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Chapter

Peculiarities of Portland Cement
Clinker Synthesis in the Presence
of a Significant Amount of SOz in a

Raw Mix

Oleg Sheshukov and Michael Mikheenkov

Abstract

Due to the depletion of the raw material base and a technogenic materials
addition into a raw mix for the Portland cement clinker synthesis, sulfur and its
oxides amount in a raw mix increases. According to literature the Portland cement
clinker synthesis in the presence of a sulfur oxides significant amount is difficult. As
the content of SO in the raw mix increases the amount of C,S increases while C3S
and C3A amount decrease. With an equal total content of C,S and C3S in the clinker
their ratio C3S/C,S decreases with an increased content of SO3. These factors lead to
a deterioration in the Portland cement clinker quality. The clinker formation reac-
tions thermodynamic analysis and some experimental studies allow determining
reasons for the Portland cement clinker quality deterioration. It was found that the
presence significant amount of a SO3 in the raw mix the synthesis in solid phase of
low-basic C4A3 S (ye’elimite) is the thermodynamically preferred rather than high-
basic C3A and C4AF. As a result, excess and crystallized free lime inhibits the C3S
synthesis through the liquid phase. The experimental studies result helped to
develop a methodology for calculating the composition of a raw mix from materials
with significant amount of SO;. It allows to reduce the SO3 negative effect on the
Portland cement clinker synthesis and to obtain high-quality Portland cement.

Keywords: high-sulfate raw material, Portland cement clinker, alite, belite,
brownmillerite, ye’elimite, calculation procedure

1. Introduction

Sulfur and its oxides in the form of sulfate and sulfide minerals appear in the raw
mixture of Portland cement clinker with the main raw materials for the preparation
of clinker, namely clay and carbonate rock as well as additives and fuel. The
technogenic origin additives of the metallurgical and heat-power industry, namely
slags, fly ashes and oil cokes have especially high concentration of sulfur com-
pounds [1-3]. According to [4] sulfur with calcium oxide forms calcium sulfate
CaSO, under conditions of oxidative burning. Depending on the burning tempera-
ture the latter with the alkaline components of the raw mix forms alkaline metal
sulfates or with clinker minerals forms sulfospurrit 2(C,S)C S and ye’elimite C,A3 S
and participates in the alkali-sulfate cycle of the furnace.
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When the SO; content in the clinker is less than 2.0% it has a positive effect on
the synthesis of Portland cement clinker since the alkali metal sulfates formed in its
presence are effective melts that reduce the temperature of appearance of the liquid
phase and its viscosity providing accelerated synthesis of clinker minerals [5, 6].

The positive role of SO3 in clinker is also evident when using a raw mixture with
a significant content of alkalis. When the molar ratio of SO5/(Na,0 + K;O) is close
to 1, the excess alkali is removed from the raw material mixture due to the removal
of alkali metal sulfates during heating [4, 6].

If the SO; content in the clinker exceeds 2.0%, there are negative phenomena
associated with both the quality of Portland cement clinker and its production
technology.

According to [7, 8] when the content of SO3 in the raw mixture increases the
amount of C,S increases, C3S decreases and when the total content of these phases
in the clinker is equal, their C3S/C,S ratio decreases.

Since alite (C3S) is the most active and refractory component of Portland cement
clinker the alite reduction leads to a decrease of the clinker refractoriness and
activity. A decrease of the clinker refractoriness appears in the formation of rings in
the furnace and incrustation in the calcinators cyclones and a decrease in activity
shows in the drop in the strength of Portland cement.

It was found [9, 10] that not only the C3S content but also C;A content decrease
in high-sulfate clinker. The reason for the decrease in the C;A content in high-
sulfate clinker is the isomorphic substitution of silicon for aluminum in silicate
phases.

The reasons for the decrease of alite (C5S) content in Portland cement clinker
with an increase of SO5 content in it are not found in the literature.

The main purpose of this study is to determine the reasons for the SO; negative
impact on the Portland cement clinker synthesis and to develop a method to
prevent it.

To achieve this goal, it is needed to:

* analyze literary sources;

perform thermodynamic calculations;

* conduct experimental research;

determine the reasons for the SO; negative influence on the Portland cement
clinker synthesis;

develop methods to prevent that negative impact.

2. Materials and experiment methods

Raw mixtures were burnt to produce Portland cement clinker with following
modular characteristics: LSF = 0.92, n = 2.3 and p = 1.69. For the preparation of
Portland cement clinker a raw mix based on limestone, clay, quartz sand and
natural gypsum was used. When preparing the raw mix the composition was
modeled by the introduction of gypsum into the raw mix with raw components in
the ratio: raw mix/gypsum = 95/5%, to achieve SO; in the raw mix of more than
2.0%. The raw mix was homogenized in a laboratory mill by joint grinding of raw
components and gypsum for 30 minutes. The homogeneous mixture was moistened
and pressed at a pressure of 50 MPa.
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Material CaO SiO, AlLO3;  Fe,03 SO3 MgO LOI Total
Limestone (CaCOj3) 56.35 0.04 0.06 0.04 0.03 0.37 42.8 99.69
Clay 1.21 50.70 19.90 11.80 0 1.40 14.81 99.90
Quartz sand 0.03 98.80 0.45 0.03 0 0 0.13 99.40
Natural gypsum 32.02 0.80 0.45 0.23 44.50 0 22.0 100.0
Clinker without gypsum  67.17  22.19 6.08 3.59 0.035 0.85 0 99.99
Clinker with gypsum 65.25 21.12 5.80 3.42 2.26 0.80 1.1 99.99
Table 1.

The chemical composition of raw materials and clinker, mass %.

The samples were burnt at temperatures from 1100 to 1300 °C. The synthesized
clinker was crushed to a residue on the sieve No. 008 no more than 5.0% and the
sugar-glycerate method was used to determine the content of CaOg.. in it. The
phase composition of fully synthesized clinkers was determined by chemical and x-
ray methods. Qualitative x-ray phase analysis was performed using an XRD-7000
diffractometer (Shimadzu). Quantitative x-ray phase analysis was performed using
a STADI-P diffractometer (STOE, Germany). The shooting was made under CuKa-
radiation (40 kV, 30 mA), with graphite monochromator, in the range of scattering
angles 20 = 10-70 deg., with a step of 0.02 deg. and an excerpt of 2 s. The results
were analyzed using the PDF-2 database (Release 2008 RDB 2.0804). Thermal
analysis (TA) of hydration products was performed using the DSC method (differ-
ential scanning calorimetry) on the STA 449 F3 Jupiter thermal analyzer (Netzsch-
Geratebau GmbH). The temperature varied from room temperature (approxi-
mately 20°C) to 800°C at a heating rate of 10°C/min. The samples of the hydration
products prepared by a grinding of synthesized clinker and on their basis cement
paste prepared. The size of cement pastes were 20 x 20 x 20 mm, which were
prepared under the condition of water: cement ratio of 0.4. After preparation, all
samples were placed in box with water at temperature of 20°C. In a box samples
were maintained 28 day before full hydration. Chemical analysis of cement was
performed in accordance with the requirements of Russian Standard 5382-91. For
reception of micro-photos the optical microscope Olympus GX-51 (Japan) was
used. Samples of clinker was polished and their surface was etching by Nital [11].
After this procedure alite was painted in green-violet color, and belite in light
brown color.

The chemical composition of raw materials and clinker is shown in Table 1.

3. Experimental results and discussion

The results of qualitative phase analysis of clinker based on a raw mix with the
addition of 5% gypsum are shown in Figure 1.

Figure 2 shows a micrograph of clinker.

The content of free lime in a clinker based on a raw mix with the addition of 5%
gypsum is shown in Table 2.

Analysis of the data presented in Figures 1 and 2 and Table 2 shows that the
introduction of 5% gypsum into the raw mix suppresses the alite formation and
contributes to the formation of a significant amount of free lime in the clinker. The
diffraction peaks which are typical for free lime are present in a clinker based on a
raw mix with the addition of 5% gypsum burnt at a temperature of 1300°C and the
diffraction peaks which are typical for alite are not fixed at this temperature.
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Figure 1.

The results of qualitative phase analysis of clinker based on a raw mix with the addition of 5% gypsum.

Figure 2.
A micrograph of clinker based on a raw mix with the addition of 5% gypsum.

Material The content of free lime in a clinker,
mass %, at the burning temperature, °C

1100 1200 1300
Clinker based on a raw mix with the addition of 5% 14.0 13.84 11.6
gypsum
Table 2.

The content of free lime in a clinker.

Clinker completely melts when it is heated to a temperature of 1350°C. Analysis of
the melt heated to a temperature of 1600°C indicates that alite is formed during this
overheating but there is 6.2% free lime in the clinker.

The reason for suppressing the alite formation in a high-sulfate clinker is likely
the formation of a well-crystallized CaOg.. which is not soluble in the liquid phase,
does not interact with C,S and does not form C3S. The absence of alite in the clinker
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reduces its refractoriness and contributes to the appearance of a melt at tempera-
tures below the temperatures of Portland cement clinker synthesis.

The formation of a significant amount of free lime in the clinker during the
decomposition of gypsum is unlikely because with the stoichiometric ratio of CaO
and SO; in gypsum anhydrite, respectively 41.19% and 58.81%, 2.06% of CaOg. can
be formed from the decomposition of 5.0% of gypsum and according to the data
presented in Table 2, more than 11% of CaOg.. is formed at a temperature of 1300°C.

To determine the reasons for the appearance of a significant amount of free lime
in a high-sulfate clinker a thermodynamic analysis of the reactions of C3A and C4,AF

formation was performed according to the data of [12] as well the reactions of C4A3 S
formation presented in [13]. The analysis results are presented in Table 3.

According to the data presented in Table 4, the synthesis of C;A and C4AF ina
low-sulfate clinker is thermodynamically possible from the simple minerals, namely
Ca0, AL,O;3 and Fe,05 (reactions No. 1-2). In a high-sulfate clinker, reaction of the
formation of ye’elimite C4A3S (reaction No. 3) is thermodynamically preferable
since the free Gibbs energy of it is more negative than that of reactions No. 1 and 2.

There are different opinions about the formation mechanism of ye’elimite C,A3S
in clinker during heating. According to [13] the synthesis of ye’elimite due to an
excess of lime at the time of its formation begins with the formation of mayenite
according to the scheme Cy,A; — CA — C3A3CS. According to our data [14] in
the pressed raw mix due to its higher reaction ability the synthesis of ye’elimite
proceeds according to the scheme CA, — CA — CyA; — C3A3 — C3A;3C S with the
formation of calcium monoaluminate (CA) at temperatures about 700°C and its
presence throughout the burning temperature range up to 1300°C. In the presence
of calcium monoaluminate the formation of C3A and C,AF is thermodynamically
impossible (reactions No. 4-6). Based on these studies the authors of [12] concluded
that in the presence of calcium monoaluminate C3A and C4AF are formed not in
solid-phase synthesis but from a melt.

Therefore if the calculation of the raw mix is carried out according to the usual
scheme for the formation of C3A and C4AF minerals in a high-sulfate clinker, and in
fact in a high-sulfate clinker low-base aluminates and calcium ferrites are formed
before the melt appears, then due to the difference in the lime content in these
minerals, free lime can be formed in the clinker by reactions:

3Ca0 + A1203 — CaO - A1203 + 2Ca0, (1)
4Ca0O + AL O3 + Fe,O3 — CaO - Al,O3 + CaO - Fe,O3 + 2CaO. (2)
No. Reactions The value of AG,, kJ/mol at

temperature, K

298 1023 1200 1400 1500

1 3Ca0 + ALOj; = 3Ca0-AlLO; ~17.0 —418 —47.0 -52.9 557
2 4Ca0 + AlLO; + Fe,0; = 4Ca0-ALO;Fe,05 —493 —649 —641 -60.83 —58.1
3 3Ca0 + 3AL,0; + CaSO, = 3Ca0-3A1,05-CaSO,  —99.1 —4451 -583.6 -758.9 —853.5
4 Ca0-ALO; + 2Ca0 = 3Ca0-ALO; +337 4323 4317 43326 +34.4

5  CaO-ALO; + CaO + 2CaO-Fe,0; = 4Ca0-AL O3 Fe,05 +10.4 4397  +49.0  +60.3  +66.2

6  Ca0-ALO; + 2Ca0 + CaO-Fe,0; = 4Ca0-ALOs Fe,0; +42.4  +721  +79.77  +79.8 4837

Table 3.
Thermodynamic analysis of formation reactions C;A and C,AF according to data of [12] and formation
reaction C,A; S according to data of [13].
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Free lime begins to accumulate in the clinker from the decomposition beginning
temperature of calcium carbonate to the appearance of the liquid phase due to the
difference in the lime content in the tricalcium aluminate C3A accepted in
calculation and actually formed calcium monoaluminate CA. Totally because of
gypsum decomposition and the difference between the limes content in the calcium
aluminates, well-crystallized free lime in an amount of about 5% can be formed in
the clinker from the decomposition beginning temperature of calcium carbonate
until the appearance of the liquid phase, and this amount is sufficient to suppress
the alite formation when the liquid phase appears.

Since the alite formation in clinker is suppressed and only belite is formed, so
due to the difference in the lime content in these minerals the total content of free
lime at the synthesis completion temperatures is already about 11%. When the melt
temperature rises up to 1600 °C a small amount of alite is formed but the CaOgee
however does not dissolve and is remained in an amount of about 6%.

To prevent the formation of CaOg.. in high-sulfate clinker it is proposed to
calculate the raw mix of Portland cement clinker in accordance with our patent [15]
in two stages. At the first stage the calculation of calcium monoaluminate
Ca0-AlLO5 synthesis in a high-sulphate clinker is made, meanwhile during burning
intermediate metastable phase — ye’elimite C4A3 S will form in a high-sulphate
clinker. It decays when the liquid phase appears.

Since the formation of high-base phases is thermodynamically more likely when
a liquid phase occurs, and C3A and C4AF can only be formed from low-base phases
if free lime is present by reactions:

CaO - ALL,O3 +2Ca0 — 3CaO - AL, O3, (3)
CaO - A,O3 + Ca0 - Fe; 03 + 2Ca0 — 4Ca0 - AL,O3 - Fe,03. (4)

At a burning temperature of about 1300°C in the absence of CaOge. its source
can only be the reaction of converting alite to belite and the decomposition of
calcium sulfate by reactions:

3Ca0 - Si0; — 2CaO0 - Si0, + Cao, (5)
2CaS04 — 2Ca0 + 250, 1 + 0,1 (6)

Since it is possible to convert alite to belite in a high-sulphate clinker by reaction
5, the calculation of the raw mix at the first stage is made for the formation of the
maximum amount of alite in it which is possible at SC = 1. The calculation of the
saturation coefficient of the raw mix by lime at the first stage is made using the
well-known formula of Kinda V.A. [16] with SC = 1 for the formation of CA in the
clinker (the coefficient for Al,O3 is 0.55):

. CaO — 0, 55A1203 — O, 35Fe203 — O,7SO3

SC 2, 8510,

(7)

At a conclusion of this formula are used molar parities CaO, AL O3,
Fe,03 and SiO, at formation in clinker the basic clinker minerals CsS, C,S, C5A
and C,4AF.

English analogue of the formula given is the formula for calculation LSF [17]:

CaO

LSF = .
2, 83102 + 1, 2A1203 + 0, 65Fe203

(8)
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Factors in the given formula are taken from phase diagram CaO-Al,03-SiO; and
Ca0-Al,03-Si0,-Fe,03 at optimum relationship oxides providing absence free lime
in clinker. If to use Kinda V.A’s design procedure [16], that the formula (8) becomes
full analogue of the formula (7):

CaO
n 2,8Si0;, + 1, 65A1203 + 0, 35Fe; O3 + 0,7S03 ’

LSF 9)

For calculation degree of saturation (DS) of clinker metastable minerals by
sulphate in the presence of gypsum Atakuziev T.A.’s formula [18] is used consider-
ing that sulfatization C,S, CA in clinker is possible. Taking into account the given
updating the formula DS calculation looks as follows:

bs _ 503 — 0,261A1,0
~ 7 0,667Si0,

(10)

At DS = 0 C3A;3C S will be formed in the raw mix and at DS = 1 sulfosporite
2(C,S)C S will also be formed.

At the second stage the calculation of the synthesis of alite Portland cement with
the required modular characteristics is made. It is assumed that when the liquid
phase appears the gypsum is completely decomposed by the reaction 6 and the
chemical composition of the clinker formed after gypsum decomposition is consid-
ered to be the chemical composition of one of the raw mix components. Other
components of the raw mix are limestone and a corrective additive — quartz sand. At
the second stage the saturation coefficient (LSF) is calculated using the formula (9)
but only for the synthesis of tricalcium aluminate 3Ca0O-AlL,O; in the clinker (the
coefficient for Al,O5 is 1.65).

4. Example of calculation of high-sulphate raw material mixture No. 1

At the first stage on the basis of raw components the chemical composition of
which is shown in Table 1 the raw mix of high-sulphate clinker is calculated for the
synthesis of calcium monoaluminate in it according to the formulas (9) and (10)
with the modular characteristics LSF = 1and DS = 0. At DS = 0 calcium
sulfoaluminate C3A;C S can be formed in the raw mix based on calcium
monoaluminate.

Table 4 shows the calculated composition of the raw mix and the chemical
composition of clinkers before and after the gypsum decomposition.

At the second stage a typical Portland cement clinker with modular characteris-
tics LSF = 0.92, n = 2.3, p = 1.7 is calculated on the basis of clinker after decompo-
sition of gypsum as one of the components of the raw mix and corrective additives:
limestone and quartz sand.

The calculated composition of the raw mix for obtaining Portland cement clin-
ker and it’s chemical composition is shown in Table 5.

Finally the composition of the raw mix is calculated by multiplying the quantity
of raw components of the clinker shown in Table 4 by the quantity of clinker
shown in Table 5, and is summed up with the quantity of raw components shown in
Table 5:

CaCO3 = (71.31x0.633) + 30.7 = 75.8%; (11)
Clay = 25.71x0.633 = 16.3%; (12)
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Clinker Raw mix composition Chemical composition of clinker, mass %

Lime- Clay Gyp- CaO SiO, ALO; Fe,O; SO; Total
stone sum

Clinkers before the gypsum 7131 2571 298 64.66 2039 8.06 479 21 100
decomposition

Clinkers after the gypsum 7131 2571 298 66.05 20.83 823 4.89 0 100
decomposition

Table 4.
The calculated composition of the raw mix and the chemical composition of clinkers before and after the
gypsum decomposition.

Clinker Raw mix composition Chemical composition of clinker, mass %

Lime- The first stage SiO, CaO SiO, ALO; Fe,O; SO; Total

stone clinker
Portland cement 30.7 63.3 6.0 682 221 6.1 3.6 0 100
clinker
Table 5.

The calculated composition of the raw mix for obtaining alite Portland cement clinker and its chemical
composition.

Si0; = 6.0%; (13)
Gypsum = 2,98x0, 633 = 1, 97%. (14)

The actual gypsum content after the introduction of corrective additives will
decrease by:

Gypsum = 2.98 — 1,97 = 1.01%. (15)

Then the quantity of corrective additives is calculated. The quantity of correc-
tive additives is equal to the difference between the quantity of raw components
calculated using the formulas (11)-(14) and the quantity of raw components calcu-
lated at the first stage and shown in Table 4.

The quantity of corrective additives is equal to:

CaCO3 =75.8 — 71.31 = 4.49%; (16)
Clay = 16.3 — 25.71 = —9.4%; (17)
Si0; = 6.0 — 0 = 6.0%. (18)

A negative value for the clay amount means that it should be reduced.

Figure 3 shows the data of qualitative phase analysis of clinker prepared in
accordance with correction calculation No. 1 and burnt at temperatures of 1150,
1200, 1250 and 1300°C.

X-ray analysis indicates the absence of CaOge. in a clinker prepared in accor-
dance with corrective calculations No. 1, at a burning temperature of 1200°C or
higher. Stable alite in such clinker is formed already at the burning temperature of
1250°C as evidenced by the appearance of diffraction maxima with d = 1.76 A and
d = 3.04 A which are typical for alite at this temperature. The change in the intensity
of the diffraction maxima of the main phases of the clinker prepared in accordance
with the correction calculation No. 1 and burnt at temperatures of 1150, 1200, 1250
and 1300°C is shown in Figure 4.
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Figure 3.
The data of qualitative phase analysis of clinker prepared in accordance with correction calculation No. 1 and
burnt at temperatures of 1150, 1200, 1250 and 1300°C.
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Figure 4.
The change in the intensity of the diffraction maxima of the main phases of the clinker prepared in accordance
with the correction calculation No. 1 and burnt at temperatures of 1150, 1200, 1250 and 1300°C.

Diffraction peak with d = 1.76 A which is typical for CsS, increases up to a
temperature of 1250°C and decreases starting from a temperature of 1250°C. The
diffraction peak with d = 2.28 A which is typical for C,S on the contrary decreases to
a temperature of 1250°C and increases at temperatures above of 1250°C which
indicates the transformation of alite part into belite according to Eq. (5). The
intensity of the diffraction maximum with d = 3.72 A which is typical for C3A;CS,
decreases above the temperature of 1150°C, which indicates the decomposition of
CaSO, in accordance with the reaction (6) and decay as a result.
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To determine the actual phase composition of the clinker prepared in accordance
with the correction calculation No. 1 and synthesized at a temperature of 1300°C a
quantitative x-ray phase analysis was performed and it is shown in Figure 5.

Table 6 shows the phase composition of clinker synthesized in accordance with
correction calculation No. 1 based on quantitative phase analysis.

On the basis of clinker prepared in accordance with corrective calculation No. 1
and synthesized at a temperature of 1300°C Portland cement was prepared by joint
grinding of clinker with gypsum dihydrate (Figure 6). The cement activity was

l\ .'IJ. .Jlri

L T T e e
rebegand o] e 2 M
__...,11_.\/__ g g, 4[,,;..4,@. v ﬁmﬂwﬁ»u%_._—_..
5 " 15 = = 0 ' &0 a5 = = &0 & ™ 75 s
2ot { dog

= C35-77.8% == C4AF-153% — C25-6.9%

Figure 5.
The phase analysis data of clinker synthesized on the basis of raw mix in accordance with correction
calculation No. 1.

Name of mineral phase Guantity in clinker, mas. %
Three calcium silicate (alite) C3S 77.8
Two calcium silicate (belit) C,S 6.9
Brownmillerit C4AF 15.3

Table 6.

The phase composition of clinker synthesized in accordance with correction calculation No. 1.

Figure 6.
A micrograph of clinker synthesized in accordance with correction calculation No. 1.
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Clinker type Composition, %  SO;, S*, R008, ND, Setting time, hour-minute
% m2/kg % %
Clinker Gypsum Initial Final
Clinker No. 1 96 4 3.96 348 12.7 25.2 2-50 4-15

*S — Blaine’s specific surface; R0O08 — residue on the sieve No. 008; ND — normal density.

Table 7.
The physical and mechanical properties of Portland cement.

Clinker type Compressive strength, MPa, after, days
2 7 14 28
Clinker No. 1 21.8 311 425 67.3
Table 8.

Portland cement compressive strength.

determined on cubes with a size of 2x2x2 cm prepared from cement paste of
normal density. The physical and mechanical properties of cement are shown in
Tables 7 and 8.

5. Example of calculation of high-sulphate raw material mixture No. 2

At the first stage on the basis of raw components the chemical composition of
which is shown in Table 2 the raw mix of high-sulphate clinker is calculated for the
synthesis of calcium monoaluminate in it according to the formulas (9) and (10)
with the modular characteristics LSF = 1 and DS = 1. At DS = 1 calcium
sulfoaluminate C3A;C S can be formed in the raw mix based on calcium

monoaluminate and sulfospurrit 2(C,S)C S can be formed in the raw mix based on
belite.

Table 9 shows the calculated composition of the raw mix and the chemical
composition of clinkers before and after the gypsum decomposition.

At the second stage a alite Portland cement clinker with modular characteristics
LSF = 0.92, n = 2.3, p = 1.7 is calculated on the basis of clinker after decomposition of
gypsum as one of the components of the raw mix and corrective additives:
limestone and quartz sand.

The calculated composition of the raw mix for obtaining alite Portland cement
clinker and its chemical composition is shown in Table 10.

Finally the composition of the raw mix is calculated by multiplying the quantity
of raw components of the clinker shown in Table 9 by the quantity of clinker

Clinker Raw mix composition Chemical composition of clinker, mass %

Lime- Clay Gypsum CaO SiO, ALO; Fe,O; SO; Total
stone

Clinkers before the gypsum 59.8 213 18.9 603 165 6.6 39 127 100
decomposition

Clinkers after the gypsum 59.8 213 18.0 691 189 75 4.5 0 100
decomposition

Table 9.
The calculated composition of the raw mix and the chemical composition of clinkers before and after the
gypsum decomposition.

11
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Clinker Raw mix composition Chemical composition of clinker, mass %
Lime- The first stage SiO, CaO SiO, ALO; Fe,O; SO; >
stone clinker
Portland cement 20.8 729 6.4 683 221 6.0 3.6 0 100
clinker
Table 10.

The calculated composition of the raw mix for obtaining alite Portland cement clinker and its chemical
composition.

shown in Table 10, and is summed up with the quantity of raw components shown
in Table 10:

CaCOj; = (59, 8x0,729) + 20, 8 = 64, 3%; (19)
Clay = 21, 3x0,729 = 15, 5%; (20)

Si0, = 6, 4%; (21)

Gypsum = (18, 9x0,729) = 13, 8%. (22)

Then the quantity of corrective additives is calculated. The quantity of correc-
tive additives is equal to the difference between the quantity of raw components
calculated using the formulas (19) and (20) and the quantity of raw components
calculated at the first stage and shown in Table 9.

The quantity of corrective additives is equal to:

CaCO3 = 64,3 — 59,8, = 4, 4%; (23)
Clay = 15,5 — 21,3 = -5, 8%; (24)
Si0; = 6,4 — 0 = 6,4%; (25)

A negative value for the clay amount means that it should be reduced the same
as in the calculation example No. 1.

The actual gypsum content after the introduction of corrective additives will
decrease by:

CaSO4 =18,9 -13,8 =5,1. (26)

Figure 7 shows the data of qualitative x-ray phase analysis of clinker prepared in
accordance with calculation mentioned above and burnt at temperatures of 1100,
1200, 1300 and 1350°C.

X-ray analysis indicates the absence of CaOge. in a clinker prepared in accor-
dance with corrective calculations No. 2 at a burning temperature above 1300°C.
Stable alite C5S is formed at the burning temperature of 1350°C as evidenced by the
appearance of diffraction maxima with d = 1.76 A and d = 3.04 A which are typical
for alite at this temperature.

The intensity of the diffraction maximum with d = 3.72 A which is typical for
C3A;C S increases to a temperature of 1300°C but above this temperature it is not
fixed which indicates the decomposition of CaSO, in accordance with the reaction
(No. 6) and decay as a result.

According to the qualitative phase analysis data a significant amount of
gypsum is released up to the burning temperature of 1300°C which is fixed by the
diffraction maximum with d = 3.47 A. Gypsum remains are fixed even at a
temperature of 1350°C.
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Figure 7.
The data of qualitative phase analysis of clinker prepared in accordance with calculation No. 2 and burnt at
temperatures 0f1100, 1200, 1300 and 1350°C.

To determine the actual phase composition of the clinker prepared in accordance
with the correction calculation No. 2 and synthesized at a temperature of 1350°C a
quantitative x-ray phase analysis was performed. Its results shown in Figure 8.

Table 11 summarizes the results of quantitative x-ray phase analysis of
synthesized clinker.

The test results show that in accordance with corrective calculation No. 2 a
significant amount of C3S is retained when preparing clinker based on a high-
sulphate raw mix that initially contains 12.7% SO3 (Figure 9).

On the basis of clinker prepared at temperature of 1350°C Portland cement was
prepared by joint grinding of clinker with natural gypsum. The cement activity was
determined on cubes with a size of 2x2x2 cm prepared from cement paste of normal
density.

The physical and mechanical properties of cement are shown in Tables 12 and 13.

Examples data of corrective calculations show that using the proposed
calculation method it is possible to save a significant amount of C3S in a clinker
synthesized on the basis of a high-sulphate raw mix.
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Figure 8.
The phase analysis data of clinker synthesized on the basis of raw mix in accordance with corrvection calculation
No. 2.
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Name of mineral phase Guantity in clinker, mas. %
Three calcium silicate (alite) C3S 65.9
Two calcium silicate (belit) C,S 22.5
Brownmillerit C4AF 11.7

Table 11.

The phase composition of clinker synthesized in accordance with correction calculation No. 2.

Figure 9.

A micrograph of clinker synthesized in accordance with corvrection calculation No. 2.

Clinker type Composition, % SO3, % S*, m2/kg R008, % ND, % Setting time,
hour-minute

Clinker Gypsum Initial Final

Clinker No.2 100 0 12.7 378 31 28.3 1-50 2-15

*S — Blaine’s specific surface; R0O08 — vesidue on the sieve No. 008; ND — normal density.

Table 12.
The physical and mechanical properties of Portland cement.

Clinker type Compressive strength, MPa, after, days
2 7 14 28
Clinker No. 2 10.1 14.7 20.0 44.7
Table 13.

Portland cement compressive strength.

The quantity of corrective additives depends on the modular characteristics of
the synthesized clinker. When limiting the modular characteristics of Portland
cement clinker LSF = 0.92-0.98; n = 2.0-3.0; p = 1.7-4.0 the minimum amount of
additives equal to 4.0% is introduced with the minimum values of modular charac-
teristics, i.e. LSF = 0.92; n = 2.0; p = 1.7; and with the minimum amount of gypsum
introduced, i.e. DS =0. The maximum amount of corrective additives equal to
23.0% is introduced with the maximum values of modular characteristics,

i.e. LSF = 0.98; n = 3.0; p = 4.0 and with the maximum amount of gypsum
introduced, i.e. DS =1.
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Figure 10.
Results of comparative thermal analysis (TA) of hydration products.

Clinker type The value of the endo effect, J/g Mass loss, %

Clinker 0 148.2 17.9

Clinker 1 167.0 19.2

Clinker 2 180.5 17.5

CEM 1425 155.0 18.3
Table 14.

Values of the first endo-effect and the total mass loss of samples.

The quantity of clay removed from the raw mix correlates with the amount of
mix additives put in the raw mix, i.e. with the same modular characteristics of the
clinker the minimum quantity of clay removed corresponds to a minimum quantity
of additives and the maximum quantity of clay removed corresponds to the
maximum quantity of additives.

At the final stage of investigation comparative thermal analysis (TA) of
hydration products was conducted. Results of tests are resulted on Figure 10.

The Table 14 shows the values of the first endo-effect and the total mass loss of
samples.

At hydration alite attaches 5 molecules of water, but belite only 2. Due to this
difference, the clinker 0 has smallest first endo effect.

6. Conclusion

The present study revealed that the SO3 negative impact on the Portland cement
clinker synthesis, resulted in a C5S content reduction and the C,S and C3A content
increasing in the final product. It leads to lowering clinker fire resistance and
cement quality due to the thermodynamic preference of the ye’elimite C4A3 S
synthesis in the presence SO; and, consequently, the presence of low-basic calcium
monoaluminate CA in the synthesized clinker. In the presence of calcium
monoaluminate, solid-phase synthesis of high-base C3A and C4AF is thermody-
namically impossible. As a result, free lime accumulates in the synthesized clinker,
which prevents the liquid-phase synthesis of C3S.

A method for elimination of the SO negative impact on the Portland cement
quality by calculating the raw material mixture composition with a significant
amount of SO has been developed and patented.
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Abbreviations

The following abbreviations are used in this manuscript:

CsS 3Ca0-Si0y;

C,S 2Ca0-Si0,;

CsA 3Ca0-Al,03;

C4AF 4C3.0'A1203'F6203;
C3A5CS 3Ca0-3A1,05-:CaSOy;
2(C,S)C S 2(2Ca0-Si0,)-CaS0y;
CpA5 12Ca0-7A1,03;

CaO¢ee free CaO;

SC Saturation Coefficient;
LSF Lime Saturation Factor;
DS Degree of Saturation by Sulfate;
LOI Loss On Ignition.
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