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a b s t r a c t

This paper reports on the use of design of experiments for the formulation of sulfobelite clinkers. Samples
made of 30–70 wt.%C2S, 20–60 wt.%C4A3Š and 10–25 wt.%C4AF were formulated. The red mud generated
from the Bayer process was used in some formulations as source of iron and aluminum. X-ray diffraction
was used to define the high and low limits of phase compositions. Estimations of CO2 emissions were also
conducted. Derived cements (5 wt.% gypsum) were cured, and the temperature of hydration, compressive
strength and density were determined. The Rietveld refinement showed that the percentages of phases in
the clinkers are close to the expected ones. The presence of C4A3Š is crucial to improve the mechanical
strength at early ages. The use of red mud leads to the formation of C3A and then the derived cements
show faster hydration. In addition, C2S is the major responsible for the generation of CO2 emissions.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Belite and sulfobelite cements might reduce the impact on the
environment and global warming, caused by the production of Or-
dinary Portland Cement (OPC) [1,2]. The lower required amount of
carbonates and the concomitant reduction of CO2 emissions,
resulting from the lower firing temperature when compared to
OPC clinker, are important advantages of those alternative formu-
lations [3]. In addition, the sulfobelite cement (also known as, bel-
ite sulfoaluminate) has its mineralogy based on tetracalcium
trialuminate sulfate (C4A3Š), belite, ferrite and calcium sulfate
(Cs) [3]. In general, it exhibits faster strength gain than belite-
based cements, due to the presence of C4A3Š. Belite is the main
responsible for hardening at later ages. The amount of Cs is higher
than in OPC.

In recent years, sulfobelite cements have been investigated
extensively [4–8]. Martín-Sedeño et al. [4] investigated the hydra-
tion process of three aluminum-rich belite sulfoaluminate clinkers,
while Živica [5] evaluated blends of sulfoaluminate belite contain-
ing distinct pozzolans (blast-furnace slag, fly ash, and silica fume)
in terms of setting time and compressive strength development.
According to Glasser and Zhang [6] mortars prepared with ettring-
ite-rich sulfoaluminate cements exhibit faster hydration and high-
er self-desiccation than those containing OPC. Janotka et al. [7]
showed that mortars prepared from blends of sulfoaluminate bel-
ite + OPC exhibited higher protection against corrosion of steel in
comparison to those obtained from blast-furnace slag + OPC bind-
ers. In addition, the concrete made with belite sulfoaluminate
ll rights reserved.
exhibits early strength development and excellent sulfate resis-
tance, but worse workability and higher carbonation rates than
OPC based formulations [8].

The red mud (RM) is generated in the Bayer process, commonly
used to produce alumina from bauxite ore. This process leads to
the formation of insoluble hydroxides where the impurities are
concentrated, after proper washing, settling, and filtration opera-
tions. In general, the production of 1 ton alumina generates 1–
2 ton (dry wt.) of RM. In recent years, RM has been tested in the
production of Portland clinkers [9–12]. In all the cited papers [4–
12] there was no indication on the use of mixture experiments de-
sign as a tool to optimize the formulation of clinkers.

Mixture design is a method used to investigate the effect of
components of mixtures on a response or properties. The pure
and binary blends are represented by vertices and sides of a trian-
gle, respectively, while the three-blend compositions are located
inside the triangle [13]. The levels are not independent, since the
sum of the proportions of components under investigation is
always 1:

Xq

i¼1

xi ¼ 1 ð1Þ

where q represents the number of components in the system under
investigation and xi represent the proportion of the ith component
in the mixture [14]. Linear, quadratic, cubic and special cubic mod-
els may be used to describe the design of experiments (DOE), while
the analysis of variance (ANOVA) is used to check the statistical sig-
nificance [13].

Therefore, this paper describes the use of mixtures experiments
design to model the relative amount of cementitious phases (C2S,
C4AF, C4A3Š) on sulfobelite clinkers. The phase development was
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mainly followed by X-ray powder diffraction, but complementary
analyses of derived cements and mortars (compressive strength,
heat released upon hydration, curing time, etc.) were conducted
aiming to discriminate compositional differences.

2. Experimental procedure

The sulfobelite clinkers were formulated attempting to obtain distinct amounts
of C2S, C4AF, C4A3Š (Table 1). Fig. 1a gives a schematic representation of the ex-
pected proportions of the main phases in the clinker. The required proportions of
the commercial raw components (CaCO3, SiO2, Al2O3, Fe2O3 and CaSO4) were chem-
ically adjusted to approach the desirable phases in the clinker, and are given in
Table 1. Their representation in the SiO2–Al2O3–CaO equilibrium diagram [3] com-
monly used in cement chemistry, is given in Fig. 1b. This representation disregards
the effect of Fe2O3 oxide, which is though very important in the actual systems. By
using the mixture design tools we aim to achieve the desirable clinker formulations
and then emphasize the differences between derived cements and mortars. The
main drawback is the difficulty to estimate the correct amount of each phase after
clinkering in such complex systems. Moreover, the thermal behavior of distinct
formulations might diverge and differential kinetics might alter the theoretical
predictions on the phase development.

To formulate the clinkers, five commercial raw materials were selected: sand
(Sibelco), calcite (Calcitec M1), gypsum (Sival), alumina (Alcoa CT3000) and iron
oxide (Sigma Aldrich). Compositions 2, 6, and 7 were reformulated by using red
mud (RM). This waste slurry (Alcoa, Spain) contains about 61 wt.% solids, specific
area of 20 m2/g and the particle size distribution between 0.1 and 7 lm (average
0.78 lm). The chemical composition of red mud is shown in Table 2. RM was used
mainly as source of iron and aluminum and its content was defined in function of
iron needed for such compositions (Table 1).

Mixtures with 200 g were milled for 1 h in jar mills and then fired in an electric
furnace (Termolab) that permits fast cooling by bottom loading of the sample-
holder structure. The amount of raw mix clinker used in each alumina sample-
holder was 15 g. All samples were introduced in a power condition and remained
as such during the process. The sintering path used follows: (a) heating up to
1000 �C at 15 �C/min, (b) holding at 1000 �C for 45 min, (c) heating up to 1300 �C
at 5 �C/min, (d) holding at 1300 �C for 60 min, (e) cooling as rapidly as possible.

Clinkers were characterized through X-ray powder diffraction (XRD). The sam-
ples were fragmented into a powder and the material passing through a 75 lm
sieve was used. XRD was conducted in a Rigaku Geigerflex diffractometer with a
Cu Ka radiation source in 10–80� 2h range, scan rate of 0.02� 2h, 4 s per step. The
Table 1
Clinker formulations (wt.%), target phase compositions (%) and XRD phases quantification

1 2 3 4 5 6

Theoretical composition
C2S 70.0 30.0 55.0 30.0 30.0 62.5
C4A3Š 20.0 60.0 20.0 45.0 52.5 20.0
C4AF 10.0 10.0 25.0 25.0 17.5 17.5
CaO (C) 61.2 52.0 61.4 55.4 53.7 61.3
Al2O3 (A) 12.9 36.2 17.1 32.4 34.3 14.9
SiO2 (S) 26.0 11.8 21.5 12.2 12.0 23.8

Batch formulation
CaCO3 69.9 58.2 67.5 60.1 59.1 68.7
SiO2 16.6 7.38 13.3 7.4 7.39 15
Al2O3 8.25 22.7 10.6 19.7 21.2 9.39
Fe2O3 2.23 2.31 5.65 5.79 4.05 3.93
CaSO4 3.04 9.44 3.08 7.1 8.27 3.06
RM – – – – – –

Oxide formulation
CaO 58.3 49.0 55.5 49.7 49.3 56.9
Al2O3 11.9 30.5 15.0 26.8 28.7 13.4
SiO2 23.9 9.92 18.8 10.0 9.92 21.5
Fe2O3 3.22 3.10 8.03 7.86 5.48 5.62
SO3 2.58 7.46 2.57 5.67 6.58 2.58

Rietveld quantification
C2S 71.0 29.0 56.0 27.0 – –
C4A3Š 20.0 64.0 22.0 53.0 – –
C4AF 9.0 7.0 22.0 20.0 – –
SO3 2.6 8.4 2.9 7.0 – –

Refinement indices
Rwp (%) 21.6 23.1 25.9 22.1 – –
Rp (%) 14.7 15.5 18.3 15 – –
v2 1.9 2.3 2.4 1.7 – –
R(F2) 19.5 22.8 20.3 18.2 – –
quantitative phase analysis was performed using GSAS-EXPGUI software following
a Reference Intensity Ratio (RIR) and the Rietveld refinement techniques [15,16]. Up
to 40 independent variables were refined: scale-factors, zero-point, 15 coefficients
of the shifted Chebyschev function to fit the background, unit cell dimensions, pro-
file coefficients (1 Gaussian, GW, and 2 Lorentzian terms, LX and LY). The agreement
indices, as defined in GSAS, for the final least-squares cycles of all refinements are
represented by Rp (%), Rwp (%), v2 and R(F2) (%). In addition, SO3 amounts in the cal-
cinated clinker formulations were estimated based on oxides conversion from Riet-
veld quantification.

Derived cements were obtained by adding 5 wt.% calcium sulfate (gypsum) to
the clinker. The heating upon curing was evaluated in a quasi-adiabatic chamber,
as a tool to estimate the speed of the hydration process. The temperature of hydra-
tion was monitored immediately after mixing in a quasi-adiabatic calorimeter
(Langavant) using two test samples.

Finally, mortars were produced by combining the obtained cements with com-
mercial sand (average particle of 0.6 mm). Mortars were prepared through dry mix-
ing of raw materials in a bag for 1 min, followed by mixing with water during 1 min.
The binder/aggregate and water/binder ratio in weight used were 1:1 and 0.7,
respectively. After demoulding, mortars were cured with 66% relative humidity
and 22 �C up to 7 days. For the compressive strength tests, cylindrical samples of
mortars with 30 � 30 mm (diameter and height) were produced. The speed rate ap-
plied in the compressive strength test was 1 mm/min. Three replications were used
in order to obtain the variance of experimental error. A surface of response and a
regression model were then obtained and used to evaluate the performance of
material, attempting to discriminate compositional effects.
3. Results and discussion

3.1. Phase formation

Fig. 2 shows the X-ray diffraction for compositions of vertices
(1, 2, 3, 4) and the central point (9) of the DOE (Fig. 1a). From
the diffractograms it is possible to identify the presence of the
main crystalline phases: trialuminate sulfate (C4A3Š), belite (C2S),
and ferrite (C4AF). Such phases are present in distinct relative
amounts, depending on the formulations. Their quantification
was conducted by Rietveld refinement. The obtained compositions
are close to those predicted by the DOE (Table 1).
(%).

7 8 9 RM (2) RM (6) RM (7)

50.0 42.5 46.3 – – –
40.0 32.5 36.3 – – –
10.0 25.0 17.5 – – –
56.7 58.5 57.6 – – –
24.2 24.6 24.4 – – –
19.1 16.9 18.0 – – –

64.1 63.8 64 53.6 63.4 59.2
12.1 10.4 11.2 6.36 13.4 10.7
15.3 15.1 15.2 19.4 6.99 12.5
2.27 5.72 3.96 – – –
6.18 5.07 5.63 8.79 2.85 5.75
– – – 9.31 9.31 9.31

53.6 52.5 53.2 – – –
21.3 21.0 21.1 – – –
16.8 14.4 15.6 – – –
3.17 7.95 5.52 – – –
5.07 4.14 4.62 – – –

– – 50.0 – – –
– – 35.0 – – –
– – 15.0 – – –
– – 4.6 – – –

– – 24.5 – – –
– – 18.9 – – –
– – 2.4 – – –
– – 20.1 – – –

https://www.researchgate.net/publication/264216045_Accuracy_of_XRPD_QPA_using_the_combined_Rietveld_and_RIR_method_J_Appl_Crystallogr?el=1_x_8&enrichId=rgreq-fd15a610-e53f-4794-b1b0-79c89e296a0c&enrichSource=Y292ZXJQYWdlOzI1MTYyMTY0MDtBUzo5OTQ3NzQ5NDk2MDEzNUAxNDAwNzI4NjkxOTcx
https://www.researchgate.net/publication/232070318_General_Structure_Analyst_System?el=1_x_8&enrichId=rgreq-fd15a610-e53f-4794-b1b0-79c89e296a0c&enrichSource=Y292ZXJQYWdlOzI1MTYyMTY0MDtBUzo5OTQ3NzQ5NDk2MDEzNUAxNDAwNzI4NjkxOTcx


0.0

0.2

0.4

0.6

0.8

1.0
C4AF (wt%)
0.0

0.2

0.4

0.6

0.8

1.0

C2S (wt%)
0.0 0.2 0.4 0.6 0.8 1.0

C4A3Š(wt%)

1                   7 2

6               9 5

3 8 4

(a) 

(b) 

4 5 2

6
3

Fig. 1. Representation of (a) main phases expected in clinkers and (b) correspond-
ing view on the common SiO2–Al2O3–CaO ternary diagram [3].

Table 2
Chemical composition of red mud, as determined by
XRF.

Component (wt.%) Red mud (RM)

CaO 3.27
SiO2 5.54
Al2O3 18.8
Fe2O3 51.8
SO3 0.23
TiO2 11.2
Na2O 6.84
K2O 0.08
MnO 0.04
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When RM was used, similar phases were detected in the clink-
ers, but C3A was identified in addition. Even in small amounts, tri-
calcium aluminate accelerates the hydration process of the cement
and assures stronger hardening at early ages [1].
3.2. Temperature of hydration

In general, all cements show a fast evolution of temperature
upon hydration (Fig. 3), but the rate and the maximum values
reached depend on the compositions. When in contact with water,
a strong chemical reaction is developed with the release of ions
(Ca2+, SO2�

4 , Na+, K+ and OH�) to the solution [17]. Such reactions
are exothermic and thermoactivated, meaning that the tempera-
ture of the material is modified during the evolution of reaction,
while the kinetics of reaction is also modified according to the tem-
perature. The first peak is generally attributed to gypsum and it is
stronger in cements that are rich in C2S. The fineness of cement
particles might here assume a crucial and distinctive role between
the tested samples. C2S-rich cements tend to show higher SSA val-
ues, denoting lower particle size distribution. By contrast, C4A3Š-
rich clinkers are easy to sinter and the further milling step is hard
and less effective in reducing particles size. Hence, physical param-
eters might assume a stronger effect than chemical/phase differ-
ences between samples. A second peak is visible just on samples
that are richer in C4A3Š, then confirming its stronger reactivity.

For samples with added RM, the maximum temperature
reached tends to be faster than equivalent cements. The presence
of C3A is certainly responsible for this behavior [18] and exerts a
strong impact in diminishing the open time and workability of
cementitious matrix, since it consumes higher amounts of water
[19]. This negative impacts on the workability can difficult the suit-
able densification of the matrix, then affecting the hardening pro-
cess and mechanical development. Such formulations should
contain a high relative amount of gypsum to control that effect.

3.3. Compressive strength

Fig. 4a shows the compressive strength of mortars cured for
7 days. Differences are notorious and are, in general, related with
compositional variations of the clinkers. The highest values are ob-
tained for compositions showing highest levels of C4A3Š. The statis-
tical analysis (Fig. 4 b) confirms that the content in C4A3Š is the
most influent variable on the mechanical development at early
ages, followed by the effects of C2S and C4AF levels. In addition,
an interactive effect between C2S, C4A3Š and C4AF contents is also
significant, suggesting that the impact of each factor will also de-
pend on the level of other factors involved. C2S is mostly responsi-
ble for the strength development at longer periods, as widely
reported. The ferrite phase (C4AF) also contributes to the initial
strength, but its contribution is weaker than that of C2S and
C4A3Š phases. The dependence of the compressive strength on
compositional changes is better described by the special cubic
model, which was then used to construct the response surface of
Fig. 4a. This dependence is given by the following equation:

Compressive strength ¼ 23:7 � C2Sþ 41:1 � C4A3
�S

þ 152 � C4AF� 100 � C2S � C4A3
�S

� 330 � C2S � C4AF� 422 � C4A3
�S � C4AF

þ 816 � C2S � C4A3
�S � C4AF

R � sqr : 0:9465; Adj : 0:9251 ð2Þ

where R2 and Adj. are the adjustments of the multiple regression
equation, taking into account all parameters or only the significant
ones, respectively.

The use of RM in the clinkers decreases the compressive
strength of corresponding mortars (Fig. 4c), despite the formation
of C3A. This result might be explained by the decrease of workabi-
lity of mixtures and difficulties in molding suitable samples. Sam-
ples with RM exhibited lower density with 7 days in relation to
REF. Formulation 2 decreased 7.3%, while formulation 7 decreased
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Fig. 2. X-ray diffraction of clinkers (a) formulations 1, 2, 3, 4, 9, (b) formulations 2, 6, and 7 with RM and (c) representative Rietveld plot for sample 4.
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3%. In this way, the physical compactness of the samples is poor
and the microstructural development upon hydration is negatively
affected, then lowering the mechanical performance of the mate-
rial. Formulation 6 showed worse workability and did not allow
molding, and therefore, it was disregarded.
3.4. Carbon dioxide (CO2) emissions

Estimations of CO2 emissions from raw materials decomposi-
tion varied between 27% and 31% for the formulations 30C2S–
60C4A3Š–10C4AF and 70C2S–20C4A3Š–10C4AF, respectively
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(Fig. 5a). The compositions with higher concentrations of C2S
showed the highest values of CO2 generation, since the amount
of CaO is higher. A linear regression equation describes more ade-
quately the variation of CO2 emission:
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CO2 emissions ¼ 34:9 � C2Sþ 22:1 � C4A3
�Sþ 26:4 � C4AF

R � sqr : 0:8472; Adj : 0:8144 ð3Þ

The statistical analysis (Fig. 5b) confirms that all the factors
contributed for the generation of CO2; however, the amount of
C2S is the most influent variable, followed by the effects of C4A3Š
and C4AF. In all cases, the values of CO2 emissions are lower than
those generated in the production of clinker for Ordinary Portland
Cement (50% per 1 kg of cement clinker). Moreover, the reduction
of clinkering temperature in the actual formulations also contrib-
utes to reduce the energy consumption and then CO2 emissions
due to fuel combustion.

The volatilization rates of SO3 after calcination are showed in
the Table 1. On one hand, samples with higher amount of C4A3Š
(30C2S + 60C4A3Š + 10C4AF) exhibited the best performance in the
early age. On the other hand, they showed the highest volatiliza-
tion rate. However, this result seems not to be relevant to hinder
the production processing.

4. Conclusions

The results proved that is possible to use DOE as a tool to for-
mulate sulfobelite clinkers which produce cements with distinct
but predictable properties. X-ray diffraction confirms the forma-
tion of expected crystalline phases and their relative amounts,
determined by Rietveld refinement estimations, are close to theo-
retical values. The use of red mud as source of iron induces the
appearance of C3A in the clinker.

In general, all the samples exhibit fast heat release upon hydra-
tion, and the highest values were reached for compositions with
highest amounts of C2S. When RM was added, the time to reach
the maximum temperature was lowered, due to the presence of
C3A.
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The compressive strength of mortars cured for 7 days varied
significantly according to the clinker composition. The best perfor-
mance was obtained for samples with higher amounts of C4A3Š.
Statistically we confirmed that C4A3Š is the strongest influent fac-
tor, but there is an interactive effect between factors. The special
cubic regression is the model that best fits the variation of com-
pressive strength.

CO2 emissions are lowest for the formulations with highest
amount of C4A3Š and the linear regression is the mathematic mod-
el that describes more properly the variation of the results. In addi-
tion, the volatilization rates of SO3 after calcination were higher for
compositions with higher amount of C4A3Š.
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[7] Janotka I, Krajči L’, Ray A, Mojumdar SC. The hydration phase and pore
structure formation in the blends of sulfoaluminate–belite cement with
Portland cement. Cem Concr Res 2003;33:489–97.

[8] Quillin K. Performance of belite–sulfoaluminate cements. Cem Concr Res
2001;31:1341–9.

[9] Singh M, Upadhayay SN, Prasad PM. Preparation of iron rich cements using red
mud. Cem Concr Res 1997;27:1037–46.

[10] Tsakiridis PE, Agatzini-Leonardou S, Oustadakis P. Red mud addition in the raw
meal for the production of Portland cement clinker. J Hazard Mater
2004;116:103–10.

[11] Vangelatos I, Angelopoulos GN, Boufounos D. Utilization of ferroalumina as
raw material in the production of ordinary Portland cement. J Hazard Mater
2009;168:473–8.

[12] Pêra J, Boumaza R, Ambroise J. Development of a pozzolanic pigment from red
mud. Cem Concr Res 1997;27:1513–22.

[13] Montgomery AD. Design and analysis of experiments. 4th ed. New
York: Wiley; 1996.

[14] Ghosh S. Statistical design and analysis of industrial experiments. New
York: Macel Dekker Inc.; 1990.

[15] Gualtieri AF. Accuracy of XRPD QPA using the combined Rietveld-RIR method. J
Appl Cryst 2000;33:267–78.

[16] Larson AC. Von Dreele RB. General structure analysis system (GSAS). Los
Alamos National Laboratory Report LAUR; 2000. p. 86–748.

[17] Lea FM. The chemistry of cement and concrete. 4th ed. New York: Chemical
Publishing; 2001.

[18] Ramachandran VS, Beaudoin JJ. Handbook of analytical techniques in concrete
science and technology. New York: Noyes/William Andrew; 2001.

[19] Taylor HFW. Cement chemistry. New York: Academic Press; 1990.


