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INTRODUCTION

The growing amounts of ash generated by coal-fired electric power
stations present an increasing disposal problem. In the past,
utilization of the waste coal ash has been an under used method of
disposal, ranging from only 18-27%% of the total ash since 1977 (8).
For instance, 77%% of the 69 million tons of coal ash produced in the
U.S. in 1984 was disposed of primarily by landfill.

That same year,

only 20.3%% of the waste fly ash, which comprised 74%% of the total coal
ash, was utilized in some manner (8). The level of fly ash utilization
had risen to 23%% in 1985, however the amount of fly ash generated in
that same year had also increased to 48.3 million tons (36).

With the

shear bulk of waste ash being produced, cheap and ready disposal sites
are filling up.

Utilization of coal ash, which represents an unique

form of disposal, is of increasing interest to ash producers (electric
utilities), the end-users, the regulatory community, and the public.
Coal fly ash is a source of metal oxides, e.g., aluminum and iron,
which is already crushed to fine particle size and present at a readily
available source. In the case of aluminum, coal ash represents a large
untapped domestic source potentially capable of satisfying the entire
U.S. demand. This takes on added importance since over 90%% of the
primary aluminum produced in the U.S. today is from either imported
bauxite ore or alumina (11).
the dependence on imports.

Coal fly ash could thus be used to reduce

Other institutional incentives for

utilization of coal fly ash include more stringent disposal siting
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restrictions, a desire of the utilities to improve their public image,
and rising disposal costs.
This investigation is part of a study to recover minerals and
useful byproducts from fly ash, thereby substituting utilization for
disposal.

One method for recovering alumina from coal fly ash is the

Ames Lime-Soda Sinter Process. The process involves the high
temperature sintering of a mixture of limestone, soda ash, and fly ash
followed by an extraction of reclaimable aluminates.

The solid residue

from the extraction step, consisting of primarily dicalcium silicate,
shows promise for further processing.
Cement from the Process Residue
Even though the process residue is expected to be readily
disposable, some means for its utilization is highly desirable to
enhance the economics of the lime-soda sinter process.

Utilization of

the process residue would allow a partial recovery of the large amounts
of energy and lime consumed by the lime-sinter process.

Also, a

complete disposal of the original fly ash could be achieved, not a
substitution of one waste form for another. In fact, the lime-sinter
process produces 1.3-1.5 ton of residue for every ton of feed fly ash.
It has been suggested that the process residue would make an
excellent cement raw material.

Some characteristics of the sinter

residue that support this view are:

3

High dicalcium silicate content

C2S^ is an intermediate

compound to the formation of tricalcium silicate (C3S, 3Ca0.Si02), a
prized cement compound.
Large amounts of lime

The large amounts of chemically bound CaO

make it possible to increase the throughput of a cement kiln and lover
the energy requirements per ton of product cement by using the residue
as a cement raw material.
Finely divided product

In the cement industry, large amounts of

energy are spent reducing the particle size of the raw materials to
improve the kinetics of the cement-forming reactions. Use of the finely
divided sinter residue would be an energy savings.
Low-alumina content

Sulfate resistant (Type 5) Portland cement

must be low in calcium aluminate (i.e., C3A, 3Ca0.Al203). Being low in
alumina, the sinter residue should make an excellent raw material for
the production of Type 5 cement.
Sulfate attack is an important problem for many types of structures
which are in contact with sulfate salts existing naturally in many
soils, shales, and groundwaters.

This chemical attack, thought to

involve primarily the hydrated calcium aluminate phases, can completely
disintegrate concrete made with general cement in a very few years.

The

degree and rate of sulfate attack can vary with the severity being
directly related to the sulfate concentration of the surrounding water

^Nomenclature and abbreviations (C=CaO, S=Si02, AzAl^Og, F=Fe203,
C3S=3Ca0.Si02, etc.) common to cement practice are used throughout this
paper, and are given in Appendix A.
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and inversely related to the amount of dry exposure (6).

Sulfate

resistance is particularly important in the western states where
groundwaters and soil have high sulfate concentrations.

The solution to

sulfate disintegration lies in the use of cement which is either low in
C3A or intermixed with active silica (e.g., a pozzolan material) (16).
Presently,, sulfate-resistant cements are primarily produced by reducing
the C3A content of the cement (i.e.. Type 5). This is accomplished by
increasing the relative iron content of the cement feed to
preferentially produce C4AF at the expense of C3A.

The hydration

products of C4AF have been found to be much less susceptible to sulfate
attack.
Use of a pozzolan is another method to improve sulfate resistance.
A pozzolan is a material capable of reacting with lime in the presence
of water at ordinary temperatures to produce cementitious compounds
(85).

A Portland cement can be blended with a pozzolan (typically up to

15 percent by weight) to alter its cementing properties.

Addition of

the pozzolan generally reduces both the heat of hydration and early
strength, but also improves the resistance to sulfate attack and alkaliaggregate reaction, as well as increasing the ultimate strength.

Coal

fly ash is a popular pozzolan.
The main goal of this investigation was to demonstrate that a lowalumina Portland cement could be produced from the lime-sinter process
residue.

Secondly, the project was to determine the best manner to

utilize the sinter-residue as a cement raw material from both a clinker
quality and economic perspective.

To accomplish these goals, areas of

investigation included a characterization of the sinter residue, a
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burnabillty study of the reactivity of the sinter residue as part of a
cement feed, physical testing of the produced residue-cement, a kinetic
analysis of the formation of C3S, and an economic feasibility study of
the lime-soda sinter process.

The major parameters probed in the

experimental study include clinkering temperature, lime content, and
alumina (flux) content of the cement raw mix.

Other important cementing

properties, such as the optimum amounts of added gypsum, required water
and particle size; sulfate resistance; and resistance to alkaliaggregate reaction were also observed.
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LITERATURE REVIEW
Lime-Sinter Process
The recovery of alumina from clay materials, such as coal fly ash,
has been proposed for years using some form of high temperature
sintering.

Seailles described a process in 1939 by which large amounts

of aluminum and silicon could be recovered by baking a proper
proportioned mixture of lime or limestone and metal slag or coal
combustion residue (114).
process.

This is an early description of a lime-sinter

The key to recovery is supplying a reagent (e.g., CaO), which

has a stronger affinity for silica then does alumina.
Further investigation on this topic was made in Poland by Grzymek
and Derdacka-Grzymek (49) and Nowak (99) whereby alumina could be
recovered by extraction from a disintegrating sinter product of a
mixture of limestone and fly ash.

The solid residue from the extraction

step could be further processed into a portland cement.

Work in the

U.S. found that high alumina recoveries from clay materials could be
achieved (from 85-90%^) using optimum operating conditions for the molar
ratio of Ca0:Al203 and the sintering temperature as well as adding soda
to the sinter feed (48,73). The economic feasibility for the lime-soda
sinter process was evaluated by Peters and Johnson (102) and
Katell (74).
More recently, work undertaken at Ames Laboratory has focussed on
alumina recovery from coal fly ash (19,39,95,96). Their investigation
has found that the lime-soda sinter process is best suited for higher
calcium containing fly ash (i.e.. Class C), that cement kiln dust can be
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used to replace some of the required limestone, and that the addition of
coal refuse to the sinter mixture will increase the alumina recovery and
reduce required kiln temperatures.

Additionally, the research has

identified ions which inhibit the disintegration of the sintered mixture
(caused by the transformation

of P-C2S to Y-C2S), contrasting the

process proposed by Grzymek.
Ames lime-soda sinter process
The research at Ames Laboratory has developed a process by which
both alumina and portland cement can be produced from coal fly ash,
thereby totally disposing the waste ash.
shown in Figure 1.

A flowsheet for the process is

In the process, a well mixed and finely divided

charge of fly ash, limestone, and soda ash is heated to high temperature
in a rotary kiln.

Lime (CaO) supplied by the dissociation of CaCOg

combines with silica derived from the fly ash forming a calcium silicate
(namely, P-C2S).

Alumina, also from the fly ash, reacts with lime and

soda to form calcium and sodium aluminates, respectively. The soluble
aluminates can be extracted from the ground clinker by using a dilute
sodium carbonate solution.

After separation from the solid residue, the

extract is contacted with CO2 to precipitate Al(0H)3 which can be
calcined to produce a high purity alumina (95). The solid residue from
the extraction step is mixed with limestone and possibly an additional
fluxing material, and then fed into a conventional cement kiln using a
clinkering temperature of between 1300°-1500°C. The resulting cement
clinker is then interground with gypsum to yield portland cement.
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Figure 1. The Ames Lime-Soda Sinter Process for the recovery of AI2O3
from power plant fly ash(25)
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Portland Cement
The term cement covers many different types of materials.

However,

one convenient definition states that a cement is an adhesive substance
capable of uniting fragments or masses of solid matter to a compact
whole.

While even this definition encompasses many vastly dislike

materials, the cement of interest in this discussion is used to bind
stones, brick, etc. in the construction of building and engineering
works. These types of cement possess the similar characteristic of
containing compounds of lime and silica. Thus, the term "cements" in
this sense refers to calcium silicate cements.
Most cements are listed under the title portland cement, which is a
generic name for a group of hydraulic solids (i.e., become hard upon
addition of water) governed by specifications for their physical and
chemical properties.

Knowledge of the phase composition of a cement

allows for the prediction of its cementing properties.

More

importantly, manipulation of the phase composition makes it possible to
modify cementing properties to better fit specific needs.

Portland

cements are classified in the U.S. by their specific cementing
properties as follows:
Type 1:

For use when the special properties specified
for any other type of cement are not required.

Type 2:

For general use, more especially when moderate
sulfate resistance or moderate heat of
hydration is desired.

Type 3:

For use when high early strength is desired.

Type 4:

For use when low heat of hydration is desired.

Type 5;

For use when high sulfate resistance is desired.
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Process of cement manufacture
Portland Cement is prepared by burning a feed of raw materials,
which could be classified into two major groups: one containing calcium
oxide (limestone) and the other, aluminum-silicates (clay).

Cement is

generally produced in large plants using the most readily available and
cheapest raw materials.

These raw materials can be natural in origin,

(e.g., limestone, marls, shales, chalk, and clay) or manufactured
byproducts, including waste alkali, bauxite, and iron oxide.

Cement

manufacture consists of the burning of a homogeneous mixture of raw
materials in a kiln to form a clinker, which is ground, following
addition of a small quantity of gypsum, to a fine powder.
The first stage of cement processing is the grinding and intimate
mixing of the cement raw materials.

The proportioning of these raw

materials is based on a chemical composition that will yield a cement
with the desired properties.

Mix proportioning typically uses ratios

(moduli) of the four main cement oxides (CaO, Si02, AI2O3, and Fe203).
The most common of these ratios, which are listed in
Appendix A, are the alumina ratio (AR), the ratio of the amount of
alumina to iron oxide; the silica ratio (SR), the ratio of the amount of
silica to the sum of alumina and iron oxide; and the lime saturation
factor (LSF), the ratio of the total CaO available to the theoretical
amount of CaO required to react with all of the silica to form C3S, with
the alumina and iron to form C4AF, and with the remaining alumina to
form C3A. Bogue developed a method of determining the probable phase
constitution of a burned clinker considering the clinker minerals, i.e.,
the Bogue equations (16). The Bogue equations, founded on observations
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of equilibrium conditions, predict the probable phase composition for
the common cement phases of C3S, C2S, C3A, C4AF, and C2F. The
reactivity of the blend of raw materials is also important in mix
design.

For example, a mix with an ideal chemical composition may

require an excessively high burning temperature, therefore being
economically unfeasible.

There are a number of methods used to

determine burnability (used interchangeably with reactivity) of cement
raw mixes.

Chat terjee groups the various techniques into the following

categories (22):
Theoretical approach

This method employs empirical equations for

indexing burnability through physical and chemical characteristics of
the raw mix.
Semi-Experimental approach

Techniques in this group utilize a

minimum number of experiments, observing the residual content of lime in
conjunction with empirical equations.
Experimental approach

This approach is the best method for

determining the effect all known and unknown factors have on
burnability. It is again based on observing the amount of residual lime
in the cement clinker.
The ease of proceeding to complete reaction can not only be affected
by mineralogical nature of raw materials, but also fineness.

Coarse

particles, such as silica or calcite, may not react completely during
commercial burning conditions.

Christensen and Smidth (28) recommends a

maximum permitted particle size for quartz (44 microns), feldspar (63
microns), and calcite (125 microns). This idea of critical particle
sizes was taken further in the development of an empirical equation to
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predict the residual lime content for a burning of a raw mix at 1400°C
for 30 minutes (41). The critical particle size given for C2S slag was
63 microns.
A typical target for the fineness of cement feed is 20% residue
greater than 74 microns or 15% residue greater than 88 microns.

In

practice, the costs of further grinding the raw mix must be weighed
against the energy savings produced.

The raw mix preparation can be

accomplished either dry or in a water slurry.

Most cement plants now

use dry processing of feed because of the lower energy requirement for
burning and because of the availability of improved solid grinding and
homogenization equipment.
After mixing, the feed is introduced at the top of a long, inclined
rotary kiln and run countercurreht with hot combustion gases fired at
the lower end of the kiln. The inclination and speed of rotation of the
kiln allow for control of the rate of material flow. A typical residence
time for a cement mix through a 200 feet long rotary kiln is 2.5 hours
and about 6 hours for a 450 feet kiln.

Surprisingly, an estimate of the

time the feed is between 1300°C and the clinking temperature is only 20
minutes.

Further, the clinker actually achieves the maximum temperature

for little more than a fraction of that time.
As the feed progresses down the kiln, it moves gradually into
regions of increasing temperature.

The cement kiln can be broken into

four distinct temperature regions of evaporation, calcination,
clinkering, and cooling.

There is a wide variation for the cement

reactions within the rotary kiln due to the many possible choices in raw
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materials, and kiln operating conditions.

The following represents

typical cement processing.
Evaporation

Exit gases at the top end of the kiln (at a

temperature of 240° to 450°C) quickly heat the feed above a point where
free water is lost by evaporation.
Calcination

After all the free water is lost, the charge warms

to greater than 600°C, where decomposition occurs such as loss of bound
water and carbon dioxide.

Magnesium carbonate begins to decompose near

600°C, releasing gaseous CO2, while CaCOg begins to decompose at about
900°C.

Lea notes that investigations have determined that decomposition

of calcium carbonate by reaction with clay (alumina-silicate) starts
well below the dissociation temperature of 840°C (85).

An accelerated

heating rate to a temperature of 1000°C has been found to favor
reactivity of dissociated CaO, i.e., increase the rate at which the
clinker phases will form (120). This has been confirmed by Alimmaryi
and Tamas in a study of the effect of rapid calcination conditions on
the cement clinker (3).

For a typical cement facility with a preheater,

the early heating velocity is estimated to be a few hundred °C per
minute (120).
In the calcination zone, which covers over half the length of kiln,
the feed transforms into a reactive mixture ready for further chemical
change.

Initial chemical combination takes place toward the end of the

zone (around 1200°C), when calcium aluminates, calcium ferrites and C2S
form through solid-state reactions.

The amount of unreacted lime

reaches a maximum near 1000°C, after which the less basic calcium
aluminates and ferrites initially formed convert into their final forms
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(e.g., C3A and C4AF) (85). The alumlnate and ferrite phases represent
the common fluxes (i.e., liquid forming phases), which

will melt near

1350OC.
Clinkering

Partial melt of the feed begins at temperatures

greater than 1300°C.
increase linearly.

The quantity of this liquid phase does not

Rather, a considerable amount of melt appears near

the equilibrium temperatures for the CgS-C^S-CgA-ferrite eutectic. This
phenomena is illustrated in Figure 2 for a hypothetical cement mix.

Figure 2. Illustration of clinker melt formation for a typical cement
feed
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Presence of this melt phase is a precursor for the formation of C3S.
Formation of C3S, even by solid-state reactions can not be anticipated
below 1260°C due to the instability of C3S at lower temperatures.
Numerous microstructure investigations of the quenched clinker have
shown that the cement melt wets the solid phase grains, thus forming a
continuous network connecting most of the clinker mass.

This melt

network, comprising as much as 25-30%* of the entire mass, enables
movement of species to occur more rapidly than could be possible in the
solid-state.

Mass transfer is not likely to occur by convection in the

melt because it is present as a thin film.
By the time the clinkering temperature is reached (e.g., 1400°1500°C), most if not all of the alumina, ferric oxide, and minor
constituents will comprise the liquid phase with only C3S, C2S, and
possibly some free CaO present as solids.

Formation of C3S is by an

additive reaction between CaO and the previously formed C2S.
CaO + C2S <—> C3S

(1)

The reaction occurs at the contact localities between lime-rich (CaO)
and silicate-rich (C2S) regions.

Although the geometrical conditions

may differ, the nature of the contact interface will be the same
provided that the system is well mixed (homogeneous) at the time C3S
starts forming and that the temperature is uniform.

However, the

interconnecting amounts of melt may possess local areas of varied
composition (68). The reaction between CaO and C2S is thought to occur
by the dissolution of ions into the melt and the crystallization of C3S
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from a supersaturated melt.

The formation rate of C3S is dependent on

the quantity and viscosity of the melt phase, fineness of the reactants,
and temperature (82).
Cooling

Having passed under the burner flame in the lower end of

the kiln, the charge, now in the form of granular masses mostly 1/8 to
3/4 inch diameter (i.e., clinker), begins to cool.
clinker nodules is described by Gartner (42).

Formation of the

As the clinker falls from

the kiln to a moving grate, it is rapidly cooled by either an air or
water spray.
20°C/min.

Usually, the rate of cooling of the clinker is 18°-

However, optimization of the cooling rate is of vital

importance.

Chatterjee and Ghosh have outlined the effects on the

clinker due to variations of cooling rates (23).

By a rapid cooling,

they report the resulting cement will be more hydraulically active,
grind with less required energy, and have improved soundness and sulfate
resistance (i.e., rapid cooling traps more of the aluminate phase in a
glass phase).

With a slow cooling of the clinker, the melt phase

redissolves part of the C3S produced to form C2S and C3A.

Moreover,

below the approximate temperature of 1250°C, C3S becomes unstable and
decomposes to C2S and free CaO if equilibrium conditions are obtained,
i.e., slow cooling.
The adverse effects of reducing conditions can also be influenced by
the method of cooling.

Localized reducing conditions during the burning

of the cement clinker may be caused by a deficiency of oxygen in the
kiln atmosphere, or often caused by entrapment of large particles of
unburned fuel (char) in the feed.

Reducing conditions alter the

relative amount of C4AF (increasing the C3A content) and decrease the

17

stability of C3S (123).

This was explained by the reduction of part of

the iron in the charge from trivalent to bivalent.

The bivalent iron

does not form C4AF, freeing alumina to form additional C3A.

Further,

the bivalent iron is taken up by the C3S lattice, making the C3S
unstable.
The detrimental effects of a reducing condition in the kiln become
strongly marked only if the clinker cools slowly under the reducing
conditions to temperatures below 1250°C (87). Thus, to avoid the
reduction of clinker quality, the clinker should have a temperature of
at least 1250°C when leaving the kiln and entering the oxidizing
atmosphere of the cooler. The clinker should also be rapidly cooled to
capture the C3S formed.

During cooling, the cement compounds of C3A,

C4AF, or C2F along with the minor compounds present will crystallize out

the melt.
Finally, the cooled clinker is conveyed to ball mills where it is
ground to a fine powder.

A small amount of gypsum (3-5%w) is

interground with the clinker to control setting characteristics, (i.e.,
eliminate the flash set caused by C3A and improve early strength
formation).

However, it has also been demonstrated that gypsum affects

such mechanical properties of the cement as strength, shrinkage, and
expansion in water (85,119). The ground cement is subsequently stored
in large silos until shipping.

Some form of final blending of the

cement could take place to improve uniformity of performance by
averaging the small differences in chemical composition and burning
conditions that inevitably occur during manufacture.
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Mineralizer and Flux
There is both practical and experimental evidence from the glass,
ceramic, and cement industries that certain minor compounds have a
significant effect on melt formation and reaction rates.
compounds are termed fluxes and mineralizers.

These minor

By definition, a flux

decreases the melting point of the liquid phase, and a mineralizer
accelerates the rate of a process or reaction occurring either in the
solid-state, within the liquid phase, or at the liquid-solid interface
(77).

Thus, both fluxes and mineralizers can be used to reduce required

burning temperatures and save energy.
The use of mineralizers and fluxes is quite attractive to the cement
industry because of the industry's high energy requirement.

Some

practical implications of their use in cement production include the
increased throughput of cement clinker, the improved ability to produce
cement from hard to burn raw mixes, and the decrease in required burning
temperatures for average cement designs.

The use of fluxes and

mineralizers is not restricted in cement production as long as their
presence will not affect the physical properties of the cement (e.g.,
setting time, strength, and expansion) or cause advanced deterioration
of kiln lining.

The main fluxing/mineralizing materials found in cement

raw mixes include iron oxide (Fe203), aluminia (AI2O3), alkalies such as
soda (Na20) and potash (K2O), and magnesia (MgO).

Other materials

finding use as fluxes/mineralizers are fluorides, sulfates, and
phosphates.

The following discussion will describe the main

fluxes/mineralizers in more detail.
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Alumina and iron oxide
Alumina and iron oxide are the chief industrial fluxing agents
employed in the cement industry since they are found in most of the
common cement raw materials.

Both oxides act as fluxes by increasing

the amount of the liquid phase.

Also, alumina and iron oxide help

produce high C3S content (correspondingly reducing the amount of free
CaO) and improve the grindability of the clinker (47). The desired
amounts of these elements have been found empirically.

It may happen

that iron oxide was added to improve burnability simply because it is
the cheapest available flux.

Banda and Classer investigated the

relationship of the amounts of alumina and iron oxide to melt formation
(10). They determined that the best results for burning mixtures of
natural raw materials at standard compositions are achieved using an
alumina ratio (A/F) of 1.38.

At this ratio, the optimum amount of melt

will be formed at the lowest required temperature, leading to the lowest
energy requirements for the complete burning of the raw mix.

Lea states

that at a clinkering temperature of near 1400°C, alumina will form more
liquid per unit weight than will iron oxide.

However, iron appears to

have a greater effect on the solid-state reactions between lime and
silica (85).
Though commonly used as a flux, alumina can cause problems.

Most of

the alumina in cement clinkers is found in the phases of C3A and C4AF.
Unfortunately, sulfate attack on concrete structures is increasingly
evident when the concentration of C3A exceeds 5%^ of the cement.

At

present, the cement industry produces a sulfate resistant (Type 5)
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cement by decreasing the alumina ratio.

This is done to promote the

formation of C4AF, which has hydration products that are more resistant
to sulfate attack, at the expense of C3A formation.
Alkalies
The presence of alkalies in the cement raw mix is unavoidable, since
they exist in minor quantities in almost all of the standard cement raw
materials.

Although about half of the alkalies are volatilized as the

cement raw mix approaches the hot zone (i.e., temperatures between 800°1G00°C), they are partly condensed back into the solid mix in cooler
parts of the kiln (below 700°C) in a cyclic fashion (85). The alkalies
which remain with the clinker show properties of a flux. The
burnability of a cement raw mix improves at lower temperature in the
presence of Na20 and K2O, but deteriorates at higher temperatures,
especially when the alkali oxide content exceed l%y (1). An increased
awareness of alkalies was started when it was reported that alkaline
solutions produced in the hardened concrete subsequently reacted with
some aggregate ingredients, thereby causing disruptive expansion and
deterioration (121).

Since then, alkalies have been regarded as

potentially deleterious, but unavoidable species in cement clinkers.
Jawed and Skalny report that akalies found in portland cement are
combined as sulfates or incorporated in the silicate or aluminate phases
(61).

The presence of the alkalies in the cement phases modifies their

crystal structure also, changing their hydraulic reactivity.

Jawed and

Skalny also noted many cases where alkalies in the cement raw materials
decrease the rate of clinkering reactions.
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Magnesia
Magnesia is a relatively unimportant constituent in a portland
cement.

However, up to a certain limit an increase in magnesia causes

increased melt content, which corresponds to improved burnability (1).
Moreover, Bucchi reports that the existence of MgO improves burnability
only in the higher range of temperatures (i.e., greater than 1300°C)
(17).

There is an upper limit of magnesia content (e.g., ASTM specifies

f)%y) in a cement, due to its harmful effect on concrete soundness.

The

problem of high magnesia content arises from the very slow hydration,
accompanied by expansion, of the free MgO (periclase) crystals above a
certain size (85).
In their review of the manufacture of cement, Klemm and Struble
noted that in work investigating white cement raw mixes, an increase in
MgO content from 0.6 to 1.1%^ resulted in a free lime reduction from 5.3
to 2.1%y using a 30 minute residence time for burning at 1400°C (78).
Further, it was discovered that increased MgO content, up to a maximum
of 3%y,, resulted in an increased strength caused by an apparent increase
in C3S formation.
Fluorides
To date, the most dramatic and consistent improvement in cement
burnability had been achieved through the use of fluoride-containing
compounds.

Fluoride compounds that have been evaluated include CaF2,

CaSiF5.2H20, NaF, MgF2, fluotitanic acid and fluosilicic acid
(76,79,80,84,116).
most attention.

Of these, calcium fluoride (CaF2) has received the

In fact, the U.S. Bureau of Mines has been searching

for a method to utilize fluosilicates, byproducts recovered during the
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production of phosphoric acid (14,70). One means could be as a cement
flux/mineralizer.

Fluorides act both as fluxes and mineralizers since

they both lower the temperature at which the liquid phase is formed and
increased the reactivity of free lime with intermediary clinker
material.

However, the economical and practical use of fluorine demands

that its addition be held low (e.g., 1-2%^ maximum). Thus, amount of
liquid formed at lower temperatures is relatively small, meaning that
not all of the grains may get wet.

Furthermore, the additional liquid

formed by fluorine at higher temperatures is not large.

Nevertheless,

fluorine produces an increase in ion mobility (enhanced diffusion
coefficients) in the melt, and improves the driving force toward C3S
synthesis (46).
Klemm and Jawed have investigated fluorine-containing materials as
cement fluxes (76).

They found evidence that fluorine-containing

additives have a major influence on the composition of the liquid phase
(melt) which, in turn, accelerates silicate mineral formation between
1200° to 1300°C. The presence of MgO and K2SO4 influences the
partitioning of fluorine between the silicate and interstitial phases.
The following reaction sequence was proposed to clarify the clinkering
process in the presence of fluorine containing materials (76):
1) A ferrite-aluminate phase is formed, below
1200°C, from the reaction of fluorine (e.g., from
CaF2 or CaSiFg) with other raw mix components.
2) The C3S phase rapidly forms at temperatures below
1200°C due to the presence of the clinker liquid
phase. As C3S crystallizes from the melt, a
small quantity of fluorine is continuously
removed.
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3) The liquid phase composition changes with the
depletion of fluorine, qualitatively depicted as
(melt + CiiAyCaFg —> melt + C3S.CaF2 + C3A).
The presence of fluorine replaces formation of
C3A with CiiA7.CaF2, and as fluoride is depleted,
C3A is then formed.
4) At higher temperatures (e.g. 1300°C) complete
decomposition of CiiA7.CaF2 with formation of C3A
may occur when sufficient fluorine is removed
from the clinker liquid phase.
The existence of a liquid phase at temperatures as low as 1180°C in a
Ca0-Si02-Al203-Fe203-CaS04-CaF2 system was also observed by BlancoVarela and associates (15).

Likewise, using a sandwich technique,

Johansen and Christensen found that a 0.5 to 1%^ addition of CaF2 to the
cement feed increased the rate of C3S formation by an average of 240% at
a clinkering temperature of 1400OC (69).

However, greater amounts of

CaF2 (e.g., 2 to 5%^) did not yield any further benefit.
The cement produced with a fluorine-containing additive, in some
cases was found to be significantly greater in compressive strength than
cement without fluorine (76). The results, found for both synthetic and
industrial raw mixes, demonstrate that a cement can be burnt at lower
temperatures and still possess strength comparable with that of ordinary
Portland cement.
Unfortunately, there are drawbacks associated with fluorine use.
The presence of fluorides seriously increases the rate of deterioration
of the refractory lining of the cement kiln, although by allowing the
use of lower burning temperatures fluorine-containing additives should
act to increase refractory life.

Additionally, some work cited by Lea

shows that near a value of 0.5%^ F~, a stable coating is formed which
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protects the refractory lining (85).

Another problem with fluorine-

containing additives is the volatilization of fluorine and alkalies into
the exhaust gases.

Klemm and Jawed found this to be minimal at about

20%w of the fluorine added (76).
There is a difference of opinion about the benefits produced by use
of fluorine-containing materials.

Johansen and Christensen conclude

that, while judicious use of fluorine materials should lead to 130-150°C
reductions in required clinkering temperatures, this corresponds to only
a net energy savings on the order of 25 kcal/kg of clinker apparently
based mainly on the heat capacity of the clinker (69).

A survey of the

literature by Klemm and Skalny, on the other hand, shows that
calculations by other investigators predict more optimistic savings
(77). Presently, few cement plants employ fluroide in their feed.
Constitution of Portland Cement
The composition of a commercial cement clinker is quite complicated.
The cement clinker phases crystallize from a partly melted charge made
up mainly of oxides of Ca,- Si, A1 and Fe, but with other oxides present
as impurities.

The compounds formed in a cement clinker are not pure.

More correctly, the compounds are mixed crystal phases existing as
multicomponent solid solutions.

Both major and minor elements are

involved in this dilution of the pure compounds.

In addition to this,

polymorphism (i.e., different crystalline forms in phases with the same
nominal chemical composition) exists as with the silicate phases.

The

solid solution observed in the cement clinker involves a distribution of
the solute ions either by substitution of a foreign ion for a member of
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the crystal or, if the foreign ion is small, by the locating in normally
unoccupied or interstial sites (Frenkel defects). Likewise, a Schottky
defect, which is a vacancy in the normal crystalline matrix caused to
maintain electroneutrality, may occur.

The total defect concentration

of a solid is the sum of point defects (substitutional, Frenkel, and
Schottky) and line defects (edge and screw dislocation) (75).
The presence of the solid solution produces a change in the unit
cell size of the crystal lattice, which can be determined by x-ray
diffraction, and above a critical concentration produces a possible
change in cell type. In addition, the solid solution may stabilize a
high-temperature polymorph or hindering the transformation kinetics,
thus preventing its inversion to a more stable form upon cooling.

This

effect is more prominent with rapid cooling, as large amounts of solid
solution are retained.
I
Chemical analysis of cement clinkers is conventionally expressed as
oxides rather than elemental ions. This is acceptable since the crystal
structures of cement minerals are based on a framework of 0^~ ions
packed by cations (20). To maintain electroneutrality, each cation is
accompanied by the appropriate number of 0^~ ions in its oxide formula.
Portland cement is typically composed of over 90%% by lime, silica,
alumina, and iron oxide, with the major cement compounds comprised of at
least two of these oxides.

At normal conditions, the clinker will be

comprised of forms of C3S, C2S, C3A, C4AF and with lower alumina
cements, C2F.

Minor phases such as CaO and MgO may also exist.

following will expand on the major cement compounds.

The
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C-^S (alite)
Currently, 7 different polymorphic forms of C3S have been
discovered, 3 being triclinic, 3 monoclinic and 1 rhorabohedral (90).
The polymorphism is temperature-dependent and complicated by the many
modifications with small transition enthalpies.

All of the C3S

modifications have crystal lattices very close to the trigonal lattice.
Pure C3S is stable (with respect to C2S + CaO) between the temperatures
of 1250OC and ISOQOC.
In a cement clinker, the high temperature polymorphic forms can be
stabilized at room temperature by solid solution of the impurities
present in the cement feed.

The impure form of C3S, called alite, is a

true solid solution as it does not have a definite composition.

Rather,

it exists as different types of C3S solid solution (50). The foreign
ions most frequently found in alite are Mg, Al, Fe (up to 4%), with
lesser amounts of K, Ti, and Na (20,50,85). In fact, as early as 1958
alite was shown to contain C3A as an impurity (50).

The hydraulic

strength varies little between the different forms of alite (20).
Existence of the impurities effectively increases the amount of aliteC3S above that calculated by the Bogue equations.

The impurities found

in alite increase the hydraulic reactivity of the C3S phase as compared
to the pure compound (20,44,85,94).
As far as cement phases are concerned, alite is associated with
early strength, attaining the greatest part of its ultimate strength
within 7 days (85).

Alite possesses all of the essential hydration

properties of portland cement.

Specifically, it hardens quickly with an

initial and final set within a few hours after mixing and will show no
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signs of unsoundness if properly prepared. The paste made from C3S is
less plastic than a typical portland cement, requiring more water to
become workable.

Addition of gypsum to hydrated C3S will render it more

plastic and it will have an effect on setting time, e.g., both
retardation and acceleration have been reported (85).
C7S (belite)

Several polymorphic forms of C2S exist, with the 4 principal forms
designated a (hexagonal), a' (orthorhombic), g (monoclinic), and
(orthorhombic).

y

Unlike the C3S system, lattices of the different C2S

forms are known and well-characterized (44,50). The structural changes
between C2S forms can be large and the transformations, which are
temperature dependent, occur between 500°-1425°C and are different for
heating and cooling.

The transformation of P-C2S to Y-C2S causes a

large volume increase (13%), leading to dusting of the C2S sample. The
various forms of C2S can be stabilized by foreign ions.

For example,

^-C2S, the form found most commonly in portland cements, is stabilized
by alkali substitution (i.e., in particular potassium) (20,44,85).
cement clinker, 0-C2S is an impure phase known as belite.

In a

Belite

contains a greater proportion of foreign ions taken into solid solution
than does alite (up to 6%) as it is a product of imperfect
crystallization of an

apparent non-equilibrium composition (109,126).

As with alite, the uptake of foreign ions will increase the content of
belite-C2S over that predicted by the Bogue equations.
The different forms of C2S possess varied hydraulic natures.

For

instance, Y-C2S is essentially non-hydraulic, &-C2S shows hydraulic
character, and a'-C2S is said to be more hydraulic than IS-C2S (20).
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Dicalcium silicate hardens slowly after the addition of water and is
associated with late strength development.

In fact, C2S produces little

strength at early stages, but gains steadily until eventually
approaching or exceeding equal strength with C3S.

The beta phase of CgS

shows no definite setting time, hardening over a period of days (85).
Addition of gypsum produces little change in the time of set.
The difference observed for the hydraulic strength has led
investigators to search for a means of producing a C2S form which would
approach C3S in the development of early strength.

Since C2S forms at a

much lower temperature than C3S, production of a hydraulically active
C2S cement would allow for reduced manufacturing costs and for the
possible use of lower grade materials.

Rangnekar and associates report

a method in which a highly reactive form of C2S was prepared by a rapid
burning from 1100°C to 1550°C to initiate a fast reaction within the
charge (107).

The clinker they produced, though only having a 10%% C3S

content, had a higher compressive strength than an ordinary cement
containing 40%* C3S at both 7 and 28 days.

Another method of

stabilizing various forms of C2S is by the use of substituted ions.
Suzuki describes the stabilization of a-, a'-, and (3-C2S by the addition
of mixtures of Na and Al, K and Al, Na and Fe, and K and Fe into the
silicate matrix (122). He found that the o-phase exhibited the highest
compressive strength and hydraulicity with the K and Fe substituted aphase showing the greatest strength.

The better development of these

characteristics for the a-phase was produced at the lower burning
temperatures.
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CiA (aluminate)
The interstitial phase of a cement clinker (found between and C3S
and C2S grains) is chiefly made up of crystalline C3A and C4AF.

Of the

phases found in the cement clinker, C3A is unique in that is is a
definite compound exhibiting no polymorphism when pure (20,50).
However, though such foreign ions as Fe, Mg, Si, Na, K, and Ti can be
contained in a C3A solid solution (as much as 13%), only the alkalies
(with Na being the most commonly encountered) cause a change in symmetry
(20,85,109,126). The crystal structure of C3A has been found to be
cubic.
Substitution of Na into the C3A lattice occurs as one atom of Na
substitutes for one of Ca and then to preserve the lattice neutrality, a
second Na atom must also be taken in the lattice.

Regourd lists four

domains of solid solution stability for the Na-C3A solid solution.
These include 1) for 0 to 1.9%w Na20: cubic; 2) for 1.9 to 3.7%* Na20:
two coexisting forms that are cubic and orthorhombic; 3) for 3.7 to
4.6%y Na20; orthorhombic; and 4) for 4.6 to 5.9%y Na20);
monoclinic (109).
An almost instantaneous set (flash set) occurs upon addition of
water to C3A with a great evolution of heat.

If the mass formed by the

flash set is broken up and remixed, a plastic slurry is obtained.

This

mixture will set and harden to a fair strength if left to cure in a
moist atmosphere.

However, the solidified paste will disintegrate when

placed in water. Thus, C3A cannot be rightly called a hydraulic cement.
C3A has a major effect on helping account for initial set and early

strength (85).

Lea states that the adverse properties of hydrated C3A
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are not seen in portland cement because of a dilution factor (typically
C3A amounts are only 6-14%*) and because of the addition of gypsum (85).
CAAF (ferrite)

The other main interstial cement phase is C4AF, which even free of
impurities, does not have an exact stoichiometry as do the other cement
compounds.

Regourd reports that in an industrial cement, C4AF is always

orthorhombic (109).

For many years, C4AF was believed to be a compound

of definite composition.

However, numerous investigations have

established the existence of a solid solution series ranging from C2F
and a hypothetical C2A to a solid solution given as C6A2F (85,94).
Typically, this phase is given the general form C4AF.

Timashev states

that the aluminum ferrite phase can contain up to 10%* impurities (126).
These include such elements as Mg, Si, Ti, and Cr (44,85). In fact, it
is said that the greyish color of portland cement is caused by the
presence of MgO in C4AF.

As with C3A, hydration of C4AF is rapid,

marked by heat evolution accompanying the setting.

However, though

setting occurs in a few minutes, C4AF does not display a flash set nor
the vigorous heat evolution associated with C3A hydration.

While the

rate of hydration is relatively high, the contribution of C4AF to
strength remains questionable (85).
Kinetic Models for Cement Reactions
The investigation of the rates and mechanisms of chemical reactions
can be undertaken for many reasons.

For instance, the time for a

chemical reaction to go to completion may be fractions of a second to
years.

Understanding of the factors controlling the rate of reaction is

necessary to have the reaction go to some useful extent in a feasible
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length of time.

An understanding of reaction mechanism allows an

extrapolation of scope of reaction to mechanistically related cases for
the same reactants or to related reactions.

Finally, structure

determination are often based upon reaction.
The study of reaction kinetics and mechanisms for the formation of
C3S in cement has typically been based on solid-state reactions

(21,68,82).

The reactions occurring in a cement clinker are complex,

making the study of reaction kinetics difficult.

One must enter the

kinetic arena aware that the many varied models for C3S formation
contain substantial approximations, that there frequently is no "right"
theory in the sense that another rival theory is correspondingly
"wrong", and that the bank of kinetic information that is available is
frequently inadequate to justify a rigorous treatment.
Solid-state reactions
Chemical reactions in a mixture of crystalline reagents exhibit a
number of special properties.

For instance, reactions between solid

phases take place at the interface between coexisting phases, i.e.,
heterogeneous reactions.

Therefore, regardless of the number of

reactants in the system, a reaction involves only two components.

The

major event occurring during the reaction can be visualized as the
breaking and reforming of chemical bonds in the solid phases.
The simplest and most frequent type of reaction is the additive
reaction (i.e., A + B —> AB, where A and B may be elements or
compounds).

If the product AB is not miscible with either reactant, it

forms a separate new phase through which the reactants must diffuse for
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further reaction (31).

On the other hand, if AB is partly or entirely

miscible in either A or B, it is generated as one or two new phases with
the original phases.
In the case of gaseous and liquid phase reactions where the
reactants are mixed on the atomic level, chemical reaction results from
atomic or molecular collision and can be described mathematically by
equations involving only time and concentration.

However, reactants in

solid systems are not mixed on the atomic level and therefore, must
diffuse or penetrate into each other for reaction to begin and continueThus, spacial coordinates are a controlling element.
For the solid-state reaction to proceed, the following three steps
must occur in sequence—material transport to the reaction interface,
reaction at the phase boundary and possibly transport away from the
interface. The rate of the reaction will be controlled by the slowest
of these steps.
Cement solid-state reaction models can be classified as being based
on diffusion control, nuclei growth control, or phase boundary control.
The following description of kinetic models is drawn from the work of
Hulburt (56) and Chou (26).
Diffusion control
solid phases, A and B.

Consider a system made up of two reacting
As the reaction proceeds, a product layer forms

between phases A and B, which the reactants must cross (diffuse) to
sustain the reaction.

For the single case of uni-directional diffusion

where the reactivity of A and B remains constant, the rate of growth of
the product layer is given by
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3f = r

">

where y is the thickness of the product layer, t is the time of
reaction, D is the diffusion coefficient of the migrating species, and k
is a proportionality constant.

Integration of equation (2) yields

y2 = 2kDt +C

(3)

Using the boundary condition of y=0 when t=0 gives the well-known
parabolic rate raw.
y2 = 2kDt = kpt

(4)

One of the earliest investigations into solid-state reaction
kinetics was made by Jander (58).

He applied the parabolic rate law to

powdered compacts assumed to be made up of spheres.

The system geometry

employed by Jander for his model is shown in Figure 3.

The Jander's

kinetic model was derived using the following limiting assumptions:
(1)

The reaction considered was an additive reaction

(2)

Nucleation, followed by surface diffusion, occurs at a
temperature below that needed for bulk diffusion such that a
coherent product layer is present when bulk diffusion does begin.

(3)

The chemical reaction is diffusion controlled.

(4)

The surface of the component in which the reaction is taking
place is completely and continuously covered with particles of
the other component.

(5)

Bulk diffusion is uni-directional.

(6)

The product phase is not miscible with any of the reactants.

(7)

The reacting particles are all spheres of uniform radii.
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(8)

The ratio of the volume of the product layer to volume of the
material reacted is unity.

(9)

The increase in thickness of the product layer follows the
parabolic rate law.

(10)

The diffusion coefficient of the transported species is not a
function of time.

(11)

The activity of the reacting species remains constant on both
sides of the reaction interface.

Phase B

A

-Phase A

\/À " Product

Figure 3. Schematic of Jander solid-state reaction geometry
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The derivation of Jander's equation is as follows.

Allow Vj. to be

the volume of material unreacted at time = t.

Vt = 3^ (r* - y)^

(5)

where r^ is the initial radius of the reacting particles.
fraction reaction completed at time t.

Let x be the

Then, the volume of material

unreacted is also given by
4nr^
Vt = -y-2 (1 _ X)

(6)

Equating equations (5) and (6) yields
y = rjl - (1 - x)l/3]

(7)

Next, substituting the value of y from equation (7) into equation (4)
produces the well known Jander's relation.

kjt =^= [1 - (1

(8)

where kj is the Jander's rate constant.
Jander's model has been verified for a number of solid-state systems
(75).

However, it has often been found inadequate to represent solid-

solid reaction data, due to its many simplifying assumptions.

For

instance, Jander verified his model preferentially for small degrees of
conversion, e.g., typically the degree of conversion was around 40%, not
once exceeding 80%. Further, the parabolic rate law used by Jander was

36

derived for a one dimensional system. While at lover conversions, where
there is a thin product layer, this may be a fair representation of the
spherical shell of the product, as time passes the shell will grow in
thickness and the surface area of the inner and outer shell will
diverge. Thus, at higher extent of reaction, the parabolic rate law
should be increasing in error (21). Also, the assumption that the
volume of the reacting phase is equivalent to the product phase formed
is limiting.

If this is untrue, the error in Jéuider's equation will

again grow with increasing extent of reaction.

Cohn additionally

reports that though the Jander's relation appears applicable to many
experimental results, it is based on an assumption of a linear
concentration gradient and a constant diffusion cross-section, which is
not true for spherical particles (31).
Kroger and Ziegler built upon Jander's work by assuming the
diffusion coefficient of the transported species was inversely
proportional to time.

Their equation, using Jander's first 8

assumptions, is
k^2 ln( t ) = [1 - (1 - x)l/3]2

(9)

where k^g is the Kroger-Ziegler rate constant.
Another modification of the Jander's model was made by Zhuravelev
and associates for the formation of C3A between 700°-1380°C (described
in (56)). They assumed the activity of the reacting substance was
proportional to fraction of unreacted material (1 - x).
they derived using Jander's geometry is

The equation
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2kDt

(10)

r

0

where kg^T is the Zhuravelev rate constant.

Budnikov and Ginstling

state that though the investigators proved that equation (10) was more
accurate than the Jander's equation for their data in the range of
parameters studied, the equation nevertheless showed substantial
discrepancies between theory and practice (18).
Ginstling and Brounshtein developed a solid-state reaction model
using all of Jander's assumptions except the parabolic rate law (45).
Ginstling and Brounshtein asserted that the parabolic rate law implied
that the reaction surface remained constant, when in fact they noted
that the spherical surface area actually decreased as the reaction
proceeds.

The parabolic growth laws are not adequate to describe the

course of reaction between spherical particles except during the initial
stages.

At this early period, the product layer thickness is much less

than the radius of the reacting particle.

By replacing the parabolic

rate law for an equation related to Barrer's equation for steady state
heat transfer through a spherical shell, their equation became

(11)

where kgg is the Ginstling-Brounshtein rate constant.
Another improvement of solid-state reaction kinetics came from
Carter, who worked on accounting for differences between the molar
volume of the reactants and product (21). Carter, also discarded the
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parabolic rate law in favor of Barrer's equation of steady-state
diffusion.

His model for rate of reaction, which contains a Z term to

account for change in volume of the product phase, was derived earlier
by Valensi from a different starting point.

The so-called Valensi-

Carter equation is given by

2/3
(1 + (Z - l)x)
- (1 ^C^ ~ (Z - 1) "
(Z - 1)

X)

where kyg is the Valensi-Carter rate constant.

2/3

(12)

Though considered a

significant improvement over the Jander's and Ginstling-Brounshtein
models, the Valensi-Carter equation is often difficult to apply because
of a lack of information to determine the value of Z. Geiss has shown
that the Valensi-Carter factor (Z) only becomes significant when the
ratio of volume of product formed to volume of reactant consumed exceeds
a value of 2 (43).
Another rate equation was derived for solid-state reactions based on
an exact solution of Pick's law by Dunwald and Wagner (1934) and Serin
and Ellickson (1941) (56,115).

The solution of Pick's law is in the

form of a infinite series

(1 - x) =

which can be approximated by the first term of the series.

(13)
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2
kpt =

t = In —=—
r;

(14)

/ ( I - X)

where kp Is the Pick rate constant.
All of the models described thus far are based on the reaction of
spherical particles of uniform radius and assume that one of the
reactants is in great excess so that the conversion can be described by
referring to the fraction reacted of the reactant in lesser amount.
Attempts at introducing particle-size gradation into a workable model
have been attempted by Saski (113) based on Carter's equation.

However,

the models derived involve complicated mathematics and contain
parameters difficult to measure.
In general, all of the diffusion controlled reaction models are
capable of describing the kinetics of many solid-state systems.
However, solid systems of compacted powders possess a large number of
variables which can affect the reaction rates, making all attempts at
modeling quite difficult.

Kingery and associates additionally point out

that calculating the reaction rate given by the solid-state models on an
absolute basis requires knowledge of both the diffusion coefficient for
all the ionic species along with the system's geometry and chemical
potential for each species as related to their position in the reactionproduct layer (75).

Another difficulty that they pointed out was the

strong dependence of reaction rates on the structure of the reaction
product.
Nuclei growth control

The formation of nuclei of a new phase is

an essential stage for many solid-state reactions.

Unlike the diffusion
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controlled system, this approach considers nucleation of products at
active sites and the rate at which the nucleated particles grow.
Systems in which this description fits refer mainly to reactions
involving decomposition such as with carbonates and sulfates (18).
A general equation relating the appearance and growth of spherical
nuclei is.credited to Avrami and Erofeev (described in (18)).

or

ln(l - x) = -k^t"

(15)

This equation suggests that the development of initial reaction sites
may be multistaged.

In other words, since the concentration of the

reactant changes, the rate may depend on time.
Christian has derived the various forms of equations based on
equation (15) (30).

His analysis utilized different assumptions for the

rate of nucleation and the controlling step of nucleation, i.e., either
phase-boundary or diffusion. Table 1 contains the values he found for
the parameter m which is a function of reaction mechanism, nucleation
rate, and geometry of the nuclei.
In general, use of equation (15) appplies to many real
transformations (30).

However, the validity of its application rests in

verification of the assumptions dealing with the rate of nucleation and
in assuming an isotropic growth rate. The theory behind equation (15)
assumes that the nucleation frequency be either constant or decreasing
(slowly or rapidly) from an initial maximum level during the course of
the reaction.

The Avrami-Erofeev relation is often applied to growth
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Table 1.

Summary of nuclei growth models listing the values for the
parameter m (30)

Phase Boundary
Control

Diffusion
Control

Three-Dimensional Growth (Spheres)
Constant Nucleation Rate
Zero Nucleation Rate
Decreasing Nucleation Rate

4
3
3-4

2.5
1.5
1.5-2.5

Two-Dimensional Growth (Planes)
Constant Nucleation Rate
Zero Nucleation Rate
Decreasing Nucleation Rate

3
2
2-3

2.0
1.0
1-2

One-Dimensional Growth (Rods)
Constant Nucleation Rate
Zero Nucleation Rate
Decreasing Nucleation Rate

2
1
1-2

1.5
0.5
0.5-1.5

Boundary Conditions

rates that are diffusion controlled, but in most cases there is no
adequate theoretical reasoning for it.

Hulburt noted the inadequacy of

an experimental investigation of the nuclei growth model to simply
determine a value for m most appropriate to the assumed growth law,
explaining that this methodology does not give sufficient information
for the growth habit to be deduced (56).
Another set of nuclei-growth equations were highlighted by Harrison
(55).

He describes a mechanism with three successive stages of 1) a

prenucleous process leading to formation of a large number of nuclei,
2) an accelerating growth period, and 3) the final period when the
nuclei are coalescing.

The simplest case cited is the power law
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X = C^t"

where

(16)

is a constant. Values for the exponent n (analogous to the

parameter m in equation (15)) must be found experimentally.

Another

similar empirical equation is the so-called exponential lav
X = Cge^t

(17)

where C2 is again a constant. Notice the similarity with equation (15).
When nucleation is self-catalyzed, equation (17) applies to the
processes where the rate of nucleation is affected by the extent of the
reaction, x.
Phase boundary control

Phase boundary control is considered when

the reactants diffuse through the product layer more rapidly than they
can combine at the reaction interface.

Under such circumstances, the

available interface area of unreacted material is proportional to the
rate.

Equations derived for simple geometrical systems based on phase

boundary as rate controlling make the following assumptions.
(1)

The reaction rate is proportional to the surface area of
unreacted material.

(2)

The nucleation step occurs virtually instantaneously, such that
the surface of the particle is covered with a product layer.

(3)

Diffusion through the product layer is very rapid.
For a spherical system assuming that at the beginning of the

reaction there is no product layer (i.e., at t=0, x=0), the phaseboundary relation becomes
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kpgt = ^ t = 1 - (1 -

(18)

0

where kpg is the phase-boundary rate constant.
simple geometries have a similar form.

Equations for other

For example, the case of a

circular disk reacting from edge inward is given by
kpgt = |- t = 1 - (1 -

(19)

0

Equation (18) resembles the Jander's equation in form (i.e.,
Jander's: f(x) = [1 - (1 - x)l/3]2 compared to phase boundary; f(x) =
[1 - (1 - x)l/3]). Furthermore, note that in phase boundary control,
the rate constant is inversely proportional to the radius of the
"reacting particle, while in diffusion control, the rate constant is
inversly proportional to the square of the radius.
Kinetics of the formation of C-^S in a cement clinker
An important part of the examination of high temperature industrial
processes is an understanding of reaction mechanisms and kinetics.

This

knowledge is essential for reliable process design and plant operation.
The heterogeneous reactions that occur between multicomponent solid
substances are a result of consecutive, overlapping reactions, which
make the study of the kinetics difficult.
Of the many reactions that occur during the firing of a cement
clinker, the formation of C3S (CaO + C2S) attracts the most attention.
This is because C3S is the most important cement phase formed and the
soundness of the cement depends upon having a low residual CaO content.

44

The following discussion of current investigation and theory of the
clinkering reactions will draw heavily from the outline compiled by
Chatterjee and associates (24).
Simple binary system

Many investigations of the reactions

forming C3S from cement raw materials make use of a simple binary system
of CaO and Si02, since the reaction between solid phases occurs only at
the interface of two adjacent phases.

Information obtained using more

complex and realistic forms of raw materials have confirmed the results
obtained from the simple systems (24).

An early investigation into the

calcium-silicate system was made by Jander and Hoffmann in which the
reaction rate was modeled by the Jander's equation (58). In this study,
Jander and Hoffmann found that no matter what the original proportions
of CaO and Si02> C2S formed at the interface of the phases.
reaction then formed C3S at the CaO-C2S interface.

Further

A similar study was

undertaken by Weisweiler and associates using a hot press technique to
combine the initial reagent Si02 and CaO regions in a sandwich technique
(128).

Unlike the earlier study by Jander, they found no reaction zone

below 1000°C in spite of long annealing times.

Additionally, the growth

of all product layers of the Ca0-Si02 system was shown to obey the
parabolic rate law for diffusion-controlled solid-state reactions.
Other investigations (18,97) using the simple system found that the
clinker reaction was better fit by the diffusion controlled equation
developed by Ginstling and Brounshtein (equation (11)) than the simpler
Jander's equation.

The diffusion models consider Ca^* ions to be the
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diffusing species (27,29,68,82,89).

Christensen and associates have

shown that the formation of C3S from C2S and CaO is diffusion controlled
(27,29).
Effect of melt

Though the kinetic models used to describe the

reaction forming C3S are solid-state, the presence of a liquid phase has
been found to have a strong influence on the rate of formation.

Kondo

and Choi were one of the first to consider the effect of melt (82). He
reported that the formation of C3S took place in the liquid phase with
the product crystallizing out from the saturated melt.

His kinetic

model was a Jander's type equation where the clear physical meaning is
dissolution by diffusion, not inward diffusion as considered by Jander.
Jawed and associates studied the effect of melt composition had on
C3S formation (64).

They made the following observations.

(1)

At a given burn time and temperature, the amount of C3S reaches a
maximum, which does not increase with increasing amount of melt.

(2)

As could be expected, increasing the burning temperature
accelerated the formation of C3S.

(3)

The iron-rich melts promote lime consumption to form C3S. This
implies that the A/F ratio of the raw feed not only controls the
amount of the liquid phase (10), but also its reactivity to form
C3S.

In their investigation of cement reactions, Mackinzie and Hadipour
found that the activation energy, based on using the GinstlingBrounshtein rate equation, for the formation of 0-C2S compares well with
the activation energy of Ca2+ self-diffusion in CaO (89).

Further, for

the formation of C3S they discovered an activation energy similar to
what has been reported for diffusion of CaO through calcium silicate
liquids.
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Application of the concepts developed by Christensen and associates
(27,29) for diffusion and local melt compositions vas made by Johansen
to explore the dissolution of lime in the clinker melt (68).

By using

CaO particles of fixed size fraction mixed in a pre-reacted clinker
batch undersaturated in CaO, Johansen observed the decrease in CaO in
quenched samples in order to develop a rate equation.

His expression

relating the time dependence of fraction of CaO dissolved is given by
(1 + B x)2/3- |x = 1 -

B.DAc

(t) = 1 - kt

(20)

vhere D is the effective binary diffusion coefficient for CaO in the
melt, Ac is the concentration difference across the reaction layer, a is
volume fraction of melt, p is the density of CaO, t is time, and B is a
complex function related to composition and porosity of the material.
Calculations made using representative values for a, B, and Ac indicate
a maximum size for dissolution of a CaCOg particle, vhich decomposes to
CaO near 900®C, to be 120 microns in diameter for a 20 minute burn at
1500°C.

This confirms the recommendation given by Fundal for a critical

particle size for calcite.

In other vords, a calcite particle greater

than 120 microns, vill be too large to totally dissolve into melt at the
conditions cited.
In certain liquids, especially those vith high viscosities, the
nucleation step is difficult.

Hovever, cement clinker liquids behave as

low viscosity liquids and there is no tangible evidence that nucleation
hinders the formation of either C3S or C2S (46). The main development
of C2S is thought to occur during the solid-state reactions preceding
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the appearance of melt.

Existence of the C2S crystals allows for an

abundance of sites for C3S nucleation in the event direct nucleation
from the liquid is difficult.

Nevertheless, the clinker microstructure

shows that C3S develops in large crystals, many of which are essentially
free of other phases that might have served as nuclei (46).
Non-isothermal considerations

All of the studies of kinetic

models and mechanisms described in this section have been performed
under isothermal conditions.

In an actual cement kiln, the charge only

attains temperatures greater than 1350°C for the final 20% of reaction
time.

Further, isothermal studies may suffer since the reactants used

may require time to evolve water, carbon dioxide, etc., and of course,
absorbing heat to reach the fixed temperature.

Thus, many results from

the early stages of isothermal studies may not be isothermal in the
accepted sense.
Imlach utilized an approach by Sestak to evaluate kinetic data
obtained using a linear ramp for heating (57). The instantaneous rate
of any reaction may be given at a constant temperature by the following
relation.
rate = ^4^ = k f(x)

where x is the fraction of reaction completed, f(x) is an unknown
function of x, k is the rate constant, and t is time.

(21)
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The variation of the rate constant with temperature is described by
the Arrhenius equation.

Including the Arrhenius equation for a constant

rate of temperature change, written as a = dT/dt, into equation (21)
produces

rate =

= A e B/*? f(x)

dT

(22)

where E is the activation energy, A is the collision factor, T is the
absolute temperature, and R is the gas constant.

The following is

obtained through the integration of equation (22) between the
temperatures Tj and T2.

im-ï
g(x) = = I ^

dT

(23)

?!

where g(x) is the normal integrated form of the isothermal rate equation
(e.g., fj(x) = [1 - (1 - x)l/3]2 for the Jander's equation).
The integral found in equation (23) does not lend itself to a simple
solution. Imlach lists two forms of equation (23) based on numerical
integration. The first, developed by MacCullum and Tanner, is only
valid for temperatures less than 400°C and activation energies greater
than 14 kcal/mole.
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log(g(x)) = logH - 0.48

1

(24)

Imlach's attempts at using equation (24) found small to negative
values for the determined activation energy.

Believing this to be

caused by the relation not being valid for the conditions considered,
Imlach used an extended form of the solution which vas valid for
activation energies greater than 2 kcal/mole and for a temperature range
between 1000° and 1450°C.

log(g(x)) = log|| + 0.887 - 0.6231n(E) + 0-891 + 0-213E 1
aK
iQ-j
T

(25)

However, even this relation did not eliminate the negative activation
energies. Imlach then proposed that the plot of log(g(x)) as a function
of 1/T could yield meaningful information about the reactivity of the
raw material.
Results using the nuclei growth model

During the review of

cement kinetic literature,' only one example was found in which the
kinetic model of the Avrami-Erofeev form was utilized.

The study of the

early stages of the formation of C3S undertaken by Lopez and associates
used equation (15) to describe the process before diffusion control has
become dominant (88). Their choice of feed consisted of a
stoichiometric mixture of C2S and CaO with no typical fluxing agent.
They concluded that the first stage of C3S formation is the nucleation
of the reaction product according to equation (15); that at the lower
burning temperatures (1275°-1460°C) the nucleation is diffusion
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controlled; and that some of the variation in experimental results for
the analysis of the formation of C3S could be attributed to the varied
reactivity of the forms of C2S, with P-C2S showing the greatest
reactivity.

Unfortunately, no corroborating analysis was made to

confirm that nuclei growth was rate determining.

The conclusion was

solely based on the better fit of the experimental data to the rate
equation and the demonstration that a value for parameter m fits one of
the specified values for a diffusion controlled system.

Hydration of Portland Cement
Portland cement consists of compounds which set and harden upon
addition of water.

The hydration reactions which do occur are complex

and there is varied opinion about the mechanisms causing hardening.

The

microstructure of the hydrated cement is essentially determined by the
chemistry involved in the formation of the various cement phases.
Possibly continuing for years, the hydration reactions form an
intimately interlocking system which gains strength upon hardening and
produces a dynamic material, developing with time and changing with
environment.
Jennings states that some of the hydration reactions can be
characterized as essentially dissolution/precipitation processes, for
example hydration of the aluminates, and as involving the formation of
collodial substances which gel or coagulate, for example hydration of
the silicates (66). Experimental observations of cement hydration have
historically been explained by two mechanisms.

Le Chatelier (1882)

considered that cement hydration occurred by dissolution of anhydrous
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phases followed by crystallization of the hydrates in an interlocking
mass.

Conversely, Michaelis (1893) believed that solidification of the

paste occurred by the formation of colloidal material which hardened as
it lost water to hydrate other anhydrous material.

Elements from both

of these hypotheses are still relevant.
An understanding of thé many hydration reactions can be gained
through a study of the hydration of pure cement compounds.

Of course,

this is assuming that there is no interaction between hydrating
compounds, which though not being completely valid, is reasonable in
most cases (94). The following summary of hydration phenomena is taken
primarily from Jennings (66), Mindess and Young (94), and Lea (85).
Hydration of calcium silicates
The calcium silicate phases, C3S and C2S, have hydration reactions
that are similar, differing only in the moles of calcium hydroxide
formed as shown in equations (26) and (27).

2C3S + 6H2O —> C3S2.3H2O + 3Ca(0H)2

(26)

2C2S + 4H2O —> C3S2.3H2O + Ca(0H)2

(27)

Major hydration products for the calcium silicates are calcium
silicate hydrate (3Ca0.2Si02.3H20 or C-S-H) and calcium hydroxide.

The

C-S-H phase has a varied chemical formula with C3S2.3H2O being a general
approximation.

C-S-H is a poorly crystalline material which forms

extremely small particles (e.g., in the collodial range of less than 1
micron).

Conversely, calcium hydroxide is highly crystalline and has a

fixed chemical composition.
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It is convenient to describe the early hydration sequence for a
cement through mapping its calorimetric history, i.e., rate of heat
evolution with time.

Heat flow, a quantity easily measured, is directly

proportional to the rate of the hydration reaction and therefore, can be
used to monitor hydration.

Figure 4 overviews the hydration scheme for

C3S, breaking it into five stages.

Hydration of C3S is typically shown

because of the importance of C3S in early strength formation.

STAGE

g

S

tu
m
0)
X
O
£
m

OC

STAGE 2

STAGE 3

STAGE4

STAGE 5

\
minutes

hours

days

Time of Hydration
Figure 4. Rate of heat evolution for the hydration of C3S

In the first stage, beginning with the addition of water, there is a
period of rapid heat evolution which lasts for about 15 minutes,
followed by a time of relative inactivity.

The dormant period (stage 2)

explains why a portland cement remains workable (i.e., in a plastic
state) for several hours. Typically, initial set for a portland cement
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occurs within 2 to. 4 hours after water addition, corresponding to the
time when the C3S has renewed vigorous reaction past the dormant period.
The rate of the renewed hydration increases until it reaches a maximum
at the close of the acceleration period (stage 3).

Within stage 3

(e.g., 4 to 8 hours) final set has been achieved and early hardening has
begun. Thereafter, the rate of hydration again slows (stage 4) until
reaching a steady state (stage 5) within 12 to 24 hours.
Various chemical processes occur at each stage of hydration,
outlined in Table 2.

Following the initial contact with water, calcium

and hydroxide ions are rapidly released from the surface of C3S grains,
increasing the pH of the hydration solution to over 12 within a few
minutes.

Slowing quickly during the dormant period, this hydrolysis

nevertheless continues.

Upon reaching its saturation limit, the

hydration products of C-S-H and calcium hydroxide begin to crystallize
out of solution and decomposition of C3S again proceeds rapidly to
replace the calcium and hydroxide ions.
There are various theories for the behavior exhibited in the dormant
period.

Conjecture to explain the onset of the stage can be grouped

into theories based on a hydrate barrier, lattice defects, reaction at
the boundary layer, and an electric double layer.

One school of thought

has the start of the dormant period caused by the formation of a
physical diffusion barrier around the C3S grains by the hydration
product C-S-H (100,110). Conversely, Fierens and Verhaegen believe the
rate of C3S hydration and the length of the dormant stage are governed
by the number of lattice defects (37).

Another hypothesis holds that

C3S dissolves congruently with the rate of hydration slowing as the
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concentration of Ca2+ and 0H~ increase in solution (40,110).

Lastly, it

has been proposed that the incongruent dissolution of C3S forms a
silica-rich layer creating an electrical double layer at the surface
(117,130).

Table 2. Processes Occurring at Different Stages of Calcium Silicate
Hydration (5)

Relevance to
Concrete
Properties

Kinetics of
Reaction

Chemical
Processes

1. Initial
Hydrolysis

Chemical
control;
rapid

Initial
hydrolysis
dissolution of
ions

2.

Dormant
period

Nucleation
control;
slow

Continued
dissolution
of ions

Determines
initial
set

3.

Acceleration

Chemical
control;
rapid

Initial
formation of
hydration
products

Determines final
set and rate of
initial hardening

4.

Deceleration

Chemical and
diffusion
control; slow

Continued
formation of
hydration
products

Determines rate
of early strength

5.

Steady state

Diffusion
control; slow

Slow formation
of hydration
products

Determines rate
of later strength

Reaction Stage
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Explanations for the resumption of vigorous hydration following the
dormant period are also mixed.

One school of thought is that nucleation

and growth of C-S-H becomes rate-controlling (37,100) while another is
that nucleation and growth of Ca(0H)2 crystals control the rate
(117,130). The varied views of early hydration are hard to reconcile
into a comprehensive picture.

This problem is compounded by the

extremely rapid first reactions, the variability in C3S preparations,
and the possible existence of large concentration gradients near the
solid surface (63).
The most rapid hydration occurs in the two stages following the
dormant period (stages 3 and 4).

Within these stages, there is a

gradual change of reaction kinetics from the dissolution of C3S or the
rate of Ca(0H)2 crystal growth being rate determining to diffusion
control. This gradual change to diffusion control corresponds to the
growing C-S-H coating on the C3S crystals.

Since the C-S-H will be

thicker around larger grains, they will become diffusion-controlled
earlier than smaller grains (63).
The arrival of the steady state stage, where diffusion control is
complete, is quite evident on the heat evolution curve.

During this

stage, the C-S-H probably forms denser structures since less space is
available and ionic fluxes are low (i.e., the diffusion coefficient
should diminish) (63). The Ca(0H)2 crystals will continue to grow and
in some cases will totally surround hydrating C3S grains, restricting
their ability to completely hydrate.
Hydration of C2S is quite similar to C3S except it occurs much
slower (about 20 times slower) and with a lower heat of reaction.
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Further, the hydration product C-S-H is produced in greater proportion
to Ca(0H)2 for C^S.

Mechanistically, the hydration of C2S is similar to

C3S with the same change to diffusion control in the later stages.

Hydration of tricalcium aluminate
The C3A phase in portland cement hydrates through reaction with
sulfate ions supplied by the dissolution of gypsum.

Formation of

ettringite is the primary initial hydration reaction of C3A

C3A + 3[CS.2H20] + 26H2O —> C6AS3.32H2O

(28)

Ettringite, whose chemical name is 6-calcium aluminate trisulfate-32
hydrate, is a naturally occurring mineral.

This calcium sulfoaluminate

is a stable product only while there is an ample supply of sulfate
available.

Another calcium sulfoaluminate hydrate is formed if all the

sulfate is consumed prior to the C3A being completely hydrated.

This

reaction goes as follows

2C3A + C6AS3.32H2O + 4H2O —> 3[C4AS3.12H20]

(29)

This product sulfoaluminate hydrate is called tetracalcium aluminate
monosulfate-12-hydrate or simply monosulfoaluminate.

Table 3 outlines

hydration products that can be expected from observing the sulfur and
aluminate contents of the cement.

Often, monosulfoaluminate can form

before ettringite. This occurs when C3A reacts more rapidly with
sulfate ions than they can be supplied by the gypsum to the hydration
solution.
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Table 3.

Predicted products of hydration of C3A (94)

Gypsum:C3A
Molar Ratio

Hydration Products Formed

3.0

Ettringite
Ettringite and monosulfoaluminate

3.0 - 1.0
1.0

Monosulfoaluminate

<1.0

Monosulfoaluminate solid solution

0

Hydrogarnet

An interesting mapping of heat evolution can be observed for the
hydration of C3A since both hydration reactions given by equations (28)
and (29) are exothermic. The calorimetric curve for C3A is shown in
Figure 5. This curve looks qualitatively much like the hydration of
C3S, however, the underlying reactions are quite different and the

amount of heat evolved is much greater.

Analogous to the behavior of

C-S-H during hydration, ettringite slows down the hydration of C3A by
creating a mass transfer barrier (diffusion layer) around the C3A and
causing a dormant period.

Conversion of ettringite to

monosulfoaluminate breaks down this barrier when the liquid phase
becomes deficient in calcium and sulfur ions, and C3A reacts actively
again.

On the calorimetric curve for C3A hydration, the first peak is

completed within 10 to 15 minutes.

However, the timing of the second

peak depends on the amount of sulfate available.

Ettringite will remain
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Figure 5. Rate of heat evolution for the hydration of C3A

stable for a longer period with increasing gypsum content.

Typically,

conversion to monosulfoaluminate will occur within 12 to 36 hours, after
all the gypsum has been converted to ettringite.
It is the interaction of these two hydration sequences that causes
sulfate attack.

Formation of monosulfoaluminate occurs because of a

deficiency of sulfate ions necessary to form ettringite from all the
available aluminate ions.

However, when monosulfoaluminate comes in

contact with a new source of sulfate ions, ettringite can be reformed.

C4AS3.I2H2O + 2[CS.2H20] + I6H2O —> C6AS3.32H2O

(30)
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The reformation of ettringite corresponds to a large increase of volume
over the monosulfoaluminate, which causes great stress to the hydrated
cement matrix.
The intergrinding of gypsum with the cement clinker is made to curb
the vigorous initial reaction of C3A with water which leads to what is
called flash set.

The sequence of reactions which occur during flash

set are the rapid formation of calcium aluminum hydrates
2C3A + 2IH2O —> C4A.I3H2O + C2A.8H2O

(31)

followed by the conversion of these intermediate hydrates to C3A.6H2O.
C4A.I3H2O + C2A.8H2O —> 2[C3A.6H20] + 9H2O

(32)

This conversion occurs so rapidly, because of the elevated temperatures
caused by the heat liberated, that the hydrated C3A products do not
develop substantial strength.
Hydration of aluminoferrite phase
The other major aluminate phase, C4AF, hydrates in a sequence
similar to that for C3A, though, in this case the reactions are slower
and involve less heat (62,94). In fact, C4AF never hydrates rapidly
enough to cause flash set. The retarding effect of gypsum on hydration
is even more drastic for C4AF then C3A (63).
Iron oxide apparently plays the same role as alumina during
hydration (94).

A change in alumina-ferrite phase composition affects

only the rate of hydration, with increased iron content corresponding to
slower hydration.

The C4AF hydration reactions, shown below in
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equations (33) and (34), demonstrate that there is insufficient CaO
present to form calcium sulfoaluminates without also forming amorphous
hydrous oxides of iron or aluminum.

3[C4AF] + 12[CS.2H20] + IIOH2O —> 4[C6(A,F)S3.32H20]
+ 2I(A,F).3H20]

(33)

6[C4AF] + 4[C6(A,F)S3.32H20] + 288^0 —> 12[C4(A,F)S.I2H2O]
+ 4[ ( A , F ) . 3 H 2 0 ] (34)
In equations (33) and (34), (A,F) represents one molecule of iron
oxide or alumina, which occur interchangeably in the compound, but not
necessarily at the same aluminum to iron oxide ratio {%yk/%y?) of the
parent compound.
Kinetics
The rate of hydration is complicated by the fact the rate can be
affected by the fineness of the sample, the rate that the cement clinker
was cooled, the presence of impurities, and the presence of other cement
compounds. Typically the -order of the early hydration rates for the
cement compounds is C3A > C3S > C4AF > C2S.

An example of the effect of

impurities is demonstrated by the increased hydration of the portland
cement C3S (i.e., alite) and C2S (i.e., belite) as compared to the pure
compounds.

This presence of foreign oxides also has an affect on the

hydration of the C3A and ferrite phases.
Hydration of portland cement
The hydration of portland cement is a sequence of overlapping
chemical reactions between clinker phases, calcium sulfate, and water.

61

These reactions lead to stiffening, the consequence of a change from a
system of floes to a viscoelastic solid skeleton capable of supporting
applied stresses; and hardening, the subsequent decrease in porosity and
formation of a complex elastic and brittle material (63). The various
hydration reactions that occur in a hydrated portland cement proceed
simultaneously at differing rates and influence one another.

For

Instance, since the hydration of C3A and C4AF is similar, with both
strongly Influenced by and consuming sulfate, there Is an inevitable
interaction. In either case, monosulfoaluminate forms when sulfate ions
are depleted. This has been demonstrated by the addition of C3A to a
mixture of C4AF and gypsum (32a,32b). The more rapid consumption of
sulfate ions by C3A leads to quicker conversion to monosulfoaluminate
than if C4AF were reacted alone.
The hydration of C3S is often used to model the hydration of
Portland cement.

This practice is based on the fact that alite and

bell te comprise about 80%% of the cement clinker, and that C-S-H
produced in early hydration is due to alite hydration. Jawed and
associates report that little information exists dealing with the
Influence that the aluminate phases or sulfates, alkalis, and other
minor compounds have on the hydration of calcium silicates (63).
Figure 6 shows the rate of heat evolution for the hydration of a
Portland cement.
evolution for C3S.

Notice the similarity to a plot of the rate of heat
One difference that does exist is a bump in the

stage following the maximum rate of heat evolution, associated with the
onset of formation of monosulfoaluminate.

62

STAGE 1 STAGE 2

STAGES 3 and 4

c
o

STAGE 5

Formation of
monosulfoaluminate

S

z
o

0»
a

GC

minutes

hours

days

Time of Hydration

Figure 6. Rate of heat evolution for the hydration of portland cement

It is unfortunate that an all encompassing mechanism for the
hydration of portland cement does not exist.

Present hypotheses, though

appearing promising, need evidence other than data from electron
microscopy to help support them (63). The physico-chemical approach of
linking setting and development of strength in hardened paste to the
hydration reactions requires knowledge of how the individual hydration
reactions affect the overall heat evolution, the causes of the drastic
changes in heat evolution, how the hydration products pack to fill
space, and the nature of bonds between hydration products in the
hardened paste.

An alternative to this line of reasoning is to
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investigate empirical relationships between hydration properties
determined for a cement and such parameters as the conditions of its
manufacture and its constitution.
Durability
One of the most important requirements for a hydrated cement is that
it should be durable under the conditions of exposure.

Deterioration by

sulfate attack and alkali-aggregate reactions represent real problems
for concrete structures.
Sulfate attack
Some of the most drastic chemical attacks encountered by concrete
have been the result of sulfates, of various bases, in adjoining soil or
groundwaters.

Leached sulfate salts can react with both free calcium

hydroxide, forming calcium sulfate, and with hydrated calcium
aluminates, forming insoluble calcium sulfoaluminates.

The products

from these reactions represent a volume increase in the solid phase
which causes gradual disintegration of the concrete.
the earlier section on the hydration of

C3A,

As described in

the reaction between

monosulfoaluminate and leached sulfate ions is the major cause of
sulfate attack. The reaction of the monosulfoaluminate with additional
sulfate ions, produces ettringite and a corresponding increase in volume
of over 200%.
The most effective means of reducing the adverse consequence of
sulfate attack is to use a cement which has a low

C3A

content (i.e., a

Type 5 or Type 2 cement), lessening the likelihood of forming
significant amounts of monosulfoaluminate.

The hydrate of the other
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major aluminate found in cement, tetracalcium aluminoferrite (C4AF), is
more resistant to reactions with the sulfate salt and may even form a
protective film over any free calcium aluminates (98). Though there has
been no explanation as to why this is so, the increased resistance could
be a result of the inability of the iron-substituted monosulfoaluminate
to react to form ettringite or could be caused by the presence of
amorphous (A,F).3H20 (94). The water:cement ratio is also an important
parameter for sulfate resistance as it determines the permeability of
the hydrated cement.
Effect of pozzolans

Improvement in sulfate resistance can also

be achieved by the use of admixtures such as pozzolans or blast-furnace
slag.

Explanations for this ability are varied and are not all

inclusive. It is generally believed that the presence of large amounts
of calcium hydroxide in hydrated cement paste causes portland cement
concretes to be not durable in the presence of acidic oxides.
Pozzolans, which reduce the amounts of calcium hydroxide, thus are a
means for increasing the durability of cements.

Yet, this can not be

the only explanation for the pozzolan's improvment of sulfate
resistance, since the reaction between sulfate ions and
monosulfoaluminate also contribute to sulfate attack (106).
Lea describes various theories to explain the action of pozzolans
(85).

One such theory suggests thay any reaction between an insoluble

hydrated cement compound and a substance in solution causes expansion.
However, if the cement compound passes into solution, reacts, and then
precipitates as a solid, no expansion will occur.

Since it is known

that the solubility of hydrated calcium aluminates is very low in

65

saturated lime solution, the pozzolanic action of reducing the Ca(0H)2
content will allow a greater portion of calcium aluminate hydrate to go
into solution. Thus, the reaction of the dissolved calcium aluminate
with leached sulfate salts will cause little to no expansion.

Another

explanation reported by Lea deals with the required amount of sulfate
ions (85). In the reactions that cause sulfate attack, sulfate ions
react with the hydrated calcium aluminates to form ettringite.

The

required concentration of calcium hydroxide in solution decreases.
Therefore, since the presence of a pozzolan reduces the calcium
hydroxide concentration as well as produces more hydrated calcium
aluminates through reaction with lime, the deteriorating reactions with
sulfate ions are reduced.

However, Lea emphasises that no theory based

on the mode of the reaction forming ettringite is totally adequate to
explain the effect of pozzolans since the increased sulfate resistance
depends more on the inhibition of sulfate attack.
Other factors have been proposed to help explain this phenomena.
For example, there is a decrease in permeability of a pozzolan-blended
cement because of the reduction of pore size and of microcracking at the
aggregate-cement interface (93).

Also, the improved sulfate resistance

could be attributed to the formation of a protective calcium silicate
hydration or calcium aluminoferrite hydrate film over the vulnerable
calcium aluminate compounds (85,98).
An investigation by Davis and associates into the use of a 20%^
cement substitution by fine, low-calcium fly ashes found all fly ash
concretes to be superior to the corresponding plain concrete specimens
as determined by compressive strength after a 5 month immersion in a
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10%w sodium sulfate solution. In a similar study, Mehta examined 16 fly
ash samples of varying calcium content as admixtures to a Type 1
Portland cement, again using compressive strength to gauge the effect of
sulfate attack (92).

He reported that it is the mineralogical

composition of the cement-fly ash interaction product that controls
sulfate resistance.

Mehta states that use of high-calcium fly ashes

desirable for their cementitious character is hindered by a lack of
consumer confidence in the performance of fly ash-concrete in a sulfate
environment. This was borne out by his findings that the higher calcium
subbituminous fly ashes, used at a rather high 40%* substitution level
for cement, were found to have very poor performances in his sulfate
resistance tests (92).
Alkali-aggregate reaction
Alkali-aggregate reactions become a noticeable problem when the
cement possesses higher alkali content.

This problem is growing in

importance because of the higher alkali content in cement raw materials
and the widespread use of aggregate of marginal quality.

Evidence of

alkali-aggregate reaction may appear as map cracking on exposed surfaces
or the existence of a white deposit, the dried remnants of extruded
water gel.

Presently, there are three types of alkali-aggregate

reactions that have been detected by workers.

These are 1) alkali-

silica reaction, 2) alkali-carbonate reaction, and 3) alkali-silicate
reaction.

Ramachandran has outlined the mechanisms and effects of the

reactions in more detail (105).
The obvious solutions to preventing alkali expansion are similar to
those proposed for reducing sulfate attack.

That is, use of a cement
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which is low in alkali-content or use of a partial replacement of cement
with pozzolans, which are low in alkali. The mechanism for the pozzolan
preventing alkali-reaction is not completely understood.

One

possibility is that the pozzolan dilutes the overall alkali-content of
the blended cement.

Powers and Steinous have suggested that rather than

formation of swelling alkali-silicate gels, presence of the pozzolan
promotes formation of a non-swelling, lime-alkali-silica complex (104).
Other investigators have sought other additives to inhibit alkali
reaction. These include addition of up to 1%^ lithium compounds (91),
and barium salts (54). Ramachandran and Feldman additionally lists such
methods as benefication of the aggregate, dilution of the reactive
aggregate with a nonreactive aggregate, reduction of the cement content
of the concrete mix, designing of structures to minimize the surface
subject to wetting, and ensurance of good drainage to eliminate standing
water on the concrete structure (106).
A problem can arise if the added pozzolan (such as fly ash) contains
large amounts of soluble alkali-sulfates. Instead of reducing the
alkali-reactions, the high soluble alkali material might increase the
alkali-silica reactivity.

Investigators have reported this phenomenon

with the use of fly ash and they have pointed out that it is the soluble
alkali, not the total, which causes the rise in alkali-silica
reactivity (107).
Utilization of Waste Materials
The widespread need to dispose of the growing amounts of
industrially produced wastes has led to the study of their utilization
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by the cement and concrete industry. The large scale production of
Portland cement requires a massive amount of raw materials.

Typically,

the materials used are the most abundant and cheapest available.
Increasingly, waste materials are the focus of the cement producer and
also the cement vendor, as waste products can not only be used as cement
raw materials, but as supplementary material in blended cements,
replacement for gypsum, admixtures, aggregates, and imprégnants in
hardened concrete.

The following summary is but a brief look into this

growing subject.
Wastes as raw materials
Many waste materials contain some of the required compounds found in
cement clinkers.

For example, Gutt describes the utilization of

colliery spoil, a coal mining waste, consisting of 38-64% SIO2, 14-37%
AI2O3, and up to 31% Fe203, as a partial replacement for clay in cement
production and as a source from which to manufacture lightweight
aggregate (51). The coal and carbon contents of colliery spoil also
provide a small source of energy for cement burning.

In a similar vein,

oil shale has been proposed as a clay substitute for cement production.
Nakamura and Tominaga report that utilization of oil shale in the cement
feed can result in a 25-60% savings of the total heat required (97).
The wastes from coal combustion have also been used as a source for the
production of a cement clinker.

Fly ash was utilized in work described

by Teoreanu and associates and Jin-Zhao and Yue to form a conventional

Portland cement (67,125). On the other hand, Trief describes a process
by which a mix of fly ash and lime in a required proportion are melted
to form a slag at relatively low temperatures, (around 1430°C) (127).
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The slag is then quenched in cold water to preserve its unique
characteristics, ground, and centrifuged/dried into a hydraulic binder
(cement). This binder has the special property of indefinite
preservation of hydraulic properties, unlike a typical portland cement
which can hydrate when stored in hot, moist environments.
Lime sludge and carbide lime have been suggested as substitutes for
limestone in cement production (105). Investigators at the University
of Minnesota describe the manufacture of a Type 1 portland cement using
anorthite from copper-nickel tailings, raw taconite tailings, and
limestone (13).

Analysis of cement produced from such a feed revealed

better strength properties and improved sulfate resistance when compared
to ordinary Type 1 cement.
Wastes as substitutes for cement
Many materials called pozzolans, while not being cementitious
themselves, contain constituents which, in the presence of water, can
combine with lime at normal temperatures to produce cementing
characteristics.

Lea lists the chief artificial pozzolans as burned

clays and shales; spent oil shales; and burnt gaize, molar, and coal
(i.e., fly ash and blast furnace slag) (85).

Fly ash or slag can be

incorporated into portland cement through intergrinding with the cement
clinker to produce a blended cement, added to the concrete mix as a
separate compound, or mixed as part of a water slurry with portland
cement and aggregate during batching of concrete (105). Use of
substitutes for cement can reduce the energy requirements and costs for
a given amount of concrete.

Use of pozzolans will also alter other

properties of the resulting concrete.

For instance, addition of the
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correct proportion of fly ash will increase workability, reduce
degradation and bleeding, extend setting time, and improve resistance to
alkali-aggregate reaction and sulfate resistance (105).
Wastes as source of aggregate
Wastes and industrial byproducts represent a promising source of
aggregates.

Concrete, which consists of 75%* aggregate, could be a

means of disposal for large quantities of wastes.

Waste materials

showing the best potential for such a use include blast-furnace slag,
bottom ash, fly ash, boiler slag, reclaimed concrete, colliery spoil,
china clay waste, slate waste, and anthracite coal refuse (51,105). The
major limitation for the use of these materials is the great distances
between their production and the construction sites.
X-ray Analysis Techniques
Background
X-rays are electromagnetic radiation produced when high velocity
charged particles (usually electrons) are rapidly decelerated.

In the

case of a x-ray tube, the -deceleration is accomplished by the striking
of a target metal.

X-rays are produced at the point of impact,

radiating in all directions.

The x-ray tube contains windows which

allow the focussing of the generated radiation, which exits in a mixture
of various wavelengths and intensities.
When the voltage applied across a x-ray tube is greater than a
critical value, a sharp, intense maxima appears superimposed on the
continuous spectrum. This maxima is characteristic to the target metal,
having been produced when some of the electrons bombarding the target
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have sufficient kinetic energy to knock an electron out of an inner
electron shell. The atom in this excited, high energy state will have
one of the outer shell electrons immediately fall into the vacancy,
emitting energy in the form of radiation which is of a definite
wavelength in the range of x-rays. This characteristic monochromatic
wavelength, dependent on the target metal, can be partially or
completely isolated from the continuous spectrum of x-rays by either the
use of a filter, which reduces all radiation, thereby relatively
increasing the intensity of the characteristic radiation; the use of a
pulse height discriminator, which electronically separates voltage
pulses (produced by x-rays) in detection circuitry; or the use of a
monochromator, which separates the desired wavelength by diffracting the
characteristic x-ray beam in the direction of the detector (33).
Characterization of materials using x-ray techniques is becoming
more common place and standard in the cement field.

The basis of x-ray

analysis is that crystalline solids are composed of regularly spaced
atoms which act as scattering centers for x-rays and that if the
wavelength of the x-rays, which are electromagnetic waves, is about
equal to the interatomic distance in the crystal, then the x-ray beam
will be diffracted by means of the crystal lattice.

Much of the

pioneering work of x-ray techniques was developed by von Laue and
furthered by Bragg and his son (33).
A diffracted x-ray beam can be considered made up of a large number
of scattered rays reinforcing themselves.

In some ways, the diffraction

of x-rays is similar to the reflection of light by a mirror, since in
both cases the angle of incidence is equal to the angle of reflection.
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However, unlike the reflection of a beam of light, which takes place at
the surface only, diffracted x-rays from a crystal build up rays
scattered by all atoms that lie in the path of the beam (i.e., x-rays
penetrate and reemerge from the surface). Further, the diffraction of
monochromatic x-rays (at a single, characteristic wavelength) takes
place at specific angles of incidence, while reflection of light takes
place at any angle of incidence.
Bragg first developed a relation between the wavelength of the
incident x-ray beam and the corresponding lattice spacing and angle of
diffraction by drawing an analogy to the reflection of light.

#

#

#

#

Figure 7. Diffraction of x-rays by a crystal

#

The so

*
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The parallel incidence beams I and

strike the first and second

planes of the crystal lattice, respectively, and are scattered in all
directions. However, only beams I' and

are scattered beams

completely in phase and so are capable of reinforcing each other.
Figure 7, it can be seen that the beam for
length B + C than does I.

From

must travel an additional

Using the geometry of the system and letting

the angle of the incoming beams (I and 1^) be 0, the extra travel length
can be written as

or

B + C m d sin9 + d sinS
B + C = 2d sin0

(35)

where d is the distance between crystal planes.

Scattered rays I' and

will be completely in phase if the extra travel length is equal to a
whole number (n) times the wavelength.

This produces the relation known

as Bragg's law.
nX = 2d sin0

(36)

This equation has also been derived starting with the Laue equations for
the diffraction from a cubic crystal (81).
X-ray scattering by atoms arranged periodically in space will be in
very few directions, specifically, only those satisfying the Bragg's law
relation.

Furthermore, the intensity of the scattered beams will be

strong at the so called diffraction angles, since the amplitude of the
many scattering beams are additive.

In those angles not satisfying

Bragg's law, no diffraction occurs since the scattered rays of differing
wavelengths nullify one another.
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X-ray diffraction
One useful method to determine the various phases present in a
crystalline solid is by the use of a x-ray diffractometer. This
instrument makes use of a x-ray beam of known wavelength to determine
the unknown spacings of the various planes making up a crystal.
Operation of the diffractometer is accomplished by shining a
monochromatic x-ray beam on a sample and monitoring the intensity of
diffracted monochromatized x-rays through a range of diffraction angles.
The orientation between the x-ray source and detector is maintained so
that the angle of incidence and diffraction are the same relative to the
flat plane of the sample.

Expressing this another way, the detector is

held at twice the angle of incidence above the line of the incident xray beam, or at the so called two-theta orientation.
Typically, the analyzed sample is reduced to a fine powder and
placed in a holder such that all possible orientation of crystal planes
are encountered. The result is that every set of lattice planes is
capable of diffraction, which is equivalent to having a single crystal
rotated about all possible axis.

Care roust be taken to ensure that the

sample is not prepared such that one crystalline plane is preferentially
oriented.

Many techniques for sample preparation exist to overcome such

problems.
Each compound possesses an unique set of diffraction peaks
corresponding to its crystal structure. By comparing the diffraction
peaks of an unknown sample with previously determined values of known
compounds, identification of the makeup of the unknown sample can be
made.

X-ray diffraction (XRD) analysis cannot only be made for
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qualitative analysis, but also quantitative, in a similar treatment as
Beers law (i.e., intensity is proportional to concentration).
Quantitative XRD analysis of cement materials is rapidly developing as
witnessed by the number of articles on the subject, e.g., Yamaguchi and
Takagi (129), Tabikh and Weht (124), Ryazin and associates (112), and
Aldridge (2) to name a few.

Techniques for this analysis include use of

an internal or external standard, which provides for a reference peak
near the desired phase, but not overlapping it, and development of a
calibration curve.

Effects which will cause difficulty in XRD analysis

include absorption of radiation, overvigorous grinding of the sample,
preferred orientation, instrumental factors, and factors influencing the
background (20,33,81).
X-ray fluorescence
Another variation using Bragg's law would be to use a known spacing
of crystal planes to determine an unknown beam wavelength.
instrument of this type is called a x-ray spectrometer.

The

One means for

producing a beam to be analyzed would be to bombard a sample with
x-rays.

The primary radiation causes the sample to emit secondary

fluorescent radiation, which is then analyzed by the spectrometer. This
type of analysis, called x-ray fluorescence (XRF), gives information
about the elements present in the sample, irrespective of their state of
chemical combination or phase in which they exist.

By comparing the

intensities determined by the spectrometer for each line of an unknown
against the intensity of a standard sample, the elemental concentration
of the unknown can be determined.
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Chemical analysis by XRF is of growing use today much because of its
speed over wet chemistry and flame excitation methods.

Useful

information on XRF analysis is given in a book by Jenkins and De Vries
(65) outlining the techniques and applications of XRF analysis and by an
article by Kraeft and Ruch (83) describing the determination of the
concentration of trace elements.
The basis of quantitative XRF is to determine the concentration of a
certain element in a mixture of elements (the matrix) by the measurement
of the intensity of one of the characteristic lines of the element and
then correlate this measured intensity to concentration.

To obtain this

correlation between intensity and concentration, a range of standard
samples are used to construct a calibration curve.

This curve would

ideally be linear, but for reasons described below it could deviate from
linearity (e.g., be quadratic).

Two types of error (deviation from

linearity) can occur from the analysis of the same sample a number of
times.

One type of error is random, being caused by counting

statistics, generator and x-ray tube stability, and other equipment
errors. In practice, XRF spectrometers are now designed so that the
limiting random error is counting error, which can be set within limits
by controlling counting time. The other type of error is called matrix
effects.

Error associated with matrix effects can Itself be divided

into four basic types such as:
Elemental Interactions

(i) Absorption - Primary and Secondary
(ii) Enhancement

Physical Effects

(i) Particle size and surface effects
(ii) Effects due to chemical state

77

In order to minimize the matrix effects, the standard samples used
should be quite similar in elemental and phase composition as the
samples to be analyzed as well as undergoing similar physical treatment.
Further, since the effective penetration depth for the x-ray beam into
the sample will be only 5-50 microns, the samples must be ground to a
minimum particle size and also be as homogeneous as possible to ensure
accurate analysis. The error associated with matrix effects can also be
accounted for in the development of the calibration curve.

As stated

previously, ideally the plot of intensity versus concentration should be
linear, going through the origin.
case.

Unfortunately, this is not always the

By using multiple regression, the nonlinearity and effects of

other matrix elements can be built into the calibration curve.
Micro-analysis
Chemical analysis of a very small region of a larger sample can be
accomplished using an electron microscope equipped with a spectrometer
or multichannel energy analizer.

In this instrument, the primary

purpose of the electron beam is to produce an image, similar to the use
of light to produce a image in an optical microscope.

However, the

electron beam striking the sample will also generate x-rays which allow
for the analysis of the small electron-irradiated area by the use of a
x-ray spectrometer.
Since the focal spot on the sample in a scanning electron microscope
(SEN) is rather small, in order to provide good spatial resolution of
the electron image, the current of the striking electron beams is
correspondingly small.
is very low.

As a result, the intensity of the emitted x-rays

Under these circumstances, an energy dispersive
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spectrometer (EDS) is preferred because of better efficiency and speed
as compared to the other type of spectrometer.

In the EDS, rather than

analysis by diffraction of the x-ray beam, the energies of the beam
wavelengths are used to classify the nature of the beam.
Auger electron spectroscopy

In some cases, the shell vacancy

produced by bombarding electrons into a target can be filled by an
electron of another shell causing emission of characteristic radiation
which then may eject an electron from a different energy level.

The

ejected electron, called an Auger electron, has kinetic energy related
to the energy between the state of the filling electron at the original
and final shell levels.
The Auger electrons can be used for micro-analysis.

Since they are

of moderate energy, they cannot travel very far in a solid.

Thus, an

Auger electron emitted by one atom in a crystal lattice cannot escape
from the specimen unless it is approximately 10 angstroms from the
surface. The escaping electrons have kinetic energies related to the
differences between energy levels of the parent atom, which are
characteristic to that atom.

Therefore, chemical analysis of a thin

surface layer can be accomplished by measuring these energies in a
similar method as EDS.
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EXPERIMENTAL MATERIALS, EQUIPMENT, AND PROCEDURE
Materials
Process residue for lime-soda sinter process
The representative sinter residue used for this investigation was
produced from a fly ash generated by the burning of a Powder River
Basin, Wyoming subbituminous coal at the Ottumwa power station of the
Iowa Southern Utilities.

The 45.4 kg (100 lb) of combined feed for the

lime-soda sinter process was made up of high purity limestone and soda
ash along with the Ottumwa fly ash.

The composition of the raw

materials, as determined by x-ray fluorescence (XRF), and by a material
balance over the lime-soda sinter run are detailed in the Appendix B.
Characterization of cement raw materials is essential in the design
of a raw mix.

The chemical, physical, and mineralogical properties of

the raw mix strongly influence burnability, ultimately determining the
nature of the clinker formed from the solid-liquid-gas system in the
cement kiln.

Thus, an important part of this investigation was the

characterization of the sinter residue.
A comparison of the elemental analysis of the produced sinter
residue, as determined using a developed XRF calibration curve, with
other common cement raw materials is given in Table 4.

Approximately

90%y dry basis of each of the cement raw mix constituents is made up of
a combination of the four major oxides, i.e., CaO, Si02, AI2O3, and
Fe203. The average composition for the sinter residue was determined
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from the analysis of four samplings taken from the approximately 1.8 kg
(40 lb) of produced sample.

Results for this analysis are shown in

Appendix B.
Table 4. Comparison of the composition of the sinter residue with
typical cement raw materials

Concentration,
Sinter Residue
Element

Clay^

Limestone^

Raw Mix^

XRF Analysis

Normalized

CaO

1.61

52.72

44.38

55.72

55.06

SiOg

60.48

2.16

14.30

27.51

27.18

AI2O3

17.79

1.09

3.03

2.36

2.33

Fe^Os

6.77

0.54

1.11

3.98

3.93

MgO

3.10

0.68

0.59

3.71

3.67

NagO

0.74

0.11

0.13

1.51

1.49

SO3
K^O

0.21

0.02

0.07

0.01

0.01

2.61

0.26

0.52

0.09

0.09

0.92

0.91

P2O5

1.43

1.41

Moisture

0.48

0.48

TiOg

L.O.I.

•

6.65

42.39

35.86

3.44

3.44

99.96

100.00

99.99

101.16

100.00

®For clay, limestone, and raw mix, the AI2O3 concentration as
reported includes also P2O5, Ti02, and Mn203.
bprom reference (85).
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The crystalline phases present in the process residue were found
using x-ray diffraction (XRD).

Unfortunately, the unsymmetric nature of

the silicate compounds, in this case P-C2S, produced many diffraction
peaks which tended to mask minor phases.

Consequently, a selective

maleic acid extraction was used (further described later) to remove the
C2S phase and allow thorough analysis of the minor constituents. The
XRD patterns for the original and extracted residue, given in Figure 8,
show the presence of IS-C2S, C3A, CaCOg, MgO, and possibly a small amount
of C4AF.

A comparison of the diffraction peaks reported for P-C2S with

the experimentally determined values for the sinter residue is shown in
Appendix C. Though no quantitative XRD analysis was made to determine
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Figure 8. X-ray diffractogram of the representative lime-soda sinter
residue
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the relative amounts of each phase, the 3.44%^ loss of residue on
ignition corresponds to a calcite content of around 7.8%,% and
observation of the amount of sample removed during the maleic acid
extraction step indicates that the &-C2S accounts for about 78%* of the
sinter residue.
The particle size of the sinter residue was determined in two ways.
First, a sieve analysis was made to observe the particle size
distribution above 45 microns. The finding that 82%y of the sinter
residue was finer than 45 microns was significant as it compared very
favorably to the normal target for cement kilns of 20%* residue on a 200
mesh sieve (74 micron relative diameter) or 15%* residue on a 170 mesh
sieve (88 micron relative diameter). Secondly, to study the fine in
more detail a centrifugal particle analyzer was employed.

A histogram

of the particle size distribution for the sinter residue is shown in
Figure 9.
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Figure 9. Relative particle size of the representative lime-soda sinter
residue
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Materials for cement production and characterization
Other than the sinter-residue, reagent grade calcium carbonate,
alumina, and gypsum were used to produce laboratory-prepared cement.
The alumina was prepared by the slow heating of aluminum hydroxide.

The

heat treatment consisted of a l°C/min heating rate from 40° to 250°C, a
0.5°C/min heating rate from 250° to 500°C, a 2°C/min heating rate from
500° to 1000°C, and a 1-hour holding time at the temperature of 1000°C.
Using x-ray diffraction analysis, the produced alumina was found to be a
mixture of K- and 0 -AI2O3.

A pure form of gypsum was required not only

to be interground with the produced cement clinker, but also to be used
for the cement physical testing.
form of plaster-of-paris.

It was prepared by hydrating a pure

Again, XRD analysis was used to confirm that

the desired form of calcium sulfate hydrate, gypsum, had been produced.
The rest of the chemicals used in this study were pure, reagent grade.
Standard cement

Samples of two, Type 1 and a Type 5 portland

cement were used as references for comparison of the physical properties
of the laboratory prepared cements.

One of the Type 1 cements was

produced by the Lehigh Cement Co. of Mason City, Iowa and the other, a
blend of all cements produced in Iowa, was obtained from the Iowa
Department of Transportation.

The standard Type 5 cement was procured

from a cement plant of Lone Star Industries, Inc. found in Salt Lake
City, Utah. The chemical composition of the portland cements are shown
in Table 5.
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Table 5. Chemical composition of standard Type 1 and Type 5 portland
cernent

Type 1
Element

Type 5

Lehigh®

IDOT&

XRF analysis^ normalized

CaO

63.07

63.71

65.37

64.65

SiOg

21.22

21.80

23.73

23.47

AlgOg

4.86

4.46

3.31

3.27

FegOg

2.33

2.38

3.13

3.09

MgO

2.20

2.73

2.63

2.60

SO3

2.72

2.46

2.24

2.22

TiOg

0.24

0.24

0.20[B

0.19

NagO

0.06

0.20

0.20

0.20

KgO

1.05

0.70

0.27

0.27

PgOg

0.03

0.10

0.04

0.04

99.13

98.78

101.11

100.00

Bogue Phase Analysis
C3S

52

53

52

CgS

22

22

28

C3A

9

8

3

C.AF
4

7

7

9

^Composition determined by the Iowa State University/ERI, Material
Analysis Laboratory using XRF analysis.
^Composition determined by use of developed XRF calibration curve.
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Preparation of Green Pellets
Blending
The steps used for the lime-soda sinter process and the laboratorycement burning are outlined in Figure 10.

Blending of the feed

materials was accomplished by ball milling for 2 hours using a minimum
of balls.

This method ensured good homogeneity and adequate fineness of

the feed. The raw mix for the lime-soda sinter process was blended in
11.4 kg (25 lb) amounts using a Model 1 JM ball mill manufactured by
Paul 0. Abbe, Inc.

Alternately, the smaller scale runs were blended in

100 g lots using ceramic bottles rotated on a conveyor belt.
Pellet production
All feed pellets in this project were made using a water binder at a
ratio of 1 g of water;10 g of sample. The feed for the lime-soda sinter
run was pelletized in a continuous mode using a model DP-14 'Agglomiser'
pelletizer made by Mars Mineral Corp. of Valencia, PA.

The raw mix was

fed into the pan agglomerator a vibratory feeder. The agglomerator,
constructed of stainless steel, had a pan diameter of 35.6 cm
(14 inches) and depth of 15.2 cm (6 inches). The angle of inclination
of the pan was maintained between 40° to 55® from the horizontal.
produced spherical pellets ranged from 3-5 mm in diameter.

The

Conditions

such as speed of rotation, water addition, and angle of inclination were
altered during the 11 hours of pelletizing to maintain a sound pellet of
the desired size range.
All other feed samples were cylindrical pellets 2.54 cm (1 inch) in
diameter.

These pellets were pressed into shape at a pressure of
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Lime-soda Sinter Process
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Figure 10.

Flow chart for sample processing

Limestone
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578 kg/m^ (or a 1000 lb load) using a Carver hydraulic press (Model C,
manufactured by Fred S. Carver, Inc.) and a stainless steel die and
plunger.

A stearic acid/ethanol solution was used as a lubricant for

the die set. Pellet size was either 10 or 20 g of solid sample.
Following pressing, the cylindrical pellets were dried at 100°C for at
least 2 hours to remove the unbound water.
Furnacing of Pellets
Lime-soda sinter process
The lime-soda sinter spherical pellets were sintered in an
electrically heated, 2.1 m (7 ft) long rotary kiln manufactured by the
Harper Electrical Furnace Corp. of Lancaster, NY (model H0U-5D34-RTA-WC28).

The kiln, which is rated for a maximum temperature of 1370°C, was

maintained at 1200®C by a set point controller governing the current to
a bank of 5 glow bars.

A constant feed rate of 1.2 kg of clinker/hour

was maintained by adjusting the angle of inclination of the kiln.
Laboratory-cement burning
Burning of the cylindrical cement pellets was carried out in an air
atmosphere using a CM Inc., Model No. 1720DBL rapid temperature furnace
with a programmable controller.

The controller was used to give a

time/temperature relation that simulated cement kiln operation. The CM
furnace, electrically heated by molybdenum disilicide heating elements,
had a maximum operating temperature of 1700°C.

The pellets were set on

a platinum sheet resting on the elevator/door of the furnace.

A maximum

sample size of 300 g was determined by the size of the furnace cavity
and the desire to avoid the stacking of layers of pellets.
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A typical temperature profile chosen to represent cement kiln
conditions is shown in Figure 11. A heating rate of 15°C/min was used
to reach the clinkering temperature, which was then held for 30 minutes.
The nature of a cement kiln makes use of a fixed time at the maximum
temperature appropriate (20). In choosing the cooling rate following
the 30 minute residence time, the benefits of a rapid rate and of
removing the clinker at a temperature of no lower than 1250®C were
considered.
and CaO.

The rapid cooling minimizes the decomposition of C3S to C2S

Thus, the clinker was cooled in the furnace from the

clinkering temperature to 1250°C in only 15 minutes to approximate the
time required for the clinker to pass under the burner to the exit of
the kiln. The clinker was then withdrawn from the furnace and left to
rapidly air cool.

As soon as possible, the burnt pellets were placed in

a desiccator to keep from hydrating.

The effect of cooling is only

paramount to 800®C where the crystallization of cement compounds cease
(52).

Auxiliary thermocouples were used to confirm the thermal behavior

of the CM furnace and programmable controller.
Grinding of Furnaced Pellets
Lime-soda sinter process
The sintered spherical pellets from the rotary kiln needed to be
crushed before the extraction of the aluminates. This grinding was
accomplished in the Model 1 JM ball mill using a mixture of 3/4 inch and
1/2 inch diameter stainless steel balls. The ball milling was completed
in batches since one ball mill could not hold all of the clinker.

Some

89

5: 800
700 _

400 L_
20

Figure 11.

40
60
80
TIME, MINUTES

100

120

CM furnace time/temperature relationship used for burning o f
laboratory cement feed pellets

90

of the clinker pellets clumped together and had to be hand crushed by
mortar and pestle before the ball mill would effectively grind them.
Laboratory-cement burning
The burned pellets from the CM furnace were typically crushed first
by an alumina mortar and pestle.

Particle size thus produced was found

to be sufficient for the tests to determine residual lime.

If further

grinding was required, a Spex shatterbox with stainless steel dish and
puck was used.
Larger amounts of residue-cement were prepared by grinding a number
of burned pellets with gypsum. This was accomplished in stainless steel
ball mills using a combination of 3/4 inch and 1/2 inch diameter
stainless steel balls.

A cement batch size of up to 250 g was ground in

a 1 It ball mill while the larger 2.5 kg batch was ground in a 7.5 It
ball mill.
Initial processing of the 2.5 kg batch of pellets was carried out
using a jaw crusher followed by a roller mill until the sample passed
through a 4 mm sieve.

Earlier experience from the grinding of the lime-

soda sinter clinker had shown the need to reduce the particle size to
less than 4 mm before the ball mill would work effectively.

The crushed

pellets were loaded into the ball mill with a specified amount of
specially prepared gypsum and ground for 7.5 hours to achieve the
desired fineness.
Alumina Extraction
The ground clinker from the lime-soda sinter process was treated
with a 3%y solution of Na2C03 to extract the alumina.

To extract all of

91

the 18 kg of clinker produced, 11 batch extractions were made consisting
of 1.7 kg of clinker with 17 It (4.5 gallons) of the aqueous Na2C03
solution. The slurry was constantly stirred to prevent settling.

Small

scale extractions completed prior to the large scale extractions had
shown that the maximum recovery could be achieved with a 1 hour
extraction at room temperature.

Following the extraction, the solid

residue was separated from the slurry by suction filtration using a
18.5 cm, medium grade filter on a Buchner funnel. The adsorbed sodium
solution was removed by a water rinse. The sinter residue was then
dried and finally, the 11 dried batches were blended together.
Analysis
Free lime determination
The amount of unreacted CaO in the cement clinker can be used as a
measure of the extent of reaction since the formation of C3S by the
reaction between C2S and CaO is the process affecting the rate at which
the final clinker equilibrium state is approached.

The procedure chosen

for the determination of free lime (unreacted CaO) makes use of an
ethylene glycol extraction at 80°C followed by titration of the filtrate
against a dilute HCl solution. This procedure, developed by Javellena
and Jawed, is further described in the Appendix B (60).
X-ray fluorescence (XRF)
The foundation of any good research work rests on the accuracy and
reproducability of the chemical analysis.

An x-ray fluorescence

spectrometer was chosen for analysis of the elemental constitution of
all solid samples in this project.

The XRF spectrometer is a rapid,
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versatile comparison device, which makes use of chemically analyzed or
synthesized standards.

These standards should be chosen to closely

represent the unknown materials to be analyzed to reduce the error
associated with the matrix effect.

It should be noted that no data

obtained from the XRF instrument can be more accurate than the analysis
of the standard materials.

For this reason, much care and effort was

taken to ensure the accuracy of the analysis of the standard samples.
A Siemens SRS 200 Automated Sequential Spectrometer, which was
computer controlled, was used during this project.
computer was two-fold.

The role of the

First, it was to oversee the operation of the

spectrometer and secondly, to receive raw data, analyze it, and output
the results in the form of percent concentration. The XRF spectrometer
used a x-ray tube with a chrome target and was operated at a power and
current setting of 50 kV and 50 ma, respectively. The various analyzing
crystals and characteristic angles utilized are listed in Appendix B.
A specialized matrix matched calibration curve had to be developed
to adequately cover the range of materials to be analyzed during the
course of this project.

The developement of a working calibration curve

can be broken into 3 major steps. In the first step, a set of standards
are analyzed at various XRF spectrometer conditions to obtain the
maximum intensity possible and to find the characteristic peak and
background positions (angles).

A maximum intensity is desirable to

minimize the implied error of a small deviation in intensity.

Ideally,

the curve relating x-ray intensity to concentration should be linear,
though for some reasons it may not be.

Upon completing this step, a

preliminary calibration curve was made using a small set of standards
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analyzed at the determined optimum XRF instrument conditions.

In the

final step, gaps or variations from linearity observed in the
preliminary calibration curve can be overcome by the preparation of
additional standards or by applying a more complicated algorithm for the
intensity/concentration relationship.
The initial 5 standards used for the development of the preliminary
calibration curve included 2 NBS cement standards (C-1880 and C-639) and
3 samples produced from the lime-soda sinter process.

Analysis of the

lime-soda sinter samples vas accomplished by a combination of wet
chemistry, atomic absorption spectrometry (the procedure is outlined in
the Appendix B), and XRF spectroscopy using another calibration curve.
The results from the preliminary calibration curve for the 10 elements
of Ca, Si, Al, Fe, Mg, S, Na, K, Ti, and P, showed a linear correlation
for all but 3 of the elements. Si, Mg, and Na.

Fortunately, the

problems encountered for Na and Mg were overcome by the introduction of
additional standards. However, the the Si calibration curve still would
not fit a simple linear relation between intensity and composition
within acceptable bounds.

Thus, it was necessary to use a higher form

of algorithm which takes into account the effects of excitation of other
elements in the sample matrix.

The model equation for this algorithm is

described in the Appendix B along with the composition of the standards
used, as determined both by other techniques and by the developed
calibration curve.

The effect of drift in the x-ray intensity, for

example caused by x-ray tube wear, was corrected by including the
analysis of a type standard with each set of unknowns analyzed.
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Since XRF analysis is essentially a comparative method, it is vital
that sample preparation for both standards and unknowns be carried out
in an identical manner.

Of the techniques available for sample

preparation, a pressed disk was chosen as the best suited for this
project.

An outline of the procedure is detailed in the Appendix B.

X-ray diffraction (XRD)
Qualitative x-ray diffraction (XRD) techniques were used to identify
the crystalline phases present in the solid samples.

This analysis was

accomplished employing a Siemens D500 x-ray diffractometer operated by a
microprocessor controller and a Digital Equipment Corp. (DEC) PDP-11
computer.

As with the Siemens XRF spectrometer, the computer was used

to not only command the operation of the diffractometer (run in a step
mode), but also to receive the raw data and output the results.

The

computer capabilities also include data programs in the DIFFRAC V
Software written by Siemens Corp.

A program called IDENT was used to

resolve the location and intensity of diffraction peak, and PLRAW
allowed plotting of raw data files on the HP7200 created by IDENT.
Parameters used for the XRD diffractometer operation are as follows.
Table 6. Operating conditions for Siemens D500 x-ray diffractometer
Item
X-ray tube
Power and current settings
Filter
Counter
Operating mode

Operating Condition
copper target (X = 1.54056 angstroms)
50 kV, 25 ma
graphite monochromator
scintillation
step
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The diffraction scans of the unknown samples commonly used a .05° 20
step size between 20-70° 20 with a scan time of 2 seconds.
Two different methods of sample packing were used.

Early in the

project, the samples were front packed since they showed little tendency
to orient themselves. In the analysis of powder samples, the object is
to obtain a random distribution of all possible orientations and if this
does not occur, distortion of the x-ray diffractogram will cause
problems in correct identification of an unknown.

However, the

equipment for a superior side packing method became available later.
This technique, which further ensures that the sample will have minimal
orientation, was used thereafter.

Complete random orientation is

especially critical for quantitative analysis.
Particle size of the analyzed sample is also of vital importance in
sample preparation.

Though it is necessary to have a fine powder to

help in making the sample homogeneous, the diffraction lines broaden
when the crystal size gets less than 1 micron. This will also cause
problems in the identification of unknown samples.

The desired particle

size for a XRD sample is from 1 to 50 microns, with the ideal being 5
microns to eliminate microabsorption.

A rule of thumb used for sample

preparation was that the sample was at the correct fineness when no grit
could be felt in a pinch of sample.

Often the sample was so fine as to

require only some additional grinding by mortar and pestle.

A more

coarse sample would be ground for 2 minutes in the Spex shatterbox.
The basis for XRD chemical analysis is that any given substance
always produces a characteristic diffraction pattern, whether it is
present as a pure compound or as a constituent of a mixture of
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substances. Thus, by having a collection of the characteristic XRD
patterns of known compounds, the makeup of an unknown can be determined.
There have been methods developed to help the search for matching the
diffraction peaks of an unknown, which is auspicious since the
collection of known diffraction peaks is quite large.

Hanawalt

developed such a system in 1936. In his method, Hanawalt characterized
each diffraction peak by its crystal spacing (d spacing) and
corresponding intensity.

He then sorted the diffraction pattern for a

given phase in decreasing values of intensity.

Using such a collection

of sorted patterns, one only needs the three most intense diffraction
peaks to greatly reduce the possible matches. In a mixture of
substances, a systematic analysis of the most intense peaks will
eventually allow identification of all phases present under ideal
conditions.

The collection of diffraction peaks found in the 1985

Powder Diffraction File of Inorganic Phases (71) and Powder Diffraction
File, Search Manual for Common Inorganic Phases (72) published by the
Joint Committee on Powder Diffraction Standards (JSPDS) and in the
appendices of the book by Lea (85) were used exhaustively in the study
to identify the crystalline phases present.
Haleic acid extraction

The problem of the many overlapping

diffraction peaks for the calcium silicate phases was overcome by a
maleic acid/methanol extraction. In a technique described by Tabikh and
Weht, a 20% maleic acid/methanol solution was used to preferentially
remove the calcium silicate phases, both

C3S

and C2S, leaving behind the

minor aluminate and ferrite phases (124). The carboxyl group contained
within the maleic acid will react with a single silicate particle
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forming a low molecular weight complex, which is soluble in methanol.
Also, the maleic acid/methanol solution will dissolve any free lime
present in the sample.
In the procedure used, 3 g of sample is continuously stirred for 10
minutes in 150 g of 20% maleic acid solution at room temperature.

The

reBsulting residue is recovered by suction filtration and dried at 100°C
for two hours.

The liquid to solid ratio of the extraction was found to

be very important.

Past attempts using a ratio closer to that specified

by Tabikh and Veht, i.e., 2 g sample/50 g of solution, formed a solid
slurry, ruining the extraction. The technique also requires a good form
of agitation.
It is important to remember that chemical extraction methods are
entirely dependent on the differential rates of solution of various
phases in the given solid.

As such, they are sensitive to the purity

and concentrations of the reagents used, the temperature, the time of
extraction, and the fineness, and reactivity of the solid phases
extracted.

Furthermore, there exists a risk of formation of a new solid

phase during extraction, which would produce a solid that was not
representative of the original sample.

Fortunately, the problems

mentioned above were not encountered after the more conducive solid to
liquid ratio was employed.

An example of such an extraction is shown in

Figure 8, where P-C2S has been removed from the sinter residue.
Particle size
Two different methods of determination of the particle size
distribution was used for this project.

The first was a sieve analysis

using U.S. standard sieves with apertures greater than 45 microns (i.e.,
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greater than 325 mesh in Tyler standard sieves).

The sample was either

shaken horizontally in a stack of sieves for 2 hours by a Ro-tap sieve
shaker, manufactured by the W.S. Tyler Co., or forced through a 45
micron sieve by a stream of water as specified by the ASTM procedure
(ASTM C-430).

Another technique used a centrifugal particle size

analyzer (Model SA-CP3) manufactured by the Shimadzu Corp. of Kyoto,
Japan. This instrument operates using the sedimentation method of
particle size determination. It allows the spinning of the sample
suspension to allow analysis of very fine particles in a reasonable
period of time.

The reagent grade CaCOg was large enough to only

require settling by the gravity mode, having an average particle size of
30 microns.

However, the sinter residue was so fine as to require the

use of centrifugal force, produced by spinning the sample at 120
revolutions per minute.

The solution used for the analysis of the

reagent CaCOg was distilled water with sodium hexametaphosphate as a
dispersing agent, and for the sinter residue, kerosene with no
dispersant.
Physical and chemical characterization of cement
In the testing of the cementing characteristics of the produced
samples, the standard ASTM methods (4,5) were followed with a few minor
modifications.

A listing of the specifications for Type 1 and Type 5

Portland cements along with the analytical methods used for

determination are shown in Table 7 and 8.

One modification to the

standard ASTM cement analysis was that the elemental composition of the
cement samples was determined by XRF spectroscopy.

Further, the

compressive strength testing utilized a set of 5, 1-inch mortar cubes
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rather than a set of 3, 2-inch mortar cubes at each curing period
because of the limited amount of cement sample available. In limited
testing, the compressive strength of 1, 2-inch mortar cube was found to
have a strength very close to the average of a set of 1-inch mortar
cubes.

Results are shown for this comparison in Table 9. There was no

further testing to conclusively confirm this belief by this author,
because of a lack of time and material.

Table 7. Chemical requirements for Types 1 and 5 portland cement

Cement Type
Chemical Requirements

Type 1

Type 5

ASTM
Procedure

Magnesium oxide, max %

6.0

6.0

c-iua

Sulfur trioxide, max %
when C3A is 8% or less
when C3A is > 8%

3.0
3.5

2.3

Loss on ignition, max %

3.0

3.0

C-114

Insoluble residue, max %

0.75

0.75

C-114

Tricalcium aluminate, max %

-

5.0

C-114

Tetracalcium aluminoferrite
plus twice C3A

C-114a

20.0

C-114

^Elemental composition was determined by XRF spectroscopy.
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Table 8. Physical requirements for Types 1 and 5 portland cement

Cement Type
Physical Requirements
Air Content, max volume %
Fineness
Specific surface, tnr/kg
air permeability, min
Sample greater than 45 y
wet sieve
Autoclave expansion, max %

Type 1

Type 5

12.0

12.0

280

280

Time of set by Vicat test
Initial set
not less than, min .
Final set
not more than, hr

C-185

C-204
C-430

0.80

0.80

Compressive strength for a
curing time of
3 days, min psi
7 days, min psi
28 days, min psi

ASTM
Procedure

C-151
0-109%

1800
2800

1200
2200
3000
C-191

45

45

8

8

Optional
Sulfate expansion,
14 days, max X expansion
Alkali-aggregate reaction,
14 days, max % expansion

0.020

0.045

C-452

0.020

C-227

Density

C-188

Normal consistancy

C-187

®The test used 1 inch mortar cubes instead of the specified 2 inch
cubes.
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Table 9. Comparison of the compressive strengths of differing sizes of
mortar cubes

7-Day Compressive Strength, psi
Cement

1, 2-inch cube

Average of 4, 1-inch cubes

Type V

4340

4320

Residue-Cement

2260

2330

Samples of standard Type 1 and Type 5 portland cements were analyzed
with the samples of residue-cement to allow a standard reference for the
results.
Thermal analysis
Thermal analysis is a characterization method accomplished by the
measuring and analyzing changes in physical or chemical properties
resulting from controlled and measured changes in temperature. The
principle involved is the application of the laws of heterogeneous
equilibria, particularly the phase rule.

By simultaneously heating an

unknown sample together with an inert reference (usually AI2O3) placed
in separate sample holders, the required heat flow from/to the unknown
to maintain thermal equilibrium during the heating sequence can be
described by observing the difference in temperature between the two
samples.

For example, it has been established that CaCOg

endothermically decomposes to CaO and CO2 near a temperature of 890°C.
If a sample containing CaCOg is heated and the temperature difference
between it and an inert reference monitored, a region of endothermic
heat flow would be seen near 890°C manifested with a drop in the
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relative temperature of the CaCOg sample.

Additionally, thermal

analysis can be used to observe the heat effects of such occurrences as
chemical reactions and hydration.

This is accomplished by monitoring

the heat flow attributed-to a sample kept in a constant temperature
environment for a period of time.
Cements represent an excellent subject for study by thermal
analysis, since they produce large energy changes both in their
manufacture and hydration. Thermal analysis techniques have proven
useful for investigating raw mix phase make-up, high temperature
synthesis of cement, and hydration of cement. In this study, a Du Pont
1090 Thermal Analyzer (DTA) was used to help estimate the energy
requirements for the burning of various cement raw mixes.

The practical

heat requirements can be estimated by summing the areas for the heat
flow curves, endothermic being positive and exothermic negative.

A

heating rate of 15°C/min was maintained up to a maximum temperature of
1410OC.
Another thermal analysis technique, Differential Scanning
Calorimetry (DSC), was applied to the hydration of a residue-cement
sample. The calorimetric heat evolution diagram was determined by
employing a Du Pont 910 Differential Scanning Calorimeter.

Output of

this instrument was in the form of energy flow for a given time after
the addition of water to the cement sample.

This plot was used to

derive the calorimetric heat evolution diagram which plots the rate of
heat evolution as a function of time. The hydration reaction was
observed at a slightly elevated temperature of ZS^C in a nitrogen
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atmosphere, to avoid any carbonation reactions.

Unfortunately, results

using this technique were difficult to interpret.
Micro-analysis
The foreign elements found substituted into the cement phases have a
strong influence on the properties of the resulting concrete.

With this

in mind, the elemental make-up of the various cement phases found in
samples of residue-cement were determined by the use of a JEOL JSM-US
scanning electron microscope and a Microspec WDX-2A wavelength
dispersive spectrometer.
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DISCUSSION AND RESULTS
Burnability Study
Portland cement is generally produced in large plants using the most
readily available and cheapest raw materials.

These materials, either

natural minerals or industrial products, consist mainly of lime, silica,
alumina, and iron oxide.

Upon burning to high temperature, a feed of

the correct composition will yield the desired cement phases described
in more detail in the Literature Survey.

Unfortunately, the required

proportion of elements is seldom found in one raw material. Thus, it is
necessary to determine not only the required proportion of materials to
produce the desired cement but also the reactivity of the blends of
these materials.

For this reason, tests for reactivity (e.g.,

burnability tests) are generally made when either a new material or a
change in mix design is considered.
As outlined in the literature review, there are several types of
burnability studies.

This project used an experimental approach, based

on observing the amount of unreacted lime present after a given burning
condition, to investigate the reactivity of the sinter residue. This
method is the best for determining what effect all of the known and
unknown factors have on burnability.
The burnability study incorporated conditions which simulated actual
cement kiln operation. This will allow the ready transfer of
experimental results to the design and operation of kiln systems.

Only
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the rate at which final equilibrium is approached is of practical
interest, and this is measured by observing the amount of unreacted lime
as à function of time.
Parameters
Alumina (flux) content, lime conent, and burning temperature were
the variables investigated.

Alumina is one of the two primary fluxing

agents used commercially in cement manufacture with iron oxide being the
other.

The amount and composition of melt formed during cement burning

are strong factors affecting burnability. Thus, one means of increasing
the reactivity of the cement feed is to increase the flux content within
reasonable limits.

Since the lime-soda sinter process ideally removes

most of the alumina found in the sintered feed, the sinter residue has a
relatively low flux content, which translates into a lower amount of
melt.

Therefore, additional amounts of flux may be required for a

commercial cement feed using the residue.
Alumina was chosen as the flux to be investigated because it is one
of the two primary commercial fluxes and because it was found from the
work of Banda and Classer, that a given amount of alumina will increase
the amount of melt more than will a corresponding amount of iron oxide
in the system to be investigated (10). Conceivably, the alumina could
be provided by either reducing the amount recovered by the lime-soda
sinter process or by adding another raw material containing alumina such
as a clay. The experimental work used the addition of AI2O3 produced as
described earlier.

The level of alumina flux for a given system, was
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indicated by the silica ratio, the ratio of the amount of silica to the
sum of amount of alumina and iron oxide.

A desired value for this ratio

is between 2.3 and 3.3.
Lime in cement feed mixtures, found mainly in the form of limestone,
supplies the calcium for the formation of calcium silicates and governs
the amount of

C3S

that can be produced.

Since the energy requirements

are also a function of lime content, the amount of lime was carefully
monitored.

The level of lime was expressed by the lime saturation

factor (LSF) described earlier.
The final parameter Investigated was burning temperature, which can
be used as a direct measure of the energy requirements.

Further,

burning temperature can be used as a gauge for practicality by comparing
it with the maximum desirable kiln temperature of 1500°C.

The added

energy requirements to burn cement at a temperature greater than 1500°C
are quite large.
Experimental design and procedure
The experimental investigation was carried out using a factorial
design consisting of the factors and levels shown in Table 10.

The

procedure and apparatus used were described in the Experimental
Materials, Equipment, and Procedure section, and a flow sheet following
the course of the experimentation was shown in Figure 10. The residual
lime content, determined from a sample of the clinker produced from 20 g
of raw mix after a 30 minute burn at the clinkering temperature, was the
output value recorded.

Further analysis included XRD investigation of

the phases present in a set of representative samples.
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Table 10.

Experimental factors and levels for the burnability tests

Factor

Levels

Burning temperature, °C

1300, 1400, 1450, 1500, 1600

Lime content, LSF

0.85, 0.90, 0.95

Flux content, SR

3.3, 3.8, 4.3

Demonstration run
Before the burnability study was begun in earnest, it was decided to
make a demonstration run following all of the developed procedure.

This

demonstration run was not only a dry run for the pending burnability
study, but was also designed to produce tangible results.

The sinter

residue used was from an earlier lime-soda sinter run using Ottumwa fly
ash and not the residue used for the remainder of this project.

Design

of the feed mix used 1.8%* of added alumina to achieve a more favorable
silica ratio of 3.0, and had a lime content of LSF=0.95 to produce large
amounts of

C3S.

However, even at the alumina level used, a Type 5

Portland cement would be produced.

A burning temperature of 1500°C was

used to achieve a satisfactory level of residual lime (found to be
0.5%w).
One important reason for making the demonstration run was to confirm
that the blending technique was adequate. This was accomplished by both
observation of the loss on ignition of the feed pellets and by XRF
elemental analysis. The weight loss associated with the burning of the
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cement feed should not significantly differ for any pellets made from a
homogeneous batch.

Table 11 lists the loss on ignition for the 10

pellets making up the demonstration run, which show small deviation from
the mean.

Results from a comparison of the elemental composition of 3

randomly chosen pellets, given in Table 12, further confirm the ability
of ball milling to produce a homogeneous blend.
Table 11.

Loss on ignition for the pellets comprising the demonstration
run

Observed loss on ignition, %,,,
16.28
16.21
16.01
15.89
16.06

16.03
15.94
16.01
16.19
16.19

n = 10
mean = 16.08
standard deviation = 0.125

The phases produced during the burning of the demonstration feed
were also examined.

The XRD scan for the demonstration cement is

compared with a scan for a Type 1 portland cement in Figure 12.

The

peaks (consisting mainly of peaks associated with C3S) correspond almost
completely, except for one peak associated with a dehydrated gypsum form
found in the commercial cement near 25.3° 2 0 (d=3.52 angstroms).
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Table 12. Comparison of the composition of 3 randomly chosen pellets
from the demonstration run

Concentration,
Element

Probable®

Pellet 1

Pellet 8

CaO

65.06

64.61

64.79

64.59

SiOg

22.07

22.96

22.95

22.96

AlgOg

3.79

3.82

3.88

3.87

FegOg

3.45

3.28

3.28

3.27

MgO

2.97

3.31

3.33

3.26

NagO

1.11

0.77

0.88

0.91

SOg

0.08

0.00

0.00

0.00

KgO

0.08

0.06

0.06

0.06

TiOg

0.80

0.69

0.70

0.69

PgOg

0.56

0.54

0.55

0.55

^Composition determined from a material balance.

Pellet 9
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Results and discussion
Free lime contents determined during the burnability runs can be
used to identify optimum cement mixes and burning temperatures for a
given set of raw materials. This is accomplished by defining a
characteristic temperature (i.e., combinability temperature) where the
free lime is reduced to an acceptable lower limit in the clinker,
commonly 1%^.

The characteristic temperatures for the residue-cement

OIFFHAC V
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Figure 12.

X-ray diffraction scans comparing the demonstration clinker
with a standard portland cement

blends were determined via a graphical technique demonstrated in Figure
13.

A summary of the combinability temperatures thus determined is

given in Table 13, and the raw data for the burnability tests are found
in Appendix C.

Ill

6

5
o LSF-.8S
4

3
2

1
CanfeltMblllty TMptrttura

0
1200

1300

1400

1500

1600

1700

TEMPERATURE, DEGREES CELSIUS

Figure 13.

Table 13.

Determination of the combinability temperature from free
lime analysis (residue-cement formulation SR=4.3)

Combinability temperatures determined for the use of the
representative sinter residue

Flux Content,
SR

Lime Content,
LSF

Combinability
Temperature, °C

4.3

0.85
0.90
0.95

1450
1495
1565

3.8

0.85
0.90
0.95

1425
1475
1560

3.3

0.85
0.90
0.95

1395
1450
1520
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By comparing the combinability temperatures as a function of mix
composition (flux and lime content), optimum mixes can be defined.

This

can be readily accomplished by an appropriate plot of information such
as shown in Figures 14 and 15. These plots can also be used to design
raw mixes, assuming that the conditions of the burnability tests are
comparable to conditions within the cement kiln.

For example, the

design plots predict that the residue-cement mix designed with a SR=3.8
and LSF=0.90 requires a burning temperature of 1475°C to obtain complete
reaction.

Further, since an average cement kiln typically has a burning

temperature of 1450°C, the maximum lime content which has a
combinability temperature of 1450°C gives the maximum amount of C3S that
can be expected from the burning of that feed.
The three levels of flux used ranged from adding no alumina as flux
to the sinter residue-limestone raw mix as flux (SR=4.3) to adding
enough alumina to be close to the maximum amount of alumina acceptable
for a Type 5 cement (SR=3.3). The addition of alumina as a flux is
equivalent to reducing the alumina recovery for the Lime-Soda Sinter
Process, thereby increasing the alumina content of the sinter residue.
The recovery of alumina from the fly ash would in this way be considered
reduced from 85 to 67%^ in the SR=3.3 designs.

The alumina could

conversely be added in another form of aluminate such as clay.

The

third flux level selected (SR=3.8) was midway between the two extremes.
Results from the first block of tests (at SR=4.3) indicated that
only the lower lime addition level (LSF=0.85) approached the desired l%y
free lime criteria using a typical cement kiln temperature of 1450°C.
Unfortunately, cement produced at this level of lime content would have
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a low C3S, e.g., 42%w as compared to 55%^ for LSF=0.90.

At the higher

burning temperatures (greater than 1500°C), satisfactory free lime
contents were attained for lime levels greater than LSF=0.90.

However,

the greater energy required for these mixes make them unattractive.
For the second block of tests (at SR=3.3), the desired free lime
content was attained at 1450°C for both the lower and middle lime

levels. This latter lime content (LSF=0.90) compares favorably with
average industrial values used to produce general grades of Portland
cement. Therefore, it appears that a typical Type 5 portland cement can
be produced at average cement burning temperatures with these design
conditions. The last block of tests was made using an intermediate flux
level (at SR=3.8).

As found during the runs made with SR-4.3, only the

blend at the lower lime content met the required free lime criteria at a
burning temperature of 1450°C.

However, the intermediate flux level had

a combinability temperature only slightly greater (i.e., 14750C). This
block of tests again confirms the indication that the residue-cement raw
mix should possess a silica ratio closer to 3.3, a typical upper limit
in industrial design for economical processing.
X-ray analysis

It was necessary to confirm the existence of the

typical cement phases.

Besides showing that residue-cement mixes could

achieve the low free lime contents, representing complete reaction.
This was accomplished through XRD analysis using techniques described
previously. Representative samples were chosen to be analyzed from the
first two blocks investigated (SR=4.3 and SR=3.3).
the phases that could be Identified.

Table 14 contains

The diffractograms and determined

diffraction peaks for the analyzed samples are given in Appendix C.
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It is interesting to note that above 1400°C, no aluminate phase
could be detected for the SR=4.3 residue-cements.

As described in the

discussion of the cement phases, alumina can be found substituted in the
calcium silicate phase or frozen in the glass phase.
vas also difficult for the ferrite phase.

The XRO analysis

The characteristic peaks for

the ferrite compounds, which are a series of solid solutions, are quite
similar which makes differentiating between them quite difficult.
However, typical cement phases were found for all samples analyzed.

Table 14. Crystalline phases identified in residue-cement samples

Design
Parameters

Burning
Temperature, °C

Phases found by XRD

SR=4.3,
LSF=0.90

1300
1400
1450

C2F, MgO, CaO
C3S, &-C2S, C3A,
C3S, (3-C2S, C3A(?), C2F, MgO, CaO
C2F, MgO, CaO
C3S, $-C2S,

SR=3.3,
LSF=0.90

1300
1400
1450
1500

C3S,
C3S,
C3S,
C3S,

(3-C2S,
0-C2S,
P-C2S,
P-C2S,

C3A, C4AF,
MgO, CaO
C3A, C4AF or C2F, CaO
C3A, C4AF or C2F
C3A, C2F

Physical Testing
Although the burnability study showed that CgS-containing cements
could be produced from the sinter process residue, the performance of
the residue-cement remained to be demonstrated.

Large amounts of sample

are ideally required to thoroughly characterize a cement.
Unfortunately, this project was restricted in the amount of cement that
could be produced by the amount of reagent sinter residue that was
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available.

Under these circumstances, the physical testing experiments

were designed using tests of increasing scale, as shown in Figure 16.
In the first set of experiments (small scale testing) cylindrical
mortar-pellets were used to determine the optimum amount of added gypsum
and to observe the effect particle size had on strength formation of
residue-cement.

Following this, various formulations of cement blends

were burned to produce 250 g batches of clinker (intermediate scale
testing).

After intergrinding with gypsum, the resulting cement was

mixed into a set of 20, 1-inch mortar cubes of which 5 each were broken
at 3, 7, 28, and 56 days. The 250 g amount of clinker permitted only
compressive strength testing to be carried out.

However, compressive

strength is arguably the most important property of a cement and hence a
good choice for use as an index of the quality of the produced residuecement.
From observation of the runs made at the 250 g level, one superior
design was chosen and used in a larger scale run of 2.5 kg of clinker.
With this amount of cement, most of the specified Portland cement
characteristics could be quantified using the tests outlined by the
ASTM (4).

Unfortunately, even with 2.5 kg of clinker many of the

standard tests, which normally take many trials to meet the required
sample conditions, could only be run once.

In spite of this limitation,

all of the tests met or closely approached the requirements stipulated.
Small scale testing
The first test of the hydraulic character of the residue-cement was
a dismal failure.

This test consisted of adding a few drops of water to

a mixture of 5 g of hand-ground clinker and reagent grade gypsum. The
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Small Scale
0.5-inch diameter
Cylindrical pellets
8 g of cement

Intermediate Scale
1-inch mortar cubes
250 g cement batch

Large Scale
Thorough testing following
ASTH guidelines
2.5 kg cement batch

Figure 16.

Experimental design for physical testing of residue cement
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resulting paste (hydrated cement without aggregate) had the same
strength of dried mud after a 1-day curing time.

The importance of

cement fineness and of intergrinding the optimum amount of gypsum was
thereby made manifest.

Subsequent tests on the same scale gave more

promising results as the particle size was reduced to near 3-6%* residue
greater than 45 microns.
In order to quantify the strength formation exhibited by a residuecement, a 250 g batch of clinker (labeled SSI) was produced using the
conditions: SR=3.8, LSF=0.90, and burning temperature = 1500°C for 30
minutes.

This design was chosen by observation of the design plots

developed in the burnability study, Figures 14 and 15.

The mix design

for SSI represents the feed with the least amount of required flux to
obtain a cement with a lime content of at least LSF-0.90 near a
reasonable burning temperature (i.e., 1500°C).
Cement from the produced clinker was mixed into a paste using a
water to cement mass ratio (w/c) of 0.3. Interestingly, it was observed
that this level of water addition was sufficient to yield an adequate
paste for the standard Type 1 portland cement (Lehigh), but was too
great for the residue-cement paste.
cubes for both cements.

The resulting paste made 8, 1-inch

This allowed for cubes to be broken at 4 curing

times of 1, 7, 28, and 56 days.

Results for the compressive strengths •

determined at each cure time are shown in Figure 17.
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Figure 17.

Comparison of the compressive strength of a residue-cement
(SR=3.8, LSF=0.90) with a Type 1 portland cement using 1inch paste cubes (w/c=0.3)

The early strength of the residue cement was found to significantly
lag the standard portland cement.
even to later cure times.

This situation was found to continue

If significant amounts of P-C2S were present,

then a later surge of strength would be seen as discussed in the
Literature Review section. Since this was not the case, incomplete
reaction cannot be attributed to the lack of strength development.
Another explanation for the low strength could be the excess water
used to hydrate the residue-cement.

The amount of added water strongly

influences the compressive strength of hydrated cement.

Since water

addition at w/c = 0.3 was excessive for the residue-cement, the results
shown on Figure 17 represent a worst case for strength formation.

Other
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factors, such as the high phosphorus content and dilution of the C3S
phase, may also contribute to the observed poor showing of the residuecement in these early tests.
In order minimize the amount of cement used in sample preparation, a
small sample shape for determination of compressive strength was
developed. It is generally held that a height to width ratio of 2 is
the ideal fracture shape. Using this as a guide, a set of cylindrical
molds were constructed 1.27 cm (1/2 inch) in diameter and 2.54 cm (1
inch) high made from plastic pipe.

Additionally, the small scale tests

used mortar (hydrated cement and fine aggregate) instead of paste to
obtain the maximum amount of sample from a given amount of cement.

The

experimental procedure used for this testing is found in Table 15. The
cement sample employed for the small scale tests was produced utilizing
the same mix design used for the earlier strength test, cement SSI.
Unfortunately, a problem of excessive scatter of the observed
compressive strengths between replicate samples was prevalent during the
use of the cylindrical mortar specimens.

It was believed that the small

surface area of these cylinders made correct alignment of the head of
the press difficult, resulting in fracture conditions that varied.
Further, the small sample size could also make replication of sample
preparation difficult. Therefore, the scope of these small scale tests
was limited and the results obtained were carefully analyzed.
Conclusions that were drawn from the small scale tests are listed in
Table 16, and a complete tabulation of experimental results is given in
Appendix C.
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Table 15.

Procedure and parameters used for the small scale testing of
compressive strength

Water/cement weight ratio = 0.4
Cement/aggregate weight ratio = 1/1.5
Amount of cement = 8 grams
Method for hydration of sample = mix for 1 minute after adding
water, pour sand in slowly,
wait 1 minute, and mix for
another minute
Method for tamping sample into mold = place sample in mold in 2
parts, tamping 15-times
at each level
Curing time = 5 days
Number of cubes produced = 2

Table 16.

Summary of results for the small scale testing of residuecement

(1) Particle size is a key characteristic for residue-cement to attain
adequate compressive strength. A value near 5%^ residue greater
than 45 micron is desirable.
(2) The optimum amount of gypsum for producing the greatest compressive
strength after 5 days was close to 5%^ for the residue cement.
(3) Of the accelerators investigated to improve early strength
formation (i.e., 3%^ CaCl2, 1%^ CaNOg, and 4%^ KOH), CaCl2 induced
the greatest compressive strength.
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Intermediate scale testing
At this level of testing, 250 g batches of clinker were produced to
be analyzed for strength development.

The clinker was interground with

5%y gypsum to a particle size near 5%^ residue greater than 45 microns,
the optimum levels found in the small scale testing.

The resulting

cement was mixed into a mortar (w/c=0.55 and cement/aggregate = 1/2.75)
and shaped into 20, 1-inch cubes.

A set of 5 mortar cubes was then

broken at 3, 7, 28, and 56 days. This technique for strength analysis
was found to be much more reliable than the cylinders used for the small
scale testing.
Three formulations of residue-cement were produced to be analyzed in
this manner, and the results from the strength analysis of these
residue-cements are shown in Figure 18 along with the strengths found
for a standard Type 1 (IDOT) and Type 5 portland cement.

The design

labeled Res-Cem (Al med) on Figure 18 is the same design used for the
small scale testing (SR=3.8, LSF=0.90) except that it has a 5Xy gypsum
level and a particle size of 3.4%* residue greater than 45 microns.
Though still lagging the standard cements, Res-Cem (Al med) met the ASTM
specifications for strength of a Type 5 portland cement.

In order to

further improve the strength formed by a residue-cement, higher C3S
amounts (i.e., higher lime contents) were apparently needed.
As previously determined in the burnability study, residue-cement
lime contents higher than LSF=0.90 require increased amounts of flux
(e.g., SR>3.8) to burn at practical kiln temperatures.

The other 2

residue-cement formulations had greater C3S contents than Res-Cem (Al
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med). The design labeled Res-Cem (A1 hi) on Figure 18 was made using an
upper amount of alumina for a Type 5 cement (SR=3.3, LSF=0.93).
Conversely, Res-Cem (CaF2) possessed the lowest alumina possible for the
residue-cement (i.e., highest alumina recovery) with CaF2 used as the
added flux (SR=4.3, LSF=0.95). The resulting strengths for Res-Cem (A1
hi) and Res-Cem (CaF2) also lagged the standard portland cements, but
were significantly improved over the Res-Cem (A1 med) design.
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Figure 18.

Compressive strength exhibited by residue-cement
formulations as compared to standard Type 1 and Type 5
Portland cements
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The effect of increasing C3S content in the residue-cements was
readily evident.

The order of strength development for the residue-

cements, as seen on Figure 18, is Res-Cem (CaF2) > Res-Cem (A1 hi) >
Res-Cem (A1 med). The corresponding amounts of C3S are 73%*, 64%* and
59%*, respectively. It is interesting to note that the C3S contents of
the residue-cements were relatively higher than the standard portland
cements (i.e., both Type 1 and Type 5 containing 52%* C3S), yet the
strength development was less, even with a comparable particle size.
Even the best of the residue-cement formulations could not reach
strengths comparable with those of the standard Type 1 and Type 5
Portland cements within 28 days.

Use of an accelerator could be one

means to increase the formation of strength of the residue-cement.
During the small scale testing, CaCl2 was found to yield the greatest
compressive strength improvement compared with KOH and Ca(N03)2 for the
levels investigated.

Reducing the particle size could be another means.

Here, the cost of added grinding must be weighed against the benefit of
more rapid strength formation.

Finally, it may be that high dilution of

the C3S phase in the residue-cement by foreign elements may cause slower
strength development than a typical cement regardless of other physical
conditions.
Compressive strengths for the 5 cements shown in Figure 18 were also
determined at 56 days.

However, the strengths observed at this cure

time for Res-Cem (CaF2) and the Type 1 and Type 5 portland cements were
lower than at 28 days, which would be highly unlikely.

This anomaly may

be attributed to the inability to correctly align the surface areas of
the mortar cube with the press head. In the analysis of compressive
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strength for the large scale testing, a swivel base was used with the
press and this anomaly was not observed for any of the cements tested
(i.e., residue-cement. Type 1 or Type 5).

A complete listing of

compressive strengths found during the physical testing is shown in
Appendix C.
Large scale testing
The smaller scale physical testing had investigated various cement
formulations based solely on the observed compressive strengths because
of limited sample.

A more thorough characterization was made using a

2.5 kg sample size. The raw mix design chosen for this investigation
was one also used in the intermediate scale testing, SR=3.3, LSF=0.93 or
Res-Cem (A1 hi). Though the mix design containing CaF2» Res-Cem CaF2,
produced a cement displaying greater strength development, use of
alumina as the added flux implies less adverse effects (which were noted
in the Literature Review section).
The 2.5 kg batch of residue-cement was obtained by intergrinding the
clinker produced in 10 separate runs with 5%y added gypsum in a ball
mill.

The resulting cement was then subjected to the ASTM tests

outlined in Tables 7 and 8.

A material balance for the production of

this residue-cement formulation is shown in Appendix B.
The chemical composition found for the large scale residue-cement is
summarized in Table 17 and the physical properties are found in Table
18.

This formulation of residue-cement met all of the requirements set

forth for a Type 5 portland cement.

In fact, the compressive strength

displayed exceeds even the Type 1 limits. The increase in strength
development over what was observed earlier in the intermediate scale
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testing could be attributed to the much finer particle size (i.e.,
reduced from 9.2%^ to less than 1%^ residue greater then 45 microns).
Other important properties, such as workability (characterized by
initial and final set) and sulfate resistance, also fall within the ASTM
requirements for a Type 5 cement. The only specifications not addressed
from Table 8 were air content and possible alkali-aggregate reaction.
The test for air content was aborted because the flow of the test mortar
failed to meet the specified level, and there was insufficient cement
left for a second trial.

The optional test to determine the

susceptibility of the residue-cement to undergo alkali-aggregate
reaction was discontinued when the bar for the residue-cement sample was
broken, which would not allow for an accurate measurement for expansion.
This test is quite involved, requiring a rigorously defined aggregate of
ground quartz, and is highly sensitive to curing conditions.
Unfortunately, time and limited sample precluded a second attempt. This
area of alkali-aggregate reaction potential of the residue-cement
represents a large area of possible future work and will be discussed in
further detail later.
Kinetics of C3S Formation in Residue-Cement
An understanding of the reaction mechanism and kinetics occurring
during the formation of the residue-cement clinker is desirable for
reliable process design and plant operation.

Of particular importance

is the formation of C3S, which can be followed by measuring the amount
of residual CaO present after a cement burn.

Also, use of the sinter
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Table 17.

Chemical composition of residue-cement (SR=3.3, LSF=0.93),
elemental analysis determined by x-ray fluorescence

Concentration, %„
Element

Residue-cement

CaO

62.88

SiOg

22.81

ASTM specification

AI2O3

3.59

FegO,

3.13

MgO

3.13

max 6.0

SO.

2.07

max 2.3

1.01

^2°5
NagO

0.99

TiOz

0.70

KgO

0.07

100.38
Moisture

0.56

Loss on Ignition

0.59

Free CaO

0.9

Insoluble Residue

0.37

max 3.0

max 0.75

Bougue Phase Analysis
C3S

64.8

CgS

17.7

CgA

3.8

C4AF

9.4

max 5.0
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Table 18. Physical properties of residue-cement (SR-4.3, LSF=0.93)

Property

Fineness
Blaine, car/g
Sieve,
residue >
45 micron
Soundness (expansion), %
Strength, psi
3-Day
7-Day
28-Day
Setting Time (Vicat), minute
Initial
Final

Residue-Cement

4430
0.80
0.059
2560
3930
6650
80
140

Sulfate expansion, %

0.037

Specific gravity

3.12

Normal consistancy, c/w

0.282

Air content
Alkali-aggregate reaction

ASTM Specification
for Type 5

min 2800

max 0.8
min 1200
min 2200
min 3000
min 45
max 480
max 0.045
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residue, which consists mainly of C2S, provides an unique opportunity to
investigate the important reaction between CaO and C2S.
Reaction of Interest
As described in the Literature Review section, the reactions
occurring during formation of the cement clinker above 1300°C are
diffusion controlled. The reaction of interest is the formation of C3S
by the additive reaction between CaO and C2S as shown in equation (1).

CaO + CjS <—> C3S

(1)

A common technique for determining the fraction of reaction completed is
observation of the fraction of CaO consumed.
Procedure, parameters, and results
A kinetic study of the formation of C3S in the residue-cement
clinker was conducted for two mix formulations. These formulations
represent the limits of alumina content used during the burnability
study (i.e., SR=4.3 and SR=3.3) with an intermediate lime content of
LSF=0.90. The samples were burned following the procedure described
earlier at temperatures of 1300°, 1400°, 1450°, and 1500°C for various
times.

Tables 19 and 20 contain the free lime contents and

corresponding fraction of reaction completed for the SR=4.3 and SR=3.3
formulations, respectively. These results are graphically shown in
Figures 19 and 20.
Kinetic modeling
The solid-state model most commonly used for cement clinker kinetics
is the Ginstling-Brounshtein model given by equation (11).
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kggt =^= 1 -|x - (1 - x)2/3

(11)

o

= fGB(x)

where kgg is the Ginstling-Brounshtein rate constant, k is a
proportionality constant, D is the diffusion coefficient of the
migrating species, t is the time of reaction, r^ is the initial radius
of the reacting particles, and x is the fraction of reaction completed
at time=t.
This model equation is derived assuming that initially no reaction
has occurred and that isothermal conditions are present.

However, the

procedure used for the residue-cement kinetic analysis was not
completely isothermal.

Rather, the feed was heated from 400°C up to the

burning temperature, where the residence time was altered. During this
heating sequence, a significant amount of reaction occurs, i.e., x-x^ at
t=0.

Equation (11) can be rederived to account for the new boundary

condition.
Let the volume of unreacted material at any time, V|., be given by
3
4nr;
= -3^

(37)

The rate of change of V^- is assumed analogous to the Barrer's equation
for steady-state heat transfer through a spherical shell of radius
(rg - r^), where r^. is the radius of the reacting sphere at time=t.
Under steady-state conditions, this relation is
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Table 19.

Experimental results from the kinetic analysis of a residue
cement raw mix (SR-4.3, LSF«0.90)

Burning
Temp., °C

Residence
Time, min

Free Lime
Content,

1300

5
10
20

9.7
9.5
8.5

0.51
0.52
0.57

30
90
180
240

8.1
8.1
8.3
8.0

0.59
0.59
0.58
0.60

5
10
20

8.8
8.8
7.4

0.56
0.56
0.62

20
30
60

8.1
6.9
6.4

0.59
0.65
0.68

90
180

5.8
3.5

0.71
0.82

5
10
20

7.8
7.1
5.5

0.61
0.64
0.72

30
60
150

4.1
3.3
1.5

0.79
0.83
0.92

5
10
20

5.1
4.0
2.3

0.74
0.80
0.88

30
60
120

0.9
0.6
0.2

0.95
0.97
0.99

1400

1450

1500

Fraction CaO
Reacted
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Table 20. Experimental results from the kinetic analysis of a residue
cement raw mix (SR=3.3, LSF=0.90)

Burning
Temp., °C

1300

1400

1450

1500

Residence
Time, min

Free Lime
Content,

Fraction CaO
Reacted

5
10
20

8.5
8.7
7.7

0.60
0.59
0.63

30
45
60

7.6
6.7
6.1

0.64
0.68
0.71

90
180

5.5
4.0

0.74
0.81

5
10
20

5.2
4.7
3.6

0.75
0.77
0.83

30
60
90

2.7
2.2
1.1

0:87
0.90
0.95

5
10
20

2.2
1.6
1.0

0.90
0.92
0.95

30
80

0.8
0.4

0.96
0.98

5
15
30
60

0.7
0.3
0.3
0.3

0.97
0.99
0.99
0.99
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Figure 19.

Fraction of CaO reacted as a function of time at the burning
temperature for residue-cement formulation SR=4.3, LSF=0.90
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Figure 20.

Fraction of CaO reacted as a function of time at the burning
temperature for residue-cement formulation SR=3.3, LSF=0.90
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dV.
-4nkDr r.
dT = -rrrr^
o
t

(38)

The volume of unreacted material can also be expressed as a function of
the fraction of the reaction completed.

V

3
=^(1 - X )
3

(39)

which by comparison with equation (37) provides a relation between r^
and r^. (i.e., r^. = ro(l - x)l/3).

By differentiating equation (37) and

equating it to equation (38), the differential equation for this
reaction system becomes

-[r^ - _t] dr^ = kD dt

(40)

^0
This equation can be integrated using the boundary condition that
rt=ro at t=0 and the relation between r^ and r^ to yield equation (11).
However, if it is assumed that at t=0, rt=ri where ri<rQ or x=Xo (i.e.,
some reaction has already occurred), then integration and rearranging of
equation (40) results in

kggt =^= [1 - |x - (1 - x)2/3] - [1 - |x^ - (1 - x^)2/3] (41).
o

There are various methods for testing the fit of experimental data
to reaction models such as equation (41).

One convenient way is to

check the linear correlation of a plot of fGB(x) versus t.

If the
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system follows the reaction model, the linear plot should have a slope
of the rate constant, kgg, and a y-intercept of fGB(Xo)'

The degree of

fit can therefore be determined from the coefficient of correlation for
a plot of experimental points.
This technique was applied to the experimental results for the
residue-cement formulations.
are shown in Table 21.
this analysis.

The coefficients of correlation thus found

Not all of the experimental data were used in

For example, the 1500°C burn for the SR=3.3 formulation

was so near completion after 5 minutes at the burning temperature, that
there was insufficient information to determine any correlation.

Also,

the 1300°C burn for the SR=4.3 formulation appeared to essentially reach
completion after only 30 minutes at around 60%* consumption of CaO.
Therefore, only the kinetic data taken up to 30 minutes were considered.

Table 21.

Fit of experimental results for the burning of residue-cement
formulations based on the Ginstling-Brounshtein solid-state
reaction model

Burning
Temperature,
Formulation
SR=4.3, LSF=0.90

SR=3.3, LSF=0,90

Coefficient of
Correlation

Reaction Rate
Constant,
min-1

1300
1400
1450
1500

0.9853
0.9909
0.9582
0.8820

7.0
5.5
9.2
15.6

1300
1400
1450

[BO.9857
0.9800
0.9148

4.3
14.3
11.0

X
X

10-4
10-4

X 10-4
X

10-4

X

10-4
10-4
10-4

X
X
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Results for the model fitting of the Ginstling-Brounshtein equation
show a decline in linear correlation at the higher burning temperatures.
Further, as shown in Figure 21, the experimental points given in a plot
of fGB(x) versus t display a break corresponding to two linear regions
of differing slope. This two-stage reaction sequence becomes more
pronounced as the burning temperature Increases, accounting for the
worsening of correlation for the overall set of data.
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Figure 21.

Experimental points from the analysis of SR=3.3 residuecement formulation burned at 1450°C fit into the GinstlingBrounshtein rate equation
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Cohn described a system where the phase boundary processes cannot be
neglected (31). In such a system, the driving force for reaction is
assumed to be divided between that associated with phase boundary
processes and that associated with diffusion processes. In the first
stages of reaction for such a system, the diffusion (product) layer is
thin and the reaction is phase boundary controlled as diffusion is quite
rapid.

Subsequently, the diffusion (product) layer increases to a point

where it is sufficiently thick to cause the diffusion processes to
become rate controlling.

Under such circumstances, the rate equation

would show a two-stage reaction sequence with the reaction time
initially proportional to the rate of increase in the product layer and
later to the square of the rate of increase in the product layer.
This system of analysis was applied to the kinetic results obtained
for the residue-cement formulations.

Equation (18) is the rate

relationship given for phase boundary control for spheres.

kpgt = ^ t = l - ( l - x)^^^

(18)

0

However, this equation is for an isothermal system with an initial
condition of no reaction. In a similar treatment as used for the
Ginstling-Brounshtein equation, the boundary condition of

x=X

q

at t=0

was incorporated to yield a modified equation of

kpgt =

t = [1 - (1 - x)l/3] - [1 - (1 - x^)l/3]
o
- fpg(x) - fpB(xQ)

(42)
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The model fitting, based on the two-stage reaction sequence, was
then attempted by using equation (42) for early reaction times up to the
apparent break in the data and then equation (41) for the remaining
times.

Results thus obtained showed good linear correlations.

Figures

22 to 28b show plots of experimental data substituted into the rate
equations along with the best fit lines. Tables 22 and 23 contain the
determined coefficients of correlation and reaction rate constants based
on the two-stage reaction scheme.
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Figure 22.

Experimental points for the SR=4.3 residue-cement
formulation burned at ISOQOC fit into the phase boundary
rate equation
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At a burning temperature of 1300°C for the SR=4.3 formulation, no
break was shown in Figure 20 within 30 minutes of reaction time.

This

was because no experimental information was considered beyond 30 minutes
since the system was considered to be at equilibrium with no further
reaction occurring. The observation that little reaction occurred after
30 minutes can be explained by the two-stage reaction sequence.

In the

early stages of reaction, the system is phase boundary controlled and
the mobility of Ca is not important.

However, this situation changes

when the diffusion layer increases sufficiently so that the reaction is
diffusion controlled.

The diffusion of Ca is much slower at 1300®C than

at the higher burning temperatures because of the effect of temperature
and, more importantly, because of the minimal amount of melt formed at
that temperature (i.e., liquid phase diffusion is much more rapid than
diffusion in the solid-state).

Therefore, the rate of reaction would be

quite slow owing to the reduced mobility of Ca.
Confirmation of the assumed mechanism

The assumption of a

two-stage reaction sequence can be readily tested.

As described in the

Literature Review section, the rate constant for the phase boundary rate
equation is proportional to the inverse of radius of the reacting
particle, while the rate constant for the Ginstling-Brounshtein rate
equation is proportional to the inverse of the square of the same
radius.

If a set of experiments were undertaken where the particle size

of the reactant C2S was doubled while, holding the other parameters
constant, the observed rate constant should be reduced by 1/2 if the
system were phase boundary controlled and by 1/4 if it were diffusion
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Figure 23a.
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Experimental points for the SR=4.3 residue-cement
formulation burned at 1400°C fit into the phase boundary
rate equation
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Figure 23b.

Experimental points for the SR=4.3 residue-cement
formulation burned at 1400°C fit into the GinstlingBrounshtein rate equation
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Figure 24a.

Experimental points for the SR=4.3 residue-cement
formulation burned at 1450Oc fit into the phase boundary
rate equation
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Figure 24b.

Experimental points for the SR=4.3 residue-cement
formulation burned at 1450°C fit into the GinstlingBrounshtein rate equation
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Figure 25a.

Experimental points for the SR=4.3 residue-cement
formulation burned at 1500°C fit into the phase boundary
rate equation
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Figure 25b.

Experimental points for the SR=4.3 residue-cement
formulation burned at 1500°C fit into the GinstlingBrounshtein rate equation
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Figure 26a.

Experimental points for the SR=3.3 residue-cement
formulation burned at 1300°C fit Into the phase boundary
rate equation
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Figure 26b.

Experimental points for the SR=3.3 residue-cement
formulation burned at 1300°C fit into the GinstlingBrounshtein rate equation
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Figure 27a.

Experimental points for the SR=3.3 residue-cement
formulation burned at 1400°C fit into the phase boundary
rate equation

TIME AT BURNING TEMPERATURE, MINUTES

Figure 27b.

Experimental points for the SR=3.3 residue-cement
formulation burned at 1400°C fit into the GinstlingBrounshtein rate equation
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Figure 28a.

Experimental points for the SR=3.3 residue-cement
formulation burned at 1450OC fit into the phase boundary
rate equation

TIME AT BURNING TEMPERATURE, MINUTES

Figure 28b.

Experimental points for the SR=3.3 residue-cement
formulation burned at 1450°C fit into the phase boundary
rate equation
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Table 22.

Fit of experimental results for the burning of residuecement formulation SR=4.3, LSF=0.90 based on the two-stage
reaction sequence

Phase Boundary
Ginstling-Brounshtein
Burning Coefficient of Reaction Rate Coefficient of Reaction Rate
Temp.,
Correlation
Constant,
Correlation
Constant,
OC
min-1
min"!

1300
1400
1450
1500

Table 23.

Burning
Temp.,
°C

1300
1400
1450

0.9845
0.9421
0.9982
0.9976

1.9 X 10-3
2.35 X 10-3
5.5 X 10-3
10.6 X 10-3

0.9939

1.000
0.9960

4.5 X 10-4
6.8 X 10-4
6.8 X 10-4

Fit of experimental results for the burning of residuecement SR=3.3, LSF=0.90 formulation based on the two-stage
reaction sequence

Phase Boundary
Coefficient of Reaction Rate
Correlation
Constant,
min-1

0.9729
0.9975
0.9999

1.4 x 10-3
5.1 x 10-3
6.4 x 10-3

Ginstling-Brounshtein
Coefficient of Reaction Rate
Correlation
Constant,
min-1

0.9956
0.9863
0.9920

3.6 x 10-4
12.1 x 10-4
6.7 x 10-4
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controlled. In this way, some confirmation of the assumed mechanism
could be obtained.
Apparent activation energy

The Arrhenius equation is commonly

used to express the variation of reaction rate with temperature.

An

integrated form of this equation is given by
k = A exp(-E/RT)

(43)

where k is the reaction rate constant, A is the collision factor, E is
the Arrhenius activation energy, R is the gas constant, and T Is the
absolute temperature.

Taking the logarithm of both sides of equation

(43) results in the following relation.
ln(k) =

+ ln(A)

(44)

In this form, the apparent activation energy can be determined from
a plot of ln(k) versus 1/T.

The resulting line will have a slope of

-E/R and y-intercept of ln(A).

This method of analysis was used to

determine the apparent activation energies of the reactions occurring in
the residue-cement clinker.
The apparent activation energies found in this investigation were
based on the Ginstling-Brounshtein reaction rate constants for the
latter stage of reaction.

The activation energy determined for the

SR=4.3 formulation was 103 kJ/mole (24.6 kcal/mole) and for the SR=3.3
formulation 121 kJ/mole (28.9 kcal/mole). These computed values are
reasonably close to the activation energy associated with the diffusion
of Ca through the clinker melt, reported to be 164 kJ/mole by Bye (20)
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and with the activation energy for self diffusion of Ca in CaO, reported
to be 142-268 kJ/mole by Chatterjee and associates (24).
The difference in activation energies found in this investigation
and those reported may arise from the low amount of melt found in the
residue-cement formulations, especially the SR=4.3 formulation.

Kondo

and Choi shoved that the apparent activation energy for the formation of
a cement clinker could vary from 175 to 515 kJ/mole in cement feeds
producing a melt amount of 15%* and 30%*, respectively (82).
Furthermore, it is doubtful whether the particle size were uniform for
either the C2S particles (discussed later) or the reagent grade calcite.
Sources of further information on the effect that non-uniform particle
size has on the reaction rate equations were given in the Literature
Review section. Finally, the graphical technique used to determine the
rate constants may be a source of error (e.g., additional experimental
points could better define the break area and therefore, improve values
found for rate constant).
Non-isothermal analysis
The kinetic study undertaken employed a ramp heating rate of
15°C/min from 400°C to the burning temperature.

Thus, by the time the

sample began the soak at the burning temperature, a significant amount
of reaction had already occurred.

The value for the fraction of

reaction completed when the feed reached the burning temperature can be
extrapolated from either the kinetic modeling of the early stages of the
reaction using equation (42) or from the plot of fraction CaO reacted
versus time at the burning temperature given in Figures 19 and 20.
Table 24 contains the values found for the fraction of reaction
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completed when t=0 at the burning temperature or, in other words, when
the the heating of the sample to the burning temperature was achieved.
An attempt was made to fit the experimental data found in Table 24
into the non-isothermal models reported by Imlach (57).

Unfortunately,

the resulting apparent activation energies were very low or negative,
similar to what Imlach had found.

To improve upon this analysis,

another rate equation needs to be derived starting from equation (23).

f(x) =1 n exp(-E/RT) dT
& Jiji
%
Table 24.

(23)

Fraction of reaction completed for the residue-cement
formulations when the burning temperature is achieved

Burning
Temperature, °C

Fraction of
Reaction completed

SR=4.3, LSF=0.90

1300
1400
1450
1500

0.49
0.53
0.56
0.67

SR=3.3, LSF=0.90

1300
1400
1450
1500

0.58
0.72
0.88
0.97

Formulation

Since this integral does not lend itself to a simple solution, a
rate equation can be derived employing an approximation of the area
represented by the integral.

Using this idea, a rate equation was

derived applying the simple trapezoidal rule (i.e., area = (xj - X2)
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(1/2) (y^ + 72))*

Unfortunately, even this derived equation, shown

below, could not be readily used to estimate the activation energy since
the indépendant variable T2 (the burning temperature) cannot be easily
separated to allow a graphical solution such as was used in conjunction
with equation (41) or (42).

f(x) = ^ [|(T2 - T^)(exp(-E/RT2) + exp(-E/RTp]

(45)

Particle size of reactant C7S
The particle size of the reactant C2S in the residue-cement clinker
is an important factor since it is considered the reacting particle in
the formation of C3S.

Determination of its particle size was attempted

by SEN analysis of a polished section of a lime-soda sinter clinker.
The fruit of this investigation was an interesting discovery that the
C2S particles appear as spherical shells surrounding an open center.
Confirmation of this observation was made through an EDX dot mapping of
calcium, silicon, and aluminum found in the clinker.

Examples of this

micro-analysis are shown i.n Figures 29 and 30 for two clinker sites.
These micrographs support the observation that the C2S phase produced by
the lime-soda sinter process exists as a spherical shell around an open
pore.

The average inner and outer radius of the C2S shell were

difficult to estimate because of doubt to where the plane of the
polished segment cut the C2S spheres.

Also, it appears that many of the

C2S spheres are not complete. These observations make an estimation of
an average particle size difficult.
The existence of the C2S shells can be explained by the diffusion
controlled mechanism for C2S formation. In the lime-soda sinter
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Figure 29a.

SEM micrograph of lime-soda sinter clinker, position A
(magnification = 300X)

Figure 29b.

EDX dot mapping for silicon in lime-soda sinter clinker,
position A (magnification = 300X)
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Figure 29c.

EDX dot mapping for calcium in lime-soda sinter clinker,
position A (magnification = 300X)

Figure 29d.

EDX dot mapping for aluminum in lime-soda sinter clinker,
position A (magnification = 300X)
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Figure 30a.

SEM micrograph of lime-soda sinter clinker, position B
(magnification = 300X)

Figure 30b.

EDX dot mapping for silicon in lime-soda sinter clinker,
position B (magnification = 300X)
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Figure 30c.

EDX dot mapping for calcium in lime-soda sinter clinker,
position B (magnification = 300X)

Figure 30d.

EDX dot mapping for aluminum in lime-soda sinter clinker,
position B (magnification = 300X)
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clinker, regions of silica and calcium oxide (produced by the
dissociation of CaCOg) that come in contact react to form C2S.

Since

the sintering temperature used for the process is below that for
significant melt formation, the system stays in the solid-state.

Thus,

since Ca diffuses much more rapidly than Si, it is the species that
migrates from its original position through the C2S product layer.

As

the reaction proceeds, CaO is consumed leaving an open pore where it
originally resided.

This pore is ringed by the product C2S in areas

where silica was located nearby.

The C2S phase and silica are

essentially frozen in position since their mobility is much slower in
comparison with calcium.
Figure 31.

This reaction sequence is illustrated in

When the spherical shells of C2S found in the sinter-residue

are reheated to cement burning temperatures, the open pore probably
disappears. This belief is based on the observation of residue-cement
clinkers where no spherical shells have been seen.
Implications of Utilization of Sinter Residue
The burning of a cement clinker involves a highly energy intensive
process.

Lea reports that the theoretical heat requirement to produce a

burned clinker is between 400-430 cal/g of clinker (85). In actual
kilns, this value can range from 750-1450 cal/g of clinker (9).
Knowledge of the practical heat requirement is essential for design and
operation of a cement kiln.
The issue of improved energy efficiency has arisen in the cement
industry leading to such short term measures as installation of chain
sections to maximize fuel efficiency, minor kiln alterations and
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Illustration of C2S formation in lime—soda sinter clinker

modernization, and adjustments of raw material balances.

However, these

steps will not yield dramatic reductions in energy usage, which would
require major changes.

For instance, significant energy could be saved

by using a lime source other than limestone.
Use of the sinter residue in a cement feed would reduce the required
energy to produce a given weight of cement and also would allow for
increased throughput for a given kiln.

Approximate figures for these

effects can be determined based on the reduction of required limestone..
For example, a 75% reduction in the energy required to dissociate the
calcium carbonate can be achieved by replacing a common raw mix
containing 75%y limestone with a residue-cement design containing only
25%y limestone. Further, the decreased amount of limestone corresponds
to a 33%y increase in the amount of produced clinker (i.e., less loss on
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ignition means more clinker from same amount of feed).

Though these

figures can be considered good estimates, a more thorough investigation
is desirable.
Energy savings
To predict all the thermal consequences of the use of the sinter
residue, a theoretical analysis was undertaken of the heat required to
burn a dry amount of feed to produce 100 g of clinker. This will be
accomplished by making an ultimate heat balance over a typical cement
kiln considered to be burning first a residue-cement raw mix and then a
typical Type 5 raw mix. The ultimate heat balance shows how the heat
required for cement production may be apportioned, mainly from
consideration of external measurements.

An important part of this heat

balance is the determination of the theoretical heat required to produce
a given amount clinker from a mix of dry feed.

This value is typically

estimated by using an empirical relationship between elemental
composition and required heat.

However, in the case of the residue-

cement raw mix, the raw materials differ greatly from the norm and
therefore, a more detailed determination is required.

The following

analysis draws heavily on the outline of cement reactions given by Lea
(85), Bogue (16), and Peray (101).
Theoretical heat required

This area of investigation outlined in

Figure 32 was restricted to only the heat requirements for the given
feed and not any heat loss associated with the kiln system. The
assumptions used can be summarized as follows.

r

1
Cement Feed

L

J

Heat Produced
From
From
From
From
From

Heat Required

exothermic crystallization of clay
heat of formation of cement compounds
cooling clinker from 1500° to 20®C
cooling released CO2 to 20®C
cooling released steam to 20°C

To heat feed from 20° to 1500°C
To dehydrate clay at 450°C
To dissociate CaCOg at 900°C
For net heat of crystallization of melt

THEORETICAL HEAT REQUIREMENT

Figure 38.

Overview of the determination of the theoretical heat requirement for a cement feed
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(1)

Only the gas generated from the feed was considered.

(2)

No heat is lost in the excess air or clinker residual heat.

(3)

The effects associated with the fuel and combustion gases were
Ignored.

(4)

The losses associated with radiation and convection from the kiln
and cooler were not considered.

(5)

The raw mix was considered dry, meaning only the water bound by
the clay needed to be evaporated.

(6)

The heat of formation of C3S and C2S dominate the heat evolved
from the formation of cement phases.

(7)

Cement reactions occur at definite temperatures; partial
formation of C3S at 1350°C with the remainder at 1500®C and
formation of C2S at 1200°C.

(8)

A 60%» amount of available CaO reacted at a burning temperature
of 1350OC.

The heat requirements for 2 raw mixes were determined using these
assumptions.

One was a residue-cement with a design corresponding to

the residue-cement used for the analysis of physical properties (i.e.,
SR=3.3, LSF=9.3). The other mix was a design closely imitating the
phase composition of the residue-cement, but using typical cement raw
materials of clay (assumed to be kaolin), calcium carbonate, silica, and
iron oxide. The assumed mass and mineralogical changes which would
occur during the burning of the raw mixes is shown in Tables 25 and 26.
At a clinkering temperature of 1350°C, it was assumed that 60%^ of the
reactant CaO is consumed (based on observations from the burning of
residue-cement mixes).
Using the material balances shown in the Tables 25 and 26, the
energy required for the heating of materials (sensible heat) and
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the transformation energies were determined for each raw mix.

The

required heat capacities and heats of transformation employed for this
analysis were based on thermodynamic information given In various
sources (16,53,85). The results of the theoretical heat balance are
shown in Table 27.

Table 25. Probable mass and mineralogical changes occurring during the
burning of a residue-cement raw mix, Mix RC
(Basis: 117.75 g dry feed to produce 100 g clinker)

Temperature range of 20°-900°C
CaCOq
20OC
900OC

64.45
64.45

CaO

40.33

0.0

0.0

22.58

Rest

L.O.I.

Total

12.97
12.97

17.75

117.75
117.75

Temperature of 1350°C
_Ç3S_

A:Ç2S

CaO

37.87

35.86

13.30

Rest (in melt phase)
12.97

Total

100.00

Temperature of 1500°C
_Ç3l_

P1Ç2S

CaO

63.08

16.80

0.02

Rest (in melt phase)

20.10

Total

100.00

Results from this analysis show that indeed the residue-cement
requires much less energy to produce a cement clinker.

The difference

in the heat requirement for the two raw mixes corresponds to a 79%
energy savings over the typical Type 5 raw mix by switching to the
residue-cement raw mix.

This value closely corroborates the approximate
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Table 26.

Probable mass and mineralogical changes occurring during
the burning of a Type 5 raw mix, Mix T5
(Basis: 155.26 g of dry feed to produce 100 g clinker)

Temperature range of 20°-450°C

20OC
450OC

Clay

CaCOi

SiO?

Z®223

L.O.I

Total

13,51
11.74

121.57
121.57

17.23
17.23

2.95
2.95

1.77

155.26
155.26

Total

Temperature of 450°C-900°C

450OC
900OC

Clay

CaCOq

11.74
11.74

121.57

0.0

CaO

SiO?

FepOq

L.O.I.

68.08

17.23
17.23

2.95
2.95

53.49

SiO?

Z®223 Total
2.95
2.95

153.49
153.49

Temperature range of 900°C-1200°C

900OC
1200OC

Clay

&-C9S

11.74
4.75

0.0

68.08

17.23

69.43

22.87

0.0

CqS

&2Ç2S

CaO

37.42

41.20

13.68

_Ç3i_

g-C7S

CaO

62.40

22.36

0.02

CaO

100.00
100.00

Temperature of 1350°C
Rest (in melt)
7.70

Total
100.00

Temperature of 1500°C
Rest (in melt)
15.22

Total
100.00
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figure of 75% predicted earlier.

Further, notice that the theoretical

heat requirement for the commercial Type 5 mix falls within the range of
typical heats specified by Lea, indicating that the analysis produced
representative values.

Table 27.

Theoretical heat requirements in the formation of cement
from a residue-cement feed (Mix RC) and typical Type 5
feed (Mix T5)

Heat Absorbed
Heating raw mix from 20° to 450°C
Dehydration of clay at 450®C
Heating raw mix from 450° to 900°C
Dissociation of calcium carbonate at 900°C
Heating charge from 900°C to 1500°C
Net heat of melt&

cal/g clinker
Mix RC
Mix T5
115.8
0.0
142.0
158.5
162.6
25.0
603.9

166.1
35.4
201.3
477.8
157.9
25.0
1063.5

0.0

8.5

79.9

114.0

399.6
41.0
0.0
520.5

399.6
123.5
14.1
659.7

83.4

403.8

Heat Evolved
Exothermic crystallization of
dehydrated clay
Exothermic heat of formation of
cement compounds
Cooling clinker from 1500° to 20°C
Cooling produced CO2 from 900° to 20°C
Cooling steam/water from 450° to 20°C

Net Theoretical Heat Required

&The heat classified as a net heating of melt arises from the
failure of the melt phase to completely crystallize upon cooling.
Since this value varies, the net heat employed by Lea was determined to
be a best estimate.
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The causes for the reduced theoretical heat requirements for the
residue-cement mix become obvious in the comparison of heat effects
shown in Table 27. Even though the residue-cement clinker loses the
exothermic heat of formation of C2S, being previously formed in the
lime-soda sinter process, the heat reductions associated with less
calcium carbonate to calcine, less required raw mix to heat to 900°C
(the temperature where CaCOg was assumed to dissociate), and no bound
water to free and evaporate, allow for a large energy savings. However,
by far the greatest source of energy savings arises from the reduced
amount of calcium carbonate.
The values used for the exothermic heats of reaction for the clinker
phases, as represented by the heats of formation of C3S and C2S, were
determined from thermodynamic information given for calcium silicate
systems (16,53,85) using a classical method outlined by Smith and Van
Ness (118). In this technique, shown in Appendix D, the heat of
formation at any temperature can be determined by using the relationship
between specific heat and temperature.

Results thus obtained were found

to correspond well with the accepted value of 100 cal/g clinker commonly
used (16,85).
Ultimate heat balance

The ultimate heat balance attempts to

account for all the heat required for a cement kiln.

Since every kiln

is unique, a representative model was chosen for a dry process kiln
burning pulverized coal. The average conditions, coal analysis, and
kiln description for this typical kiln is shown in Table 28.

A diagram
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Table 28.

Cement kiln parameters for a representative model

Coal Analysis
Constituent
C
0
Ash
H
S
• N
H2O

Kiln Exit Gas Analysis
Constituent

—Kw
74.4
9.1
7.7
4.8
2.1
1.4
0.5

(Dry Basis)
26.3

0.0
1.3
72.4

2:

Ambient Air

Heating value = 7.106 cal/g
Observed Temperature
OC

Temperature! 220C
Pressure: 753 mm Hg
Kiln Dust Analysis
% LOI = 13.5
% Returned Dust = 1.0

Feed in
Primary air
Feed end

52
82
524

Kiln Dimensions

Cooler stack
Clinker at cooler
Coal as fired

252
79
24

Diameter: 4.72 m
Refractory lining: 15.2 cm

Avg. kiln
Bottom
Middle
Top

307
252
201

shell
1/3
1/3
1/3

Avg;. kiln room

27

Other Paramters
Hood draft: -1.27 inch H2O
Cooler length: 28.7 m
Cooler width: 8.5 m
Total area of
openings of hood: 0.168

Air Flows
Primary air (m^/s @ 0°C, 1 atm.) residue-cement:
Type 5: 4.48
Total air in cooler (m^/s @ 0°C, 1 atm.): 52.60
Excess cooler air (mP/s @ 0°C, 1 atm.): 32.18

2.24
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highlighting the various heat sources and losses to be considered is
given in Figure 33.
Using the theoretical heat requirements formerly determined, the
ultimate heat balance was made for the residue-cement, and typical
commercial Type 5 feeds.

Results are compared in Table 29, with an

example given by Peray (101) for a Type 1 cement mix.

For this more

complete heat balance, use of the residue-cement yields about a 50%
reduction in the amount of fuel required as compared to both of the
common raw mixes considered.
Thermal analysis

Another means to investigate the practical heat

required for cement production is based on differential thermal analysis
(DTA).

Examples of this type of study are reported by Handoo and Raina

(53) and Rao and associates (108).

Figure 34 displays a typical DTA

curve for a Type 1 cement raw mix.

On this figure, a DTA curve obtained

for a sample of alumina which is also used as a reference material, is
superimposed to be used as a base line.

Areas between this alumina base

line and the cement DTA curve represent quantities of heat associated
with various transformations such as water evaporation, chemical
reaction, phase transformation, etc.
exothermic and below are endothermic.

Areas above the base line are
If the area of such a DTA diagram

was calibrated (e.g., by determination of the area associated with the
calcination of a known amount of calcite), then the practical heat
requirement could be determined by summing the areas from the DTA
diagram and adding in the sensible heat.
This technique was also tried for the residue-cement and typical
commercial Type 5 raw mixes.

Unfortunately, the resulting DTA curves
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Overview of the ultimate heat balance over a cement kiln
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Table 29. Comparison of the ultimate heat balance for residue-cement
and typical Type 5 raw mixes

Heat, kcal/kg clinker
Heat In
From combustion of fuel
Sensible heat in fuel
Sensible heat in feed
Sensible heat in cooler air
Sensible heat in primary air
Sensible heat in infiltrated air

Mix RC

Mix T5

Type 1%

568.5
0.5
13.5
18.4
0.8
0.2

1137.0
1.0
19.8
18.4
1.6
0.2

1151.2
1.0
19.0
19.5
2.1
0.3

601.9

1178.0

1193.0

82.9
207.4
2.4
1.3
13.8
133.7
148.5
0.2
11.7

398.8
453.5
14.9
1.7
13.8
133.7
148.5
2.8
10.3

437.0
330.5
71.7
3.1
14.6
141.2
144.8
4.4
45.7

601.9

1178.0

1193.0

Heat Out
Required for clinker formation
With kiln exit gas
To evaporate water
In dust in kiln exit gas
In clinker at cooler discharge
Out cooler stack
By radiation from kiln shell
Due to calcination of wasted kiln dust
Unaccounted

®Taken from reference (101).
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Figure 34. Differential thermal analysis curves of typical portland
cement and alumina (53,108)
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could not be used to predict the whole practical heat requirement.

This

was because the DTA unit (a Du Pont 1090) could not be taken above
1410°C, where the heat associated with C3S formation would be found and
because of lack of an adequate base line. The positioning of the heater
in the DTA unit affects the shape and positioning of the DTA lines.
However, the location and size of the peaks associated with
characteristic mineralogical changes in the sample will not be changed.
Therefore, although the DTA diagrams for the two mix designs can not be
used to give an absolute heat analysis, the shape and area of peaks can
still yield important information for comparison of heat requirements of
different samples.
Figure 35 has the DTA curves found for the residue-cement and
typical Type 5 raw mixes.

The major peak seen on both curves is the

endothermic dissociation of calcium carbonate.

Determination of the

heat associated with the peak was made using a best fit base line and
the area calibrated by the analysis for a given amount of CaCOg.

The

heat required for the residue cement was estimated to be 156 cal/g
clinker, closely following the theoretical value determined to be
158.5 cal/g clinker based on the heat required to dissociate the known
amount of CaCOg in the feed, while for the typical Type 5 raw mix, a
value of 412 cal/g clinker was graphically determined compared to a
theoretical value of 477.8 cal/g clinker. The larger difference between
the heat requirements for the Type 5 mix was probably caused by a
misplaced base line.
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The shape of the DTA curves also indicates the differences in raw
mixes.

An exothermic peak following the calcination of CaCOg for the

Type 5 raw mix closely follows what is seen for the formation of C2S
from a heated mixture of calcite and silica, shown in Figure 36.
Conversely, the residue cement shows no such peak, which is expected
since the C2S was present from the start of the burn.

A small peak can

also be found in the heating of the charge for the Type 5 mix at a
temperature of 500®C. This peak could be associated with the phase
transformation of ot- to (3-Si02.

Again, since the Si02 in the residue-

cement mix is found in the form of 13-C2S, this transformation should not
be seen, as was the case.

It appears from the DTA curve for the

residue-cement mix that little mineralogical change occurs during the
heating of the raw mix to 1100°C except for evaporation of free water
and the dissociation of CaCOg.
Increased throughput
The reduced amount of feed associated with the use of the sinter
residue as a cement raw material is quantified in Tables 25 and 26.

The

difference in the required feed amounts indicates that a 24%^ reduction
in feed can be achieved by switching to a residue-cement blend.

This

would also correspond to increasing the amount of produced clinker by
32%w for the residue-cement mix, or in other words, increasing the
throughput of the kiln by 32%^ based on the same flow rate of feed.
Economics of Alumina Recovery and Cement Production
Along with being technically feasible, a research and development
project must be proven economically viable to become reality.

The
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Figure 36. Differential thermal analysis curve of the formation of C2S
from calcite and silica (12)

experimental work of this project confirmed that a low-alumina portland
cement can be produced using the sinter residue.

The following analysis

will investigate the economic feasibility of the lime-soda sinter
process.
Basis
The economic analysis of the Ames Lime-Soda Sinter Process will
investigate the effect of incorporating cement production with alumina
recovery.

This analysis was based upon the treatment of 5 levels of fly

ash generated by electric power stations burning subbituminous coal.
The analysis of the treatment of fly ash generated by a 1000 MWe
electric power station, i.e., 300,000 tons per year (TPY), will be
highlighted as a representative size in the following discussion.

The
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complete analysis for all fly ash levels is given in Appendix C.

Cost

estimates for the lime-soda sinter facilities were based mainly on the
work done by Katell (74), and by Murtha and Burnet (95), while the
estimates for the cement plant were based on information compiled by the
Portland Cement Association (103,111). A capacity ratio raised to the
0.9 power was used to compensate for differing plant size and the
Marshall and Swift (formerly Marshall and Stevens) installed equipment
cost index was used to update the estimates to 1986 dollars.
Material balance
The foundation of any economic analysis of a chemical process is an
overall material balance, since the size and thus cost of equipment is
governed by the required throughput and operating conditions.

A

material balance flow sheet for the lime-soda sinter process with cement
production is shown in Figure 37 taken from an earlier paper from this
author (25), based on 300,000 TPY of waste fly ash.

A 67%^ alumina

recovery from the fly ash is assumed so that no added alumina as flux is
required for cement production.

The determined maximum recovery for

alumina was 85%*. At 67%* recovery, 43,800 TPY of alumina can be
produced. This amount includes alumina from the ash generated by the
combustion of coal to direct-fire the sinter kiln.

Furthermore, 530,400

TPY of Portland cement can be produced from the resulting process
residue combined with limestone. The information given in Figure 37 was
predicated on both theoretical calculations and information gained from
experimental work.

Coal Fly Ash
(300,000 TPY)

Sinter Residue
(412,300 TPY)

LIME-SODA SINTER
PROCESS

Burning temperature
1500 C

Sintering
temperature
1200 C

Soda Ash
(63,700 TPY)

Limestone
(165,700 TPY)

Aluminum
recovery 67%

Limestone
(270,800 TPY)

Gypsum
(25,300 TPY)

Clinker Grinding

Alumina
(43,800 TPY)

Coal Fly Ash
Approximate Analysis

Portland Cement
(530,400 TPY)

Sinter Residue
Approximate Analysis

%w

Residue-Cement Clinker
Approximate Analysis

%w

CaO

23.3

CaO

55.3

SiOa

38.8

SiOg

27.3

AlpO-

18.1

4.4

4.8
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Figure 37.

Cement Clinker
(505,100 TPY)

CEMENT PRODUCTION

%w

%w

CaO

63.5

62.8

SiO;

22.5
3.6

Material flow sheet for the lime-soda sinter, cement process based on
300,000 TPY coal fly ash (25)

3.9
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Equipment cost
The major pieces of equipment are of standard manufacture and quite
similar for the lime-soda sinter process and for the production of
cement, since both operations consist essentially of high temperature
solids processing.

Common equipment requirements include grinders,

mixers, storage silos, rotary kilns, and hoppers.

The lime-soda sinter

process additionally requires magnetic separators, reaction vessels,
filters, and tanks.

Other than for the rotary kilns, which require

special refractory linings, standard materials of construction can be
used. The capital cost for a combined lime-soda sinter, cement facility
treating 300,000 TPY of fly ash was estimated to be about $155 million
as shown in Table 30.
A breakdown of the capital costs for raw mix handling (neglecting
raw material crushing) and kiln equipment requirements for the residuecement plant is given in Table 31.

The costs shown are for a

conventional plant processing 400,000 TPY clinker rather than 505,100
TPY clinker estimated for the residue-cement plant.

This adjustment is

required because the sinter residue cement feed, possessing much lime in
the form of C2S, requires less limestone than a conventional raw mix.
Therefore, less feed is required to produce an equivalent amount of
clinker (e.g., an estimate of a 24%^ reduction has been determined) and
also, less energy is consumed.
Production costs
An estimated annual production cost of $38.65 million for the
facility treating 300,000 TPY of fly ash is detailed in Table 32. The
raw material prices and utility rates used for this estimation are given
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Table 30.

Estimated capital costs for a combined lime-soda sinter
process, cement facility (based on 1986 costs for a 1000 MUe
power station processing 300,000 TPY of fly ash)
Item

Lime-soda sinter process
Raw material preparation
crushing and grinding
Mag. sep. and pelleting
Sintering
Leaching
Desilication
Carbonation and calcination
Soda ash recovery
Flue gas (CO2) processing
Cement production
Total installed equipment cost®
Building and yard improvements^
Service facilities^
Total direct plant costs
Engineering and supervision
Construction expense
Total direct and indirect costs
Contractor's fee
Contigency
Fixed capital investment
Working capital
Total Capital Cost

Capital Costs, $ Millions

5.50
0.60
0.60
8.00
0.75
1.05
1.45
0.70
0.50
58.30
76.85
7.70
9.20
93.75
7.70
15.40
116.85
5.85
9.35
132.05
23.30
155.35

^Includes delivered equipment cost plus all foundations and
structures, instrumentation, electrical, piping, insulation, painting,
and miscellaneous expenses.
^Includes building, laboratories, shops, roads, but not land.
^Includes steam, water, and power distribution, cooling towers, and
fire protection equipment.
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in Table 33. The energy consumed for a kiln burning a residue-cement
feed has been estimated (i.e., further described in the Implications of
the Use of the Sinter Residue section) to be 50% per weight of clinker
less than if a commercial feed is burned.

The primary source of this

reduction is the reduced amount of energy to dissociate the CaCOg
present in the feed.

Table 31.

Estimated capital costs for the dry-process residue-cement
plant based on 1987 costs®

Department

Capital Cost^, $ Millions

Raw storage
Homogenizing and kiln feed
Clinkering and cooling

1.90
5.85
22.80

Clinker storage
Finish grinding
Cement storage

6.75
7.75
12.25

Total

56.30

®For a cement plant producing 505,100 TPY of residue-cement clinker
costwise equivalent to a plant producing 400,000 TPY conventional
clinker.
^Includes delivered equipment cost except for cement feed grinding
equipment plus all foundations and structures, instrumentation,
electrical, piping, insulation, painting, and miscellaneous expenses.
Determination of economic feasibility
End results from economic analysis are indices of profitability such
as cash flow, payback time, and internal rate of return.

Assumptions

made for the profitability estimates are a 20-year plant life, a
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Table 32.

Annual production costs for a combined lime-soda sinter
process and portland cement manufacturing facility
(producing 43,800 TPY alumina and 530,400 TPY cement from
300,000 TPY fly ash; operating year of 330 days)

Item

Production Cost, $ Millions

Direct Cost
Raw Materials
Coal fly ash
Limestone
Soda ash
Sinter residue
Gypsum

1.80
2.60
0.70
0.00
0.55

Utilities
Coal
Electric power
Steam
Water

3.15
3.00
0.40
0.30

Direct Labor
Labor
Supervision

2.70
1.25

Other Direct Costs
Maintenance and supplies
Laboratory charges
Patents and royalties

3.00
0.25
0.65

Total Direct Costs
Fixed Cost
Taxes and insurance
Depreciation

20.35
3.70
6.60

Plant Overhead
General Costs
Administration
Distribution and marketing
Research and development
Total General Costs
Total Production Cost

4.15
1.05
1.60
1.20
3.85
38.65
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$354/ton price for alumina (a difficult value to estimate because of
frequent changes), and a steady $63/ton price for portland cement.

The

results for the profitability analysis, contained in Table 34, show a
small annual profit for the combined lime-soda sinter, cement facility
treating 300,000 TPY of fly ash.
The return on investment of 4.7% is too low to justify commercial
development.

However, the return could be made more attractive by

Table 33. Raw material and utility costs

Item

Cost

Coal fly ash
Limestone
Soda ash

$6/ton
$6/ton
$84/ton

Sinter residue
Gypsum
Coal

$0.00/ton
$22/ton
$30/ton

Electric power
Steam
Water

$0.04/kW-hr
$0.5/ton
$0.9/1000 gallons

taking credit for the disposal of the consumed fly ash rather than
taking a $6/ton charge, as was done.

Electric utilities today will pay

anywhere from $5-40/ton to dispose of fly ash safely (86). If the fly
ash was considered free, the estimated annual production cost given in
Table 32 would be reduced by $1.8 million raising the rate of return to
5.6%.
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The estimates made for the costs of raw materials, price for
products, and rates for utilities could have a major effect on the
results for the economic analysis.
the cost Imposed for fly ash.

An example was given for neglecting

A summary of the effects of altering the

Table 34. Profitability for the production of alumina and cement from
coal fly ash generated from a 1000 MWe power station

Item

$ Millions per year

Total sales:
Alumina ($354 per ton)
Cement($63 per ton)

$15.50
33.40

Production costs®

38.65

Profit before taxes
Federal income tax, 46%

10.25
4.70

Net profit after taxes

5.55

Depreciation

6.60

Cash flow

12.15

Payback time, years

12.79

Internal rate of return, %

4.70

^Limestone and fly ash purchased at $6.00 ton, 1986 dollars.
costs for some major items considered in the annual production costs
(detailed in Table 32) is shown in Table 35.

It is apparent from this

analysis that the prices for the products, alumina and cement, have the
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greatest effect on the profitability for the estimates made.

In

Figure 38, the influence of changing prices for the product alumina and
cement is illustrated.

However, the best return shown, for a 10%

increase in price for both products while, keeping everything else the
same still was only 7.1%.

Table 35.

Variation of the rate of return resulting from chnnges in
costs for a lime-soda sinter, cement facility based on

Item

Deviation®
(%)

Internal Rate of Return
(%)

Limestone

10

±0.1

Coal

10

±0.2

Electric Power

10

±0.1

Alumina

10
50

±0.8
±3.7

Cement

10

±1.7

^Deviation is from values listed in Table 33.
Increased plant size
The size of facility outlined in the previous economic analysis was
a representative size, i.e., coal fly ash from a 1000 mWe electric power
station and a 500,000 TPY clinker cement plant.

However, a cement plant

can conceivably range in size up to 1,000,000 TPY clinker, but the
average kiln size in the U.S. is 500,000 TPY clinker (103). This is
because compared to other cement producing countries such as Japan where
the average kiln size is 1,765,000 TPY clinker, the U.S. has a lower
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population density, a larger geographic area, and fewer markets that can
be serviced by water transportation (103).
The effect of larger plant sizes on profitability was investigated,
staying within a limit of 1,000,000 TPY clinker for the cement plant.
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for the lime-soda sinter, cement facility (based on 1986
costs and 300,000 TPY of coal fly ash)

Table 36 contains the profitability analysis for the 5 levels of plant
size investigated.
Increasing the plant size will result in a lower unit cost than for
the representative plant size considered formerly.

In Figure 39, this

effect is seen for three levels of alumina prices.

For the $354/ton

price and 67%^ alumina recovery, the rate of return will increase from
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4.7% for the disposal of 300,000 TPY of fly ash to 7.9% at the 600,000
TPY level. The 600,000 TPY level would probably push the rate of return
to over 10% if no charge was considered for fly ash and if all alumina
possible was recovered (i.e., $8.3 million increase in alumina sales)
and another form of flux was used.

Table 36.

Profitability for production of cement and alumina for 5
levels of feed fly ash, recovering 63%* alumina ($ x 10^)

Amount of fly ash, 1000 TPY
Item

200

300

400

500

600

10..35
22,,30
32.,65

15.50
33.40
48.90

20.,65
44.,55
éS..20

25,,85
55.,70
81.,55

31,,00
66.,85
97,,85

27.,60

38.65

49..10

60..30

69.,05

Profit before taxes
Federal Income Tax, 46%

5.,05
2.,30

10.25
4.70

16..10
7..40

21.,25
9.,75

28,,80
13,,25

Net profit after tax

2.,75

5.55

8..70

11.,50

15,,55

Depreciation

5,.00

6.60

8.,20

9,,80

11,,30

Cash flow

7..95

12.15

16,,90

21,,30

26.,85

15,.47

12.79

11,,41

10,,80

9.,90

2,.6

4.7

6,,1

6,,8

Total Sales:
Alumina ($354/ton)
Cement ($63/ton)
Production Costs

Payback time/year
Internal rate of return, %

6,.9
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Durability of Residue-Cement
Sulfate resistance
The ability of the sinter residue to readily produce a special
sulfate resistant cement vas one of its most significant attractions.
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Figure 39. Effect of plant size on the rate of return of the lime-soda
sinter, cement facilities for various prices of alumina

The lime-soda sinter process ideally removes most of the alumina
(typically greater than 80%*) found in the sintered clinker.

The

resulting low-alumina calcium silicate residue could easily be
incorporated into a raw mix design to yield a portland cement with less
than 5%y C3A (i.e., the upper limit specified for a sulfate resistant
Portland cement) as seen from the experimental phase of this project.
The strong correlation between C3A content and severity of sulfate
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attack was well chronicled in the review of cement literature.
A problem arises in the uise of the sinter residue, since the overall
amount of flux (i.e., mainly the sum of alumina and iron oxide) for a
residue-cement mix of sinter residue and limestone would be lower than a
commercial Type 5 raw mix.

As previously described, a typical means of

producing a sulfate resistant cement is to increase the relative iron
oxide content of the feed to preferentially promote production of C4AF
at the expense of C3A.

Since the amount of melt is an important factor

in the burnability of a cement raw mix, the reduced amount of flux in a
residue-cement feed could cause it to be hard to burn, i.e., require an
excessively great amount of energy to get complete reaction.

It is for

this reason that the burnability study employed in this project was so
important.
The burnability study found that a cement clinker having a probable
C3A content of about 4%%, as determined by the Bogue equations, could be

produced at common kiln temperatures using the sinter residue as a raw
material.

However, the tests also indicated the apparent need for the

use of an added flux/mineralizer to increase the reactivity of a clinker
produced from the sinter residue with the maximum amount of alumina
recovered.

By the addition of a flux other than alumina, such as CaF2,

an extremely low C3A content (i.e., highly sulfate resistant) cement
could be produced.

Tests made using CaF2 as an added flux yielded a

cement with no C3A, as predicted by the Bogue equations, and high C3S
content at a reasonable burning temperature of 1500°C.

The favorable

results for the strength exhibited by the CaF2 cement was detailed in
the Physical Testing section.
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The sulfate resistance of a representative residue-cement, as would
be predicted by its 3.9%* probable C3A content, was confirmed by the
ASTM testing procedure.

The results of this testing were also shown in

the Physical Testing section.

After the specified 14-day curing time,

the expansion of the mortar bars of the residue-cement (an average of
0.037%) was significantly below the limit given by the ASTM for a cement
susceptible to sulfate attack (i.e., 0.045%).

A Type 1 cement (IDOT,

with a probable 8%* C3A content) tested at the same time failed to meet
the limit of expansion, growing 0.051% after 14 days.

Conversely, the

standard Type 5 cement (with a probable 3.4%* C3A content) passed the
test with a 0.031% expansion.
Additional information from the sulfate resistance testing was
gained by continuing the test beyond 14 days.

After 88 days, the

expansion for the Type 1 cement was 0.158%, for the Type 5 cement
0.063%, and for the residue-cement 0.056%.

This strongly indicates that

the residue-cement was sulfate resistant.
Alkali-aggregate reaction
The possibility of deterioration of a concrete structure by alkaliaggregate reaction becomes manifest in cements with a alkali content
greater than 0.66%* (4,106).

Unfortunately, the cements produced using

the representative sinter residue all had alkali contents near 1%*.
Methods were investigated to remove significant amounts of sodium, the
alkali in vast majority, from the sinter residue.

This was deemed an

easier route than attempting to remove sodium from the burned clinker or
ground cement.

The first test determined that most of the sodium was

found to be in a water insoluble form.

These tests consisted of
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agitating a slurry of 3 g of sinter residue in 1 It of distilled water
for 1 and 3 hours. Even after 3 hours, over 80%* of the sodium remained
in the residue.

Along the same lines, the sinter reside was subjected

to an ASTM test (C-311) which estimates the amount of alkali that is
susceptible to leaching from the solid sample.

After 28 days, the

hydrated mixture of 2 g of Ca(0H)2 and 5 g of sinter residue lost only
30%w of the sodium found in the residue.
Results from these two tests suggest that the sodium found in the
sinter residue resides either encased in an amorphous glassy phase or
substituted into a crystal matrix.

The facts that sodium could be

readily taken up into the C2S crystal lattice, as described in the
Literature Review section, and that the residue has a high C2S content
suggest that the sodium is probably found in the C2S matrix.

However,

scanning electron microscopic analysis of a residue-cement clinker could
not discern if sodium was preferentially located in any one region or
phase.
Inasmuch as sodium was found to be strongly bound in the sinter
residue, a more rigorous method of extraction was required, such as an
acid leach.

However, since an acid leach is another method by which

alumina can be recovered from a solid, the leach acid had to be kept
dilute to minimize loss of alumina from the sinter residue.

The leach

test were made using 2 acids, 0.1 N H2SO4 and 0.05 N HCl, and a 1 hour
leach time.
The H2SO4 leach removed 40%# of the original sodium, but a calcium
sulfate hydrate (bassanite) was precipitated from the leach solution.
The increased sulfate content of the treated sinter residue would cause
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further waste disposal problems for a cement kiln.

The HCl leach

removed 25%^ of the sodium, reducing the sodium content of the sinter
residue from 1.5 to 1.2%*, without the precipitation of any new phases.
Nevertheless, the 1.2%* Na20 is still at a level where it could be a
source of problems.

Neither leach solution investigated was very

successful, though further testing of the HCl leach may be warranted.
With no extraction technique able to adequately reduce the sodium
content to desired lower levels, the possibility of difficulties remains
for a residue-cement used with a lower quality aggregate higher in
alkali. The fact that a cement feed would be comprised of around 75%*
sinter residue means that the overall sodium concentration could not be
greatly diluted in the produced clinker from the relatively high levels
found in the residue.
One important area of further study should be to quantify the
reactivity of the sodium found in the residue-cement.

Since it is not

found in a water soluble form in the sinter residue, could it be
substantially held in the solid phase in the resulting cement and not
represent a destructive problem?

Another area of further investigation

would be finding a replacement for Na2C03, used as a mineralizer for the
lime-sinter process and then determining the effect this would have on
the sodium content of the sinter residue.

A study in this direction was

made by Fronczak in which coal cleaning waste was successfully used as
the mineralizer for the lime-sinter process (39).
Addition of a pozzolan
Improvement in durability, both sulfate resistance and reduction in
the effect of alkali-aggregate reaction, can be achieved through the
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addition of the correct amount of a pozzolan.

The details of this

improvement were described in the Literature Review section.

Fly ash

represents a pozzolan widely used as a portland cement admixture for
both reduced cost and improved durability.

Blending the residue-cement

with fly ash would allow for a possible improvement in the adverse
consequences of alkali-aggregate reaction, for reduction in the cost of
a special sulfate resistant cement, and for another means of disposing
of waste fly ash.
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CONCLUSIONS

The experimental observations made during the course of this project
allow the following major conclusions to be reached:
1.

A CgS-bearing cement, low in alumina, can be readily produced
from a raw mix containing substantial amounts of the process
residue from the lime-soda sinter process.

2.

A representative residue-cement was found to meet all of the
ASTM specifications (both chemical and physical) for a Type 5
Portland cement.

3.

Use of about 75%^ sinter residue in a cement feed will produce
about a 79% improvement in the heat theoretically required by
the cement-forming reactions taking place.

This corresponds to

a 50% reduction in the energy required by a commercial cement
kiln based on the processing of a traditional raw mix of around
73%y limestone.

The major energy savings comes from the

reduced amount of CaCOg that needs to be dissociated.

The

reduction in CaCOg also allows for a 32%* increase in the
amount of clinker produced from the same mass flow rate of
feed.
4.

A combined lime-soda sinter and cement facility treating
300,000 TPY of fly ash and producing 43,000 TPY alumina and
530,400 TPY cement resulted in an estimated rate of return of
4.7%. Though this value is too low to justify commercial
development, it can be improved to over 10% by taking a credit,
instead of a penalty for the disposal of fly ash consumed, by
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recovering all alumina possible and selling it as alumina, and
by increasing the plant size to handle 600,000 TPY of fly ash
and produce 1,000,000 TPY of cement.
5.

The representative residue-cement, with a probable C3A content
of 3.8%y, was confirmed to be sulfate resistant by the standard
ASTM test, C-452.

Even greater sulfate resistance could be

achieved by recovering the maximum amount of alumina by the
lime-soda sinter process and using a flux other than alumina,
such as CaF2.
6.

A cement raw mix containing around 75%* sinter residue and
having an alumina content near 2.0%* required additional flux
to produce high amounts of C3S.

This added flux may be in the

form of retained alumina resulting from a reduction in the
amount of alumina recovered in the lime-soda sinter process or
in the form of an added alumino-silicate such as a clay.
7.

It was found to be more attractive economically to recover the
maximum amount of alumina from the lime-soda sinter clinker and
sell it as alumina, than to leave part of it in the lime-sinter
process residue to serve as cement flux.

8.

A direct correlation between C3S content and compressive
strength development was observed for the residue-cement
formulations.

The C3S content of the residue-cements was

higher than that of the commercial portland cements (i.e.,
59%*, 64%*, and 73%* as compared to 52%*), yet resulted in less
strength for a comparable fineness (3-6%* residue greater than
45 microns).

The C3S formed from the sinter residue appeared
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to be relatively slow in strength development compared to that
found for commercial Type 1 or Type 5 portland cements.

By

increasing the relative amount of C3S to near 65%^ and reducing
the particle size to less than 1%^ residue greater than 45
microns, a residue-cement was produced that displayed greater
strength than either Type 1 or Type 5 portland cements after 28
days.
9.

X-ray diffraction showed that all of the typical cement
crystalline phases (i.e., C3S, &-C2S, C3A, 0%?, C4AF) were
present in the residue-cement.

The phases comprising the

sinter residue were found to be P-C2S, C3A, CaC03, MgO, and
C4AF.
10.

The optimum amount of interground gypsum required for the
representative residue-cement was found to be 5%^,, raising the
SO3 content of the cement to nearly 2%*.

11.

The formation of C3S from the C2S in the sinter residue was
observed to follow a two-stage sequence. In the first part of
the reaction, the rate of formation was controlled by chemical
reaction at the phase boundary.

In the second part, the rate

of reaction was diffusion controlled and could be described by
the Ginstling-Brounshtein solid state equation.
12.

The activation energies (103 and 121 kJ/mole) found for two
residue-cement mix formulations roughly agreed with reported
activation energies for Ca diffusion in the clinker melt (164
kJ/mole) and for the self diffusion of Ca in CaO
(142-268 kJ/mole).
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13.

The C2S phase produced in the lime-soda sinter clinker was
found to be in the form of a spherical shell surrounding an
open pore.

The existence of this distribution of C2S can be

explained by a diffusion controlled reaction mechanism.

After

reheating to cement burning temperatures, it is believed that
the pore disappears.
14.

The average Na20 content of nearly 1.0%* in the produced
residue-cements may indicate a problem with alkali-aggregate
reaction in concrete made from residue-cement.
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RECOMMENDATIONS

The following list of recommended future research is based on
furthering the experimental work begun for this project.

1.

The production of a hydraulically active C2.S cement from the
sinter residue should be further researched.

In this way, the

high energy requirements for the lime-soda sinter process could
be utilized rather than mainly wasted by the reheating of the
residue up to C3S forming temperatures.

Areas of investigation

could be the stabilization of a more hydraulically active C2S
polymorph by the intergrinding and/or low temperature heating of
various mixtures containing the sinter residue.
2.

Further investigation of the reactivity of the alkali in the
residue-cement, found mainly as Na20, is well warranted.

It is

possible that since a majority of the Na20 is tightly held in
the sinter residue, as observed during leaching with both water
and dilute acid, the alkali-aggregate reaction involving the
residue-cement may not be a problem.

If it is found to be a

problem, methods of Na20 reduction from the sinter residue
should be researched, such as by a dilute HCl leach.

This

problem may even require a drastic change in the feed to the
lime-sinter process involving use of an alternate mineralizer to
replace Na2C03.

Yet another means of improvement worth

considering is the use of a low-alkali pozzolan as a blend with
the residue-cement.

195

3.

At the laboratory scale of the present investigation, it was
difficult to produce sufficient residue-cement to adequately
characterize all of the cementing properties.

Production of

much larger amounts of cement, e.g. 50 kg, would require the use
of a pilot plant scale rotary kiln, and would seem the natural
progression for the project to come on line.
4.

Alumina was the only fluxing agent considered in the present
investigation.

The residue-cement produced by the use of other

fluxes, say CaF2 or iron oxide, would be an area of future work,
from both the standpoint of reactivity (burnability study) and
cementing properties (physical testing).
5.

Since the C3S produced in the residue-cements is slightly slower
in strength development, a greater C3S content and finer
particle size are required to obtain strength comparable with
standard portland cements.

Unfortunately, both increasing C3S

content and reducing the particle size over the average for a
cement requires increased energy.

Therefore, a study of the

optimum levels for both of the parameters seems appropriate
based on cost of manufacture and benefit of improved strength
development.
6.

The assumption of the two stage reaction sequence for C3S
formation in the residue-cement clinker can be tested by a study
altering the particle size of the reactant C2S particles.
Observation of the determined rate constants should indicate if
the assumption of early phase boundary control is reasonable.
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I would also like to thank my family for their constant caring love
and encouragement.

Thank-you Dad, Mom, Teresa, Brad, Carol, and Deanna.

My new family should also be given much thanks for making a lonely
Minnesotan feel like he belongs.

Thank-you Jeff, Bonnie, Bruce, Teresa,

Brandon, Chad, Wade, Stacy, and Wendy.
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At this time I would like to mention my motivation for 10 long years
of work.

There are two men, that unfortunately are not with us, that

have helped mold the person I am today.
Grandpa Leonard.

Thank-you Grandpa Joe and

I love and miss you both very much.

Grandpa, I still

have eyes like you had, hair like you had, and look as you did.
Finally, I would like to praise the Lord.
always.

To Him be the glory

Having again achieved all the goals I have sought, I can only

say thank-you. Father.

I am indeed greatly blessed.
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APPENDIX A: ABBREVIATIONS AND CEMENT NOMENCLATURE

A

collison factor found in Arrenhius equation

AA

atomic absorption spectrophotometry

ASTM

American Society for Testing and Materials

atm

atmosphere

avg

average

B

complex parameter of equation (20)

Cl

constant found in equation (17)

cal

calorie

cm

centimeter

Cone

concentration

D

diffusion coefficient

d

crystal spacing

DSC

differential scanning calorimetry

DTA

differential thermal analysis

E

activative energy

EDS

energy dispersive spectrometer

e.g.

for example

ft

foot

g

grams

i.e.

in other words

IDOT

Iowa Department of Transportation (name given
to a standard Type 1 cement)

in

inch

k

proportionality constant
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kp, kl, KKZ, kzLTi k<3B
kvc, Kp, k^, kgL» kpB

reaction rate constants

kcal

kilocalorie

kg

kilogram

It

liter

m

characteristic parameter found in equation (15)

max

maximum

min

minutes

ml

milliliter

mm

millimeter

n

empirical parameter found in equation (17)

N

normality, g-equivalents/liter

MWe

megawatt electric

ppm

parts per million

R

gas constant

r

radius
initial radius

rpm

revolution per minute

SEM

scanning electron microscopy

T

temperature

t

time

V

volume

X

fraction of reaction completed

XRD

x-ray diffraction

XRF

x-ray fluorescence

y

thickness of product layer
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term to account for change in volume used in
equation (12)

at the conditions of
degrees centigrade
percent by weight
partial deviative
change in
pi, with a value of approximately 3.1416
density
degrees two-theta
x-ray wave length
amount of melt

CaO
Si02
AI2O3
FeyO]

SO3

3Ca0.Si02
2Ca0.Si02
3CaO.AI2O3
4CaO.AI2O3.Fe203
2Ca0.Fe203
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C3S2.3H20

3Ca0.2(Si02).3H20

CS.2H20

Ca0.(S03).2H20

C6AS3.32H2O

6CaO.AI2O3.3(SO3).32H2O

C4AS.I2H2O

4Ca0.Al203.(SO3).I2H2O

C4A.I2H2O

4Ca0.Al203.12H20

C2A.8H2O

2CaO.Al2O3.8H2O

C3A.6H2O

3CaO.AI2O3.6H2O

C6(A,F)S3.32H20

6Ca0.(Al203 or Fe203).3(803).32H2O

(A,F).3H20

(AI2O3 or Fe203).3H20

C4(A,F)S.12H20

4CaO.(Al203 or Fe203).(SO3).I2H2O

CiiA7.CaF2

llCa0.7(Al203).CaF2

CaO

LSF

2.8(%^S) + 1.65(%^A) + 0.35(%^F)

SR

AR

V
V
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APPENDIX B;

EXPERIMENTAL MATERIALS AND PROCEDURE

Table 37.

Material balance over lime-soda sinter process

Concentration,
Raw Materials
Ottumwa
fly ash

CaCOl

CaO

23.28

56.00

SiOg

Element

Na^CO^

Raw Mix

Probable
Clinker

Experimental Values
Normalized
Normalized
Clinker
Sinter Residue

34.91

45.30

45.07

55.06

33.84

16.01

20.78

22.39

27.18

4.80

2.27

2.95

3.59

3.93

18.12

8.57

11.12

12.18

2.33

MgO

4.42

2.09

2.71

2.94

3.67

NagO

2.35

6.97

9.04

10.94

1.49

SOg

1.53

0.72

0.93

0.68

0.01

KgO

0.39

0.18

0-23

0.25

0.09

TiOU

1.39

0.62

0.80

0.82

0.91

P2O5

1.78

0.84

1.09

1.14

1.41

91.83

73.18

94.95

100.00

96.08

AI2O3

58.48

Moisture

0.48

LOI
Mix %,w

47.31

44.00

41.52

42.67

10.02

22.94

3.44
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Table 38.

Chemical composition of samplings of the process residue
from the lime-soda sinter process

Concentration,

Element

Sample 1

Sample 2

Sample 3

Sample 4

Avg.

CaO

56.13

55.52

55.67

55.55

55.72

SiOg

27.52

27.48

27.52

27.50

27.51

AlgOg

2.36

2.36

2.36

2.36

2.36

FegOg

4.01

3.97

3.99

3.95

3.98

MgO

3.76

3.75

3.66

3.66

3.71

SO3

0.01

0.01

0.01

0.01

0.01

PgOg

1.44

1.42

1.42

1.42

1.43

NagO

1.51

1.48

1.53

1.52

1.51

TiOg

0.93

0.91

0.92

0.92

0.92

KgO

0.09

0.09

0.09

0.09

0.09

Total

97776

96799

977Ï7

96798

97724
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Table 39.

Procedure for free lime analysis using ethylene glycol

(1) Pour approximately 50 ml of ethylene glycol into a dry, teflon
beaker and heat to 80°C.
(2) Add 1.0000 g of sample and stir for 5 minutes maintaining the 80®C.
(3) Filter the solid through a medium filter paper by suction
filtration.
(4) Rinse (at least twice) the beaker and filter with hot ethylene
glycol.
(5) Add 25 ml of deionized water to filtrate.
(6) Titrate with standardized HCl using a methyl red/bromocresol green
indicator.

Calculations
% free lime = nil HCl (Normality of HCl) (gg,
^

Table 40.

10 (Sample Weight, g)

Procedure for atomic absorption analysis

(1) Weigh out 0.1000 g of sample with 1.0 g of LiBO^ flux, and put into
a graphite crucible.
(2) Heat the crucible to 975°C in a heated muffle furnace.
(3) Pour out molton sample into about 200 ml of 0.61 N H2NO3 solution
and stir until the pellet dissolves.
(4) Dilute sample solution and analyze.
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Table 41.

Sample Preparation for XRF Analysis

(1) Reduction of particle size
a) The powder sample was ground in a Spex 8500 shatterbox using a
hardened steel grinding dish with a steel puck for 2 minutes.

(2) Preparation of pressed sample
a) Since the samples investigated in this study readily packed, no
form of binder was required to hold the pressed sample
together.
b) First, 4.00 g of ground sample was poured into a 2.54 cm inside
diameter steel sleeve which was resting in a larger 3.81 cm
inside diameter steel die. At all times during pressing, a
vacuum was drawn on the sample.
c) The sample was then pressed by the appropriate 2.54 cm diameter
shaft by tightening the hand wheel of the Spex X-Press (Serial
No. 80036) press until it became snug and allowed to sit for 1
minute.
d) Next, the inner sleeve was removed, leaving the pressed sample
centered in the cavity of the larger die.
e) Finally, approximately 6 g of accu wax was poured over the
pressed sample and compacted by a larger plunger. This
pressing involved constant application of force to a 10 ton
load by the Spex -X-Press. After 10 seconds, the load was
raised to 25 tons.
f) The encased sample was then removed from the die and labeled.
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Table 42.

Algorithm used for XRF elemental analysis

m
Pi = Ai + Bj I + Ci li^ + E k1] li Ih

(47)

where Pi is the
concentration for element 1, li Is the intensity of
x-rays associated with element i, Ij is the intensity of x-rays
associated with element j, Ai is the back, ground intensity for element
i, Bi is the slope for intensity of element i, Cj is the second
derivative (curvature) for the instensity of element i, and k^j is the
absorption or ehancement coefficient of element j in element i.
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Table 43.

X-ray fluorescence operating conditions for Siemans SRS 200
Automated Sequential Spectrometer

X-Ray tube:

Chrome Target X = 2.2897

Power and current settings:

A

50 kv, 50 mg

Characteristic
Element

Crystal Used^

Radiation, °29

MgO

TAP

45.15

NagO

TAP

55.12

Fe O3

LiF(200)

57.53

SO3

PET

75.85

TiOg

LiF(200)

86.20

SiOg

PET

109.25

CaO

LiF(200)

113.15

K2O

LiF(200)

136.75

P2O5

Ge

141.07

AI2O3

PET

145.15

a
TAP is thallium acid phthalate, LiF is lithuim fluoride, PET is
pentaerythritol, and Ge is germanium.

Table 44a.

Composition of standards used for XRF calibration curve®

Standard 1
Element

Standard 2

Concentrâtion,
Standard 3

Standard 4

Spec

Anal

Spec

Anal

Spec

Anal

Spec

Anal

CaO

45.81

45.64

46.40

46.19

63.13

63.13

55.60

SiOg

23.01

22.93

23.30

23.06

19.82

22.23

AI2O3

11.96

11.52

12.10

12.16

5.02

Fe203

3.87

4.01

3.90

4.02

SO3

0.68

0.72

0.70

MgO

4.87

7.42

KgO

0.28

TiOg

Standard 5
Spec

Anal

55.55

65.66

65.70

27.60

27.42

21.61

21.77

5.09

2.00

2.07

4.18

4.17

2.91

2.80

4.30

4.28

2.40

2.33

0.73

3.37

3.25

0.10

0.05

2.38

2.58

2.90

2.91

2.69

2.69

3.70

3.78

1.16

1.12

0.29

0.30

0.30

0.89

0.91

0.10

0.10

0.06

0.09

0.80

0.83

0.80

0.83

0.23

0.24

1.00

0.92

0.32

0.28

NagO

8.49

8.52

8.60

8.51

0.28

0.40

1.40

1.32

0.65

0.62

P2O5

0.60

0.56

0.60

0.57

0.29

0.34

0.70

0.73

0.08

0.09

®Spec is the specified composition and Anal is the XRF analyzed composition. Standard 1 is
sinter residue with 2%^ MgO added, Standard 2 is lime-soda sinter clinker, Standard 3 is NBS cement
standard C-1880 (used as type standard). Standard 4 is a sinter residue, and Standard 5 is a NBS
cement standard C-639.

Table 44b. Composition of standards used for XRF calibration curve®

Standard 6
Element

Standard 7

Concentration,
Standard 8

Standard 9

Standard 10

Spec

Anal

Spec

Anal

Spec

Anal

Spec

Anal

Spec

Anal

51.01
25.45

51.49
25.88

44.78
22.49

44.65
22.65

38.60
28.10

38.91
27.05

66.04
22.97

65.96
22.80

41.64
26.23

41.47
26.16

AlgOg

7.04

6.80

11.68

10.80

14.70

14.69

3.18

3.13

13.69

14.14

^®2°3
SO^

4.30

4.19

3.75

4.00

5.00

4.93

1.80

1.89

4.57

4.59

2.28

1.81

0.68

0.74

0.90

0.92

2.28

2.17

0.82

0.86

HgO

3.30

3.45

7.10

12.40

3.20

3.00

0.57

0.66

3.08

3.00

KgO

0.20

0.20

0.28

0.30

0.40

0.34

0.25

0.27

0.36

0.33

TiOg

0.90

0.90

0.76

0.82

1.10

1.07

0.21

0.21

0.98

1.00

NagO

4.99

5.01

8.29

8.39

7.00

7.20

0.15

0.12

7.62

7.38

P2O5

0.65

0.67

0.56

0.53

0.70

0.70

0.24

0.30

0.60

0.70

CaO
SiOg

®Spec is the specified composition, and Anal is the XRF analyzed composition. Standard 6 is a
mix of Standards 2 and 3, Standard 7 is a sinter residue with 4% HgO added. Standard 8 is a limesoda sinter clinker. Standard 9 is NBS cement standard C-637, and Standard 10 is a mix of Standard 2
and 4.
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Table 45. Comparison of XRD peaks of ^-C2S with those found for
sinter-residue

D-spacing (A) and relative intensities

Sinter Residue

fLC,S(12)

Sinter Residue

e-C9S(12)

7.298 (4)
4.92
4.631 (6)

4.920 (10)
4.645 (10)

2.024 (16)
1.977 (12)
1.924 (10)

2.019 (10)
1.982 (70)
1.911 (10)

3.833 (8)
3.797 (6)
3.376 (9)

1.901 (11)
1.875 (5)
1.836 (5)

1.892 (40)

3.790 (30)
3.380 (10)

3.225 (6)
3.179 (5)
3.035 (26)

1.806 (20)
1.763 (10)

3.040 (20)

1.800 (9)
1.759 (4)
1.724 (5)

2.876 (21)
2.778 (89)
2.737 (100)

2.874 (20)
2.778 (100)
2.740 (100)

1.709 (7)
1.691 (6)
• 1.626 (13)

1.706 (30)

2.70
2.676 (33)
2.612 (33)

2.714 (10)

1.607 (9)
1.602 (9)
1.586 (10)

1.606 (40)

2.539 (7)
2.493 (5)
2.435 (13)

2.544 (30)

1.573 (9)
1.557 (8)
1.550 (8)

1.573 (20)

2.404 (16)
2.281 (21)
2.232 (8)

2.403 (40)
2.279 (30)

1.526 (9)
1.516 (4)
1.488 (10)

1.523 (40)

2.189 (42)
2.17
2.126 (4)

2.189 (60)
2.163 (40)
2.128 (10)

1.416 (5)
1.371 (7)

1.416 (10)

2.104 (15)
2.087 (8)
2.046 (8)

2.088 (10)
2.044 (20)

2.607 (10)

2.448 (40)

1.844 (10)

1.632 (70)

1.587 (20)

1.550 (10)

1.483 (30)

Table 46. Material balance over cement production of residue-cement formulation SR=3.3, LSF=0.90

Concentration,
Element

Raw Materials
Ottumva
Fly Ash
CaCOi
NaCOi

Raw Mix
54.57

64.47

62.88

61.92

CaO

55.06

SiOg

27.18

19.01

22.46

22.81

22.46

Fe^O,

3.93

2.75

3.25

3.59

3.54

AI2O3
MgO

2.33

3.02

3.57

3.13

3.08

3.67

2.57

3.04

3.13

3.08

KagO

1.49

1.04

1.23

0.99

0.97

SO,
'3
KgO

0.01

0.01

0.01

2.07

2.04

0.09

0.06

0.07

0.07

0.07

TiO,

0.91

0.64

0.76

0.70

0.69

P2O5

1.41

0.99

1.17

1.01

0.99

96.08

84.64

100.00

100.38

98.05

Moisture

0.48

0.34

0.56

0.56

LOI

3.44

44.00

15.02

0.56

0.56

69.94

28.67

Mix %,w

56.00

Experimental Values
Analyzed
Normalized
Cement
Cement

Probable
Clinker

100.00

1.39
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APPENDIX C; EXPERIMENTAL RESULTS
Table 47. Free lime contents for the burnablllty tests of the sinter
residue

Free Lime Content,
Clinkering
Temp., oc

LSF^

~
SRb=4.3

~
SRb=3.8

~
SRb=3.3

1300

0.85
0.90
0.95

5.2
8.1
11.6

5.3
8.5
11.2

4.2
7.5
10.5

1400

0.85
0.90
0.95

4.1
6.9
10.5

2.3
4.9
7.0

0.9
2.8
5.4

1450

0.85
0.90
0.95

1.4
4.1
5.8

0.4
2.2
4.5

0.2
0.9
3.1

1500

0.85
0.90
0.95

0.2
0.9
2.7

0.2
0.6
2.3

0.2
0.3
1.4

1600

0.85
0.90
0.95

0.2
0.3
0.7

0.1
0.3
0.7

0.2
0.2
0.4

®LSF = Lime Saturation Factor.
bSR = Silica Ratio.
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1300

1400

1500

BURNING TEMPERATURE, DEGREES CELSIUS

Figure 40.

Effect of burning temperature (30 minute residence time) on
the amount of residual lime in residue-cement formulation
SR=4.3

225

Figure 41.

Effect of burning temperature (30 minute residence time) on
the amount of residual lime in residue-cement formulation
SR=3.8
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1300
1400
1500
BURNING TEMPERATURE, DEGREES CELSIUS

Figure 42.

Effect of burning temperature (30 minute residence time) on
the amount of residual lime in residue-cement formulation
SR=3.3
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Table 48.

XRD peaks found for phase analysis of residue-cement clinker
SR=4.3, LSF=0.90 formulations burned for 30 mintutes at
various temperatures

D-spacing (A) and relative intensity
Burning Temperature
ISOQOC

Original

Extracted^

Burning Temperature
14000c

Original

Extracted^

Original
7.35 (9)
3.88 (7)
3.39 (8)

Extracted^
8.05 (8)
7.39 (21)
3.88 (9)

3.39 (8) 7.34 (21)
3.16 (6) 5.24 (5)
2.88 (14) 3.89 (10)

7.29 (9)
4.68 (4)
3.88 (7)

2.82 (21) 3.67 (18)
2.76 (76) 3.40 (7)
2.70 (65) 2.89 (6)

3.38 (8) 3.67 (14)
3.17 (19) 2.78 (32)
3.03 (14) 2.69 (46)

3.16 (6) 3.68 (17)
3.04 (29) 3.04 (22)
2.97 (14) 2.82 (21)

2.52 (5)
2.44 (5)
2.40 (X)

2.88 (11) 2.66 (85)
2.81 (35) 2.59 (8)
2.75 (X) 2.43 (10)

2.89 (13) 2.78 (45)
2.82 (37) 2.77 (X)
2.76 (X) 2.70 (73)

2.29 (12) 2.66 (X)
2.19 (21) 2.59 (13)
2.10 (9) 2.44 (8)

2.71 (99) 2.21 (9)
2.66 (7). 2.17 (7)
2.60 (11) 2.11 (X)

2.71 (76) 2.67 (82)
2.67 (18) 2.44 (11)
2.61 (39) 2.40 (10)

2.05 (9) 2.40 (21)
1.94 (15) 2.30 (10)
1.76 (7) 2.22 (11)

2.39 (53) 2.06 (17)
2.29 (11) 1.93 (31)
2.23 (5) 1.87 ( 6 )

2.40 (39) 2.22 (10)
2.38 (8) 2.11 (67)
2.32 (10) 2.07 (15)

1.72 (5) 2.11 (70)
1.70 (49) 2.06 (21)
1.58 (10) 1.94 (44)

2.19 (18) 1.83 (10)
2.10 (9) 1.73 (6)
2.05 (8) 1.58 (10)

2.29 (12) 1.94 (33)
2.19 (25) 1.83 (12)
2.11 (14) 1.77 (6)

1.49 (9) 1.87 (10)
1.45 (10) 1.82 (13)
1.39 (11) 1.74 (9)

1.94 (26) 1.55 (7)
1.76 (16) 1.49 (40)
1.71 (5) 1.42 (4)

1.94 (25) 1.70 (17)
1.77 (28) 1.63 (11)
1.72 (6) 1.58 (14)

2.80 (48)
2.76 (36)
2.70 (56)

7.33 (29)
5.20 (4)
3.87 (5)

Burning Temperature
1450OC

^Sample has been extracted using maleic acid/methanol solution.
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TABLE 48 continued

D-Spacing

(A)

relative intensity

Burning Temperature
1300*0

Burning Temperature
1400OC

Original

Original

Extracted^

Extracted^

Burning Temperature
1450OC

Original

Extracted^

1.70 (12)
1.59 (14)
1.55 (10)

1.69 (35)
1.58 (14)
1.56 (9)

1.69 (19) 1.49 (42)
1.63 (9) 1.46 (14)
1.58 (8)

1.51 (5)
1.49 (28)
1.40 (6)

1.49 (9)
1.45 (11)
1.38 (13)

1.49 (18)
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Table 49a.

XRD peaks found for phase analysis of residue-cement clinkar
formulation SR=3.3, LSF=0.90 burned for 30 minutes at
various temperatures

D-Spacing

(A)

relative intensity

Burning Temperature
1300°C

Burning Temperature
lAOQOC

Original

Original

3.86 (6)
3.37 (9)
3.15 (10

Extracted^
7.25 (35)
4.20 (6)
3.86 (4)

3.87 (6)
3.39 (9)
3.16 (7)

Extracted^
7.30 (27)
3.12 (6)
4.21 (5)

2,87 (14) 3.64 (21)
2.81 (31) 3.41 (6)
2.75 (99) 3.33 (5)

2.97 (10) 3.85 (5)
2.89 (13) 3.42 (7)
2.81 (22) 3.34 (5)

2.70 (X) 2.18 (10)
2.64 (21) 2.77 (32)
2.61 (7) 2.68 (74)

2.75 (X) 3.04 (5)
2.71 (69) 2.81 (5)
2.66 (12) 2.77 (28)

2.39 (65) 2.64 (X)
2.37 (6) 2.57 (12)
2.29 (10) 2.43 (11)

2.61 (46) 2.69 (X)
2.40 (25) 2.65 (72)
2.37 (7) 2.58 (8)

2.23 (10) 2.20 (13)
2.19 (23) 2.16 (9)
2.10 (10) 2.10 (71)

2.32 (9) 2.43 (7)
2.19 (25) 2.20 (10)
2.17 (6) 2.16 (7)

2.05 (10) 2.05 (20)
1.93 (30)
1.94 (20) 1.89 (6)

2.10 (10) 2.11 (78)
2.04 (12) 2.05 (15)
1.98 (9) 1.92 (33)

1.93 (12) 1.86 (9)
1.81 (5) 1.81 (10)
1.76 (13) 1.73 (5)

1.94 (27) 1.89 (5)
1.93 (11) 1.86 (6)
1.76 (27) 1.82 (7)

1.69 (32) 1.58 (13)
1.58 (11) 1.56 (9)
1.56 (6) 1.49 (34)

1.63 (7)
1.58 (9)
1.56 (7)

1.44 (8)
8)
1.38

1.39 (5)

1.58 (8)
1.56 (14)
1.54 (8)

1.49 (16) 1.49 (38)

^Sample has been extracted using a maleic acid/methanol solution.
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Table 49b. XRD peaks found for phase analysis of residue-cement clinker
formulation SR=3.3, LSF=0.90 burned for 30 minutes at
various temperatures

D-Spacing

(A)

relative intensity

Burning Temperature
14500c

Burning Temperature
15000c

Extracted®
Original
3.87 (8) 7.30 (21)
3.65 (5) 4.40 (5)
3.52 (6) 4.20 (8)

Extracted®
Original
7.38 (9) 7.36 (23)
5.94 (7) 4.66 (5)
3.88 (8) 4.23 (9)

3.39 (6) 3.83 (4)
3.15 (8) 3.65 (13)
3.03 (44) 3.40 (5)

3.54 (6)
3.40 (8)
3.04 (39)

2.96 (13) 3.34 (4)
2.88 (12) 2.76 (28)
2.81 (23) 2.69 (X)

2.97 (15) 2.77 (35)
2.89 (13) 2.70 (X)
2.82 (16) 2.66 (61)

2.75 (X) 2.65 (66)
2.70 (72) 2.58 (6)
2.65 (12) 2.43 (7)

2.78 (80) 2.43 (9)
2.76 (X) 2.19 (11)
2.71 (62) 2.17 (5)

2.61 (43) 2.20 (10)
2.40 (7) 2.16 (6)
2.32 (9) 2.10 (74)

2.66 (13) 2.06 (11)
2.61 (48) 1.92 (33)
2.44 (6) 1.89 (6)

2.29 (11) 2.06 • (12)
2.19 (36) 1.96 (5)
2.17 (12) 1.92 (35)

2.32 (10) 1.83 (7)
2.30 (11) 1.77 (8)
2.24 (6) 1.63 (9)

2.10 (12) 1.86 (5)
2.05 (6) 1.83 (10)
1.98 (8) 1.57 (12)

2.19 (28) 1.58 (6)
2.17 (13) 1.56 (11)
2.11 (16) 1.49 (29)

1.94 (21) 1.55 (11)
1.80 (5) 1.49 (28)
1.76 (38) 1.36 (5)

2.04 (8) 1.37 (6)
2.00 (7)
1.94 (22)

1.69 (7)
1.63 (19) 1.34 (6)
1.58 (8) 1.33 (8)

1.77 (38)
1.63 (14)
1.54 (7)

3.67 (12)
3.36 (6)
3.05 (14)

^Sample has been extracted using a maleic acid/methanol solution.
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Table 50. Compressive strengths found for residue-cement (SR=3.8,
LSF=0.90) and standard portland cements using 1/2 inch
diameter cylindrical specimens (8 g cement and 12 g of
aggregate).

Cement

Treatment

Compressive Strength, psi

Type 1 (Lehigh)

1180, 1020; 960, 810

Type 5

1180, 1260; 1060, 740

Residue-cement
clinker
Xy residue greater
than 45 microns
11.4

4%y gypsum

390, 630; 440, 670
260, 740

3.3

4%y gypsum

580, 610; 600, 490
830, 680; 680, 740

0.5

4%^ gypsum

680,

740

460,

460; 460, 440

1200,

570; 530, 710

11.4

gypsum,
l%w Ca(N03)2

11.4

4%„- gypsum,
3%w CaCl2

11.4

4%w gypsum,
4%„ KOH

600, 530; 610, 710

3.3

3Zy gypsum

420, 540; 530, 740

3.3

5%v gypsum

630, 940; 480, 650

0.5

4%v gypsum,
3%y CaCl2

950, 620

0.5

gypsum,
4%„ KOH

690

Figure 51. Compressive strengths found for various residue-cement formulations using 1-inch mortar
cubes (cement/aggregate = 1/2.75)^

Compressive Strength For
Residue-Cement (3R-3.8, LSF=0.90)
3-Day

M
SD

7-Day

28-Day

1400
X1750
1210
1330
1250

2040
2430
2530
1910
2320

3520
3140
3560
3150
X4000

X3140
3620
• 3370
3900
3580

1400
200

2330
190

3350
200

3620
190

Compressive Strength For
Residue-Cement (SR=4.3, LSF=0.90, CaF? added)

56-Day

.

3-Day

7-Day

28-Day

56-Day

2110
2370
2360
2400
2350

2900
3040
3280
3290
3350

5870
X4560
4760
X4510
5140

4730
4970
3310
4200
4500

2320
100

3170
170

5230
460

4600
290

Compressive Stength For
Residue-Cement (SR=3.3, LSF-0.93
3-Day

H
SD

7-Day

28-Day

56-Day

1730
1810
1960
1990
1830

2630
2840
2860
X2112
3050

4700
5270
5020
5750
X4340

5720
4900
4690
5190
5270

1860
97

2850
150

5000
240

5160
350

indicates that the strength exceeded ± 10% variation from the mean and so it was neglected.
M is the mean and SD is the standard deviation.

Figure 52. Compressive strengths found for standard Type 1 and Type 5 portland cements using
1-inch mortar cubes (cement/aggregate = 1/2.75)%

Compressive Strength Type 1 (IDOT)
3-Day
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3500
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3300
)

7-Day

Trial 2

3490
270

Trial 1
4350
4060
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4780
4240

28-Day

Trial 2
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Trial 1
6290
7020
6020
6720
6670

Trial 2

6670
350

56-Day
Trial 1
X4760
X6590
5320
5510
5640

Trial 2

5640
130

Compressive Strength Type 5
3--Day
Trial 1
3510
3310
3410
3490
3110
)

3360
150

28-Day

7--Day

Trial 2
2543
2480
2850
2830
2800
2700
160

Trial 1
4590
4330
4300
4060
X3720

Trial 2
3220
3300
3190
3310
3790

Trial 1
6340
6350
5800
6310
X4190

Trial 2
6200
6440
6160
6400
6200

4320
190

3260
53

6200
230

6280
120

56--Day
Trial 1
5720
5950
4930
X4400
5400
5500
383

Trial 2
5570
6300
5830
6280
X5144
6000
308

indicates that the strength exceeded ± 10% variation from the mean and so it was neglected.
H is mean and SO is standard deviation.

Figure 53. Compressive strengths found for residue-cement (SR=3.3, LSF-0.93) and standard portland
cements using 1-inch mortar cubes (cement/aggregate = 1/2.75)®
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Compressive Strength for Type 5
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M
SD
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Trial 2 Trial 1
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X1630
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3050
2870
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3450
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3620
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2990
106
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3630
152

Trial 2

56-Day

28-Day
Trial 1

Trial 2

Trial 1

Trial 2

X3240
3830
3540
3570
3720

5730
5650
5730
5130
5300

5680
5600
5770
5200
5600

5650
5630
X6650
X4810
5870

6000
6130
6170
5930
X4460

3660
116

5510
246

5570
197

5715
108

6060
99

indicates that the strength exceeded + 10% variation from the mean and so it was neglected.
M is the mean and SD is the standard deviation.

242

APPENDIX D: DETERMINATION OF HEAT OF FORMATION
The Heat of Formation for C3S and C2S
The heat associated with chemical reaction, a consequence of the
differences in molecular structure between the reactant and product, can
be determined at any temperature if both the heat of formation is known
at a base temperature and if the heat capacities of the species involved
in the reaction are known as a function of temperature.

Since the heats

of reaction are enthalpy changes between given initial and final states,
they can be calculated using any convenient path connecting the two
states. The following three-step method of determination is
demonstrated in Smith and Van Ness (117).
First cool the reactants from the desired formation temperature down
to the base temperature. The total enthalpy change is given by

n
AHn = L (moles
^
i=l

(48)

where Ù H°R represents the enthapy change of all reactants during
cooling.
Next, allow the reaction to occur isothermally at the base
temperature to yield reaction products. The enthalpy change for this
step is the known

of reaction at the base temperature.

Finally, the products are heated from the base temperature back to
the desired temperature of reaction. The enthalpy change is given by an
equation analagous to equation (48).
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.

n

A Hp =

E (moles of product i)
JT
i=l

c° dT
P

(49)

base

The 3-step process can be summarized as

A

= 6 H° + 6

(50)
base

An example of the use of equation (50) is shown below.
Example
Determination of the heat of formation of C3S at 1350°C proceeds as
follows.

(1) The heat of formation of C3S is given to be -129 cal/g at
200c (84).
(2) The heat required to cool the reactants (CaO and C2S) down to 20°C
from 1200°C and the heat the product (C3S) back to 1200°C can be
determined by combining equations (48) and (49) if the relationship
for heat capacity of all species is in the same form.

A Hp + A Hp = £ [(moles of product
^
i=l
•
m
-

Z

[(moles

(51)

j=l

By integrating and rearranging, this relation becomes

A H° + A Hp = A a(T - 293.20K) + ^(T^- (293.20K)^)

^ ^^T ~ 293.20K^

(52)
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where û a =

" ^CgS " ^CgS " ''CaO
^

" ^C^S ~ ^CgS " ^taO

(3) The heat of formation at 1350°C can be estimated as

4 HJjso.-129^» liflXs I1-"W«3.2<>K - 293.2°K)
-

10

((1623.20K)^ - (293.20K)^

+ 1.35 X 10 (I623.2"K ~ 29371^^ ^
= -126.6

g C3S

The required heats of reaction were all found in this manner. In
comparing the heat of reaction for the clinker compounds, the values for
C3S and C2S were found to dominate the heat of reaction both because of

a greater heat of formation and greater amounts present. Table 54
contains the heats of formation determined for the clinker compounds
compared with reported values.
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Table 54.

Calculated heats of formation for cement clinker phases

Reaction
Temperature,
oc

1200

Heat of Formation, cal/g
Compound
formed

Reported (84)

-146
-21

C4AF

-156
-21
-45

C3S

-127

-111

e-C2S
C3A

1350, 1500

Calculated

