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ABSTRACT 

ANDRADE NETO, J. S. Hydration and interactions between C3S and C3A polymorphs in 

the presence of different calcium sulfates. 2021. Dissertation (Master of Science in Civil 

Engineering) - Postgraduate Program in Civil Engineering: Construction and Infrastructure, 

Engineering School, Federal University of Rio Grande do Sul, Porto Alegre, 2021. 

Calcium sulfate is an important constituent in Portland cement nowadays. It is used to control 

the setting time of Portland cement. However, many questions about the role of calcium sulfate 

on the cement phases (C3A and C3S) hydration and its mechanisms persist. A critical overview 

of the effect of sulfates on Portland cement hydration and properties is presented here in a 

review manuscript form. In this sense, several knowledge gaps, such as the influence of C3S 

and C3A polymorphs and the calcium sulfate composition on the sulfate balance in Portland 

cement, were identified. To address some of the questions identified in the review three 

different experimental studies were executed. The first one was focused to understand how 

gypsum accelerates the C3S hydration and whether aluminum incorporated in its structure plays 

an essential role or not. The effects of gypsum on the hydration of C3S and aluminum-doped 

C3S (Al-C3S) hydration were assessed. Calorimetry, XRD, TGA, and 27Al and 29Si MAS-NMR 

were performed to analyze gypsumôs influence on the hydration of C3S and Al-C3S. The results 

showed that the inclusion of gypsum retarded the initial hydration (first 3 h) for both C3S and 

Al -C3S, due to the interaction between the sulfate ions and C3S. In contrast, gypsum enhanced 

the hydration of both C3S and Al-C3S afterward. This acceleration effect occurred earlier for 

the Al-C3S due to the removal of aluminum from the solution. However, this is not the main 

mechanism behind the acceleration of C3S by gypsum, which mainly results from changes in 

C-S-H morphology and increases in the ionic strength. Secondly, the mechanism responsible 

for the higher reactivity of orthorhombic C3A (ort-C3A) in sulfate-containing solutions, 

compared with cubic C3A (cb-C3A), which was previously related to either the difference in 

crystal structure or the sodium in ort-C3A pore solution were investigated. The hydration of cb-

C3A (in water and NaOH solution) and Na-doped ort-C3A in the presence of gypsum and 

hemihydrate were analyzed using isothermal calorimetry, in-situ XRD, TGA, SEM, and 

rheological tests. The results showed that NaOH accelerated the hydration of cb-C3A, but ort-

C3A still presented a higher hydration rate. Ort-C3A pastes revealed more and larger ettringite 

crystals at 30-120 minutes, resulting in higher viscosities and yield stresses than cb-C3A pastes. 

The replacement of gypsum with hemihydrate accelerated ort-C3A hydration but retarded cb-

C3A hydration. Overall, the higher reactivity of ort-C3A is related to differences in crystal 

structure rather than the sodium in pore solution. Finally, the hydration of three-phase systems 

(C3S-C3A-calcium sulfate) was analyzed. Two C3S (T1 pure C3S and M1 aluminum-doped 

C3S), two C3A polymorphs (cubic and orthorhombic), and two calcium sulfates (gypsum and 

hemihydrate) were evaluated. For each system, the hydration of four different SO3 contents was 

evaluated by calorimetry. From the calorimetry results, a 1.5 wt.% SO3 content was fixed, and 

the mixtures were evaluated by in-situ XRD and TGA. The C3S type was the factor that most 

affected the sulfate balance of the systems. The mixes with Al-C3S presented higher ettringite 

formation in the first hours, resulting in much earlier sulfate depletions when compared to the 

mixes with C3S. The mixes with ort-C3A also presented faster sulfate depletions, due to its 

higher reactivity compared with cb-C3A. Finally, the replacement of gypsum by hemihydrate, 

also resulted in faster sulfate depletions, which is the consequence of the higher solubility of 

hemihydrate. 

 

Keywords: Portland cement;C3A; C3S; Calcium sulfate; Hydration. 
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1 INTRODU CTION  

This chapter presents the context and justification of the proposed theme, research 

objectives, limitations, and delimitations. 

1.1 CONTEXT AND JUSTIFICATION  

Portland cement (PC) is the most consumed building material worldwide, having been 

used for almost 200 years and the use of calcium sulfate (gypsum, hemihydrate, and/or 

anhydrite) to regulate the setting of the cement began at the end of the 19th [1,2]. It is 

known that the calcium sulfate delays the tricalcium aluminate (C3A) hydration, retarding 

the setting of the cement paste, providing a period in which the mixtures have fluidity and 

workability to be used.  

The mechanism by which the calcium sulfate retards the C3A hydration is still not fully 

understood. The early theories had related this delay with a barrier of ettringite [3,4] or a 

ñgel-likeò layer [5]. However, recent experimental evidence supports the theory that the 

retard is due to the adsorption of S ions and/or Ca-S ion pairs on the C3A surface [6ï10]. 

Depending on the alkali content incorporated in the C3A crystalline structure during 

clinker production, two different polymorphs can be present: cubic or orthorhombic [11]. 

In studies conducted with pure clinker phases produced in laboratories, the calcium 

sulfate retards the hydration of cubic C3A but is ineffective to retard the orthorhombic 

C3A hydration [12,13]. The reason for this is not yet clear, but it is possibly associated 

with the greater solubility of the alumina rings in the orthorhombic C3A structure [9,14] 

or with the presence of sodium ions in the solution, released in the dissolution of 

orthorhombic C3A [15].  

In addition, some industrial clinkers have more orthorhombic C3A than cubic C3A. 

However, usually they do not present problems of workability and reactivity, which 

would be expected due to the almost instantaneous reaction of the orthorhombic C3A 

synthesized in the laboratory. The explanation for this may be associated with the 

presence of alkaline sulfates or the presence of alite, which will alter the composition of 

the aqueous solution, which seems to impact the reactivity of orthorhombic C3A [9]. 
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Calcium sulfate enhances the tricalcium silicate (C3S) hydration and modifies the phase 

assemblage, influencing in the shrinkage and strength [16ï19].  However, this is usually 

neglected, and few studies focus on that.  The reason for this enhancement is poorly 

understood. Some theories related this with the formation of ettringite [18,20], from the 

reactions between the sulfate ions and the alumina which may be incorporated in the C3S 

structure. Withal the calcium sulfate also enhances pure C3S [19,21ï24], where the 

formation of ettringite does not occur. Therefore, the enhancement of C3S hydration by 

gypsum is probably a result of the interaction between this phase and C3S and/or C-S-H, 

rather than interactions that involve the aluminates [19].  

The amount of calcium sulfate is extremely important and influences the properties of 

cement. If the amount of calcium sulfate is too low, a hydroxy-AFm-type meta-stable 

product (C4AH13 and C2AH8) is formed, which is subsequently converted to katoite 

(Ca2Al 2(OH)12 or C3AH6) [12,25,26]. The formation of these products leads to ñFlash-

setò, i.e., stiffening and loss of workability in few minutes, making most practical 

applications of Portland cement unfeasible [27]. Besides that, if the amount of sulfate is 

not enough to delay the C3A hydration until after the main C3S hydration peak, the C3S 

hydration is inherited, lowering the mechanical performance at the early ages [19,20,28]. 

On the other hand, the excess of calcium sulfate can impair the workability due to the 

high amount of ettringite formed, besides lowering the mechanical strength [19,20]. In 

mortars and/or concretes submitted to high-temperature curing (above 70°C), the excess 

of calcium sulfate can also lead to the delayed ettringite formation (DEF), which is 

deleterious to the durability of the material [29,30]. 

There is an optimum calcium sulfate content for each clinker, which will result in the 

lowest shrinkage and porosity, and the highest mechanical performance, in addition to 

good workability and proper setting times. Thus, for a worthy performance of the cement, 

the optimum sulfate content must be known. 

Many factors as clinker and the sulfate source characteristics, the presence of 

supplementary cementitious materials (SCMs) and admixture, the water/cement ratio, and 

temperature may influence the sulfate demand. Despite the great importance of this 

theme, as it has a considerable influence on cement properties, many open questions 

regarding the influence of some parameters on the optimum sulfate content still exist. 



 

 

 

Among these factors, the C3A and C3S polymorphism/ions doping, which greatly 

influence on their hydration and in the hydration products formation rate, and the calcium 

sulfate type, which has different solubilities and will impact the supply rate of sulfate ions 

into the pore solution, need more explanation. Therefore, these factors probably will 

influence the sulfate balance of the system. 

1.2 JUSTIFICATION  

Inherent in Portland concrete and cement research, studies on Portland clinker are the 

basis for understanding and developing material properties through investigations, often 

of its structural elements and defects that influence its mechanical behavior and durability 

properties in the nano or micrometric scale. 

During the clinker manufacturing process, depending on the composition of the raw 

material and the fuel, some ions can be incorporated into the crystalline structure of the 

clinker phases. In this sense, sodium (and potassium) is usually incorporated into the 

structure of C3A and aluminum in the structure of C3S, which alters the reactivity of these 

phases and, consequently, the hydration of Portland cement. However, it is not yet 

understood the mechanism of the change in the reactivity of these phases due to the 

incorporation of these ions. In addition, it is not known the impact of these changes in the 

sulfate demand of PC. Furthermore, during cement milling, gypsum (CaSO4·2H2O) may 

dehydrate into hemihydrate (CaSO4·1/2H2O) and/or soluble anhydrite (CaSO4), which 

are much more soluble than gypsum or natural anhydrite. This changes the rate of sulfates 

supply into the solution, accelerating the ettringite formation. However, there is a lack of 

studies regarding the impact of different calcium sulfate types on the hydration of C3A 

and C3S polymorphs and its impact on the sulfate demand of PC. 

The correct understanding of these ions influence on the optimization of sulfates is 

essential to ensure that the cements meet the performance requirements. In this sense, the 

proposed research aims to determine the influence of the incorporation of aluminum in 

C3S and sodium in C3A in their hydration in the presence of calcium sulfate. In addition, 

it will be analyzed how the incorporation of these ions influences the sulfate balance, 

from the analysis of C3S-C3A mixtures (92% C3S and 8% C3A) hydration with different 

amounts of gypsum/hemihydrate. This understanding will assist in determining the 
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optimum sulfate content, avoiding cements with inadequate quantities that can cause 

problems of setting and workability, low mechanical resistance, and DEF. 

1.3 RESEARCH OBJECTIVES 

The general objective of the research is to evaluate the hydration and interactions between 

C3S and C3A polymorphs in the presence of different calcium sulfates. 

The secondary research objectives are: 

a) To present a review of the state-of-the-art of sulfate optimization. 

b) To evaluate the effect of gypsum on the C3S and Al-doped C3S hydration. 

c) To analyze the impact of NaOH on C3A-gypsum hydration and compare it to the 

Na-doped C3A-gypsum hydration. 

d) To analyze the influence of calcium sulfate type (gypsum/hemihydrate) on the 

hydration of C3A and Na-doped C3A. 

e) To investigate the interactions between the different C3S and C3A polymorphs. 

f) To analyze the effect of the C3S and C3A polymorphism and calcium sulfate type 

on the sulfate balance of a three-phase systems (C3S-C3A-calcium sulfate). 

1.4 DELIMITATIONS AND LIMITATIONS  

Within the current proposal, the infrastructure, time, and materials available, some 

delimitations were established, and some limitations were identified. 

As for delimitations: 

a) only pure phases, synthesized in the laboratory, were evaluated, which inherently 

differ from the phases found in Portland clinker. 

b) the C3S and C3A were synthesized separately and then mixed, a different situation 

from Portland clinker in which C3A is the interstitial phase of the clinker, which 

impacts on availability during hydration and, therefore, on the hydration rate. 



 

 

 

c) the other clinker phases (C2S, C4AF) were not evaluated, which, although less 

reactive, may impact the hydration of C3S and C3A and the optimum sulfate 

content. 

 

As for limitations, there are: 

a) in the analysis of C3A, only one sulfate content was used due to limitation of the 

available materials. 

b) in the three-phase systems only a C3S/C3A ratio (92%/8%) was used due to the 

limitation of materials. 

1.5 RESEARCH STRUCTURE 

The present work is organized into chapters. In this chapter (chapter 1) a brief 

contextualization of the optimization of sulfates and its importance was presented, as well 

as the justification, objectives, delimitations, and limitations, and the structure of the 

present study. In the next chapter (chapter 2) the structure of which chapter is presented, 

in order to facilitate the compression of research development.  

Chapters 3, 4, 5, and 6 are composed of articles published/submitted/to be submitted for 

publication in international journals. Chapter 3 is a review of the state of the art of sulfate 

optimization, presenting the theory, the factors that interfere and the methods used to 

determine the optimal sulfate content. Finally, knowledge gaps about this topic are 

identified, which served as a basis for the development of subsequent chapters. 

The need for investigations regarding the role of doping ions in the hydration of C3S and 

C3A, specifically aluminum (Al) for C3S and sodium (Na) for C3A, in the presence of 

calcium sulfate and their interactions and impact on the sulfate demand of cement was 

identified in chapter 3. Therefore, chapter 4 presents the study of the effects of gypsum 

on C3S and Al-C3S hydration. In chapter 5, the investigation about how the sodium 

(present in C3A crystalline structure or in solution) and the sulfate type (gypsum and 

hemihydrate) affects the C3A hydration is presented. Finally, chapter 6 presents the study 

of the hydration of three-phase systems (C3S-C3A-calcium sulfate). 
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Chapter 2 

Dissertation structure 

 
 

 

 

 

 

 

 

 

 

 

 

 
 



 

 

 

2 DISSERTATION STRUCTURE  

This chapter presents the dissertation structure in order to facilitate the compression of 

the research development. Each following chapter is composed of an article published, 

submitted, or to be submitted for publication in international journals. The research 

schedule and the state of experimental development of each of the subsequent chapters 

are also presented. 

Figure 2.1 shows a schematic structure of the research, where the title of each 

article/chapter is presented, and further explanation can be seen in the following items.  

 

Figure 2.1 ï Organizational structure of the research. 
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2.1 CHAPTER 3: EFFECTS OF SULFATES ON THE HYDRATION 

OF PORTLAND CEMENT  ï A REVIEW  

Chapter 3 presents an extensive review regarding the effect of sulfates ï especially 

calcium sulfates - on the hydration of Portland cement. The impact of calcium sulfate on 

C3A and C3S hydration are discussed, as well as its impact on cement hydration. The 

effects of sulfate on the cement properties are present and the optimum sulfate content is 

defined. Then, the main factors (clinker and sulfate source characteristics, supplementary 

cementitious materials, admixtures, among others) which influence the sulfate demand 

and the methods used to determine the optimum sulfate content are presented. Finally, 

the knowledge gaps and the perspectives for future research are discussed. 

In this chapter, it was noted that the calcium sulfate enhances the C3S hydration, but the 

mechanism it is not clear yet. The two main theories relate this enhance to the formation 

of ettringite, from the reaction between the aluminum present in alite and the calcium 

sulfate. However, this enhance was also observed in pure C3S, without alumina and 

therefore without ettringite formation. Thus, further investigations on how calcium sulfate 

influences C3S hydration are needed, which motivated the study presented in chapter 4. 

From this review, it was also observed that although the calcium sulfate delays the pure 

cubic C3A hydration, it is ineffective to retard the Na-doped C3A (orthorhombic) 

hydration. However, the reason for this behavior is not clear yet and may be related to the 

difference in crystalline structure or to the presence of sodium in solution. Furthermore, 

the impact of calcium sulfate type on C3A hydration is not well known ï especially for 

ort-C3A. Thus, the study presented in chapter 5 deals with the understanding of the role 

of sodium and sulfate sources (gypsum and hemihydrate) on the rheology and hydration 

of C3A polymorphs. 

Finally, it was concluded that further investigations regarding the impact of C3S and C3A 

polymorphism and calcium sulfate type on the sulfate balance of the systems are needed. 

Therefore, the study presented in chapter 6 was performed to enlighten these questions. 

 

 



 

 

 

2.2 CHAPTER 4: HYDRATION OF C 3S AND Al-DOPED C3S IN 

THE PRESENCE OF GYPSUM 

In chapter 4, the hydration of C3S (Triclinic 1) and aluminum-doped C3S (Monoclinic 1) 

in the absence and in the presence of gypsum was analyzed. Pastes with 0.0%, 2.5% and 

5.0% of gypsum (in relation to C3S wt.%) were evaluated by isothermal calorimetry (IC). 

In addition, the hydration of the pastes with 0.0% and with 2.5% of gypsum was stopped 

at 10 h, 1, 3, and 7 d and thermogravimetric analysis (TGA/DTG), X-ray diffractometry 

(XRD), and 27Al nuclear magnetic resonance (NMR) were performed. Figure 2.2 presents 

a summary of the analyzes carried out in chapter 4. 

 

Figure 2.2 ï Organization chart of the formulations and analyzes performed in chapter 4. 
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2.3 CHAPTER 5: THE ROLE OF SODIUM AND SULFATE 

SOURCES ON THE RHEOLOGY AND HYDRATION OF C3A 

POLYMORPHS  

In chapter 5, the rheology and hydration of cb-C3A, cb-C3A + NaOH, and ort-C3A (Na-

doped) with gypsum or hemihydrate, are analyzed. The method used in this study is 

presented in Figure  2.3. Mixtures of cubic and orthorhombic (Na-doped) C3A with 

gypsum or hemihydrate were compared to mixtures with cubic C3A plus NaOH solution. 

The concentration of the NaOH solution (0.99 M) was chosen to result in the same amount 

of Na+ ions liberated with the orthorhombic C3A dissolution, as determined by ICP-OES 

analysis. IC, in-situ XRD, TGA/DTG, SEM, and rheological analyses were done. 

 

Figure 2.3 ï Organization chart of the formulations and analyzes performed in chapter 5. 

 

 

 

 

 

 

 

 

 



 

 

 

2.4 CHAPTER 6: HYDRATION AND INTERACTIONS BETWEEN 

C3S AND C3A POLYMORPHS IN THE PRESENCE OF 

DIFFERENT CALCIUM SULFATES  

Finally, chapter 6 details the study of the mixtures of the different C3S (C3S and Al-C3S) 

and C3A (cubic and orthorhombic) with different amounts of gypsum or hemihydrate. 

First, the hydration of both C3S without and with gypsum and hemihydrate (wt% SO3 of 

1.5) was analyzed by isothermal calorimetry. Then, the hydration of cb- and ort-C3A 

without and with gypsum and hemihydrate (wt% SO3 of 0%, 2.72%, 5.36%, and 9.84% - 

SO3/C3A wt% equals 0, 0.03, 0.06, and 0.13) were also analyzed by isothermal 

calorimetry. Finally, the hydration of three-phase systems (C3S-C3A-calcium sulfate) was 

analyzed. Two C3S (T1 pure C3S and M1 aluminum-doped C3S), two C3A polymorphs 

(cubic and orthorhombic), and two calcium sulfates (gypsum and hemihydrate) were 

evaluated. For each system, the hydration of four different SO3 contents was evaluated 

by calorimetry. From the calorimetry results, a 1.5 wt.% SO3 content was fixed, and the 

mixtures were evaluated by in-situ XRD, TGA, and SEM. Figure 2.4 presents the method 

of the study presented in chapter 6. Table 2.1 summarizes all the mixtures analyzed in 

chapters 4, 5, and 6 and the respective tests that were done. 
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Figure 2.4 ï Organization chart of the formulations and analyzes performed in chapter 6. 

 

 

 

 

 

 

 

 

 

 



 

 

 

Table 2.1 ï Mixtures analyzed, and tests performed in each study. 

Chapter Mixture  Sulfate 
wt% SO3     

(SO3/C3A wt% ) 
Solution w/c Tests 

4 

C3S Gypsum 
0%; 1.1%; 2.2%       

(-) 
Distilled water 0.5 IC 

C3S Gypsum 
0%; 1.1%                 

(-) 
Distilled water 0.5 

XRD, TGA, 29Si 

NMR, 27Al NMR 

5 C3A 
Gypsum / 

Hemihydrate 

17.92%                     

(0.29) 

Distilled water/  

0.99 M NaOH 
1.0 

IC, in-situ XRD, 

TGA, SEM, 

Rheometry 

6 

C3S 
Gypsum / 

Hemihydrate 

1.5% 

(-) 
Distilled water 0.5 IC 

C3A 
Gypsum / 

Hemihydrate 

0%, 2.72%, 5.36%, 

9.84% 

(0, 0.03, 0.06, 0.13) 

Distilled water 1.0 IC 

C3S/C3A 

(92/8 wt%) 

Gypsum / 

Hemihydrate 

0.25%, 0.50%, 

1.0%, 1.5%, 2.0% 

(0.03, 0.06, 0.13, 

0.19, 0.26) 

Distilled water 0.5 IC 

C3S/C3A 

(92/8 wt%) 

Gypsum / 

Hemihydrate 

1.5%                  

(0.19) 
Distilled water 0.5 

In-situ XRD, 

TGA, SEM 
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Chapter 3 

Effects of sulfates on the hydration of Portland cement ï  

A review 

 
 

 

 

 

Chapter 3 is based on the article: 
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Effects of sulfates on the hydration of Portland cement ï A review. 

Construction and Building Materials, v. 279, paper 122428, 2021. 

 

 

 

 

 



 

 

 

3 EFFECTS OF SULFATES ON THE HYDRATION OF 

PORTLAND CE MENT ï A REVIEW  

ABSTRACT 

Presented within is a critical overview of the effect of sulfates on cement hydration, 

properties, and optimum sulfate content in Portland cement. Calcium sulfate is used in 

Portland cement to control the C3A reaction to induce the optimum hydration of C3S to 

occur. The amount of calcium sulfate in the Portland cement influences the hydration, 

rheology, setting, phase assemblage, porosity distribution, and strength in cementitious 

materials. If added in excess, it can also lead to durability problems, thus a better 

understanding is needed about the mechanisms of sulfate on C3A and C3S hydration. The 

optimum sulfate content is well known as a key pathway to produce workable, good 

strength and durable concretes. Despite many years of research, questions regarding 

sulfate optimization remain. Further investigation on the influence of clinker and calcium 

sulfate characteristics, the use of different supplementary cementitious materials and 

chemical admixtures, and the curing conditions on the sulfate demand of Portland cement 

are needed. The main methods used to determine the optimum SO3 content are reported, 

and the advantages and disadvantages are examined. Finally, recommendation for future 

research is also discussed. 

Keywords: Optimum sulfate content; Sulfate balance; Cement; Hydration; 

Supplementary Cementitious Materials 

DOI: https://doi.org/10.1016/j.conbuildmat.2021.122428 
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3.1 INTRODUCTION  

Portland cement is the most consumed building material worldwide; it has been in use for 

almost 200 years. The use of calcium sulfate to control the duration of the setting of 

cement began at the end of the 19th century and universally adopted by cement producers 

around 1930 [1,2]. Nowadays, the inclusion of calcium sulfate is an integral ingredient in 

Portland cement. Despite thousands of studies over several decades, many questions 

about the role of calcium sulfate on the cement phases (C3A and C3S) hydration, its 

mechanisms, and the so-called ñoptimum sulfate contentò persists. 

Gypsum (CaSO4.2H2O) and/or natural anhydrite (CaSO4) are usually added to clinker in 

the grinding stage. Depending on the temperature reached on the mill, the gypsum may 

dehydrate in hemihydrate (CaSO4.1/2H2O) and/or soluble anhydrite (CaSO4), which are 

more soluble and, therefore, will influence the cement hydration [3]. In this paper, the 

term ñcalcium sulfateò is used regardless of its composition; otherwise, the specific 

composition is mentioned.  

Calcium sulfate is added to control the hydration of C3A to avoid flash setting and 

extending the period in which the mixtures have fluidity and workability [1,4,5]. When 

all the sulfate from the solution is consumedïthis moment is known as sulfate depletionï

the renewed hydration of C3A begins [6ï9]. The amount of calcium sulfate to be added 

will determine when the renewed hydration of C3A will occur. The amount required must 

be sufficient enough to delay the C3A hydration until after the main C3S hydration peak. 

Otherwise, the C3S hydration is hindered, reducing the mechanical performance at early 

ages [10ï13]. On the other hand, if too much calcium sulfate is added, the mechanical 

performance suffers [14ï16]. Furthermore, increasing the sulfate content may lead to 

durability problems due to delayed ettringite formation (DEF), especially in cements 

submitted to high curing temperatures [14ï16]. 

Although not as heavily investigated as C3A-calcium sulfate systems, calcium sulfate also 

changes the C3S hydration, the morphology of its hydration products, and its mechanical 

strength [6,8,11,17ï19]. The effect of calcium sulfate on C3S hydration needs to be 

properly understood as it can influence the sulfate optimization in Portland cements and, 

therefore, can influence cement properties. 



 

 

 

Lerch [20] noted there is an optimum sulfate content for each cement, which results in 

the highest mechanical performance and lowest shrinkage. The optimum sulfate content 

(optimum SO3 content or sulfate demand) is usually obtained empirically through 

isothermal calorimetry and compressive strength tests with cements with different 

amounts of calcium sulfate, as described in the ASTM C563 [21] standard. 

Many questions regarding the effect of calcium sulfate in C3A and C3S hydration and the 

factors that may influence the optimum sulfate content remain. As discussed herein, many 

factors may influence this content, including clinker and calcium sulfate characteristics 

(fineness, chemical, and mineralogical composition), presence of supplementary 

cementitious materials (SCMs) and chemical admixtures, temperature, and time of 

hydration. Understanding of the sulfate demand on the system can address several 

problems in the fresh and hardened state and long-term performance (durability), a 

problem still quite common in the construction field. Without a complete understanding 

of the mechanism driving sulfate demand on the system, these problems might become 

increasingly common as the use of different SCMs and chemical admixtures on 

cementitious materials increases. Recent investigations have provided insight on this 

subject. In this paper, the effect of calcium sulfate on C3A, C3S and Portland clinker 

hydration are reviewed, as well as the influence of the amount of sulfate on cement 

properties. Presented within are the main factors that may influence the optimum sulfate 

content and the methods that can be used to determine the sulfate demand. To the best of 

the authorsô knowledge, a review focusing on the role of sulfate on Portland cement 

hydration and the optimization of the sulfate content is still NOT extant. Despite the 

increase in such research, there remains several issues to be resolved and 

recommendations for future research is discussed.  

3.2 EFFECT OF CALCIUM SULFATE ON CEMENT HYDRATION  

To properly understand the sulfate optimization, it is fundamental to comprehend the 

influence of calcium sulfate on cement hydration. To lay the groundwork, first we present 

its influence on the two most important Portland cement phases concerning the initial 

hydration and sulfate optimization: C3A and C3S, focusing on studies using pure phases 

synthesized in laboratory. Next, we present the influence of calcium sulfate on cement 

hydration. 
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3.2.1  Effect of calcium sulfate on C3A hydration  

Without the addition of calcium sulfate, C3A reacts instantaneously once in contact with 

water, releasing a great amount of heat and resulting in the formation of a OH-AFm-type 

meta-stable product (C4AH13 and C2AH8) (see Eq. 3.1 [22], which is subsequently 

converted to katoite (Ca2Al 2(OH)12 or C3AH6) [22ï24]. The formation of these products 

leads to ñFlash-set,ò i.e., stiffening and loss of workability in few minutes, making most 

practical Portland cement applications unfeasible [1,4]. 

ς#! ςρ(O#!( #!(  (Eq. 3.1) 

To avoid Flash-set, gypsum (CaSO4·2H2O) and natural anhydrate (CaSO4) are usually 

added. Depending on temperature of the cement mill, gypsum may be dehydrated to 

hemihydrate (CaSO4·1/2H2O) and soluble anhydrite (CaSO4) [3]. The addition of calcium 

sulfate completely alters the C3A reaction, and ettringite (#!3( ) is formed in the first 

few minutes; see Eq. 3.2 [22,24]. The ettringite formation consumes the sulfates in the 

solution. When the sulfates are exhausted, the ettringite becomes unstable and reacts with 

the remaining C3A to form a SO4-AFm phase - monosulfate (#!3( ); see Eq. 3.3 

[22,24]. Pourchet et al. [25] has reported the presence of OH-AFm phases in the first few 

minute when gypsum is used as calcium sulfate source; the presence of these phases is 

not observed when hemihydrate is used [25]. 

#! σ#3( ςφ(O#!3(  (Eq. 3.2) 

ς#! #!3( τ(O σ#!3(  (Eq. 3.3) 

Figure 3.1 shows the typical heat flow curve resulting from the hydration of C3A in the 

presence of calcium sulfate, divided into three stages. In stage I, an exothermic peak of 

heat release is observed, followed by a sharp reduction. The heat released at this stage 

results from the wetting of the particles, the dissolution of ions, and the formation of 

ettringite [24]. 

Then the reaction rate decreases dramatically, and the induction period (stage II) begins. 

The duration of this period of low heat release depends on the amount of calcium sulfate 

in the system. The higher the calcium sulfate content, the longer the duration of this period 

[25ï27]. Finally, when all the added calcium sulfate is consumed, a new exothermic peak 

is observed due to the renewed C3A dissolution and the formation of monosulfate (stage 



 

 

 

III) [24,26,28]. The peak shape has an almost vertical acceleration part, followed by an 

exponentially decaying shoulder [28]. Minard et al. [26] proposed that the hydrations 

kinetics of this period is controlled by dissolution. Quennoz and Scrivener [22] disagree 

and have suggested that it is related to the nucleation and growth of SO4-AFm. Further 

studies regarding this issue are needed to clarify the mechanism that controls the renewed 

C3A dissolution and SO4-AFm formation. 

The mechanism responsible for this delay is not yet fully understood. Several hypotheses 

have been proposed. The oldest theory is that the delay occurs due to the formation of an 

ettringite barrier on the particles of C3A [29ï31]; however, due to the needle-like 

crystalline morphology of the ettringite, it is improbable that this layer is responsible for 

hindering the diffusion of ions and the transport of water [4,32,33]. 

Other authors have suggested that the reason for the delaying of the reaction would be a 

ñgel likeò layer on the surface of C3A [34]. This hypothesis is disputed according to the 

study of Minard et al. [26], this layer is an OH-AFm type phase, which also forms when 

C3A is hydrated in the absence of calcium sulfate, in which the delay in the reaction is 

not observed. As noted earlier, this hydrate does not form when hemihydrate is used, but 

the reaction remains delayed [25]. Furthermore, the finer the C3A, the greater the quantity 

of precipitated AFm, and the shorter the time for the sulfate ions to be consumed [26]. 

Finally, as shown by Geng et al. [32] ettringite forms after a few minutes of hydration 

when the C3A surface is already covered by OH-AFm or SO4-AFm and, therefore, these 

phases do not retard C3A hydration to any extent. 

Joseph et al. [24] proposed that the C3A hydration in the presence of gypsum is inhered 

by the surface coverage of ettringite on the active surface of C3A. The authors suggest 

that the retardation is governed by a dissolution-controlled mechanism instead of a 

diffusion-controlled mechanism of the ettringite barrier hypothesis [24]. As recently 

showed by Liu et al. [27], however, the extraction of the sulfate of the solution (by adding 

Ba(NO3)2) leads to an abrupt end of the induction period (stage II), although ettringite is 

still present. Also, ettringite is more abundant in C3A-gypsum systems, but the C3A-

MgSO4 systems show the highest induction period [27]; thus the ettringite formation 

cannot explain the delay in C3A hydration. 
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Another theory proposed by Minard et al. [26] is that the delay in hydration of C3A occurs 

due to the adsorption of sulfate ions on its surface. According to Bullard et al. [28] the 

sulfates may be adsorbed at defect sites and inhibit the formation of etch pits, delaying 

the dissolution of C3A. This theory may also explain why the reaction decreases more 

quickly in the presence of the highly soluble hemihydrate than in the presence of gypsum 

(which is less soluble) [28], as observed by Pourchet et al. [25]. 

Myers et al. [35] proposed that an Al-rich leached layer is formed at the partially dissolved 

C3A surface, and Ca-S ion-pair complexes are adsorbed onto this layer, decreasing the 

active dissolution sites and the undersaturation of calcium ions, delaying the C3A 

hydration. Recent experimental data reported in the literature [27,32,36,37] agrees with 

the theory that the adsorption of S and/or Ca-S ion-pair complexes is correct mechanism 

that accurately describes the retardation on C3A hydration. 

In addition, the alkaline of the sulfate seems to play an important role in the retardation 

of C3A hydration. As observed by Ye et al. [38], there is a cation-specific effect of sulfates 

on the delay of C3A hydration. While most studies agree that calcium sulfate retards the 

C3A hydration, there are contradictory results regarding the effect of other sulfate salts. 

Some authors have observed that magnesium sulfate retards the C3A hydration 

[27,37,38], while others have noted an increase in C3A hydration rate when adding 

magnesium sulfate [39]. The addition of sodium sulfate (Na2SO4) either does not result 

in a delay [29,40] or delays to a less extent compared to calcium sulfate [27,38]. Further 

studies regarding the effect of different sulfate salts on C3A hydration are necessary. 

Figure 3.5 ï Typical calorimetry curve of C3A-calcium sulfate mixtures. 

  



 

 

 

 

The crystalline structure of C3A in the clinker depends on the alkali content present in the 

raw materials and on the alkali content incorporated during the clinker process (which is 

dependent on the fuel used). When Na+ ions are incorporated into the crystalline structure 

of C3Aðthus replacing Ca2+ ionsðthe formation of a solid solution with a general form 

of Na2xCa3-xAl2O3 occurs, where x is the amount of Ca2+ that has been replaced by Na+. 

x values of up to 0.10 (2.4 wt% of Na2O) result in only cubic C3A, while values of x 

between 0.10 and 0.16 (2.4 ï 3.7 wt% of Na2O) result in the co-existence of the cubic and 

the orthorhombic polymorph. As the value of x increases to 0.16-0.20 (3.7 ï 4.6 wt% of 

Na2O), only the orthorhombic C3A is presented. x values above 0.20 (4.6 wt% of Na2O) 

result in a monoclinic polymorph [31,41ï43]. In OPC, the monoclinic polymorph is not 

observed, and the clinker usually presents cubic and orthorhombic C3A [31,44]. 

The crystalline structure has a great influence on the C3A hydration process and, 

consequently, in the rheological properties (workability) of the cement paste. In the 

absence of calcium sulfate, both cubic and orthorhombic C3A react with water, resulting 

in the formation of metastable hydroxy-AFm phases, which then convert to katoite 

(C3AH6) [5,23]; however, cubic C3A is more reactive than the orthorhombic C3A 

[23,45,46]. 

In the presence of calcium sulfate, the behavior is inverted, and the orthorhombic C3A is 

more reactive than the cubic one [5,23,36,45,47ï49]. This is because despite retarding 

the cubic C3A hydration, calcium sulfate accelerates the hydration process of 

orthorhombic C3A [5,23,36,50]. As shown in Figure 3.2, the addition of gypsum 

decreases the heat released during the first hours of the hydration of cubic C3A, indicating 

a delay in the reactions, while adding the same amounts of gypsum increase the heat 

released by the orthorhombic C3A hydration. 
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Figure 3.6  ï Total heat released during the first 24 h of hydration for (A) cubic C3A and (B) 

orthorhombic C3A with different amounts of gypsum, normalized by wt.% of dry solid (C3A + gypsum). 

Source: adapted from Kirchheim et al. [23]. 

 

 

To date, it is not known why calcium sulfate is effective in delaying hydration of cubic 

C3A but not orthorhombic C3A. This may be related to the greater solubility of the ring 

structures of !Ì/  in orthorhombic C3A, which impacts the formation of the 

amorphous alumina layer on the C3A particles, and thus affects the dissolution rate 

[23,36,46]. It may also be related to the sodium ions released in the dissolution of the 

orthorhombic C3A, destabilizing the amorphous alumina layer [45] where the Ca-S ion-

pair complexes are adsorbed according to the hypothesis of Myers et al. [35]. Further 

studies regarding the role of calcium sulfate on the hydration of the different C3A 

polymorphisms are needed. 

3.2.2 Effect of calcium sulfate on C3S hydration 

As calcium sulfate is normally added to control the C3A hydration, their impact on C3S 

hydration and strength are normally neglected. This ignores that fact that it has a great 

influence on C3S hydration, which needs to be properly understood as it can influence the 

sulfate optimization in Portland cements, influencing the properties of the cement. 

The addition of gypsum does not change the products formed during C3S hydration, with 

the exception of the aluminum-doped C3S where ettringite is formed [8,51]. The sulfate 

ions released from the gypsum dissolution are specifically absorbed on C-S-H, changing 

their morphology [51,52]. As illustrated in Figure 3.3, a cloud of sulfate ions could be 

physically adsorbed by charge affinity in the positive charged C-S-H needles [51]. 

According to Mota et al. [51] this would result in the repulsion of the C-S-H needles and 



 

 

 

lead to a more divergent needle-structure instead of the convergent morphology observed 

in plain C3S pastes.  

Figure 3.7 ï Schematic representation of the impact of sulfate ions on C-S-H morphology. Source: 

adapted from Mota et al. [51]. 

 

 

In addition, gypsum (and other soluble sulfates salts as Na2SO4) influence the C3S 

hydration. Gypsum retards the initial hydration of C3S, and a more extended induction 

period is observed [6,8,11,17]. According to Nicoleau et al. [11] and Juilland et al. [17] 

the sulfate ions are physically adsorbed on C3S surface, decreasing the surface charge and 

lowering its dissolution rate. 

After the induction period, the behavior changes and gypsum enhance the C3S hydration 

[6,8,18,51ï58]; see Figure 3.4. Yamashita et al. [59] have observed that increasing the 

clinker SO3 content also accelerated the alite reaction but why it accelerates the reaction 

is still not known. Quennoz and Scrivener [8] proposed that the enhancement in C3S 

hydration by gypsum is due to reactions between the sulfates and the aluminum present 

in C3S structure, thus forming ettringite. These reactions remove the aluminum (which is 

known to retard C3S hydration) of the solution and accelerate its hydration. Bergold et al. 

[60] suggest that this enhancement in aluminum-doped C3S hydration is due to the 

seeding effect of very fine (nano-)ettringite, which might provide a suitable surface for 

heterogeneous nucleation of C-S-H, leading to a faster dissolution of C3S.  

As observed by many researchers [6,53,55,58,61], however, including the example given 

in Figure 3.4, gypsum also accelerates the hydration of C3S without alumina, where the 

formation of ettringite is not observed. Therefore, these hypotheses cannot explain the 




































































































































































































































































































































































































