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ABSTRACT

UTILIZATION OF FLUIDIZED BED COMBUSTION ASHES
AS RAW MATERIAL IN THE PRODUCTION OF A SPECIAL CEMENT

Soner, ilker
M.Sc., Department of Chemical Engineering
Supervisor: Prof. Dr. Nevin Selguk
Co-supervisor: Prof. Dr. Ekrem Selguk

June 2009, 77 pages

Fluidized bed combustion (FBC) ashes containing significant amount of free CaO
and CaSOy in addition to valuable inorganic acidic oxide ingredients such as SiO»,
Fe;O; and Al,O5 can be utilized as potential raw materials in the production of non-
expansive belite-rich calcium sulfoaluminate cement which is one of the special
cement type of sulfoaluminate-belite cements having performance characteristics
similar to those of ordinary portland cement besides lower energy requirements and

CO; emissions during manufacturing.

Therefore, in this thesis study, possibility of producing non-expansive belite-rich
calcium sulfoaluminate cement by adding FBC ashes in various proportions to the
raw meal was investigated. For this purpose, a raw meal composed a mixture of
limestone, bauxite, gypsum together with 10 wt % bottom ash and 15 wt %
baghouse filter ash was prepared. It was sintered in a laboratory scale muffle furnace

at temperatures of 1200, 1250 and 1300 °C for various holding times. The results of

v



chemical and mineralogical analysis as well as microscopic examination reveal that
FBC ashes have the potential to be used in the raw meal due to the presence of
characteristic mineral phases of this type of cements, i.e. yeelimite, larnite, ferrite
and anhydrite, in the sample obtained at optimum sintering temperature of 1250 °C

for 60 min.

Keywords: Ash utilization, fluidized bed combustion and energy saving cements
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AKISKAN YATAKLI YAKICI KAYNAKLI KULLERIN OZEL
BIR CIMENTO URETIMINDE HAMMADDE OLARAK KULLANILMASI

Soner, ilker
Yiiksek Lisans, Kimya Miihendisligi Boliimii
Tez Yoneticisi: Prof. Dr. Nevin Selguk
Ortak Tez Yoneticisi: Prof. Dr. Ekrem Selcuk

Haziran 2009, 77 sayfa

Asidik oksit igerigine ek olarak O6nemli miktarda serbest CaO ve CaSOs igeren
akiskan yatakli kazan kiilleri Portland ¢imentosu ile benzer performans 6zelliklerine
sahip olmasinin yaninda iiretimi esnasinda enerji tasarrufu saglayan ve atmosfere
daha az CO, salan 6zel bir siilfo aliimino-belit ¢imentosu olan genlesmesi diisiik
belitce zengin kalsiyum siilfo aliimino ¢imentosu iiretiminde hammadde olarak

kullanilma potansiyeline sahiptirler.

Dolayisiyla, bu tez ¢alismasinda, hammadde karisimina belirli oranlarda akiskan
yatakli kazan kiillerinin eklenmesiyle genlesmesi diisiik belitce zengin kalsiyum
siilfo aliimine ¢imentosunun {iretim potansiyeli incelenmistir. Bu amagla, kiregtas,
boksit, algitasi ile agirlik¢a yiizde 10 taban kiilii ve yiizde 15 toz filtre kiilii iceren bir
hammadde karismi hazirlandi. Bu karisim laboratuar 6lgekli bir firinda 1200, 1250
ve 1300 °C sicakliklarinda degisik siirelerde tutularak sinterlestirilmistir. Kimyasal,

vi



mineralojik ve mikroskopik incelemeler sonucunda ideal sicaklik olan 1250 °C’de
60 dakika siireyle bekletilen 6rnekteki bu tiir cimentolara ait karakteristik mineral
fazlarin goriilmesi dolayisiyla akigkan yatakli kazan kiillerinin hammadde

karistminda kullanim potansiyeline sahip oldugu anlasilmistir.

Anahtar Kelimeler: Kiil degerlendirme, akiskan yatakli yakma teknolojisi ve enerji

tasarruflu ¢imentolar
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CHAPTER 1

INTRODUCTION

1.1 General

Coal is the leading fossil fuel with 826 billion tons of estimated recoverable reserves
spreading worldwide. It provides 26 % of global primary energy needs and
generates 41 % of the world's electricity [1, 2]. Fluidized bed combustion (FBC) of
coal for power generation is a steadily increasing clean combustion technology in
both capacity and number due to so many advantages like higher fuel flexibility,
higher combustion efficiency, lower combustion temperatures (usually in the range
of 750-950 °C) and lower emissions over conventional pulverized coal combustion
technology with no post treatment equipment for flue gases [3, 4]. Consumption of
coal for electricity generation leads to excess amount of coal combustion by-
products (CCBs) which are a combination of noncombustible inorganic residue and

incompletely combusted organics [5].

Fluidized bed combustors generate mainly two streams of CCBs as fly ash and
bottom ash. Fly ashes are the fine particles carried away by the flue gas and
collected in a bag filter or electrostatic precipitator whereas bottom ashes are the
coarse spent materials removed from the bottom of the furnace. Both ashes contain
same type of minerals but in different proportions [6, 7]. Regarding the chemical
composition of FBC ashes containing valuable inorganic compounds like oxides of
silicon, aluminum, calcium and iron, they can be considered as suitable raw

materials in the production of cement. However, their high sulfate, free lime and



unburnt carbon contents together with poor pozzolanic activity due to the reduced
glass content related to lower combustion temperatures restrain their use in the
Portland cement and concrete industry. Therefore, other type of special cements
based at least in part on calcium sulfates may provide a way to utilize these ashes in

the raw meal [8-14].

In recent years, sulfoaluminate-belite (SAB) cement which is one of the special
cements has drawn more attention compared to ordinary Portland cement (OPC) due

to their following advantages [13, 16-18]:

» Reduced energy consumption during manufacturing due to lower lime
contents of its major components which are formed at temperatures around
1200 — 1300 °C as opposed to around 1450 °C resulting in about 16 %
energy saving and to 25 % lower grinding energy owing to relatively soft
and friable nature of its clinker [15, 19-23].

* Low CO; emissions during manufacturing due to reduction in limestone
utilization resulting in up to 40 % less CO, emissions. Total lime
requirement of SAB cements is about 50 wt %, that is, 15 percentage points
less than OPC [19, 20, 24].

* Low NOy emissions during manufacturing owing to lower clinkerization
temperatures [15].

» Reduction in consumption of natural resources by substituting a variety of
industrial by-products such as fly ash, blast furnace slag, FGD waste etc. as
raw materials [9, 25, 26].

= Use of lower carbonate content limestone as natural raw material is feasible
[15].

= High resistance to sulfate attack since their phases are fully sulfated [27].

Consequently, this binder can give a substantial contribution to the saving of natural

resources, energy and environment.



Industrial wastes high in sulfate content can be a valuable source as raw materials in
the production of SAB cement since this special cement contains inherently two
sulfate-rich phases as calcium sulfoaluminate and calcium sulfate instead of
tricalcium silicate and tricalcium aluminate phases of OPC [20,22,23,28-30].
Therefore, ashes generated from fluidized bed combustion of low calorific value,
high ash and sulfur content Turkish lignites containing high CaO and SOj; besides
their higher acidic oxide contents have significant potential to be utilized as raw
materials in the production of SAB cement. Non-expansive belite-rich calcium
sulfoaluminate type of SAB cement having higher belite and lower calcium
sulfoaluminate contents than commercially produced calcium sulfoaluminate-rich
belite cement has both physical and mechanical properties comparable to OPC

[13,15,17,26,29,30].

1.2 Aim and Scope of the Thesis

Steady increase in the applications of environmentally clean fluidized bed
combustion technology in both number and capacity over the past decade has led to
the investigation of the possibilities for utilization of FBC ashes. Furthermore, the
pressure to reduce both energy consumption and CO; emissions during manufacture

of OPC has been major factors contributing to the development of special cements.

Therefore, the objective of this thesis study is to produce energy efficient and high
value added non- expansive belite-rich calcium sulfoaluminate cement at laboratory
scale by utilizing FBC ashes at suitable proportions in the cement raw meal and to
investigate the synthesized cement with respect to its chemical and mineral

composition.



CHAPTER 2

BACKGROUND AND LITERATURE REVIEW

2.1 General

Prior to presenting a detail review of previous studies on the laboratory scale
production of calcium sulfoaluminate based cements, various issues associated with
the Ordinary Portland Cement (OPC) which is currently the most commonly used
type of cement in the world and sulfoaluminate-belite cement (SAB) which is one of
the special cements under investigation owing to their significant environmental
advantages with energy savings during manufacturing and potential use of fluidized

bed combustion (FBC) ashes as raw materials are overviewed.

2.2 Ordinary Portland Cement

2.2.1 General

Ordinary Portland cement (OPC) as a hydraulic binder produced by grinding 3 — 5
% gypsum together with OPC clinker, which is an intermediate product and
manufactured by sintering a proportioned mixture of calcareous materials
(limestone, marl, chalk etc.) and argillaceous materials (clay, shale, slate etc.) [31-

33].

Portland cement (PC) industry consumes a vast amount of energy and generates
large amounts of CO, emissions during manufacturing process. Energy is required

for the sintering of the high lime content of raw meal to form the characteristic



mineral compounds of PC clinker at high temperatures of around 1450 °C and for
the grinding of the obtained rigid clinkers into cements with additives. Pulverized
coal is generally used to provide the required energy and as expected combustion of
coal increases the CO, emissions. Furthermore, limestone is the principle raw

material used in the production of PC clinker and calcination reaction releases

CaCO; — CaO0 + CO, 2.1)

excessive volumes of CO, into the atmosphere according to reaction in equation
(2.1). The raw materials of cement also require quarrying or mining operations
which are energy intensive and environmentally undesired processes. Utilization of
wastes including sulfates, which are increasing widespread due to the
implementation of sulfur dioxide emission controls, in the production of OPC are
restricted with the limitations on the sulfate content of cement with various
standards. On the other hand, technical constraints of the OPC together with

consumer confidence make it difficult to challenge their dominance [27].

2.2.2 Chemical and Mineralogical Composition

The four principle mineral phases of the OPC with their common names, chemical

formulae and abbreviated notations are summarized in Table 2.1.

Table 2.1: Major mineral phases of OPC

Tricalcium  Dicalcium  Tricalcium Tetracalcium
Silicate Silicate Aluminate Aluminoferrite
Common Name Alite Belite Aluminate Ferrite
Formulae 3Ca0.S10, 2Ca0.Si0, 3Ca0.Al,053 4Ca0.Al;05.Fe,05
Abbreviation C3S C,S C;A C4AF




Average chemical composition and corresponding potential Bogue composition for
a typical OPC are given in Table 2.2 and Table 2.3, respectively. The following

abbreviated chemical notation is used throughout the text:

C= CaO, S= SiOz, A= A1203, F= F6203, g = SO3, H= HzO,

Table 2.2: Average chemical composition of a typical OPC, wt % [34]

Components OPC

LOI 1.125
CaO 64.783
SiO; 20.783
AL O3 4.900
Fe,03 2.467
SO; 2.750
MgO 1.250
K;O 0.653
Na,O 0.175
Rest 1.113
Total 100.000

Table 2.3: Potential Bogue mineral compositions of a typical OPC, wt% [34]

Mineral Phases OPC

CsS 55.667
C,S 17.500
C;A 8.800
CsAF 7.500




The lime content of cement around 65 % is necessary due to the presence of high

lime compounds such as C3S and C;A in the structure of OPC.

The relative proportions of these minerals affect the final properties of the cement.

These compounds have the following specific properties [35-37]:

Tricalcium Silicate: The CsS is a solid solution forming around 55 — 65 % of the
PC clinker, and is called as alite due to incorporation of some foreign oxides like
MgO, Al,Os, Fe,03, and TiO,. It is composed of monoclinic or trigonal forms in the
clinker. It is the major and most desired hydraulic calcium silicate of the OPC,
providing early strength and rapid hardening of the cement paste. This compound
requires the greatest amount of CaO and high sintering temperatures for its

formation.

Dicalcium Silicate: Chemically pure C,S is also not present in the PC clinker and it
is called as belite which has a content of 15 — 20 % of the PC clinker. Five
polymorphic forms, o, a’y, o’r, p and y, of C,S are known whereas predominantly
the B form with a monoclinic unit cell exists in PC clinker. Its strength development

is slow but it attains the same strength of alite at later ages.

Tricalcium Aluminate: The C;A content in PC clinker is approximately 4 — 11 %
and it is the most reactive compound of the cement and liberates a significant
amount of heat during the first few days of hydration. In order to retard the rapid
reaction of this phase with water and hence to prevent a sudden loss of plasticity
(flash set) of the cement paste, clinker should be ground with some source of

sulphate addition, generally in the form of gypsum.

Tetracalcium Aluminoferritez: A solid solution of compounds having a
composition range of C,AF to CsAF. The C4AF phase is the average composition
and constitutes about 8 — 13 % of a typical PC clinker. It results from the use of iron

and aluminium raw materials to reduce the clinkerization temperature. It is basically



the phase that gives the gray color of cement. It hydrates very slowly and has little

contribution to the strength.

2.2.3 Hydration of the OPC

In the presence of water, the abovementioned minerals separately combined with
water to form the hydration products which contribute to set and strength

development of the cement paste. The relative reaction rates and contributions to the

early and late strength of each mineral in PC are summarized in Table 2.4.

Table 2.4: Relative properties of the main compounds of the OPC [38]

CsS C,S C;A C4AF
Reaction Rate Medium Slow Rapid Medium
Contribution to Strength:
Early Strength High Low Low Low
Late Strength High High Low Low

As can be seen from the Table 2.4, C;S and C,S are the main compounds
responsible for the strength development of the cement paste. The typical hydration

reactions of each compound are presented in the following sections.

2.2.3.1 Alite and Belite

Both of the calcium silicate compounds (C;S and C,S) of the Portland cement react
with water to form the same two hydration products of calcium silicate hydrate
(denoted as C-S-H gel) and calcium hydroxide (CH). The hydration reactions of
alite and belite can be represented by equation (2.2) and (2.3), respectively.



2CS+6H — CG3S;H; +3 CH (2.2)

2C,S+4H —> C38,H; + CH (2.3)

Portland cement provides its strength and water-resistance mostly from the C-S-H
gel. The CH formed in accordance with equations (2.2) and (2.3) cause a strongly
basic environment with a high pH value of around 12 in the cement paste (and hence
mortar and concrete) which inhibits the corrosion of embedded steel in reinforced
concrete [39]. However, some of the dissolved CH by water leaking into the
concrete may react with the CO, close to surface of the concrete according to

equation (2.4) and produces both CaCO; and water. The water evaporates from the

CH+CO, — CaCO; +H (2.4)

voids and this loss will cause shrinkage of the cement paste. As a result of
carbonation shrinkage in concrete, cracks may occur close to surface and reduce the

service life of the reinforced concrete structures [38].

2.2.3.2 Aluminate and Ferrite

Hydration of C;A shows significant differences both in the presence and absence of

sulphate. In the absence of sulphate, it reacts with water very rapidly and produces

C3A +21H — C4AH13 + CzAHg (25)

unstable calcium alumina hydrates as indicated in equation (2.5). This rapid
hydration of C;A releases excessive heat and may cause a sudden hardening of the
cement paste, which is termed as flash set. Therefore, gypsum (C SH,) is generally
ground with PC clinker as a retarder of the highly reactive C;A phase. In the
presence of gypsum, the hydration reactions shown in equation (2.6) and (2.7)

results in the formation of both C4A SHi, (calcium monosulfoaluminate or AFm)



C;A+CSH,+10H — C,ASH), (2.6)

C3A +3 CgHz +26H ——> C6A§3H32 (27)

and Cg¢A S 3H3, (ettringite or AFt). The product C4A SHy, is a semi-stable compound
and may react with sulfate solutions penetrated into even the hardened cement paste
at later ages according to reaction in equation (2.8). As a result of this reaction,

cracks occur on the cement paste due to uncontrollable expansions resulting from

CsASH;; +2CSH,+ 16 H —>C4A S;Hs, (2.8)

the conversion of C4sASH,, into C¢AS;Hs,. This situation is termed as sulfate

attack in concrete.

C4AF reacts with water to form calcium alumina ferrite hydrates (analogue to
ettringite) according to similar reactions in equation (2.6) and (2.7). The presence of

iron oxide in the structure of C4AF leads to slower reaction rates than that of C;A.
2.3 Sulfoaluminate-Belite Cement

2.3.1 General

SAB cement is produced by calcining natural materials such as limestone, bauxite
and clay together with gypsum at temperatures around 1250-1350 °C in
conventional rotary kilns. A variety of industrial wastes such as FGD waste, blast

furnace slag, FBC ashes can also be utilized as part of the raw meal in order to

reduce the consumption of expensive natural raw materials mentioned above.
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There is an increasing interest and investigations toward SAB cement due to the

following potential advantages over OPC [13-27]:

* Lower amounts of lime requirements in the raw meal for the formation of the
main components calcium sulfoaluminate and belite which can also be
formed at lower clinkerization temperatures of around 1250 °C as opposed to
around 1450 °C. Lower clinkerization temperatures lead to significant energy
savings during manufacturing.

= Substantially lower CO, emissions due to lower limestone utilization in raw
meal. Total lime requirement of SAB cement is about 50 wt % as opposed to
65 wt %.

* Reduction in NOy emissions owing to lower clinkerization temperatures.

» Less energy is required for grinding relatively soft and friable SAB clinkers.

= Reduce the dependence on natural resources since a variety of industrial by-
products such as fly ash, blast furnace slag, flue gas desulphurization waste
etc. can be utilized as raw materials in the production.

» High resistance to sulfate attack since their phases are fully sulfated.

Consequently, this binder can give a substantial contribution to the saving of natural

resources, energy and environment.

2.3.2 Chemical and Mineralogical Composition

Raw meal for SAB cement differs from those for OPC cement in that they contain

significant amount of sulphate. SAB cement contains the mineral compounds of
both calcium sulfoaluminate (C4A3S) and belite (C,S) as its major constituents. In

addition to these compounds, they may contain ferrite (C4AF) and anhydrite (CS).
High-lime content phases like alite (C3S) and aluminate (C3A) present in OPC do

not exist in SAB cement.
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The four principle mineral components of the SAB cement with their common

names, chemical formulae and abbreviated notations are summarized in Table 2.5.

Table 2.5: Major mineral phases of SAB cement

Calcium Dicalcium Calcium Tetracalcium
Sulfoaluminate Silicate Sulfate Aluminoferrite

Yeelimite or
Klein’s compound

Formulas 4Ca0.3A1203.S03 2Ca0.Si0, Ca0.S0O;  4Ca0.Al;03.Fe 05
Abbreviation C4A3S CsS CS C4AF

Common Name Belite Anhydrite Ferrite

The relative amounts of the phases in SAB clinkers may vary in a wide range

according to the type of the SAB cement as can be seen form the Table 2.6.

Table 2.6: The range of the amount of major phases in SAB cement, wt% [40]

Mineral Phases SAB
CiA;3S 10-55
C,.S 10-60

CS 0-25
C4AF 0-40

The compounds of SAB cement have the following specific properties [35-37]:

Calcium Sulfoaluminate: C4A;S can be formed temperatures around 1250 °C and
stable up to temperatures of 1350 °C. However, to preserve and prevent the
dissociation of this phase, sintering temperatures in the production of SAB clinkers

should not exceed 1300 °C. It can be considered as a substitute compound of C3S
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present in OPC and similarly provides sufficient early strength and rapid setting of

the cement paste [25, 40].

Belite: It is usually present as B-C,S (larnite), but some o polymorph may also be
present in the cement. Belite contributes only little to the strength of the cement at
early ages, but it is the main phase responsible for the ultimate strength and

durability of the hydrated cements [14,29,40].

Ferrite: The ferrite phase present in SAB cement possesses a higher reactivity than
that present in OPC due to its formation at a lower temperature. It contributes to

both the short-term and ultimate strength of the cement paste in addition to major

contributions provided by C4A3S and C,S [30,40].

Anhydrite: CS is a necessary compound for the activation of C4A3 S phase. If it is
not present in the composition of SAB clinker, then gypsum (C S H,) addition to the
clinker is required [19]. Together with C4A;S it contributes to the early strength
development. It is also useful for strength increase at later ages by converting the

existing CH and AHj into ettringite (C6A§3H32).

In addition to these phases, some other minor phases including CA (calcium mono-
aluminate), C12A7 (mayenite), C2AS (gehlenite) and CsS, S (ternesite) may also be
present in the SAB clinkers depending on the proportioning of the raw materials or

insufficient heat treatment. Although CA and C;,A; exhibit a fast hydration, C;AS

and CsS, S have very poor hydraulic properties and almost have no contribution to

mechanical properties [14,40]

2.3.3 Hydration of the SAB Cement

The relative reaction rates and contributions to the early and late strength of each

mineral in SAB cement are summarized in Table 2.7.
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Table 2.7: Relative properties of the main compounds of the SAB cement

C4A3S CsS cS C.AF
Reaction Rate Rapid Slow Rapid Medium
Contribution to Strength:
Early Strength High Low Medium Medium
Late Strength Low High Medium Medium

The typical hydration reactions of each compound of SAB cement are presented in

the following sections.

2.3.3.1 Yeelimite and Anhydrite

The hydration of C4A5S yields the rapid formation of ettringite (C6A§3H32). The
formation of ettringite provides the strength development during the early stages of
hydration. The product C4A S;H;, shows expansive or non-expansive properties
depending on the presence of free CaO (lime) or CH (calcium hydroxide or hydrated
lime) in the system since microstructure of the ettringite is strongly dependent on the
presence of lime [14,18,19,22,23,29,41,42]. Ettringite can be formed according to

following reactions:

In the presence of free C or CH, ettringite forms as colloidal crystals according to

reaction in equation (2.9) [41]. Ettringite formed by this reaction has expansive

C4A3S +8CS +6CH+90H —>3 C4A S3H3, (2.9)

properties and is utilized in special applications requiring shrinkage resistant or self

stressing cements [14,18].
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In the absence of free C or CH, ettringite in the form of long lath-like crystals
together with aluminium hydroxide (AH;) are obtained according to reaction in

equation (2.10). Ettringite synthesized by this reaction has non-expansive properties

C4A3S +2CS +38H —> C¢AS:Hs, +2 AH; (2.10)

and has the significant feature of giving high early strength in cementitious systems

[14, 18,19,29,41,42].

2.3.3.2 Belite and Ferrite

Belite is a slow hydrating phase and reacts with water to give the products of C-S-H
gel and CH according to reaction in equation (2.11) similar to the case in hydration
of belite present in Portland cement. Strength development depends mostly on C-S-

H gels in later ages.

2CS+4H — C3S,H; + CH (2.11)

In the presence of non-reacted CS, CH produced from reaction (2.11) can also react
with the AHj3 obtained from reaction (2.10) to form ettringite which also provides

additional strength gaining at later ages [22,29,40].

CH+ AH;+CS — > CsAS3H3, (2.12)

C4AF has a mineralizing effect on the formation of other phases of the cements and
it was found that C4AF formed at lower clinkering temperatures hydrates more
rapidly than C4AF present in Portland cement [30]. Therefore, this compound
contributes to both the early and late strength in the sulfoaluminate belite systems
[25]. Although cements high in C;A are prone to sulfate attack, those with high

C4AF are not, possibly due to the substitution of iron in the monosulfate [35].
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In the absence of free CaO, the ettringite formed within the first hours and days of
hydration appears in the form of a fine crystals about 1-2 um long. They fill the
empty space between the cement particles. To prevent expansion, the formation of

ettringite must take place in the absence of free calcium hydroxide. Under these

conditions C4A3 S hydrates rapidly and give a stable product of ettringite before the
full development of skeletal structure and hardening of the cement paste. [29,40,42].

2.4 Fluidized Bed Combustion Ashes

Fluidized bed combustors generate mainly two streams of CCBs as fly and bottom
ash. Fly ashes are the fine particles carried away by the flue gas and collected in a
bag filter or electrostatic precipitator whereas bottom ashes are coarse spent
materials removed from the bottom of the furnace. Both ashes contain the same type

of minerals but in different proportions. [6,7].

FBC ashes contain coal derived calcined clay and unreacted free C, CS due to the
utilization of limestone or dolomite as sorbent. The presence of considerable amount
of free CaO and sulfate results in exothermal and expansive behaviors which make
these wastes more difficult for both disposal in landfill and re-use in Portland
cement and concrete industry. Furthermore, according to the various Portland
cement standards, sulfate content in OPC should be between 2.5 and 4 % SOs;. This
limitation also prevents their usage potential in the production of OPC
[9,11,14,43,44]. The low operating temperatures of FBC systems leads to ashes
having poor pozzolanic activity due to the reduced glass content related to the
combustion temperature. As a result of this reduced ash reactivity toward CaO, their
usage in blended Portland cement or concrete industry are also hindered [11,12,14].
However, according to a recent study performed for the investigation of the
possibility of using FBC fly ashes for partial replacement of OPC, up to 30 wt % fly
ash/OPC blends were found to meet compressive strength, setting time and

soundness requirements of ASTM C 595 standard without any pre-hydration
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treatment despite the nonconformity of FBC ashes to the standards designed for

PCC fly ashes [58].

Therefore, in the absence of specific standards for FBC fly ashes and the presence of
unburnt carbon in these ashes, the use of FBC ashes part of raw meal of special
cements can be a solution for the problems mentioned above. FBC ashes in
combination with other components of the raw meal can be considered as highly
promising raw materials in the production of SAB clinkers containing sulfate based
mineral phases like C4A;S and CS. High amount of CaO content of the ashes as
well as Si0,, Al,O3 and Fe,0; are efficiently evaluated for the formation of other
phases of the SAB clinkers [9,17]. Ashes generated from fluidized bed combustion
of low calorific value, high ash and sulfur content Turkish lignites contains high
CaO and SOs; besides their acidic oxide contents due to continuous limestone

injection for SO, capture during combustion.

2.5 Literature Review

There exist numerous investigations on laboratory scale production of SAB cement
[9-30]. In the light of these studies, SAB cement can be classified into the three
major categories according to the content and proportions of the phase compositions.

The tentative naming and some basic properties are summarized below:

1) Calcium sulfoaluminate-rich belite cement: They are mostly composed of
only two main phases of SAB cement, the major component being C4A;S
around 55-75 wt % and C,S. Therefore, gypsum or anhydrite addition to the
clinker is generally required to activate the C4A3S during hydration. This
type of cement has been commercially manufactured and used in China for
the past 30 years with current production being around one million tons per
year. In other countries studies on this type of cement have already been

performed in laboratory and pilot-scale plants but commercialization started
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2)

3)

251

only recently by Lafarge Cement UK. This type of cement is typically used
for applications requiring rapid setting and high early strength
[13,14,17,19,45,46].

Expansive belite-rich calcium sulfoaluminate cement: Besides the main
components of the SAB cement, they contain free lime up to 10 % which
promotes expansion. More than 10 % of free lime content leads to decreases
in strength at later ages due to unwanted high expansions. Belite constitutes
the highest portion in such cement. This type of cement can be used in
restricted areas requiring shrinkage-resistant and self-stressing cements
[14,22,29,47].

Non-expansive belite-rich calcium sulfoaluminate cement: Cement having
higher belite and lower C4A3S content than those of commercially produced
SAB cement in addition to other phases with very low or totally deficient of
free lime content. Industrial by-products with high sulfate content can be
utilized in high percentages in the production. This type of cement show high
mechanical strength both at early and late ages comparable to OPC and have

the potential to replace it [13,14,17,25,29].

There is no commercial production of belite-rich calcium sulfoaluminate type of

cement.

In the following sections, significant findings together with experimental conditions

are explained in detail for each type of SAB cement.

Calcium Sulfoaluminate-Rich Belite Cement

In the study of Belz et al. [11], five different raw meals containing CFBC fly ash in
the range of 29 to 42.3 wt % together with pure materials like CaCO;, Al,O3 and
other materials such as bauxite and red mud were prepared. The raw meal

compositions were arranged to combine all available sulphate and silica into C4A3 S
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and C,S, respectively. Samples were burnt in a laboratory electric oven at
temperatures ranging from 1100 to 1250 °C for two hours. After examining the
mineral phases of the obtained clinkers, optimum sintering temperature where the
highest XRD intensity occurred for C4A; S phase was found to lie in the range 1200
and 1250 °C. The cements were prepared by grinding the clinkers obtained with 18
wt % gypsum addition due to the inadequate sulfate content of them. High
compressive strength values at early ages were obtained with the paste based on the

cement sample having potential concentration of C4A3 S as 52.5 wt %.

2.5.2 Expansive Belite-Rich Calcium Sulfoaluminate Cement

Sahu et al. [22] synthesized sulfoaluminate belite cements by using PCC fly ash,
limestone and gypsum as raw materials. Raw meals were sintered in an electrical
furnace at 1200 °C for half an hour and clinkers obtained were air cooled and
ground in a mill to produce cements without gypsum addition. Cements were found
to have free lime content in the range of 0 — 23.8 wt %. Free lime content up to 10
wt % in the produced SAB cements showed no harmful effect on the strength of the
prepared mortars. However, mortars prepared by cements containing more than 10
wt % free lime displayed strength decreases at the later periods due to undesired

expansion.

Arjunan et al. [20] utilized the industrial by-products such as lime kiln bag house
dust, low-calcium fly ash and scrubber sludge to produce sulfoaluminate belite
cements. Raw meals were sintered both in nodulized and powdered forms. The
cement with a calculated free CaO content of 7.71 wt % was selected as the most
promising one since the formation of both C4A;5S and C,S were identified in this
cement sample. These two minerals were formed at around 1250 °C with nodulized
raw meal and at relatively lower temperature of 1175 °C with powdered raw meal.
Compressive strengths for 1, 7 and 28 day curing ages for cement pastes made form

the cement obtained at 1175 °C for 60 min confirm the usefulness of the cement.
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2.5.3 Non-expansive Belite-Rich Calcium Sulfoaluminate Cement

Mehta [30] produced SAB cements with no free CaO but containing large amounts
of belite with lower amounts of other phases as C4A; S, C4AF and CS by utilizing
pure reagent grade chemicals as high-purity CaCOs, silicic acid, hydrated alumina,
iron oxide and gypsum. The clinkers obtained by heating the raw meals in an
electrical muffle furnace at 1200 °C for about 1 hour. Clinkers were ground to about
400 m*/kg Blaine surface area without gypsum addition. In the case of Portland
cements there are occasionally false-set problems due to decompostion of gypsum,
which is normally interground with clinker. The microstructure examination of the
clinkers show that C4A;S appears as cubic crystals whereas belite appears as large
rounded grains. The clinkers were very easy to grind due to low burning
temperature. One of the cements produced with potential mineral composition of 45
% C1S, 20 % C4A3S, 20 % CS and 15 % C4AF showed the unique property of
developing early (1, 3, 7 days) strengths at rates similar to ordinary Portland cement

and remarkably high strengths at later ages (28 and 120 days).

Kasselouri et al. [29] synthesized the non-expansive SAB cement having similar
characteristics with OPC. Free CaO deficient clinker was obtained by sintering a
mixture of limestone, gypsum, bauxite, silica sand and an iron-rich industrial by-
product at 1280 °C. Cement was prepared by grinding the clinker without any
supplementary addition of gypsum. The potential mineral composition of the cement
was 47.1 % C,S, 20.1 % C4A3S, 19.8 % CS and 13.8 % C4AF and expansion tests
of the prepared cement pastes confirm the specifications in the EN and ASTM
standards for OPC.

Katsioti et al. [28] investigated the possibility of using the jarosite-alunite precipate,
a waste product of a new hydrometallurgical process developed to treat
economically low-grade nickel oxides ores, as a raw material for the production of
SAB clinker. The raw meals were sintered at 1300 °C for 30 min and clinkers

removed from the furnace left to cool inside a desiccator to avoid the effects of air
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and moisture. The potential mineral composition of the cement was 46.25 % C,S,
21.35 % C4A3S, 19.80 % CS and 12.46 % C4AF. The results of the physico-
mechanical tests like grindability, setting times, compressive strengths and
expansibility showed that the addition of jarosite—alunite precipitate did not

negatively affect the quality of the produced SAB cement.

Adolfsson et al. [25] investigated the utilization potential of the slags originating
from the steelmaking industry in the production of belite-rich cement activated with
sulfoaluminate cement. Four raw meals including mixtures of the different type of
the slags together with limestone, gypsum and an alumina rich material were
prepared as briquettes and sintered at 1200 °C for 30 min. All mixtures were
prepared to have a predominant phase, belite and with no free CaO content in
cement according to the calculated potential phase compositions. X-ray diffraction

and scanning electron microscopy results of the produced cements reveal that the

formation of clinker phases of sulfoaluminate cements such as C,S and C4A;5S was

realized for all prepared mixtures and even when raw meal contained only ladle slag.

Studies on the production of SAB cements carried out to date at laboratory scale
with their types, raw materials and experimental conditions are summarized in Table
2.8. As can be seen from the table, there exists no investigation on the production of
non-expansive belite-rich sulfoaluminate cement from FBC ashes as raw material to

date.
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CHAPTER 3

EXPERIMENTAL STUDY

3.1 General

In the extent of this study, chemical and physical properties of the ashes generated
from fluidized bed combustion (FBC) of a typical Turkish lignite, limestone, bauxite
and gypsum were initially determined. Afterwards, the raw meal of the non-
expansive belite-rich sulfoaluminate cement was prepared from the abovementioned
raw materials according to modified Bogue calculations. Raw meal was subjected to
initially thermal analysis and then sintered in a muffle furnace. Finally, chemical,
mineralogical and morphological properties of the obtained clinkers and cements

were examined.

3.2 Raw Materials

The FBC ashes previously generated by firing a typical Turkish lignite with
limestone addition in a 0.3 MW, Atmospheric Bubbling Fluidized Bed Combustion
(ABFBC) Test Rig were used as solid waste constituent of the raw meal [49].

The lignite and limestone utilized in the firing tests were supplied by Can 2 x 160
MW Circulating Fluidized Bed (CFB) Thermal Power Plant and Cayirhan Thermal
Power Plant of Park Thermic, Electric Industry and Trade, Inc., respectively. The
lignite originates from Can reserves of Turkish Coal Enterprises. Limestone was
provided from Acibasi limestone quarry, 10 km away from the Cayirhan Thermal

Power Plant. Analysis of Can lignite is given in Table 3.1. As can be seen from the
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table, it is a high sulfur and high ash content lignite and therefore was burnt in its

own ash with limestone addition.

Table 3.1: Analysis of Can lignite [49]

Proximate Analysis Ultimate Analysis
(As received basis) (Dry Basis)

Moisture, % 16.48 C, % 44 .93
Volatile Matter, % 31.05 H, % 4.09
Fixed Carbon, %  25.74 N, % 1.14
Ash, % 26.74 0, % 13.96
S, % 3.86
LHV, MJ/kg 13.30 Ash, %  32.02

Ash analysis of the lignite given in Table 3.2 shows that acidic oxide content is

significantly higher than basic oxide content which is typical of Turkish lignites.

Table 3.2: Ash analysis of Can lignite, wt % [49]

Components Ash
SiO, 56.56
ALO; 17.49
Fe,03 10.99
CaO 9.21
MgO 0.57
SO; 2.05
Na,O 1.45
K,O 0.31
TiO, 1.38
Total 100.00
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However, acidic oxide content of the generated ash gets lower when burnt with
limestone addition in FBC systems. The lignite fed to the combustor was below 16
mm in size and had dso of 3.56 mm. Limestone on the other hand, had particle size
below 1.18 mm with a dso of 0.41 mm. Operating conditions of the firing test from
which ashes were generated are shown in Table 3.3. Details of the continuously

operated test rig can be found elsewhere [49].

Table 3.3: Operating conditions of the firing test [49]

Parameter Firing Test
Coal flow rate, kg/h 69
Limestone flow rate, kg/h 22

Ca/S molar ratio (added)
Bed drain flow rate, kg/h

Cyclone ash flow rate, kg/h 19
Baghouse ash flow rate, kg/h 1.2
Air flow rate, kmol/h 14
Excess air, % 21
Superficial velocity, m/s 1.9
Average bed temperature, °C 848
Average freeboard temperature, °C 817
Bed height, m 1.1
Bed pressure drop, cm H,O 63

In addition to FBC ashes, the limestone used for desulfurization in the test rig,
bauxite and gypsum were utilized as the usual remaining components of the
sulfoaluminate based cement raw meal. Chemical composition of all raw materials

with loss on ignition (LOI) values are presented in Table 3.4
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Table 3.4: Chemical analysis of raw materials, wt %

Bottom Baghouse

Components Limestone Ash Filter Ash Bauxite Gypsum

LOI 43.343 2.086 4.095 14.551 0.000
CaO 50.291 17.545 14.665 0.070 45.558
SiO, 1.957 50.529 46.399 0.000 0.000
ALO;3 0.381 13.777 6.530 68.261 0.294
Fe;03 0.540 3.754 9.358 16.954 0.285
SO; 0.000 7.281 14.775 0.000 53.554
MgO 3.157 1.093 1.217 0.076 0.281
K,0 0.181 1.641 0.856 0.039 0.014
Na,O 0.150 2.294 2.106 0.049 0.016
Total 100.000 100.000 100.000 100.000 100.000

As received photographs of all raw materials are demonstrated in Figure 3.1.

Figure 3.1: As received photographs of all raw materials
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3.3 Raw Meal Preparation

The particle size of the raw meal should be fine enough to achieve higher area of
contact and conversion as the main reactions occur in solid state [8,50,51].
Therefore, all raw materials except baghouse filter ash were subjected to size
reduction. Bauxite rocks and bottom ash were first crushed by using roller crusher.
All the raw materials were dried in an oven at 105 °C for 24 h and ground to pass

140 mesh sieve (106 pm) before mixing [42,50,52,53].

Raw meal was then prepared by mixing raw materials in such proportions to get the
chemical and mineralogical composition of the desired belite-rich sulfoaluminate
cement according to modified Bogue calculations, detailed in Appendix A. The raw
meal preparation calculations are based on chemical analysis of raw materials from
which mass balances can be performed [25,44]. As a result of these computations
the raw meal was prepared by blending the raw materials in the weight proportions

presented in Table 3.5.

Table 3.5: Composition of the raw meal, wt %

Bottom Baghouse
Ash Filter Ash

Raw Meal 50 10 15 10 15

Limestone Bauxite Gypsum

Theoretical chemical analysis of the raw meal calculated by using the weight
proportions given in Table 3.5 and chemical analysis of each raw material together
with chemical composition of clinker by eliminating the LOI value of the raw meal

are shown in Table 3.6.
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Table 3.6: Theoretical chemical analysis of the raw meal and clinker, wt %

Components Raw Mfeal Clinke:,r
(Theoretical) (Theoretical)
LOI 23.509 0.000
Ca0O 35.979 47.036
SiO, 13.473 17.613
AlLO3 8.937 11.684
Fe,0; 3.715 4.857
SO; 11.432 14.945
MgO 1.908 2.494
K,0 0.399 0.522
Na,O 0.649 0.848
Total 100.000 100.000

Potential Bogue mineralogical composition of the clinker based on the theoretical

chemical composition of the SAB clinker in Table 3.6 is given in Table 3.7.

Table 3.7: Theoretical Bogue mineral composition of the SAB clinker, wt%

Mineral Phases Clinker
C,S 48.717
CsA;3S 16.286
C4AF 14.244
CS 20.753

The blended raw meal was homogenized in a ceramic ball mill (Figure 3.2) for 60

min [54,55]. Raw meal was also subjected to chemical analysis after

homogenization operation.
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Figure 3.2: Ceramic ball mill

Homogenized raw meal and all raw materials ground to pass 140 mesh sieve were
subjected to particle size distribution (PSD) analysis. Malvern Mastersizer 2000
particle sizing system by a laser scattering analyzer with assured measurement
performance from 0.02 micron to 2 millimeter is utilized for PSD analysis. The
analyzer allows a rapid interchange between wet and dry measurements which
require about 200 mg and 10 g of sample, respectively. PSD measurements of all
materials except gypsum were performed by wet method. Wet dispersion was
achieved using the Hydro 2000 Micro Precision dispersion unit with distilled water
and dry dispersion was carried out using the Scirocco 2000 dry powder feeder with a
micro volume powder feeder tray under air vacuum. The obstruction value was
monitored during analysis and it was kept in ideal ranges, i.e., between 5% and 20%

for wet measurements and 0.5% to 5% for dry measurements [56, 57].

It was preferred to use dry measurement for gypsum due to steady decrease of
obstruction value with gypsum during wet measurement. The decrease in
obstruction value generally aroused from the dissolution of the inspected sample in
water. Although pure gypsum is nearly insoluble in water, some impurities present
in gypsum may dissolve and leads to decrease in obstruction value during wet

measurement.
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3.4 Thermal Analysis

Thermal analysis of the raw meal was carried out in Setaram Labsys TGA/DTA
which is thermal analysis equipment that performs both TGA and DTA
simultaneously on the same sample. It determines the weight change of the sample
and measures the change in temperature between the sample and the reference while
they are subjected to a controlled temperature program. 13 mg of the raw meal was
placed in a alumina crucible and subjected to a programmed heating of 10 °C/min in

an air atmosphere, up to 1300 °C, where it was kept for 20 min [25,59,60].

The results of thermal analyses were corrected by extracting the values obtained
with a run of empty crucibles at the same conditions from the experimental results to

eliminate the possible effects originated from equipment [25].

3.5 Furnace Sintering

The raw meal was placed in platinum crucibles, as shown in Figure 3.3, and was
sintered in a laboratory scale muffle furnace with an air atmosphere for different
residence times at maximum temperatures ranging from 1200 °C to 1300 °C. It was
followed by cooling moderately fast rates in direct natural air to reduce the glass
formation and preserve the desired crystalline minerals of the clinkers

[20,22,34,37,53].

Figure 3.3: Raw meal in platinum crucible
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Heating profiles for each set with heating rates and holding times are shown in
Appendix B. As can be seen from heating profiles for each set, raw meal was heated
to the maximum temperatures with a pause of 30 min at around 800 °C to allow for
the escape of CO, from carbonates [20,61]. The clinkers formed were ground to

powder form to produce cements without any supplemantary addition [29,30,42].

3.6 X- ray Powder Diffraction (XRD)

A Rigaku DMAX 2200, vertical multi-purpose X-ray diffractometer with CuKa
radiation (A = 1.54056 A, 40kV and 40mA) diffracted beam monochromator and
high linearity scintillation counter equipment was utilized for qualitative
identification of unknown crystalline phases of the cement samples. The analyzed

materials were finely ground to powder and homogenized. The powder patterns

were gathered over the 20 range of 1-60° [20,28,29,43].

3.7 Scanning Electron Microscopy (SEM)

The Jeol JSM-6400 electron microscope configured with a Noran energy dispersive
spectrometer (EDS) was utilized to investigate morphology and elemental
composition information of clinker phases in direct relation to the SEM images. It
can examine and analyze samples at magnifications from 5X to 200,000X. Fractured
clinker sample was coated by a thin layer of gold to prevent surface charge

accumulation and to promote electrical conductivity [20].
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 General

In this thesis study, the effect of using FBC ashes as a constituent of raw meal on the
production of laboratory scale non-expansive belite-rich sulfoaluminate cement was

investigated. This was achieved by examining the items listed below:

» Particle size distribution of all raw materials and raw meal

» Thermal analysis of raw meal

* Chemical analysis of the raw meal and cements

* Mineralogical and morphological analyses of cement and clinker samples,

respectively

4.2 Particle Size Distributions

Particle size distributions of both the ground raw materials and the raw meal are
shown in Figure 4.1. As can be seen from the figure, the particle sizes of bauxite and
bottom ash are larger than those of other constituents due to their higher grindability
work indices and due to the fact that each constituent of the raw meal was subjected
to the same grinding operation. It can also be noted that the PSD of the raw meal lies
within the range of PSDs of limestone, baghouse filter ash and gypsum as those

components form almost 80 wt % of the mixture.
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Table 4.1 summarizes djo, dso and dgp of particle size distributions of each
constituent and the raw meal. As can be seen from the table, dsy of the raw meal is
around 5 um which is even finer than those utilized in the study of Adolfsson et al.
[25] where dso of 15-20 um was found not to cause any critical problem on the
properties of the cement produced. Therefore particle size of raw meal can be

considered to be fine enough to get an improved burnability and reactivity.

Table 4.1: do, dso and dgg of values for each raw material and raw meal

Diameter on cumulative, pm

Materials dyo dso doo
Limestone 0.617 4.030 57.407
Bottom ash 1.852 24.770 97.127
Bag house filter 1.779 5.176 11.091
Bauxite 8.172 55.829 137.674
Gypsum 0.796 3.534 11.386
RM 0.799 4.677 43.121

Particle size distributions in tabulated forms and their corresponding frequency

curves can be found in Appendix C and Appendix D, respectively.

4.3 Thermal Analysis

Homogenized raw meal was subjected to thermal analysis to examine the effect of
the addition of FBC ashes to raw meal on the weight losses, temperatures and

sequence of the reactions taking place during the heating operation.
Thermogravimetry (TG) and differential thermogravimetry (DTG) curves are

presented in Figure 4.2. As can be seen from the figure, there exists four distinct

weight loss peaks in DTG curve at temperatures of 123, 515, 793 and 1280 °C.
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Examination of the information provided by TG analysis including temperature
ranges of the significant weight losses, corresponding percentages and basic
considerations on the source of these losses are summarized in Table 4.2. The first
loss at 100-140 °C, with about 1.5 wt %, refers to partial or complete dehydration of
gypsum. The peak at 500 - 550 °C is considered to be due to dehydration and
decomposition of bauxite. Some of MgCO; present in raw meal may also be

decarbonated at this temperature range. The most significant weight loss, with about

100 T 0.0
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95 _ DTG - 0.3
123 1280
- -1.0
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Temperature (°C)
Figure 4.2: TG / DTG curves of the raw meal

18 wt %, occurs in the temperature range of 700 - 810 °C due to the release of CO,
during decomposition of the CaCO; which is the major component present in
limestone. The final loss at 1190 — 1290 °C, with about 5 wt %, may be due to some
dissociation of CaSQ;, into CaO and SO [15,25,34,35].
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Table 4.2: Summary of the TG results of the raw meal

Temperature Range (°C) Weight Loss (%) Remark
100 - 140 1.35 Dehydration of Gypsum
500 - 550 0.81 Decomposition of Bauxite
700 - 810 17.78 Dissociation of CaCOs
1190 - 1290 4.75 Dissociation of CaSOy4
30-1290 30.39 Total weight loss

Differential thermal analysis (DTA) curve together TG curve is shown in Figure 4.3.

As can be seen from the figure, the minima and maxima peaks occur on DTA curve
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Figure 4.3: TG/ DTA curves of the raw meal



due to reactions taking place during heating. The temperature of the sample will
either decrease or increase relative to that of reference empty inert crucible as the
reaction absorbs heat (endothermic reactions, minima on DTA curve) or releases
heat (exothermic reactions, maxima on DTA curve), respectively. Therefore, RM
exhibits endothermic effects at temperatures of around 125, 279, 519 and 794 °C
followed by both endothermic and exothermic effects at higher temperatures. The
endothermic effects observed up to 794 °C belong to dehydration or decomposition
reactions of gypsum, bauxite, MgCQOs, calcite and other possible minerals present in
FBC ashes like illite, hematite and feldspar [58]. At higher temperatures, formation
and decomposition reactions of the minor minerals like C,AS (gehlenite), CA
(calcium mono-aluminate), Ci;2A; (mayenite) and CsS,S (ternesite) occur to
produce desired minerals of the calcium sulfoaluminate clinker, i.e; C4A5S
(yeelimite), C,S (belite), C4AF (ferrite) and CS (anhydrite). The formation of
calcium sulfoaluminate, C4A3 S, can take place through a homogeneous solid state
reaction according to equation (4.1) and through a heterogeneous solid-gas reaction
with sulfur dioxide and oxygen according to equation (4.2) since decomposition of

CS (anhydrite), starts at lower temperatures like 1000 °C in the presence of coal ash

[40].

3C1A7+7CS —> 7C4A;S + 15C 4.1)

3C3A + S0, + 1/20, — > C4A;S +6C (4.2)
The position and intensity of the peaks between 1000 and 1300 °C are good
indicators of the burnability of the raw meal. Therefore, additions of FBC ashes

around 25 wt % to the raw meal do not seem to affect typical clinkerization

reactions and temperatures.
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4.4 Furnace Trials

Chemical analysis of the homogenized raw meal is given in Table 4.3 together with
the theoretical analysis calculated by using the weight proportions and chemical
composition of each raw material given in Table 3.6 for comparison purposes.
Inspection of the two analysis show that there is no significant difference in the

chemical composition of raw meal originating from homogenization operation.

Table 4.3: Chemical composition of the raw meal, wt%

Raw Meal Raw Meal

Components (Theoretical) (Experimental)
LOI 23.509 23.940
Ca0O 35.979 36.398
SiO; 13.473 12.900
Al O3 8.937 9.208
Fe,0; 3.715 4.074
SO; 11.432 10.768
MgO 1.908 1.489
K;O 0.399 0.322
Na,O 0.649 0.900
Total 100.000 100.000

This raw meal was subjected to furnace sintering at temperatures of 1200, 1250 and
1300 °C for various holding times. The selected maximum temperatures are in
agreement with the results of thermal analysis of the raw meal and are also

confirmed by previous findings on the production of sulfoaluminate-belite cement

[20,28].

The first set of sintering experiments (SET 1) was carried out at the lowest

temperature for holding times of 30, 45 and 60 min. The clinkers obtained are
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denoted by CK1, CK2 and CK3 in the order of increasing holding time. As can be

seen from the photographs of the clinkers (Figure 4.4), all have similar light brown

Figure 4.4: Photographs of clinkers CK1, CK2 and CK3

color and display shrinking behavior. Change of weight before and after ignition
with corresponding percent weight losses for each sample are tabulated in Table 4.4.

As can be seen from the table, weight loss of all samples is around 25 wt %.

Table 4.4: Sample weights before and after ignition for SET 1

SET 1
CK1 CK2 CK3
Before ignition, gr  20.380 20.510 20.420
After ignition, gr 15.330 15.410 15.320
Weight loss, % 24.779 24.866 24.976

The second and third sets of sintering experiments (SET 2 and SET3) were carried
out at the temperatures of 1250 and 1300 °C for 60 min, respectively. The
photographs of the obtained clinkers were shown in Figure 4.5. These clinkers have
a darker color than those of CK1 to CK3 reflecting improved level of sintering due

to exposing higher temperatures [48].
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CK5
Figure 4.5: Photographs of clinkers CK1, CK2 and CK3

Change of weight before and after ignition with corresponding percent weight losses
for each sample are presented in Table 4.5. The weight losses of the samples for
SET 2 and 3 are around 1-2 percentage points higher than those of SET 1. These
additional losses may have originated from SO, release due to dissociation of CaSOg4

at the higher temperatures of the SET 2 and 3.

Table 4.5: Sample weights before and after ignition during SET 2 and 3

SET 2 SET 3

CK4 CKS5
Before ignition, gr  20.980 22.450
After ignition, gr 15.630 16.460
Weight loss, % 25.500 26.681

4.5 Chemical Analysis

Typical appearance of cements obtained by grinding the sintered clinkers is shown

in Figure 4.6.
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Figure 4.6: Photographs of the cement C4

The results of experimental chemical analysis and the corresponding modified
Bogue potential mineralogical composition of the cements obtained for SET 1 are
given in Table 4.6 and Table 4.7, respectively. Comparison between the
experimental values contained in Table 4.6 and Table 4.7 and theoretical ones
contained in Table 3.6 and Table 3.7 exhibits some differences particularly in
mineralogical compositions due to the sensitivity of derived Bogue formulae to
slight changes in chemical composition. For instance, the percentage of the C,S in
the cement C2 is relatively higher compared to those in cements C1 and C3 due to

higher silicon dioxide content in the representative sample of the cement C2.

Table 4.6: Chemical composition of cements C1, C2 and C3, wt %

Cements
Components C1 C2 C3
LOI 0.000  0.000  0.000
CaO 50.754 47.850 53.831
SiO, 14.475 20.854 13.282

ALO;3 9.814 9514 12.107
Fe;03 7.323 5964  5.456

SO; 14268 12.466 11.845
MgO 2.677 2463 2423
K,O 0367 0511 0.394

Na,O 0323 0381 0.661
Total 100.00 100.00 100.00
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Table 4.7: Potential mineralogical composition of cements C1, C2 and C3, wt %

Cements
Mineral Phases C1 C2 C3
C,S 41.543 55.501 38.119
C4A;S 10.107 10412  16.976
C4AF 22.284 16.829 16.603
CS 21.926 17.258 16.243

The results of experimentally determined chemical composition and the
corresponding modified Bogue potential mineralogical composition of the cements

obtained for SET 2 and 3 are given in Table 4.8 and Table 4.9, respectively.

Table 4.8: Chemical composition of cements C4 and C5, wt %

Cements
Components C4 C5
LOI 0.000 0.000
CaO 44480  41.205
SiO, 15.361 17.445
ALO; 19.568  21.759
F6203 5.384 5.250
SO3 11.732 10.704
MgO 2.547 2.412
K,O 0.445 0.358
Na,O 0.484 0.868
Total 100.000  100.000

Table 4.9: Potential mineralogical composition of cements C4 and C5, wt %

Cements
Mineral Phases C4 C5
C:S 42.023  44.625
C4A3S 30.279 32.310
C4AF 15.617 14.239
CS 12.080  8.826
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The high percentage of the C4A3S with respect to theoretical value presented in
Table 3.7 is considered to be due to higher alumina oxide value measured in these
samples. The amounts of C,S phase for both of these cements were found close to

that of theoretical value.

4.6 X-ray Powder Diffraction (XRD)

The powder XRD patterns of the cements C1, C2 and C3 are given in Figure 4.7.
The assignment of the peaks were accomplished by comparing both the values of
20 and relative intensity with peak points of the cements and those of possible
minerals of the SAB cement. 20 values and relative intensities of the peak points
with those of possible minerals for each cement are given in Appendix E in

tabulated form.

CiA;S
B-C5S
C,AF
CcS

CsS, S

R W=

15 20 25 30 35 40 45 50
Figure 4.7: XRD powder patterns for cements C1, C2, and C3
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The Joint Committee on Powder Diffraction Standards (JCPDS) line patterns of
C4A5S, B-C,S, C4AF, CS and CsS,S minerals with XRD patterns of the obtained

cements for SET 1 are also given in Figure 4.8.

o e
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15 20 25 30 35 40 45 50

(€S9

(C,AF)

(CS)

(C,9)

(CAS

Figure 4.8: Comparison of XRD pattern of cements C1, C2 and C3 with standard

line patterns of expected minerals

As can be seen from these figures, similar peaks were obtained for all of the three
cements with formation of yeelimite (1), larnite (2), brownmillerite (3), anhydrite (4)
as hydraulically active desired minerals and formation of ternesite (5) as
hydraulically poor undesired phase [11,12,48]. It is worth noting that another
hydraulically inactive undesired mineral, C,AS (gehlenite), is absent. This is

indicative of the fact that final sintering temperature of 1200 °C was sufficiently
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high for dissociation of this mineral to form C4A3 S and CsS, S. Ternesite remains in
all cements obtained for SET 1 independent of the residence time. The presence of
this mineral is likely to be due to either lower sintering temperature or residence
time than required to decompose it to p-C,S and CS [40,43]. Some of the peaks
belonging to B-C,S mineral are not clearly detected by XRD due to presence of the
silicate in the form of CsS,S. Comparison between the intensity of the peaks
belonging to hydraulically active minerals (C4A3S, B-C.S, C4AF and CS) for
residence times of 30, 45 and 60 min (Appendix E) reveals that the intensity
increases with residence time. Therefore, residence time of 60 min was chosen for

SET 2 and SET 3 conducted at higher final sintering temperatures.

Figure 4.9 shows the powder XRD patterns of the cements C4 and C5 produced at
final sintering temperature of 1250 °C and 1300 °C with residence time of 60 min
for SET 2 and SET 3, respectively.

C5 1. CiA;S
(1300 °C) 2GS
3. C,AF
1 4. CS
C4 ! 1235 4% ;
(1250 °C) 4 23 4 4 4223

10 15 20 25 30 35 40 45 50 55 60
Figure 4.9: XRD powder patterns for cements C4 and C5

Comparison of the XRD patterns of two cements with JCPDS line patterns of the

expected minerals is illustrated in Figure 4.10.

46



- MWJW
_ MMW

10 15 20 25 30 35 40 45 50 55 60

(CSS

CA
(‘1F) LAl A

(CS)

(C,9)

(CAS)

Figure 4.10: Comparison of XRD pattern of cements C4 and C5 with standard line

patterns of expected minerals

As can be seen from the figures, similar patterns were obtained for both cements C4
and C5 with the formation of C4A3S, B-C,S, C4AF and CS. The peaks belonging to

CsS, S mineral were not observed for these two cements. Absence of this mineral

present in the cements Cl to C3 obtained for SET 1 is a verification of its
decomposition into C,S and CS [40,43]. The presence of the desired minerals and

the absence of CsS,S confirms the formation of the SAB cement at the final
sintering temperatures of 1250 °C and 1300 °C for 60 min. The absence of

tricalcium aluminate (C;A) mineral in these cements also indicates that the
decomposition of the desired mineral C4sA5;S did not take place at these
temperatures. The highest intensity values of C4A3S were recorded for cement C4.
Intensity values for CS are slightly lower for cement C5 than those of cement C4

due to some dissociation of the C'S at higher temperature.
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4.7 Scanning Electron Microscopy (SEM)

Microstructure image of the CK4 clinker under scanning electron microscope is

shown in Figure 4.11. SEM studies on SAB clinkers indicate that C4A5S phase
appears as cubic or rhombic dodecahedron crystals and C,S phase appears as
rounded grains [28,30,31,50].As can be seen clearly from Figure 4.11 both phases

appear well-formed and distinct among the other phases of the clinker. C,S grains

have a size around 1-2 pm while size of C4A; S crystals changed between 3 to 5 pm.
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Figure 4.11: Scanning electron micrograph of clinker CK4

Figure 4.12 shows the energy dispersive spectrometer (EDS) spot analysis on one of

the C4A5S grains of the clinker CK4. The selected spot is marked with a star. As
can be seen from the pattern the main elements present were aluminium, calcium
and sulfur. The presence of gold element is obviously due to the thin layer of gold

coating. The EDS analysis performed also validates that these structures belong to

C4A; S formation and presence of the calcium sulfoaluminate mineral.
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Figure 4.12: The EDS-spot analysis of clinker CK4 on the

spot marked with a star
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CHAPTER S

CONCLUSIONS

5.1 General

In this thesis study, utilization potential of FBC ashes as raw material in the
production of non-expansive belite-rich calcium sulfoaluminate cement was
investigated. The prepared raw meal was subjected to furnace sintering at
temperatures of 1200, 1250 and 1300 °C for different holding times. XRD and SEM
analysis were performed for mineralogical examination of the obtained samples. The

following conclusions were reached under the observations of this study:

* The utilization of FBC ashes by 25 wt % in the raw meal forms the mineral
phases of SAB cements, C4A;S, B-C,S, C4AF and CS.

=  Optimum sintering temperature for the formation of non-expansive belite-
rich calcium sulfoaluminate clinker is found to be 1250 °C for the raw meal
containing 25 wt % FBC ashes.

= XRD analysis of the clinkers reveals that decomposition of hydraulically
inactive undesired phase ternesite (CsS, S ) into desired SAB compounds C,S
and CS takes place in the clinker obtained at 1250 °C for 60 min.

= The mineral phase C4A3;S is formed at each sintering temperature and
remains stable up to temperature of 1300 °C which is verified by the absence

of C3A mineral in the clinkers.
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SEM analysis reveals that the main phases B-C,S and C4A3S are rounded

grains and cubic or rhombic dodecahedron crystals, respectively.

It is thus concluded that FBC ashes generated from fluidized bed combustion of coal

have significant potential for utilization as raw materials in the production of non-

expansive belite-rich sulfoaluminate cement.

5.2 Suggestions for Future Work

Based on the experience gained in the present study, the following recommendations

for future extension of the work are suggested:

The hydraulic properties of the cements can be investigated by examining the
formation and structure of the hydration products.

Water requirement, compressive strength, setting time and soundness tests
with long term durability tests can be performed by producing sufficient
amount of samples and the results can be compared with those of OPC.
Investigations on the quantitative determination of the clinker phases can be
performed either wusing quantitative X-Ray (QXRD) analysis or

microscopically.
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APPENDIX A

MODIFIED BOGUE CALCULATION
(POTENTIAL CEMENT COMPOSITION)

The potential mineralogical composition of the cement can be determined
approximately by using the chemical analysis of the cement. This phase calculation,
universally known as Bogue calculation, yields reasonably approximate values for

guidance.

The modified Bogue formulas for calcium sulfoaluminate based cements were

derived by considering the following assumptions [34,37,39]:

» The cement is entirely crystalline, no glass remains in the clinker after
cooling

* Clinker melt (liquid phase in clinkering) crystallizes in equilibrium with the
solid phases

» The mineral phases are chemically pure and stoichiometric composition, i.e.

pure C4A3S, C,S, C4AF and CS

The main components (C, S, A, F) present in cement under equilibrium conditions is

approximately assumed to be combined as follows [20,21,25,29,30,31,37]:

1. All the “F” present is combined as C4AF

2. All the “S” present is combined as C,S

3. The remaining “A”, which is calculated by subtracting the amount of “A”
present in C4AF from total “A” content, is combined as C4A5S

4. The remaining “S”, which is calculated by subtracting the amount of

“S”present in C4A3 S from total “S”, is combined as C S
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where the cement notations in quotation marks refer to chemical composition values

in cement. This procedure can be formulated sequentially,

. . MW, \p
1. %C4AF=(%F) x | —AF
MW

F

% C4AF = (% F) x (%)

% C4AF = 3.043 x (% F)

MW, ¢
2. %CS=(%S)x | —=
MW,

% C2S = (% S) x (%j

% C2S = 2.87 x (% S)

3. %C4A3S =|%A-%C,AF x

MW, ] < MWC4A3§

cor ) 3XMW,

% CsA3S = | % A-3.043x (% F) x

102 < 602
486 3x 102

% C4A3S =1.97x (% A) —1.26 x (% F)

_ _ - MW MW,
4. %CS=|%S-%C,ASx X

C4A3S MW§

%CS=|%S-(1.97x (% A) - 1.26 x (% F)) x 50 j x 136

602) " 80

% CS =1.7x (%S) - 0.45 x (% A) + 0.285 x (% F)
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APPENDIX B

HEATING PROFILES OF SETS
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Figure B.1: Heating profile for SET 1
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Figure B.2: Heating profile for SET 2
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APPENDIX C

TABULATED PARTICLE SIZE DISTRIBUTIONS

Table C.1: Particle size distribution of limestone

Size, pm Cun-lulative Size, pm Cun.lulative
’ Weight, % ’ Weight, %
178.250 0.000 5.637 44.980
158.866 0.050 5.024 46.670
141.589 0.200 4.477 48.380
126.191 0.600 3.991 50.140
112.468 1.240 3.557 51.940
100.237 2.170 3.170 53.810
89.337 3.380 2.825 55.760
79.621 4.850 2.518 57.780
70.963 6.530 2.244 59.880
63.246 8.370 2.000 62.080
56.368 10.290 1.783 64.360
50.238 12.230 1.589 66.740
44.774 14.170 1.416 69.230
39.905 16.060 1.262 71.850
35.566 17.890 1.125 74.600
31.698 19.670 1.002 77.490
28.251 21.410 0.893 80.480
25.179 23.120 0.796 83.520
22.440 24.800 0.710 86.530
20.000 26.480 0.632 89.420
17.825 28.160 0.564 92.120
15.887 29.840 0.502 94.510
14.159 31.530 0.448 96.550
12.619 33.230 0.399 98.140
11.247 34.930 0.356 99.290
10.024 36.620 0.317 99.950
8.934 38.300 0.283 100.000
7.962 39.980
7.096 41.650
6.325 43.310
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Table C.2: Particle size distribution of bottom ash

Size, pm Cun-lulative Size, pm Cun.lulative
’ Weight, % ’ Weight, %

158.866 0.000 2.518 87.020
141.589 0.530 2.244 88.210
126.191 2.540 2.000 89.310
112.468 5.340 1.783 90.320
100.237 8.870 1.589 91.240
89.337 12.830 1.416 92.090
79.621 16.960 1.262 92.890
70.963 21.060 1.125 93.650
63.246 24.990 1.002 94.410
56.368 28.670 0.893 95.180
50.238 32.110 0.796 95.950
44.774 35.320 0.710 96.710
39.905 38.350 0.632 97.450
35.566 41.260 0.564 98.140
31.698 44.100 0.502 98.760
28.251 46.870 0.448 99.280
25.179 49.600 0.399 99.680
22.440 52.280 0.356 99.910
20.000 54.870 0.317 99.990
17.825 57.380 0.283 100.000
15.887 59.780

14.159 62.070

12.619 64.240

11.247 66.310

10.024 68.270

8.934 70.140

7.962 71.930

7.096 73.660

6.325 75.330

5.637 76.950

5.024 78.530

4.477 80.070

3.991 81.570

3.557 83.020

3.170 84.420

2.825 85.750
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Table C.3: Particle size distribution of baghouse filter ash

Size, pm Cun-lulative Size, pm Cun.lulative
’ Weight, % ’ Weight, %

39.905 0.000 0.632 97.050
35.566 0.010 0.564 97.900
31.698 0.070 0.502 98.660
28.251 0.180 0.448 99.270
25.179 0.370 0.399 99.710
22.440 0.680 0.356 99.940
20.000 1.170 0.317 99.990
17.825 1.890 0.283 100.000
15.887 2.950

14.159 4.470

12.619 6.620

11.247 9.520

10.024 13.290

8.934 18.000

7.962 23.610

7.096 30.030

6.325 37.050

5.637 44.420

5.024 51.840

4477 59.000

3.991 65.640

3.557 71.570

3.170 76.630

2.825 80.800

2.518 84.120

2.244 86.670

2.000 88.580

1.783 89.980

1.589 91.010

1.416 91.800

1.262 92.480

1.125 93.110

1.002 93.770

0.893 94.490

0.796 95.300

0.710 96.160
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Table C.4: Particle size distribution of bauxite

Size, pm Cun.lulative Size, um Cun.lulative
’ Weight, % ’ Weight, %
709.627 0.000 11.247 87.580
632.456 0.030 10.024 88.560
563.677 0.110 8.934 89.420
502.377 0.240 7.962 90.160
447.744 0.390 7.096 90.810
399.052 0.550 6.325 91.370
355.656 0.720 5.637 91.860
316.979 0.910 5.024 92.300
282.508 1.170 4.477 92.700
251.785 1.530 3.991 93.060
224.404 2.100 3.557 93.400
200.000 3.000 3.170 93.710
178.250 4.390 2.825 94.010
158.866 6.390 2.518 94.280
141.589 9.110 2.244 94.530
126.191 12.610 2.000 94.770
112.468 16.850 1.783 94.980
100.237 21.740 1.589 95.190
89.337 27.120 1.416 95.390
79.621 32.790 1.262 95.620
70.963 38.540 1.125 95.870
63.246 44.190 1.002 96.180
56.368 49.560 0.893 96.530
50.238 54.560 0.796 96.930
44.774 59.120 0.710 97.370
39.905 63.240 0.632 97.840
35.566 66.930 0.564 98.310
31.698 70.220 0.502 98.760
28.251 73.150 0.448 99.170
25.179 75.760 0.399 99.520
22.440 78.090 0.356 99.790
20.000 80.180 0.317 99.980
17.825 82.040 0.283 100.000
15.887 83.690
14.159 85.160
12.619 86.450
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Table C.5: Particle size distribution of gypsum

Size, pm Cun.lulative Size, um Cun.lulative
’ Weight, % ’ Weight, %

70.963 0.000 1.125 83.470
63.246 0.100 1.002 85.810
56.368 0.270 0.893 87.980
50.238 0.550 0.796 89.990
44.774 0.860 0.710 91.820
39.905 1.180 0.632 93.480
35.566 1.480 0.564 94.950
31.698 1.750 0.502 96.230
28.251 1.980 0.448 97.320
25.179 2.210 0.399 98.200
22.440 2.460 0.356 98.880
20.000 2.870 0.317 99.360
17.825 3.540 0.283 99.710
15.887 4.560 0.252 99.950
14.159 5.990 0.224 100.000
12.619 7.870

11.247 10.240

10.024 13.060

8.934 16.310

7.962 19.920

7.096 23.830

6.325 27.960

5.637 32.260

5.024 36.640

4.477 41.060

3.991 45.440

3.557 49.750

3.170 53.940

2.825 57.980

2.518 61.850

2.244 65.530

2.000 69.010

1.783 72.280

1.589 75.360

1.416 78.250

1.262 80.950
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Table C.6: Particle size distribution of raw meal

Size, pm Cun.lulative Size, um Cun.lulative
i Weight, % ’ Weight, %

158.866 0.000 2.825 61.730
141.589 0.030 2.518 64.640
126.191 0.090 2.244 67.570
112.468 0.240 2.000 70.510
100.237 0.540 1.783 73.400
89.337 1.030 1.589 76.220
79.621 1.750 1.416 78.920
70.963 2.730 1.262 81.480
63.246 3.980 1.125 83.880
56.368 5.510 1.002 86.110
50.238 7.290 0.893 88.170
44.774 9.270 0.796 90.050
39.905 11.420 0.710 91.770
35.566 13.670 0.632 93.320
31.698 15.970 0.564 94.720
28.251 18.260 0.502 95.950
25.179 20.490 0.448 97.030
22.440 22.630 0.399 97.940
20.000 24.670 0.356 98.690

17.825 26.620 0.317 99.260

15.887 28.490 0.283 99.690

14.159 30.310 0.252 99.900

12.619 32.120 0.224 100.000

11.247 33.930

10.024 35.780

8.934 37.680

7.962 39.650

7.096 41.700

6.325 43.850

5.637 46.100

5.024 48.440

4.477 50.900

3.991 53.460

3.557 56.130

3.170 58.890
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FREQUENCY CURVES
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Figure D.1: Particle size distribution of limestone
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APPENDIX E

DETERMINATION OF MINERAL PHASES

Each crystalline mineral has a distinctive pattern with characteristic interplanar
spacings, d-values, which can be obtained with Bragg’s law, Equation (E.1), by
using measured angle between the incident beam and the normal to the reflecting

lattice plane, ©.

n.A = 2.d.sin(®) (E.1)

Crystalline minerals of the cements were identified by comparing the peak data with
the Joint Committee on Powder Diffraction Standards (JCPDS) data of possible
expected minerals to be formed. It is appropriate to use diffraction angles, 20, for
comparison purpose since the wavelength of X-radiation, A, used for the analysis of
cements in the experiments is same with that of JCPDS data. Therefore, 20 values
and relative intensities of the peak points with those of possible cementitious
minerals are tabulated here. There are small shifts in peak points when compared
with pure synthetic minerals. Some peak points correspond to more than one mineral
which cause overlapped peaks. Highlighted peak values show possible minerals

belong to peak points of the XRD patterns of the cements.
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Table E.1: Comparison of 2@ values of peak points of C1 with standard 2@ values

of expected minerals with corresponding relative intensities

Cement Possible cementitious minerals
c1 Yeelimite Larnite = Anhydrite Brownmillerite Ternesite
(33-0256)  (33-0302) (37-1496) (30-0226 ) (49-1807)
20 R.L 20 (R.1) 20(RI) 20 (R.1) 20 (R.1) 20 (R.1.)
19.480 20 19.108 (9) 12.198 (45) 19.389 (8)
21.840 15
22.600 22 22.494 (12)
23.780 76 23.643(100) 24.339 (16)
25.540 26 25.436(100)
26.760 32 26.594 (17)
28.000 50 27.874 (27)
28.620 22 28.469 (14)
29.460 30 29.267 (9) 29.334 (32)
30.000 29 29914 (11)
31.059 (21)
31.480 100 31.367 (29) 31.324 (40)
31.680 85 31.584(100)
31.773 (22)
32.054 (97) 32.124 (25)
32.136(100)
32.593 (83)
32.926 (30)
33.480 28 33.497 (35)
33.840 35 33.796 (25) 33.875 (100)
34360 42 34.330 (42) 34.239 (32)
35.020 50 34.798 (17)  34.949 (57)
35.900 38 35.235 (9)
36.680 (12) 38.640 (20)
37.280 (13)
37.392 (18)
39.420 22 39.473 (22) 39.299 (22)
40.900 16 40.815 (20)
41.660 43 41.663 (20) 41.206 (51) 41.534 (17)
41.683 (13)
43.520 20 43.330 (8)
43.960 20 44.141 (14) 44.118 (35)
44.669 (15)
44.940 22 44.832 (15) 44.849 (22)
45.618 (20)
46.340 37 45.740 (24) 46.254 (26)
47.089 (35)  47.859 (22)
48.080 55 48.008 (11) 48.674 (16) 48.039 (27)
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Table E.2: Comparison of 2@ values of peak points of C2 with standard 20 values

of expected minerals with corresponding relative intensities

Cement Possible cementitious minerals
2 Yeelimite Larnite Anhydrite Brownmillerite Ternesite
(33-0256) (33-0302) (37-1496) (30-0226 ) (49-1807)
20 R.L 20 (R.1) 20 (R.1.) 20 (R.1) 20 (R.1) 20 (R.1.)
19.500 17 19.108 (9) 12.198 (45) 19.389 (8)
21.840 17
22.600 25 22.494 (12)
23.780 81 23.643 (100) 24.339 (16)
25.436
25.540 28 (100)
26.760 27 26.594 (17)
28.000 53 27.874 (27)
28.620 26 28.469 (14)
29.460 33 29.267 (9) 29.334 (32)
30.000 31 29.914 (11)
30.480 18 31.059 (21) 31.324 (40)
31.480 100 31.367 (29) 31.584(100)
31.773 (22)
31.680 87 32.054 (97)
32.136(100) 32.124 (25)
32.593 (83)
32.926 (30)
33.500 31 33.497 (35)
33.860 48 33.796 (25) 33.875 (100)
34.340 43 34.330 (42) 34.239 (32)
35.040 50 34.798 (17) 34.949 (57)
35.920 40 35.235(9)
36.680 (12) 38.640 (20)
37.280 (13)
37.392 (18)
39.400 28 39.473 (22) 39.299 (22)
40.860 15 40.815 (20)
41.680 54 41.663 (20) 41.206 (51) 41.534 (17)
41.683 (13)
43.640 20 43.330 (8)
43.960 19 44.141 (14) 44.118 (35)
44.669 (15)
44960 24 44.832 (15) 44.849 (22)
45.618 (20)
46.340 33 45.740 (24) 46.254 (26)
47.089 (35) 47.859 (22)
48.080 ol 48.008 (11) 48.674 (16) 48.039 (27)
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Table E.3: Comparison of 20 values of peak points of C3 with standard 20 values

of expected minerals with corresponding relative intensities

Cement Possible cementitious minerals
3 Yeelimite Larnite Anhydrite Brownmillerite Ternesite
(33-0256) (33-0302) (37-1496) (30-0226 ) (49-1807)
20 R.I. 20 (R.I.) 20 (R.1.) 20 (R.I.) 20 (R.1.) 20 (R.I.)
19.500 14 19.108 (9) 12.198 (45) 19.389 (8)
21.840 16
22.600 24 22.494 (12)
23.780 90 23.643(100) 24.339 (16)
25.520 31 25.436(100)
26.760 25 26.594 (17)
28.000 49 27.874 (27)
28.620 26 28.469 (14)
29.440 33 29.267 (9) 29.334 (32)
30.000 30 29.914 (11)
30.480 19 31.059 (21) 31.324 (40)
31.460 100 31.367 (29) 31.584(100)
31.773 (22)
31.660 83 32.054 (97)
32.136(100) 32.124 (25)
32.593 (83)
32700 19 32.926 (30)
33.500 36 33.497 (35)
33.840 37 33.796 (25) 33.875 (100)
34.340 38 34.330 (42) 34.239 (32)
35.020 55 34.798 (17)  34.949 (57)
35.900 45 35.235(9)
36.680 (12) 38.640 (20)
37.280 (13)
37.392 (18)
39.380 28 39.473 (22) 39.299 (22)
40.860 19 40.815 (20)
41.680 50 41.663 (20) 41.206 (51) 41.534 (17)
41.683 (13)
43.580 20 43.330 (8)
43.940 18 44.141 (14) 44.118 (35)
44.669 (15)
44940 24 44.832 (15) 44.849 (22)
45.618 (20)
46.320 31 45.740 (24) 46.254 (26)
47.089 (35) 47.859 (22)
48.060 47 48.008 (11) 48.674 (16) 48.039 (27)
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Table E.4: Comparison of 20 values of peak points of C4 with standard 20 values

of expected minerals with corresponding relative intensities

Cement Possible cementitious minerals
C4 Yeelimite Larnite Anhydrite Brownmillerite Ternesite
(33-0256) (33-0302) (37-1496) (30-0226 ) (49-1807)
20 R.I. 20 (R.1.) 20 (R.I.) 20 (R.1.) 20 (R.I.) 20 (R.1.)
23.780 100 | 23.643(100) 12.198 (45)
25.560 67 25.436(100) 24.339(16)  27.874 (27)
28.469 (14)
29.334 (32)
31.420 45 31.367 (29) 31.324 (40)
32.600 52 32.054 (97) 31.584(100)
32.136(100) 32.124 (25)
32.920 65 32.593 (83)
33.240 40 33.497 (35)
33.660 49 33.796 (25) 33.875 (100)
34.330 (42) 34.798 (17)  34.239 (32)
35.880 44 35.235(9) 34.949 (57)
36.640 20
38.740 15 37.392 (18) ' 38.640 (20)
39.240 19 39.473 (22) 39.299 (22)
40.840 30 40.815 (20)
41.720 42 41.663 (20) 41.206 (51)
43.560 23 44.118 (35)
45.618 (20) 44.849 (22)
45.740 (24) 46.254 (26)
47240 28 47.089 (35)
47.859 (22)
48.780 19 48.674 (16) 48.039 (27)
50.228 (45)  50.474 (18)
52.040 20 52.229 (11) 51.998 (21)
52.360 22 52.289 (10)
55.800 22 55.721 (15)
56.660 23 56.470 (12)
57.660 29 57.400 (11)
58.540 23 58.420 (14)
59.220 24
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Table E.S: Comparison of 20 values of peak points of C5 with standard 20 values

of expected minerals with corresponding relative intensities

Cement Possible cementitious minerals
cs Yeelimite Larnite Anhydrite Brownmillerite Ternesite
(33-0256) (33-0302) (37-1496) (30-0226 ) (49-1807)
20 R.IL 20 (R.L) 20 (R.I.) 20 (R.I) 20 (R.I.) 20 (R.I)
23.760 100 | 23.643(100) 12.198 (45)
25.520 57 25.436(100) 24.339 (16)  27.874 (27)
28.469 (14)
29.334 (32)
31.380 31 31.367 (29) 31.324 (40)
32.560 60 32.054 (97) 31.584(100)
32.136(100) 32.124 (25)
33.200 51 32.593 (83)
33.380 39 33.497 (35)
33.820 45 33.796 (25) 33.875 (100)
34.330 (42) 34.798 (17)  34.239 (32)
35.740 18 35.235(9) 34.949 (57)
36.600 18 36.680 (12)
38.720 19 37.392 (18) | 38.640 (20)
39.240 16 39.473 (22) 39.299 (22)
40.860 29 40.815 (20)
41.700 43 41.663 (20) 41.206 (51)
43.420 17 44.118 (35)  44.849 (22)
45.618 (20) 46.254 (26)
45.740 (24)
46.840 19 47.089 (35)
47.600 17 48.008 (11) 47.859 (22)
48.039 (27)
48.700 19 48.674 (16)
50.640 13 50.228 (45) @ 50.474 (18)
51.800 16 52.229 (11) 51.998 (21)
52.320 17 52.289 (10)
55.800 16 55.721 (15)
56.660 16 56.470 (12)
58.480 20 58.420 (14)
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