, as 
observed in the PXRD analysis [33]. In addition, two endothermic 
contributions at around 330 ◦C and 480 ◦C due to the dehydration from 
C3AH6 are also visible. C72_S13_L15 shows a continuous loss of water, 
where few strongly overlapped signals are observed, which are difficult 
to distinguish. Comparing with the data of previous samples it is possible 
to assume that the endotherm at 140 ◦C corresponds to ettringite, while 
the endotherm at 205 ◦C corresponds to AFm* or monocarbonate. 
However, endotherms due to monosulfate are covered in the very same 
region, therefore, its contribution cannot be completely discounted. The 
endotherm at 330 ◦C and 480 ◦C correspond to C3AH6. 

3.4. 27Al MAS NMR sideband analysis for AFm phase identification 

27Al MAS NMR spectra of the central and satellite transitions at 
11.75 T for the various hydrated (28 days) C3A samples are shown in 
Fig. 9A. The spectra displayed multiple resonances from the central and 
satellite transitions (Fig. 9B) with the spinning sideband (ssb) manifold 
extending over a spectral width ranging from 0.5 to 1.0 MHz. Several 
overlapping 27Al resonances, displaying very similar chemical shifts and 
quadrupolar parameters, originating from various AFm phases, makes 
the spectral assignment challenging. However, some useful information 
can be derived from the spectral analysis. 

The 27Al MAS NMR spectrum of sample C100_S0_L0 showed a single 
resonance (C3AH6) from the central transition (CT, fwhm = 280 Hz) and 
a complete manifold of ssb extended over a spectral width of 500 kHz 
(Fig. 9A). It is important to note that no proton decoupling has been 
applied while recording the spectrum, therefore, contribution from 
hydroxy-AFm phases cannot be distinguished. Similarly, sample 
C93_S7_L0 showed two resonances from the central transition and a 
complete manifold of ssb extended over a spectral width of 660 kHz. The 
contributions from C3AH6 and AFm phases could be distinguished from 
the center-band of the CT as shown in Fig. 9B, however, separation of the 
individual AFm phases (hydroxy-AFm and monosulfate) is not possible. 
For what concerns the sample C73_S0_L27, three resonances from the 
central transition and two resonances from the − 1st-order spinning 
sideband from the satellite transition have been clearly visible with 
manifold of ssb extended over a spectral width of more than 1 MHz. 
Similar to previous sample, contributions from C3AH6 and an AFm phase 
(monocarbonate) have been clearly distinguishable. 

Ettringite has been detected in sample C67_S33_L0 and C72_S13_L15 
and appeared as a single resonance in both central transition and from 
the − 1st-order spinning sideband of the satellite transition which has 
not been detected beyond 3rd-order ssb demonstrating the presence of a 
small 27Al quadrupolar coupling. It is essential to note that the 27Al MAS 

Fig. 8. The thermal analysis with TG/DSC patterns of sample C73_S0_L27 (A) and C72_S13_L15 (B) hydrated at 20 ◦C with W/B = 0.4. E = ettringite, Mc =
monocarbonate, Hc = hemicarbonate, Ms = monosulfate. 
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NMR sideband analysis does not allow the distinction of overlapping 
resonances from certain AFm phases in complex phase compositions. 
These AFm phases include hemicarbonate, hydroxy-AFm phases and the 
entire range of solid-solutions involving any composition of hydroxyls, 
sulfates and carbonates (Table S2). 

4. Discussion 

C3A hydration alone leads to the fast formation of metastable AFm 
phases hydroxy-AFm that would get converted to stable hydrogarnet 
which induces stiffening of the hydrated paste. Hydration of C3A be-
comes complete with time when the right amount of water is employed. 
However, with the addition of calcium sulfate, inhibition of C3A hy-
dration is ensued. Recently, some detailed considerations have been 
given to the understanding of the factors which control the kinetics of 
the hydration of C3A in presence of CaSO4 [35,36]. Many of the key 
questions concerning these areas include the impact of the type of sul-
fate source used and its significance in the kinetics of the hydration of 
C3A. It became clear in the early works that the type of sulfate source 
significantly influences the initial rate of C3A hydration and the identity 
and transformation rate of AFm phases because of the variation in their 
solubility [54–56]. C3A hydration is considered as a concomitant process 
of surface reactions coupled with the dissolution, precipitation and 
diffusion phenomena, that contribute equally to the overall hydration 
[57]. A limited number of studies have also focused on the role of cation- 
specific effects on the dissolution of sulfate source and its influence on 
C3A hydration [36,37,58,59]. When one compares the residual amount 
of C3A in sample C93_S7_L0 and C67_S33_L0, it is clear that the hydra-
tion is more strongly inhibited with higher amounts of sulfates in the 
paste. 

There are also reports of studies that explored the role of carbonates 
on the rate of C3A hydration and found out that it can somehow control 
the setting time [7,12]. Many studies also focused on the role of 

carbonates in combination with gypsum in suitable proportions to 
regulate the C3A hydration rate [13,17,60,61]. An anion-specific effect 
on the inhibition of C3A hydration has been detected in our study and 
hypothesised to be related to a faster anhydrite dissolution kinetics 
compared to a slower limestone dissolution. A recent study has revealed 
that C3A has an extremely fast dissolution rate within the instantaneous 
contact with water and are several orders of magnitude greater than that 
of gypsum or calcite [57]. Both the anhydride dissolution and C3A hy-
dration starts instantaneously when they are in contact with water. 
However, as time passes the dissolution rate of C3A decreases in the 
presence of anhydrite in a binary formulation. On the other hand, when 
limestone is present in a binary formulation, C3A hydration is promoted 
compared to the anhydrite based binary formulation. This trend is 
clearly confirmed when one compares phase assemblage of sample 
C93_S7_L0 and C73_S0_L27 at 28 days (Table 2). 

When limestone is added to a C3A and anhydrite mixture, two 
competing hydration reactions may take place, calcium carbonate with 
C3A and calcium sulfate with C3A. The hydration behaviour of ternary 
system involving C3A, anhydrite and limestone are entirely different 
from what is reported for other ternary systems involving different forms 
of calcium sulfate and calcium carbonate. The rate controlling step 
would be the dissociation into their respective ions as well as their in-
dividual amounts. Gismera-Diez et al. reported that when the gypsum 
and calcite content was low, monosulfate and hemicarbonate was 
precipitated during C3A hydration [13]. 

In the present study, however, metastable phases such as mono-
sulfate and hemicarbonate along with stable phase C3AH6 have been 
jointly precipitated with ettringite and monocarbonate from day 1 in the 
ternary mixture (sample C72_S13_L15). As the hydration progressed, 
more sulfate and carbonate ions have been available in the blend which 
are expected to destabilise both monosulfate and hemicarbonate. 
Nevertheless, the very same phases that appeared at the commencement 
of hydration have been detected even after 28 days albeit in different 

Fig. 9. 27Al MAS NMR spectra of the central and 
satellite transitions for various hydrated (28 days) 
C3A blends obtained without proton decoupling (A) 
with the expansions of the octahedral region (B) for 
the central transition (CT) and the line shape for the 
various-order spinning sideband from the satellite 
transitions. C100_S0_L0 = green, C93_S7_L0 = blue, 
C67_S33_L0 = maroon, C73_S0_L27 = red and 
C72_S13_L15 = black. E = ettringite, Ms = mono-
sulfate, Mc = monocarbonate, AFm* = various AFm 
phases and/or solid-solutions. (For interpretation of 
the references to colour in this figure legend, the 
reader is referred to the web version of this article.)   
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amounts. When C3A is hydrated in a binary formulation either with 
anhydrite or with limestone, hydrogarnet is formed. Similar trend is also 
witnessed in ternary formulation involving both anhydrite and lime-
stone confirming the acceleration of hydrogarnet formation. Therefore, 
it can be stated that both anhydrite and limestone partially acted as a 
filler that would provide nucleation sites for the crystallization of 
C3AH6. The presence of limestone did not completely destabilize either 
AFm phases or hydrogarnet in sample C72_S13_L15 which are not ex-
pected when residual calcium sulfate or calcium carbonate are present in 
the phase assemblage [62,63]. This behaviour is a consequence of the 
fact that these phases experience a wider range of thermodynamic sta-
bilities in a combined anhydrite and limestone based formulations 
(Table S3). 

5. Conclusions 

The molecular mechanism of the AFm phase formation during C3A 
hydration, in the combined presence of anhydrite as well as limestone, 
and the consequent evolution and stability mapping of calcium alumi-
nate hydrates are successfully established in this study. Hydration 
products such as C3AH6, ettringite and crystalline/amorphous mono-
anionic AFm phases such as monosulfate, monocarbonate and hydroxy- 
AFm as well as bi-anionic AFm phases and solid solutions involving 
hydroxyls, sulfates and carbonates have been detected and quantified. A 
thorough understanding of the development of these phases, their 
transitional stability as well as their long-term co-existence are 
accounted. Furthermore, an anion-specific effect on the inhibition of 
C3A hydration was detected. 

Although the carbonate ions moderately impede the C3A dissolution 
and the precipitation of hydration products in binary formulations, its 
influence is significantly lower than what is accounted for the sulfate 
ions. Moreover, limestone can promote the hydration of C3A in presence 
of CaSO4 through the formation of ettringite as well as AFm phases and 
control the setting process and accelerate strength development. The 
significant increase in the overall C3A hydration degree in ternary sys-
tem is hypothesised to be due to the presence of anhydrite and limestone 
that are partially acting as a filler which would provide nucleation sites 
for the crystallization of C3AH6. However, the dissolved anhydrite and 
limestone would actively participate in the C3A hydration process 
leading to the precipitation of ettringite, monosulfate, monocarbonate 
and hemicarbonate as well as solid-solutions. 

Another important aspect of the present study is to highlight the fact 
that the hydration of a complicated ternary system can be successfully 
followed by a combination of complimentary characterization tech-
niques such as MAS NMR spectroscopy and PXRD. We propose the 
beneficial combined characterization approaches for investigating AFm 
based solid-solutions involving sulfate, carbonate and hydroxide anions 
that are precipitated as microcrystalline/amorphous phases. This ac-
count delivers further insights into the understanding of the mineral-
ogically and chemically complex phase assemblages generated by the 
hydration of C3A in the presence of sulfates and carbonates. 
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