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The objective of this study was the preparation and characterization of high belite sulfoaluminate cement (HBSC) from
industrial residues. HBSC promises eco-friendly building materials with great mechanical performance at earlier ages
than Ordinary Portland Cement (OPC). Preliminary results show the formation of main phase dicalcium silicate (C,S)
and ye’elimite (C,A;8) at 1250°C, as determined by X-ray diffraction (XRD), are promising. The formation of minerals in
the clinker was analyzed by differential scanning calorimetry-thermogravimetry (DSC-TG). Likewise, Scanning electron
microscope (SEM) and XRD were used to carry out the analysis of the micro-structural and hydration products. The main
HBSC hydration products, Ettringite and amorphous AI(OH);, were formed in the early stages, however, during the later
stages, monosulfate and Strdtlingite were formed. Isothermal conduction calorimetry measurements indicate that hydration
properties of the cements are comparable to OPC; the total hydration heat after 3 days was 438 J/g. The optimum compressive
strength values of the mortars after 1-,3-,7-, and 28-days were 24.9 MPa, 33.2 MPa, 35.6MPa and 52.8 MPa which can meet

the requirement of special structures.
INTRODUCTION

Energy conservation and emission reduction have
become the modern world’s current environmental
protection themes. Pollution and the disposal of in-
dustrial wastes like fly ash (FA), desulfurization gyp-
sum (FGD), and phosphogypsum have proven to be hot
topics and seriously threaten subjects dealt with by
scientists and technologists. In 2009, China’s total fly ash
output reached 3.75 million tons, while approximately
60 million tons worldwide came from coal combustion
plants. Nowadays coal combustion plants have been
equipped with flue gas desulphurization processes to
produce desulfurized gypsum as well. Although FA and
FGD are not classified as toxic waste hazards, there are
concerns with trace elements, such as Cd, Hg, Pb, As, F,
Ni, Pb, Cr and Se. Regularly, FA and FGD were piled in
mounds for storage, where winds could raise dust and
result in muddying the ambient particulate air. They are
significant environmental pollutants that not only present
a respiratory hazard when airborne, but also occupied
land that contaminated the environment. Furthermore,
many researchers have presented the critical content of
fluoride in FGD (close to 150 mg/kg) was regarded as
a destructive element [2, 3]. Excessive ingestion of fluo-
ride in mammals can bring about fluorosis, affecting the
teeth and skeletal tissues [4, 5]. Many epidemiological

studies have also associated exposure to small particles,
like fine dust particles, resulting in lung cancer, heart-
disease, asthma and increased mortality [6, 7].

It is commonly known that cement production is
one of the most energy consuming processes, equal to
the disposal of industrial by-products. Ordinary Portland
Cement is composed of most man-made materials used
worldwide, but it not only requires a mass of calcium-
rich materials, but also requires high-temperature sinte-
ring for its formation, e.g. 1450°C. Consequently, the
cement industry contributes around 6 % of all CO,
anthropogenic emissions [8, 9], which arose from calcite
decarbonation.

Over the years, much attention has been paid to the
development of modified cement clinkers, giving rise
to energy preservation as well as interests concerning
its use as a binder for waste encapsulation [10]. Sulfo-
aluminate cement (SAC) is based on high-belite cement
by introducing C,A;$. One of such cements, including
the major phases C,A;$ (55-75 %), C,S (8-37 %),
C,AF (3-10 %) and CaO-SO4(C$), was developed and
reported by a number of researchers [11-21]. Mehta [22]
synthesized some modified Portland cement on the basis
of a five component system: C—S—A—F-$. Sudoh etc.
[23] synthesized another modified cement on the basis of
a four component system: C—S—A—$. This can overcome
the disadvantages of low mechanical strength developed
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during early stages and all aforementioned research used
bauxite as a raw material; this consumed a large amount
of natural resources.

HBSC is the product of another idea based on sul-
foaluminate cement, made by adjusting the proportions
of C,S and C,A,$, with nominal mineralogical com-
positions in the range C,S (50-70 %), C,A;$ (30-50 %),
and aluminate phase. It can be formed at temperatures
between 1200 ~ 1350°C Usually, in this framework,
10 ~ 25 wt. % of gypsum is interground with the clinkers
for an appropriate volume, setting, time, and intensity
development [24].

Compared to traditional crafts, less attention has
paid to the use of desulfurization gypsum and fly ash.
For the sake of this investigation, we tried our utmost to
use industrial by-products, considering desulfurization
gypsum has a similar physical and chemical performance
to natural gypsum, and high-alumina fly ash has a satis-
factory content of alumina oxide. We decided to use
high-alumina fly ash instead of bauxite to make high
belite-calcium sulfoaluminate cement, which allows
us to use industrial solid waste and economy mineral
resources.

EXPERIMENTAL

Raw materials

The raw materials were high-alumina fly ash and
desulfurization gypsum from a Zhejiang plant, and
limestone from Huaihai. The main oxide compositions
of raw materials determined by chemical analysis are
shown in Table 1.

Samples preparation

The raw materials were ground in a laboratory ball
mill to obtain fineness of 6-8 % over 80 um sieve. On the
basis of required proportions, the raw meal was prepared
by mixing the raw materials in proportion. The chemical
composition of raw meal is shown in Table 2.

Table 1. Chemical composition of starting materials (wt. %).

The raw meal was mixed with water and pressed
with a pressure of 15 MPa into disk mold of ® 40mm
x 25 mm. The disks were dried in the stove, then
calcined in a Si-Mo rod resistance furnace at different
temperatures (1200, 1250, 1280, 1300, 1320, 1350°C for
30 min, removed from the furnace at once and cooled
rapidly by fan. Clinker samples were all ground to pass
through an 80 pum sieve. Some dried wafers were fired at
the same temperature (1250°C) for 30, 60, 90 and 150
min respectively, then removed from the furnace and
cooled rapidly by a fan. The emblematic firing schedule
is present in Figure 1. The clinkers were relatively soft
and friable to OPC; consequently, the whole process
brought about considerable energy conservation.

30-150 min

25°C

»
Ll
Reaction process

Figure 1. Schematic diagram of firing profile for the clinker
preparation.

Characterization

In order to investigate clinker formation at different
temperatures, the content of free lime in the clinkers was
determined chemically after dissolving the clinker with
ethanol-glycol. The mineral compositions of the clinkers
burned at different temperatures, and were analyzed by
X-ray diffraction (Thermofisher ARL 9900 series X-ray
workstation using Co Ko radiation, A = 0.1788996 nm).

Materials LOI CaO SiO, AL O, Fe,0, SO, MgO
Limestone 40.06 48.78 5.84 1.92 1.00 0.07 1.83
Fly ash 1.67 4.04 45.6 40.16 3.73 3.01 1.26
Desulfurization gypsum 24.94 34.01 - 0.90 0.19 39.96 -
LOI: loss of ignition

Table 2. Chemical composition of raw meal (wt. %).

CaO SiO, Al O, Fe,04 SO, LOI (G P® f-SO%
36.71 15.14 11.21 0.69 3.78 29.52 0.988 2.96 1.41

a - basicity modulus, b - b-alumina sulfur modulus, c - free sulfur trioxide
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Hydration heat release of HBSC was determined by a con-
duction calorimeter (Thermometric TAM Air). The micro-
structures of the samples were observed with a scanning
electron microscope and energy dispersion spectroscopy
(SEM-EDS) (Model JSM-5900) and XRD. Hydration
products at different ages were determined by XRD and
DSC-TG.

RESULT AND DISCUSSION

The burn ability of the clinker

The contents of f-CaO in samples burned at diffe-
rent temperatures are shown in Table 3. It can be seen
that the free lime contents of the clinkers at different
temperatures were all low, which indicates that raw
materials were calcined completely from 1250°C.

Table 3. The content of f-CaO in samples burned at different
temperature (wt. %).

Temperature (°C) 1250 1280 1300 1320 1350

f-CaO (%) 0.081 0.079 0.082 0.080 0.084

The clinker phase composition estimated by a K
value method is shown in Table 4. Note that the belite
phase was mostly present as the f modification, but the
value given in Table 4 represents the sum of all of the
different belite polymorphs detected.

Table 4. Measured phase composition of the clinker.

Phase Belite  Ye’elimite Calcium Aluminum Oxide

Mass % 56.2 344 7.4

The formation condition of clinkers

The changes of solid phase composition with on-
going formations at different temperatures were deter-
mined by XRD was shown in Figure 2. As shown in
Figure 2, the firing products of HBSC are mainly C,S,
C,A,S8, C;A, microscale of ferrite (C,AF) and mayenite
(C,A,). It shows that the diffraction patterns correspond
to a basic clinker. The major phases of belite and calcium
sulfoaluminate were well crystallized; moreover, the
quantitative phase analysis (QPA) measured mineral
content, which is shown in Table 4. From the XRD
analysis, we can see the clinker formation in different
temperatures; at 1250°C nothing has changed, but at
1200°C we can clearly see the clinker had not formed
completely; it had parts of free calcia. When the raw
meal is burnt at 1200°C f-CaO is found in XRD pattern,
which indicates the raw meal is not burnt completely.
As the burning temperature reaches 1250°C the content
of f-CaO reduces shapely whilst the content of calcium

sulfoaluminate and belite increase markedly since the
f-CaO participates in the chemical reaction to form
calcium sulfoaluminate and belite. After the burning
temperature excesses 1350°C the contents of minerals
remain constant, which suggests that the raw meal is
burnt thoroughly after 1250°C. From Figure 3, we see
phase content remained unchanged as the soaking time
increased; the shape of the peaks show no change during
soaking times exceeding 0.5 h. This reveals that the
clinker formation mechanisms were irrelevant to soaking
times, and it can conclude that HBSC can be prepared
completely at 1250°C with no need for soaking.
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Figure 2. XRD patterns of sample burned at different tem-
peratures (¢ - C,A;S, m - C,S, Ao - C/AF, @ - C,A,, 0 - CJA,
C - Ca0, G - Gypsum).
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Figure 3. XRD patterns of sample burned at 1250°C for diffe-
rent soaking times (¢ - C,A;S, m - C,S, 0-C;A, @ - C,A),).

DSC-TG analysis for the clinker
formation mechanisms

Figure 4 A and B show the DSC and TG curves
for the HBSC clinker formation. Figure 4 B shows
decarbonation as the main weight loss. As expected,
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Figure 4 A displays a number of thermal effects. Two
strong endothermic peaks corresponding to a weight
loss resulting from the dehydration of the gypsum and
the decomposition of CaCO,, are observed at 125.1°C
and 795.9°C, respectively (points Pl and P2). The
experimental values of weight loss were 1.84 and
28.33 wt. % respectively. The small endothermic peak
at 856.5°C (point P3), is associated with the beginning
of ye’elimite formation. The sharp exothermic peak at
1301°C (point P4) corresponds to the rapid formation
of ye’elimite. Finally, the TG curve is part of a large
downward trend due to partial melting of the aluminate
phases and also to the ye’elimite partial decomposition
(starting from point P5) [25-26].
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Figure 4. DSC-TG curves of HBSC clinker formation.

Isothermal calorimetry

The results of conduction calorimetry are given in
Figure 5. A conduction calorimeter was used to confirm
the rate of hydration heat released during the first three
days. HBSC has a transition point after the initial peak
until a sample age of about 4 h; after that, it has another
hydration peak at 10 h. A second maximum heat flow
takes place after 26.4 h. The gross total hydration heat
after 3 days for HBSC is 438 J/g. Compared to the
OPC clinker, which was 227 J/g, hydration heat release
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Figure 5. Isothermal conduction calorimetry of HBSC cement.

of HBSC was much higher than OPC at early ages. It
reveals that HBSC is more reactive with water, which
indicates the high performance at early stages.

Morphology analysis
Clinker

Figure 6 shows the SEM-EDS images of a cement
clinker. From Figure 6b, it is clear that there were many
with a hexagonal plate shape, which was C,A;$; irregular
round granules were C,S. Meanwhile, Figure 6a revealed
a HBSC clinker had high porosity results in grindability
and enough superficial area to react with water.

b) 15 kV x 5000

Figure 6. SEM photographs and EDS patterns of cement clin-
ker at different magnify multiple.

Hydration of sample XRD analysis

The hydration of cement in order to determine the
composition of solids and liquids after different stages
was determined by XRD and DSC. From Figure 7, it
can be clearly seen that after 2 h ye’elimite and gypsum
both consumed, and ettringite had formed as a new
crystalline phase, according to Equation 1. After 10 h
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of hydration, traces of monosulfate and crystalline
gibbsite are detectable, while gypsum has almost been
depleted, according to Equation 2. After hydration of 2d,
stratlingite formed from C,S as a silicon source and AH,
as an alumina source to react according to Equation 3.

C,A;8 + 2C$H, + 34H — C;A-3C$-32H + 2AH,
(ettringite) (1)

C,A5$ + 18H — C;A-C$-12H + 2AH,
(monosulfate) 2)

C,S + AH, + 5H — C,ASH;
(stritlingite) 3)

28d

16 h
10 h

10 20 30 40 50 60 70
26 (CuKa)
Figure 7. XRD patterns of the sample hydrated after 2, 8, 10,
16 h, 2,28 d at w/c = 0.39.

DSC analysis

The XRD results are also verified by the DSC data
(Figure 8). From the figure it is revealed that weight loss
increased with ongoing hydration time at 90-150°C,
which was a result from the increased ettringite. Four
hours of hydration consumed a part of gypsum (weight

2.0
1.5 1

?f gypsum

———TTT T
0 100 200 300 400 500 600 700 800 900 1000
T (°C)
Figure 8. DSC analysis of sample hydrated after 2, 4, 8, 10,
16 h, 2,28 d at w/c = 0.39.

loss at around 150°C) and formed some Al(OH), (weight
loss at about 300°C). After 10 h, ettringite formation
was mostly completed, and monosulfate begin to form
(weight loss at about 190°C). From the XRD analysis, the
ettringite content stayed constant after 16h. Monosulfate
traces were detectable after 10 h of hydration. AI(OH),
formed continuously as an additional hydration product.
HBSC showed almost no increase of Al(OH); beyond
the hydration time of 2 days. This can be explained by
the fact that AI(OH); was consumed by the formation
of strétlingite, as the present belite started to take part
in the hydration process after 2 days. The strétlingite
formed can be identified in the sample hydrated for
2 days (weight loss at about 170°C).

SEM analysis

The SEM experiment was performed to observe
the surface topography of hydrated samples at different
stages. As shown in Figure 9, the more needle-shape
and columnar ettringite (AFt) was among the hydration
products of the HBSC. After 10 h of hydration, the flake-
like monosulfate formations are visible. The pores in the
hardened cement pastes are filled with well-developed
AFt, and the hardened cement paste is a coarse-grained
slurry. In addition, there was also evidence of gelatinous
calcium silicate hydrates. These hydration products
linked with each other and formed a dense, net-shaped
structure.

Compressive strength measurement

In order to determine the optimum content of
gypsum in the belite-sulfoaluminate cement, HBSC
was produced in the laboratory by mixing clinkers
(density 2.92 g/cm’, Blaine surface area 357 m?kg)
with varied gypsum. The 1-, 3-, 7-, and 28-day curing
ages of mortar compressive strength were measured on
40mmx40mmx>160mm cubes. The water/cement and
sand/cement ratios were kept at 0.5 and 3, respectively,
for all the HBSC. The compressive strength results are
listed in Table 5. Additionally, we compared the two
different clinkers of compressive strength, HBSC and
OPC, shown in Figure 10. It can be clearly seen that the
compressive strength of HBSC is comparable to OPC at
28 days. Especially important features of the two cements
were their differing hydration mechanisms. During the
early hydration stage, formation of ettringite leads to
strength development in HBSC, while C—S—H develops
in OPC. In later stages, the strength development of
HBSC mainly depends on C—S—H gel formation [27].
The strength of mortar on 90 days and 180 days are
63.6 MPa and 74.4 MPa, respectively. Compared with
the strength on 28 days, the long term strength increases
steadily. Thus the performance of such cement can
meet the requirements of special projects. From the
compressive strength of 3d and 28d, meanwhile, we can
conclude the optimum content of gypsum was 15 %.
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S

Figure 9. SEM image of cement hydrated for different ages.

Table 5. Compressive strength of HBSC with varied gypsum. CONCLUSIONS

Number ld 3d 7d 284 o Utilization of industrial solid wastes like high-alumina
5% 17.1 24.2 24.7 334 fly ash and desulfurization gypsum can synthesize
8 % 20.2 27.4 28.1 41.4 high belite sulfoaluminate cement at around 1250°C
10 % 27.6 30.5 33.2 448 and without for soaking, contrary to other literature
15% 24.9 33.2 35.6 50.8 which states the temperatures were higher and there
20 % 21.2 28.4 30.2 48.7 was a need for soaking a period of time. Besides that,

fly ash and FGD can account for 40 % approximately
in raw material dosing.

55
= 504 [@ HBSC wic =0.38 e The main hydratlon products of HBSC in early stages
S 45 |moPCwc=05 are ettringite and amorphous Al(OH);; afterwards,
< 40 monosulfate is formed as well as stritlingite. Ettringite
% 35 ] contributes to the development of early strength.
B 30
2 22 . e Microstructural evaluations and compressive strength
§ ] indicate the usefulness of this type cement, which
E 207 meet special engineering requirements.
5 15

10 7 e Utilization of industrial solid wastes with especially

0 T T T high alumina contents of fly ash, which can ease the
0 5 30

o shortage of bauxite resources pressure, provide a new
Curing time (days) way to synthesize high belite sulfoaluminate cement.

Figure 10. Compressive strength of HBSC (gypsum: 15 %)
and OPC.
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