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PREFACE

This reporthas beertreated to complwith the obligations of the authors according
to the terms of the contract No 2/12/213310/GEKON signed between EKOTHECH
Sp. andProf. Stamatis Tsimas(author).

According to article 1 of the above mentioned contract, the Author undertook:
a report summingip the available knowledge of free lime hydration process
in general and in particular narrowed down to process conditions possibly
close to those found in flue gases carrying the particles of HCF#t
temperatures in excess of 200 in the presence ofageous atmosphere
similar to flue gases from lignilburning boilers etc. Of particular importance

i's the knowledge of hydrati dalowngacti o

for modeling it with mathematical/IT tools.

To bring out the projectandto cove bibliographicallyall the individualparameters

that affect hydration, initially and under thegeneral entryo f Acal ci um
hy dr a summarystudiedin more thanl1000 selected papers-rom these the
referred in Chapter 7 (Referencespre than a hudred(100) have studied in more
details as in a different extend have been evalustgdatisfied the conditionsf the
detailedexaminationof the contract.The obviousdataoverlapin manyreferences
soughtto be minimizedvhen writingthe report.

Its structure follows generally the individual topics to be covered. Chapters and
clauses have been selected to such a way in orderusehdto researcherwho have
to implementthe hydrationof calciumoxidein a largerscaleaccording tahe Patent.

Chapter one comprises general but detailed information concerning the hydration of
calcium oxide. In this chapter are includeyl:the factors that affect the slaking
process insisting in the quality of the water andextended information material
corcerning reaction kinetics and mechanis@sapter two deals with hydration in
temperatures abovEOXC the hydration over vapors and the reduction of size during
hydration Chapter three deals with the hydrationf calcium oxide in presence of
flue gasesThe processes of carbonization ghee gas desulfurization with calcium
oxide are also analyzed in details as well the reactivation of CaO. In the same chapter
is included the effect of steam on carbonation and sulfurization of calcium oxide
Chapter four deak with the hydration of CaQ in the presence of other mineral
phases, materials and by products focusing and insisting on the hydration of CaO
present in fly ashes In the same chapter is also gveare precisapproacho the
problemraisedthrougha comparative examinatiosf steam vs. water hydration of
CaQ present in High Calcium Fly Ashes in relation to their sulfurization behavior. In
chapter five except comparative data concerning LCFA and HCFA, is included our
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personal experience refeng to the hydration of CaOf contained in HCFA in parallel
with its reduction of siz€hapter six shows our firsefforts and thoughts to adapie
literature findings (and presented in this reportd B e § ¢ h ashes.mnally in
Chapter sevenare preseted in chronological ordesver 100references to which this
report was based.

This work aims to contributéo the recordingand consolidation ohecessary datan
the hydrationof the freelime present in HCFA finally pursuing their exploitation
from ourPolish colleagues. Therefotlee lengthand contenbf Chapter Gs marginal.

The reports attempt to handle with a creative way the review process and publication
as expeditiously as possible within the scheduled deadline.
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1. Introduction . From CaO to
Ca(OH» Reaction kinetics and
mechanisms

1.1 General.

Calcium oxide (CaO), commonlyknownasquicklime or burntlime is a widely used
chemical compoundlt is a white, caustic, alkaline and crystalline solid at room
temperature. The broadly used term lime connotes calcantaining inorganic
materials, in which carbonates, oxides and hydroxides of calcium, silicon, magnesium,
aluminiumand iron predominat By contrast, "quicklime" specifically applies to the
single chemical compound calcium oxide. Calcium oxide which survives processing
without reacting in building products such as cement is céledlime

Quicklime is relatively inexpensive. Both @nd a chemical derivative calcium
hydroxideCa(OH) of which quicklime is the base anhydrite are important commodity
chemicals

Calcium hydroxide, Ca(OH) traditionally calledslaked lime is also an inorganic
compound It is a colorlessrystal or white pavder and is obtained when CaO is
mixed, or "slaked" with water. It has many names includigdrated lime builders'

lime, slack lime cal, orpickling lime.

Calcium hydroxide is used in many applications, including food preparation.

Quicklime releasebeat energyy the formation of the hydratdrough thefollowing
eqguation:
CaO + H OP Ca(OH) + 1135 kJ/kgof CaO

As it hydrates, an exothermic reaction results and the solid puffs up. The hydrate can
be reconverted to quicklime by removing the water by heating it to redness to reverse
the hydration reaction. One litre of water combines with approximately 3.1 kilegram
(6.81b) of quicklime to give calcium hydroxide plus 3.54 MJ of energy.
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CaO (s) + HO () =Ca(OH) (agq) gH= 1 Bkd/molof CaO

Based on the molecular weights, 56 units of CaO plus 18 units@frekults in 74

units of Ca(OH). The ratio of hydoxide to CaO is 74 + 56 = 1.32. This means that 1
Kg of CaO and 0.32 Kg of water will produce 1.32 Kg of Ca(®Hhis is the
minimum water required for chemical reaction, so calcium hydroxide contains 75.7%
CaO and 24.3% #D. The process of adding watty calcium oxide to produce
calcium hydroxide is referred to as hydration process or lime slaking. The hydration of
CaO, commercially referred to as quick lime, is an exothermic process releasing a
great quantity of hegiMohamad Hassibi

This hydration process when done with just the right amount of water is éalled y
Hydration 0. In this case the hydrate material is a dry powder. If excess water is used
for hydration, the process is callédS | ad In thig case, the resultant hydragen a
slurry form. Lime manufacturers generally use the dry hydration process for producing
powdered hydrated lime. Our discussion here is limited to lime slaking. The slaking
process is normally done with considerable excess water ranging from 2% giants w

to 1 part CaO to 6 parts water to 1 part ChOFigurel is depictedpH of Calcium
Hydroxide solutions at 25°@-igure2 shows solubility of calcium hydroxide inater.
Finally Figure3 depicts &nperature vs. pH of a saturated calciuyditoxide ®lution.

pH OF CALCIUM HYDROXIDE SOLUTIONS AT 25 DEGREES C.

Graph Showing pH Curve of Calcium Hydroxide Selutions at 25° C
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Figure 1: pH of Calcium Hydroxide solutiorst 25°C
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= Ca(OH)2

y =-0.0012x + 0.187
R2=0.9991

y =-0.0009x + 0.1416
Rz = 0.9991

Figure 2: Solubility of Calcium Hydroxide in Water

Temperature vs. pH

&l &l &l
. - - . - - .

ETHE 2
y =-0.0327x + 13.32€
R2=0.9932

Figure 3: Temperature vs. pH of a saturated Calcium Hydroxide Solution

In next close we will focus on hydration and factors affecsiagingprocess.
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1.2 Hydration ofCaO

1.2.1 Introduction

A huge numberof papersare referred in the literature in the general topic of lime
hydration The clausend the chaptan the continue refers to papers dealing with the
hydration of Calcium oxide aiming at the production of calcium hydroxide and not to
CaO as part of several by products as slags, fly ashes etc are.

These latter casesill be discussed i€hapter 4

Researh on lime slaking has been done on a limited basis in recent years. Most of
this research has been done under auspices of the National Lime Association. The
information presented in this paper builds upon the research done by others and the
aut hor @ bandsom axpesience in lime slaking.

Because limestone is a naturally occurring mineral its chemical composition and
physical characteristics vary not only from area to area but within veins of limestone
in the same area. This variation in raw matemslults in variation of quality of the

end product, which is calcium hydroxide. The use of lime in its various forms has
been steadily on the rise with no end in site.

Today lime is the most important chemical used throughout the world for pollution
control. It is, therefore, imperative that knowledge of handling and processing lime be
well understood by all those who use this chemical.

Hydration or slaking can be described as the process of adding a quantity of water to
lumps of lime causing them tdisintegrate to a powder, putty or limeash. This
chemical reaction between lime and water results in the development of a
considerable amount of hedthe form into which lime is slaked depends on the use
for which it is required. In the case of lime faose in plasters and mortars, which
could be either in the form qdutty or a dry powder, all the implications of using
either one of the two, must be carefully studied before any decision is made.
Qualitatively, the advantage of the use of lime putty over a dry hydrate are that it is
likely to contain a greater portion of &nlime particles and will therefore be more
plastic, a characteristic which is preferred in mortars and plasters. Also, the product is
likely to be more fully slaked and will therefore be less likely to present any of the
typical popping and checking pr@ohs that may occur due to the presence of un
slaked material. However, more water is required to slake it, so the economic
implications of the availability of water take precedence. In a dry area where distances
to the market are long, it is likely to beegferable to transport and slake quicklime
lumps at sources of water nearer the market than to bring water to the production site
and then transport dry lime hydrate or lime putty over a long distance to the market.

1.2.2 Factors affecting slaking process

The most important single factor that affects the process efficiency of a slaking
system is thespecific surface areaf the particles of calcium hydroxide. The larger
the specific surface area of the hydrate, the more surface is available for reaction,
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therefore, the more efficient the reaction and less consumption of lime. The specific
surface of calcium hydroxide varies a great deal based upon the variables that are
described below. The typical specific surface of calcium hydroxide ranges between
8,000 b 58,000 crfigr. Empirical data shows that the relationship between the
particle size of hydrate and specific surface, even though related, is not linear. Except
specific surface areand water (discussed in 1.2.39gme major comments tather

factors afécting the process avery shortly given in the continue

A. Type of limestone used in calcination
Calcium carbonate deposits are generally not pure. They contain many other
elements, such as magnesium, aluminum oxide, and compounds that affect the
guality of hydrate produced from their limestones. Manufacturers of lime have
no control over the impurities that are interspersed in a vein of limestone.
Magnesian limes are slower in slaking than calcium limes due to the sintering
caused by the ovéaurning ofthe magnesium carbonate portion of the stone.
Over burnt magnesian limestone or dolomite hydrates very slowly and is just
about impossible to hydrate when impure. Since most of the magnesium oxide
portion remains unslaked when using hand slaking metlestsyvater will be
required. Searle suggests that up to 20 % less water will be required for
hydration. The wet slaking method described below (fsaking) is a
suitable simple means of slaking magnesian limestone quicklimes. The period
in the slaking s can be extended tme (1) month.

B. Calcination process to manufacture CaO
Propertemperature and residence time during calcination have a great deal of
influence on the quality of hydroxide produced. The most common problem
associated with the cal@tion process is hatburned lime. When a lime is
hardburned, an impervious layer forms on the outside of the CaO particles
making it difficult for water to penetrate and start the slaking process. To slake
a hardburned lime, the outer layer of the pelgi must wear off to open up the
pores for water to penetrate. This is done by vigorous agitation that abrades
the outer layer of CaO. This type of lime generally requires more retention
time in the slaker. In practice when using hbatained Ime, the sla&r capacity
should be adjusted &0% to minimize CaO carry over.

C. Slaking temperature

Slaking temperature is the most important factor that affects particle size and
specific surface of hydrate particles. The closer the slaking temperature is to
100°Cthe finer the particle sizes and greater the specific surface of particles
will be. However, the relationship between temperature, particle size and
specific surface is not linear. In some instances, when slaking at high
temperatures around the boiling poof water, hot spots can develop within
the slurry, which will cause hydrate particles to crystallize and agglomerate
forming larger, flat particles with reduced specific surface. This problem is
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more likely to happen in paste slakers since they opeaatehigher
temperatures and in areas where mixing is not vigorous. Even though from a
theoretical point of viewtemperatures around 1WD are desirable, from a
practical point of view it is very difficult to slake successfully at these high
temperatures whiout safety problems or adverse affects due to agglomeration.
In practice slaking in lesser temperatures is more practical for optimum
operation. The release of heat due to the exothermic reaction is different for
different quality limes. A highieactive,soft-burned lime will producel140

kJ/kg (490 BTU pound of quicklime. A low reactive lime wilproduce about

884 kJ/kg (380 BTU poung of quicklime. This energy KJ) will bring the

slurry temperature to a certain degree based on the temperature whelry |
temperature of incoming water, and heat losses from the slaker vessel.

As stated before, optimum temperature for slaking varies from job to job
depending on equipment and site conditions. Since temperature is the most
important factor affecting spdi surface, temperature control is essential for

a uniform quality product. Controlling a slaking process by lime to water ratio
or slurry consistency is not the best way because of variables such as lime
reactivity, incoming water and lime temperaturdyich results in a variation

in hydrate quality. The optimum way to control a slaking process is by
controlling the slaking temperature by varying the lime to water ratio as
necessary

D. Lime to water ratio
The water to lime ratio also affects the slakiimge by affecting the slaking
temperaturg(Table 1). The higher the temperatyrihe shorter the slaking
timeis. Controlling a constant lime to water ratio in a slaking process does not
guarantee a constant temperature. The temperaturevavyl due to the
variation in thewater temperature, lime reactivity, and quality of water, thus
requiring operator adjustment frequently. As stated before, a better way to
maintain a correct lime to water ratio is to control the slaking temperature.
Slaking tests performed on the same lime with different water to lime ratios
showed a significant difference in settling rate. In both cases, the samples were
allowed to settle to 50% of their volume.

Table 1: Lime to Water Ratio settlinggme

Lime to Water Ratio Settling Time to 50%
in Minutes
Lime slaked with minimum 10

theoretical amount of water

Lime slaked with 10X theoretical wate 440
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This clearly indicates that an excess amount of water used in slaking will
result insmaller particles, assuming that the slaking temperature was the same.

E. Degree of agitation during slaking
The degree of agitation during the slaking process has an impact on the end
product. Too little agitation will result in an uneven temperatuitin the
slaking chamber resulting in hot and cold spots. The hot spots will result when
slaking temperatures are over 00Slaking at these temperatures will result
in hexagonal crystals of a large size and reduced surface area; and
agglomeration of articles and cold spots will result in either drowning o+ un
hydrated particles of CaO.

F. Viscosity of slurry
The viscosity of hydroxide slurry can vary greatly from lime to lime as well as
process conditions. Certain changes in the hydration condiioimspurities
in the lime will increase the viscosity of the slurry, thus affecting settling time.
Often times, the viscosity increases at slaking temperatir@2°C (180°H
and above. The relationship of viscosity, particle size, specific surface and
sdtling rate is not completely researched as of now. In general, it is presumed
that the higher viscosity means a smaller particle size of hydrate, greater
specific surface and slower settling rate. Variations of the viscosity of
hydrated lime slurrjhave keen reported betweeangesof 45700 centipoises.

G. Slaking time
Slaking time is the time required to complete hydration. This time varies from
lime to lime. A highreactive lime will hydrate completely in-2 minutes.
Medium reactive limes will hydrateompletely in 510 minutes. Low reactive
limes, hard burned limes, and magnesium limes will hydrate-BOlfinutes.
The field results vary a great deal depending on field conditions.

H. Air slaking
Air slaking is caused by hydration of CaO with moistim the air at ambient
temperatures. The finer the particles of the quicklime the more prone to air
slaking they are due to greater specific surface. Air slaking not only will
produce extremely large particles of hydrate but will also convert calcium
oxide to calcium carbonate due to the absorption of f&@n the atmosphere.
An air-slaked lime will not yieldmany kilojoules during slaking and will
increase consumption due to the lack of reactivity.

1.2.3. Water for hydration

The water used in hydratiomay be drinkable or even brackish borehole water but
water containing a large proportion of organic material can have a bad effect on the
lime hydrate. The water required to slake quicklime to:
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A. adry lime hydrate is around 550 litres per tonne quicklime,
B. alime putty is around 1300 litres per tonne quicklime depending on
the consistency preferred.

The exact quantities required will vary from one quicklime to another and can best be
determined by trial and error. In general however, highly reactive porqes ty
quicklime will require a greater proportion of water than denseower burnt
quicklime. Also, dolomitic lime will normally require less water in hydration since
only small portions of the MgO content, if any, actually hydrate.
Water chemistry is a majofactor in the slaking process. Presence of certain
chemicals in the slaking water will accelerate or hinder the slaking process. Water
with high dissolved solids generally causes excessive foaming, which results in
operational problems. Waters containioger 500Mg/l of sulfates or sulfites are
unsuitable for slaking. This is true for paste and skype lime slakers. Ball mill
slakers, because of their ability to grind the particles of lime, are not affected as much
by the presence of sulfates or deli in the slaking water. The sulfates or sulfites
cover the surface of the lime pebbles and will not allow water to penetrate the pores;
therefore the slaking is greatly retarded. To slake under these conditions, the lime
particles must be continuouslyralded to expose new surfaces to water for slaking.
Figure 4 shows the effects of temperature rise versus time for water containing
sulfates. Some chemicals have areder@ting effect on the slaking process. These are
chlorides and sugars.

Slaking rate test

e reaal V7 0 1T T T Tt

20

Temperature ('C)

Effect of 10,000 mg/l
sulfates, all added as
salts of the indicated

20 cations. Water: Lime = 4:1
10 -
ol 1 | | | | | | | U | | 1 1 | |
o 1 2 3 - S 1= 7 8 =] 10 11 12 13 14 1S

Time (min)

Effect of sulfates on lime slaking.

Figure 4: Effect of sulfates on lime slaking
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Water temperature
The slaking water temperature has a great influence on the slaking process and
specific surface of the hydrate particles. The incoming water temperature and
the water to lime ratio inversely affect the slaking time. Cool slaking water
should not contact ehdry lime in the slaker. The water and lime must enter
the slaker apart from each other so that by the time the water comes in contact
with thelime; its temperature is raised ¢wer65°C (150°F. If cool water and
lime come in contact, a condition calle Adr owni ngo tideaddes pl ac
hydrate fodmewniungdoercoindi ti ons are very
reactive.

1.2.4. Rate of hydration

The rate of hydration is determined by the type of stone that is fired to start with, and
the conditions to which it is subjected during firing. Complete hydration can take
place in a matter of a few minutes or continue over a period of months.

The factos which determine the rate of hydration are:

(a) Quicklimewith a high MgO content has a slow rate of hydration since
it is normally over burntwhen fired at the temperature necessary to
calcine CaC@

(b) A pure, high calcium lime hydrates faster than one comtgi
impurities. Impurities cause the stone twer burn at lower
temperatures which reduces porosity and consequently the rate of
hydration.

(c) Lightly burnt, porous quicklime will hydrate faster thanawr burng
dense one.

(d) If quicklime is crushed to a z@ smaller than 25 mnthe rate of
hydration is increased.

(e) The rate of hydration increases with an increase of both the
temperature of the quicklime lumps and of the water used for slaking.
If the quicklime lumps are slaked immediately after they are ebettla
from the kiln, i.e. whilst they are still slightly hot, and the heat from the
waste gases is used to heat the water of hydration, the rate can be
increased. With some limes a 10% increase in water temperature could
as much as double the rate of hyinat

() The use of an excess amount of water applied to the quicklime at a
rapid rate retards the rate of hydration.

(g) If the quicklime and water mixture is agitated during hydration the rate
is increased.
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1.3 Reaction kinetics and mechanisms

Lime is often slaked prior to use, and even when quicklime is added directly to a
solution to, for example, remove carbonate from Hwttion; it seems very likely

that partial or complete slaking of the lime will occur first. However, despite the
enormais importance of lime slaking, little is known about the reaction kinetics and
almost nothing about the reaction mechanism. Most of the work reported to date is in
the Eastern Europaditerature.Zozulyaet al.found that the rate at which quicklime

is hydrated increases with increasing lime surface area and the temperature at which
the lime is slaked, and that the higher the temperature at which quicklime is
manufactured by dearbonation of calcium carbonate, the less active is the resulting
quicklime. These authors concluded that lime hydration is diffusion controlled and
depends predominantly on the degree of sspéuration of the liquid phase with
calcium hydroxide. Ovechkirt al., using a high calcium lime, found that the rate of
lime slaking incrased with temperature but observed little effect of grain size. They
too concluded that the reaction was diffusion controlled, at least in the final stages of
slaking.

Following the classical study oFM.Ritchie '"The kinetics of Lime Slaking
irrespectie of whether the lime slaking reaction was carried out in water or in
solutions containing either calcium nitrate or sodium hydroxide, the slaking rate was
found to be approximately constant at any given disc rotation sphe&dcan be seen

from the plotsof amount of calcium oxide dissolved against time showRiguire 5

and Figure 6 for the particular cases of the slaking reaction in water, determined
from conductance measurements, and in 0.03 M sodium hydroxide, determined from
analysis of the calcium content of thelldmn by atomic absorption spectro
photometry.

1.0

The amount of caleiuvm oxide dissolved from a disc rotating at various speeds in water at

25°C: @ =100 rp.m.; & =200 rp.m.; O =400 r.p?m,: 1= 600 r.p.m.

i

9
o

cad  dissolved /mol m-2

(8] 5 10 15
time Smin

Figure 5: Amount of CaO dissolved, at various speeds
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The amount of calcium oxide dissolved from a disc rotating at various speeds in 0.03 M

sodium hydroxide solution at 25°C: @ =100 r.p.m.; A =200 r.p.m,; O =400r.p.m.; C =6001.p.m,;
W =800 r.p.m.

Figure 6: Amount of Calcium oxide dissolved in 0.088sodium hydroxide

1.3.1 Reaction kinetics

(a) Reaction rate Irrespectiveof whetherthe lime slakingreactionwascarried
out in water or in solutions containing either calciumtrate or sodium
hydroxide, the slaking rate was foundto be approximately constant ahy
given disc rotationspeed.This can be seenfrom the plots of amoun to f
calciumoxide dissolvedhgainst timeshownin Figure5 and Figure6 for the
particular casesf the slakingreaction inwater,determinedrom conductance
measurements, and inOM3sodiumhydroxide determinedrom analysisof
the calciumcontent otthe solutionby atomicabsorption spectrphotometry.
It is apparentthat when the reaction insufficiently rapid, the rate plots
(e.g.at600r.p.m.) showslight curvaturecorrespondingo smalldecreasen
reactionratewith time. Onepossiblecauseof this slight reduction inratewill
be discussedater. In the meantimeit is sufficientto notethatthe reactions
essentiallyzero order, and the slope of the lines gives the zero order rate
constantko.

(b) Effect of rotation speed.lt is clearfrom both Figure 5 andFigure 6 that
the dissolutionrate is stronglydependenbn disc rotationspeedindicating
thatthe reactions largely controlledby eitherthe diffusion of somereactant
speciesto the oxide surface,or the diffusion of someproduct specieaway
from the oxide surface.
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Figure 7 showsthe dependenceof the zeroorder rate constantk,, on the
squareroot of the disc rotation speedto for different concentrations of
sodium hydroxide. It can be seenthat atthe lowestreaction rates (highest
sodium hydroxide concentrations)k, is directly proportional tothe square
root of the discrotation speedindicating that the reaction isnderdiffusion
control

10 -

1%k / mol m2s!
4}

1 [
O 5 10
(w/rads-% )2

The variation of the zero order rate constant at 25°C with the square root of the dise

rotation speed: @ =0.1 M sodium hydroxide; & =0.03 M sodium hydroxide; & =0.01 M sodium
hydroxide; [ = water.

Figure 7: Variation of the zer@rder rates

However, at the highest reaction rates (lowest sodium hydroxide
concentréons), k,tendsto fall off with increasingrotationspeed suggesin
that the reaction isgoing from diffusion to chemicalcontrol. In the caseof
thereaction withwater,therateconstant igssentially independent odtation
speedhat the highest rotatiospeeds investigated@00r.p.m.), behaviowrhich
is characteristic o€Ehemicalcontrol.

Similar results were obtained fortheir action of calcium oxide with the
sdutions containing variousconcentrations  otalcium nitratesi.e. the
reaction rateconstant becameprogressively smaller and more directly
proportional to thesquareroot of the angularvelocity of the disc as the
calciumnitrate concentration waacreased.

A rate constant k, which is independentof the angularvelocity can be
defined by the ratio hoi(J)l. For those systems imwhich the reaction
becomes partly chemicallyontrolledat high rotation speedsye definek as
being equalto the tangent tothe curve as Co tendsto zero i.e. when the
reactionis mostlikely to beunderdiffusion control.
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(c)Effect of concentration of Ca2 *or OH-. As notedabove the effectto f
increasingthe concentratioro f Caz+ or OH ions in the slakingsolutionis
to reducethe slaking rate. This is showngraphicallyin Fig.5 in which the
logarithm of the slaking rate constantk[molesCaz dissolving in solution
per m? of CaOdisc per secondper (radianper second)is plottedagainstthe
logarithm of the concentration, either Ca2+ @H'. Provided that neither
the Caz northe OH concentration isabovef0 M, the rateconstantk is
esentially that ofwater,but abovethis concentrationk decreaseand more
rapidly soin the presencef OH than inthe presencef Ca2+.

(d) Effect of temperature . The effect of temperatureon the kinetics of the

slaking reaction in water was examined, and the results shown in the
Arrhenius plotof Figure 8 wereobtained.
The points area reasonabldit to a straightline, from the slope of which
activation energy of 13.6+1.2kdnol* was calkulated. This low value is
consistenwith the effectto f discrotationspeedand indicativeof diffusion
control.

In{k/molm2 s1/2rad1/2)
®
1

-12 1 i
3.0 3.5

(10°k/T)
Figure 8: Arrhenius plot for the slaking of lime in water

1.3.2 Mechanism of the slaking reaction

(a) General

considerations .Inaformalsense,theslakingreactioncartisideredtoproce
edinthree stepsStep 1,theconversion ofalciumoxideto calciumhydroxide

CaO+H,OY Ca(OH),

followed by Step 2, the dissolution ofcalcium hydroxideto give calcium
lons andhydroxideionsin solution
Ca(OH) Y C &' +20H
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and Step 3, the diffusion of the calciumions and hydroxideions into the
bulk of thesolution.

Becauséhe reactionshowsa strongdependencen disc rotationspeedand
low activation energy it must be diffusion controlled. Steplcannobe
diffusion controlled becausehe rate constantsaare too small for a reactant
whosebulk concentrations56M. On the other hand, Ste[8 could be rate
controlling andwvould give a zeroorderprocessasobserved.

If the diffusionstepgovernsthe rateof the reaction,the dissolutionstepwill

be at equilibriumi.e. therewill be a film of solid calcium hydroxideon the
reacting lime surface which is in equilibrium with calcium ions and
hydroxide ionsin solution at the reactingsurface.The diffusion of calcium
ilons and hydroxide ions away from the surfacewill be describedby the
Levich equation.

It is conveniento discusghreespecialcasesthe slakingof lime with water;
the slaking of lime with a high concentratioro f calciumions in solution,
and the slaking of lime with a high concentrationo f hydroxide ions in
solution.

The slaking of lime with water

According to the Levich equation,the dissolution rate, 8, for a reaction
controlled bythe rate of diffusion of calcium hydroxideawayfrom a surface
at whichthereis a saturated solutioof calcium hydroxidento wateris:

S=0.62D(Ca(OH),)*3p%(J)1/2[Ca(OH),]s Eqg.1

where D(Ca(OH)) is the diffusion coefficient of calcium hydroxide in
water, u is the kinematic viscosity of water and [C4OH),]s is the
concentrationof a saturated solutionf calcium hydroxide at the reacting
surface Since k,=8

andk=ko/(J)~,

k=0.62D(Ca(OH)»)?*v-1/6 [Ca(OH).]s Eq.2

The kinematic viscosity is given in the Handbook of Chemistry and
Physcs, and sok can be estimated provided values for D(Ca(H)and
[Ca(OH)]s areknown.

Hedin has reportedthat the value of the diffusion coefficient for calcium
hydroxide depends quite stronginthe concentration, droppindgrom:
17.41X10-10nTS "atl.07X 10-3Mto
13.8X10-10nTS *at1.8X10-2M
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this latter concentration beingjoseto the solubility of a standard solutioof
calciumhydroxide.In the mechanisnsuggestedhere,the calciumhydroxide
IS assumedto be saturatedat the dissolving surface,and so it seems
reasonabléo assume a valus:

D (Ca(OH),) =14 x 10' o m?s*
for the purposes of these calculations.
By approximating activities with concentrations, [Ca(glHtan be estimated
from the solubility product, Ks, via

[Ca(OH),] = (Ks 4)*®  Eq.3

where Ks= 6.5 x 166 M 3 has been calculated from the average of the log
Ks valwes listed in Sillen and Martell
Substituting these numbers irf@a(OH) = (i /4)®  Eq.3 we obtain a value
of:
k equal to 9.2 x 10 tool m 2 s*
which is in reasonable agreement with the experimental value of
(12.0t 2.5) x 10° mol m?s- %
consideringhe approximations made in the calculations.

(b) Effect of temperature . A theoretical estimate of the activation energy for
the slaking of lime in water can be made by taking logarithms of
k=0.62D(Ca(OH))***/6 [Ca(OH)s Eq.2 and differentiating

E a =d In S/d(L/T) =d In D(Ca(OHZ¥d(L/T)

+dIin~~/G/d(L/T)+dInK~/3/d(LIT)  Eq. 4

Literature values for the terms on the right hand siwofe +din~-
~/G/d(1/T)+dInK~/3/d(1/T) Eq.4 can now be introduced.c&ording to Levich
activation energies for diffusion are generally of the order of 12 kJ rhol
while that for viscosity is aboutl6 kJ mot. The enthalpy for the heat of
solution of calcium hydroxide is 16.3 kJ mbi1Substituting these numbers,
we obtain Ea~ 16 kJ m&lin reasonable agreementtivithe measured value
of 13.641.2 kJ mol".

1.3.4 Equilibrium and free energy conditions of Ca(OH)

Figure 9 shows the calculated equilibrium pressure gdHbver Ca(OH,) for various
temperatures. The calculation indicatesvb®6 steam at 200C is enough for CaO
hydration. At 400C, the equilibrim pressure of D over Ca(OH)is about 0.Jatm,
i.e., 10vol%. When théemperature is increased to 800 the equilibrium pressure of

4 Prof. Stamatis Tsimas, Prof. Angeliki Moutsatsou , School of Chemigagiineering NTUA




H>O is about latm. Figure 10 showed the weight loss curve of hydrated sorbent at
different temperature in TGA in pure;Mtmosphere, this result confirmed that most
of CaO was converted to Ca(QHjuring sorbent hydratiostepsThe free energy of
calcium hydroxide decomposition in seakconditions is shown iRigure 11.
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Figure 9: Equilibrium pressure (atm) of H20 over Ca(QH)
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Figure 10: Weight loss of hydrated sorbent
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Ca (OH)2 = CaO+H2O(g)

80

Free energy (kJ mol™)

0 150 300 450 600
Temperature (°C)

Figure 11 Free energy of the calcium hydroxide decomposition reaction versus
temperature at 1 atmosphere! ¥0orr, and 10 °Torr water partial pressures.




2. Hydration at temperatures above 108C. Hydration with spraying systems. Hydration over vapors

2. Hydration at temperatures above
100°C. Hydration over vapors
Reduction of size during hydration

2.1 Introduction

In the previous chaptehe kinetics and mechanisms of calcium oxide hydration was
discussed in detailhe hydration (except some sub clause) was faced as addition of
the slaking water at ambient temperature. Chapter 2 is focusing on calcium oxide
hydration at temperatures alBo%0CC including also the hydration over vapors. The
kinetics and mechanisms in this particular case are also disciasely clause 2.4
deals with the reduction of size of CaO which occurs during hydration

2.2 Effects of temperature on the hydration  characteristics of

free lime

The hydration rate of CaO is closely related to the hydration reaction temperature.
Raising the hydration reaction temperature can make the reactant obtain enough
energy to surmount reaction the potential barrier, thus inogea®action rate
effectively. The effect of the hydration reaction temperature on CaO with high
activation energy and some impurities is more obvious than that on pure CaQ. The f
CaO in Portland cement clinker forms in coexistence with many other oxidgsts.

Thus, it has higher hydration activation energy, so the ambient temperature has a great
influence on the disappearance and hydration rate of CaO

2.3 Hydration over vapors

Hydration of lime, discussed in details in the previous chapter, is a reaction of great
commercial importance, both as a method of application of quicklime and in the
manufacture of the commercial product, hydratiese. Therefore a considerable
amount ofwork is continuously being reported on the conditions and performance of
the reaction in order to obtain a product with the requitedacteristics.

Hydration of calcium oxide (lime) by liquid water is a vevgll-knownreaction due

to large domain of gpications of hydrated calciumxide in industry. It is however
surprising to see that only few papers
CaO or the interaction of water vapor withis oxide in comparisowith the recent
growing interest of sties about CO2 interactions oalcium oxida.

D.R. Glasson studiethe interaction of water vapor with different kinds of lime with
specfic surface areas from 1 tb00 nf g* and he observed the agglomeration of
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2. Hydration at temperatures above 108C. Hydration with spraying systems. Hydration over vapors

particles during hydration at room tempteira. A theoretical model for this reaction
hasbeen developed witkome experiments on CaO pellets at diffengater vapor
pressure and temperature. They found that the two most important variables were the
water vapor pressure and the calcination teatpee. In some recent works on CaO
based sorbents, an aitirhenius behavior was observed and the author linked this
phenomenon to the initial content of CaO. They also studied the CaO hydration and
Ca(OH) decomposition over a multitude of cycles withsharting material crushed

and sieved limestone (CaG)OThe hydration rate decreased with increasing number

of cycles.

This reaction is also extremely interesting from the point of view of chemical reaction
engineering because the system involves a iogactf explosive violence between
solid calcium oxide and water leading to the formation of the solid product, calcium
hydroxide.

The speed and extbermicity of the reaction may cause unusual temperature profiles
in the solid, breakage and complex phenomécoalescence and dispersion of small
particles), leading to a complex mathematical description of the reacting system.
However, little effort has been devoted to the study of the kinetic behavior of the
reaction and the design of industrial reactorsy @nis very difficult to relate
fundamentals such as the diffusion coefficient and activation energies reported in the
literature for the dissolution of calciumxide to the technical equipment used in
industry forapplied purposes.

Dutta and Shirai havehown the kinetic behavior of the reaction by following the
time-temperature profiles inside a big reacting sphere of pure calcium oxide. The
experimental curves were explained in terms of two different phenomena: the first
corresponding to the sofiijuid interfacial reaction between lime and water and the
second to the gasolid reaction between water in the vapor form and calcium oxide.
The purpose of this work is the development of a suitable mathematical model for the
description of the soliliquid reaction between calcium oxide and water from
experiments performed under adiabatic conditions and the evaluation of the kinetic
parameters of the process.
Two main problems are associated with the heterogeneous chemical reaction:
(a) the extremely fast evolution of heat, and
(b) the fact that the volumes of product and reagent are different, leading to
thermal and mechanical stresses inside the solid body, causing it to develop
cracks to various degrees, plugging the initial pores andinigato the
development of new porosity as the reaction proceeds.

Both phenomena take place in the initial stages of the reaction depending on the
liquid-to-solid ratio and physicehemical properties of the reagent (calcium oxide).
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2. Hydration at temperatures above 108C. Hydration with spraying systems. Hydration over vapors

2.3.1. Influence of wat er vapor pressure

The influence of the water vapor pressure on the kinetic curves is illusindtepire
12. All experiments were realized with tiseft burntlimespowder. The temperature
was fixedat 15AC for all tests. According to the
the pressure, the faster theaction Figure 12a). The maximal fractional extent
observed for 80 and 160 hPa reaches mainly 1, which ntleanSBL powder can be

totally transformed into Ca(OH) The rate versus U curve e
higher pressure experiment. It seems that all the cpresent such a maximum close

to the initial time.
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Figure 12(a) (b): Influence of water vapor pressure o the hydration

2.3.2. Influence of temperature

Figure13s hows U(t) curves obt aisaftéeuntlimésand ar i ou
hard burnt limessamples.lt can be seen that for both powders the higher the
temperaturethe slower the hydration Thi s can be observed fr
shown inFigure 14 for SBL CaO powder. Such a behaviorgsite unusualWe

could also note that theaximum of the curves moves frotd=0. 05 t o near
when temperature increased.
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2. Hydration at temperatures above 108C. Hydration with spraying systems. Hydration over vapors
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Figure 13: Influence of temperature on hydration of SBL and HBL
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Figure 14: Influence of the temperature on the kinetic rate of hydration of SBL CaO powder
water vapor pressure of 80 hPa..

From thepaper of E. Serris el. we can imagine that the growth of Ca(@IH)ay
proceed according to two possible mechanisms. thdealcium dihydroxide
crydallizes in hexagonal structyravhich presents a strong anisotropy. So two
directions of growth may be considered: either perpendicular or parallel to the
hexagonal planes of the Ca(QHtructure Figure 15 illustratesschematically the
differences in both possible mechanisms. Thecalted perpendicular growth
proceeds quite usual in gaslid re&tions: according to the mechanism described
above and the inward advance of the internal interface. In the parallel mechanism,
after the adsorption, the diffusion of calcium and oxygen ions may proceed from the
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2. Hydration at temperatures above 108C. Hydration with spraying systems. Hydration over vapors

internal interface by the side of the hexagbplanes of Ca(OH)thus leading to their

possible extension by reacting with hydroxyls and proton ions present at the surface.

1
cao | Cao
A 4

Figure 15: Schemes of perpendicular (a) and parallel (b) growth proc&siesand
dashed arrows indicate the direction of diffusing species and of development of
Ca(OHy), respectively

This secondway of Ca(OH) growth better explains the gypsum flower micro
structureobserved by SEMn the hydrated samples. Thus the paraifelchanism
seems to be predominant in both kinds of powders. Howevepetipendicular one
may occur too, at least in the firsts moments of riéction, and as long as the
thickness of Ca(OH)layer remains low. Isuch anisotropic crystals, the diffusion

the direction perpendicular tthe layers is generally slow compared to surface
diffusion, especially athe temperatures investigated in this study (lower than 420
°C). In thecase of $ft Burnt Limes powderwhere numerous open pores exist inside
theaggregates, the reaction takes place in each particle separéti@byt interaction
with the neighboring particles. Thus the water vapor ewsily circulate inside the
porosity,which is in favor of a total conversicof CaO into Ca(OH) On the other
hand, since the HBL powder ®mposed of very compact aggregates, the parallel
growth leads tanuch more continuous layers of Ca(@QHyhich tend to envelop very
large areas of the aggregates. As a consequence, the accesseatting gas inside
the agregates is strongly reduced, and it results imaomplete transformation, the
perpendicular growth being taiuggish in the temperature range investigdtgato
420°C).

In concluding CaO hydration by water vageadsto the following remarks
(a) theinfluence of water vapor pressure enhanced the kinetiocsasfion with a
linear dependence of the pressure on the rate
(b) an antiArrhenius behavior was observed for the temperalependence, due
to extremely exothermic reaction combined wdhrate detenining step
leading to an expression of the rateluding all the steps and

(cca Ablocking effecto was also orbeser ved

aggregate porosity) with Afothedrawthe 0
of Ca(OH) continuous layers around the aggregates.
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2. Hydration at temperatures above 108C. Hydration with spraying systems. Hydration over vapors

In Figure 16 data corresponding to experimental results at 450°C and four different
partial steam pressurg®H20 100, 75, 65 and 50kPa), using 3mg samples of
Compostilla limestone (162 0 0 € m) , an initial calcinatio
a total gas fK'oSTP)oAs can be3skeh thitht riigure after a fast

initial kinetic regime there is a smth change in the reaction rate to a slower reaction
regime. The experimental results show that complete conversion can be achieved
within 20-30s under high partial steam pressures (i.e. 100 or 75kPa) which are the
most favorable hydration conditions fibrese experiments.

The fluctuations in hydration conversion between @.8are attributed to inherent
experimental measurement errors, assimoilar trend has been observed in other
experiments. These experimental results reveal a much faster hydeaaiom than
expected when compared to the kinetic results described by other authors in the state
of the art. As pointed out in the experimental section, special care was taken to
minimize diffusional resistances related to the experimental setup, gadleak or

sample mass. The absence of these resistances during the kinetic reaction test could
explain why the rate of the hydration reactions-igure 16 is somewht higher than
expected
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Figure 16: Hydration conversion (XHy) vs. time
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2. Hydration at temperatures above 108C. Hydration with spraying systems. Hydration over vapors

2.4 Hydration and reduction of size

Based orShunji Homma et athere are not a few cases that the overall particle size is
changed during the reaction unlike the situation assumed in the unreacted shrinking
core model. When the density of the converted solid material is different from that of
the solid reactant, thearticle shrinks or swells depending on the density ratio.
Considering this effecfRehmatand Saxer(@976) andRehmatet al (1978) obtained

the conversioitime relationship for noisothermal and nenatalytic reactions.

It is the first to take into accmt the variation in sizes of both the unreacted core and

the particle itself.

Chemical reactioty which the converted solid material is consumed, also causes the
reduction of the particle size. In this case, both the unreacted core and the particle
itself shrink with different speeds, so that two moving surfaces, reaction fronts, must
be taken intaccount in the reaction model. In other words, the reaction model will be
a combination of the unreacted shrinking core model and the shrinking particle model.
Although it is a simple idea to represent this situation, the combined reaction model
has beempresented quite recentlBiaunet al., 2000;0gataetal., 2004).

According ChungYu Cheng et al, water reacts with calcium oxide existing in bigger
ash particles core and produces calcium hydroxide following the well known
chemical equatian

CaO+H,OY Ca(OH)
Since the molar volume of calcium oxide is 16m8/mol and that of calcium
hydroxide is 3%m/mol, the formation of calcium hydroxide at the sorbent core
causes the volume expansion of the sorbent core and destructs the calcium oxide shell.
The hydration reaction of these ashes includes two stages. In the first stage, the water
molecules diffuse through the shell and react with calcium oxide via an adsbrption
surface reaction mechanism. In the second stage, the calcium hydroxide crystals grow
in the normal and tangential directions on the calcium oxide surface.

Scientists from the University of Leeds are using the UK's national synchrotron to
investigate the efficiency of calcium oxide (CaO) based materials as carbon dioxide
(CO2) sorbents. Tdir results, published in the journal Bhergy & Environmental
Science provide an explanation for one of the key mechanisms involved. This new
knowledge will inform efforts to improve the efficiency of this economically viable
method of carbon capture crstorage. The observations of the scientists suggest a
mechanism for the interaction between CaO and water during hydration.

They found that the stresses in the calcium hydroxide phase when bound to CaO were
more than 20 times higher than its strengérding to disintegration and the
generation of nansized crystallites. Although the generation of a high surface area is

a good thing, mechanical friability needs to be kept in check in order to achieve long
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2. Hydration at temperatures above 108C. Hydration with spraying systems. Hydration over vapors

term reliability for these systems. The anadygirovides an explanation of the
enhanced capture/disintegration observed in CaO in the presence of steam.

The hydration of CaO readily forms a shell of calcium hydroxide when exposed to
water in the air (right). Due to differences in atomic conguratibiggire 17, top left)
between the oxide and hydroxides, enormous strains develop due to the interface.
These strains of 0.78% lead to stresses 20stimgher than the rupture strength of the
hydroxide leading to rupture and the generation of fzarticles. Deconvolution of

the data generated by Diamoréigure 17, bottom left) allows the Leeds team to
determine the size and strain in these layers, from the breadth of the peaks (the peaks
from CaOH are far narrower than CaO).

Strain = 0.78% — disintegration

O\‘/o e Ca(OH), skin

Strain = 0.36%

Ca(OH).

)
t

.

Figure 17: The hydration of CaO readily fornasshell of calcium hydroxide when
exposed to water

2.5 Particle breakage model

Figure 18 shows a pictorial representation of a small section through a partiee. T
spent sorbenfCaO) is treated as a sphere with initial radigsOwing to the larger

volume of Ca(OH)r el at i ve to CaO, during hydrat:i
increases top, whereas the ureacted core has a radiys

Equation 5is a mole balance for the conversion of CaO to CafOH)

i H{}} A Pcai oH), (1 — zcaron, )
3 * . R"w"wf.'a[ﬁl [
4 oll — 2cao )
_ _H{F:; o ":f} Pcan Lean )
3 RAMM a0 Eq.5

Here,} , is the density antl} the envelope porosity of species
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2. Hydration at temperatures above 108C. Hydration with spraying systems. Hydration over vapors

Equation 6 gives the conversion to Ca(OH)

r :
Xe=1- (—')
To Eq. 6

Substitution oEquation 6 into Equation 5 give Equation 7.

) 1 capl] = Ecan)
{J"i B *"T,:' _ X{-f’? P caol *Cal))

Feajon 11, {l — ECa[OH), ::'
RMM caiom,
.RJH!W{;-,(‘) Eq : 7

Now ddining U (Equation 8):

- Praoll — féc:aﬁ}RMMf:a[nu]_,
F](:a[ml]_,{] = Ecafon l];}wafuc.'aﬁ Eq. 8

and rearrangingzquation 9 is obtained:

m=rn N

Fao r

= {aX ¢+ {1 _X('::'::'I.;:l -1 Eq.9

Equation 9 defines the circumferential straimr o/ in the particle. The situation is
that the first shell of Ca(OH)Yormed is pushed further and further out as the particle
expands.

The strain can be related to the stréss, by Hookeds | aw in an
system for an isotropic material, as describecEquation 10 (assuming pseudo
equilibrium).

{1 —v)e Ar
E  r Eq10

In Equation 10 Ei s Youngods gnoduPosssanmbés ratio
Substitution of the strainggr )/ from Equation 10 into Equation 9 and rearranging
yieldsEquation 11

E
{1 —0)

(X e+ (1 — X)) - l]

7T =

Eq.11
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2. Hydration at temperatures above 108C. Hydration with spraying systems. Hydration over vapors

Equation 11 can be used to estimate the stress in the outermost layer of Gadd)
function of conversion, using densities of CaO ard@31)2 fromPerry andGreen
with Y o u nMpdukis fromMonteiroandChang

The porosity of the Ca(OH)Wwhich was formed was assumed to be 0.19, which was
calculated using the average porosity of the CaO following dehydration of 0.73.

Ca(OH),

o == W B o
- -~
-~

Initially CaO,
subsequently Ca(OH),

CaO ry
Figure 18 Particle breakage model.
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3. Hydration in the presence of other gases similar to flue gases

3. Hydration in the presence of other
gases similar to flue gases

3.1 Introduction

Focusing on this topic and since in most cases the existence 0AIG@OSQ is
predominant in the flue gases, the carbonation of calcium oxide by carbon dioxide, as
well the desulfurization nocess based on the use of CaO must be faced either
separately or in combinationExcept carbonation and desulfurization under
investigation is the momentum of hydration as it will be explained in details.

3.2. The carbonation of calcium oxide by carbon d ioxide

3.2.1 General

Current techniques for peasbmbustioncarbon capturdilter out CQ, from a power

plant's flue gases as they travel up a chimney. The filter is a solvent that absorbs the
CQO,, befoe being heated, releasing water vapour and leaving behind thdrQde
combustion, the CO2 is filtered out by use of a catalytic converter before the fossil
fuel is burned and the CO2 is diluted by other flue gases. These methods can prevent
80% to 90%of a power plant's carbon emissions from entering the atmosphere
CaO based materials have a large range of applications includinganqepost
combustion carbon capture technologies and thermochemical fuel upgrading. They
are low cost, high abundance, baa large sorption capacity and fast reaction rates
during the chemical process. They capture; @the temperature range 4800°C

via the formation of calcium carbonate (CaffQvhich can be regenerated with
subsequent release of gOready for compression and storage. However, after
multiple capture and regeneration cycles, the materials' capacity for capture decreases
due to the loss of surface area through sintering, a process that fuses powders together
to create a single solid object. Alttghu the surface area can be restored through
hydration, the material suffers a reduction in mechanical strength. If these problems
can be overcome, CaO based materials could provide a low cost answer for carbon
capture on a very large scale.
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3. Hydration in the presence of other gases similar to flue gases

3.2.2. Gas-solid reactions

A number of norcatalytic gassolid reactions have been widely employed in the
industries for energy production and environmental protection. Particularly, the
carbonation reaction of CaO with @@as been studied for the applications sash

the CQ separation from flue ga® from syngas, the storage of energy, chemical heat
pump, and the clean hydrogen production by reaction integrated coal gasification.

It is well known that the gésolid CGQi CaO reaction proceeds through two rate
controlling regimes. At the very initial stage of reaction, the reaction occurs rapidly
by heterogeneous surface chemical reaction kinetics. Following this initial stage, as
compact layer of product CaCO3 is developed on the outer region of a CaO particle,
the rate of reaction decreases due to the diffusion limitation of reacting species
through the layer. It has been reported that the reaction does not proceed to the
complete conversion of CaO, with ultimate conversions in the range 80%&or up

to 90%. Inorder to describe such gaslid reaction kinetics, various models have
been introduced.

Most classical are the continuous model and theeanted core model. Because the
continuous model assumes that the diffusion of gaseous reactant into a particle is
rapid enough compared to chemical reaction, it is not good for representing the CaO
carbonation reaction in diffusion control regime.-téacted core model known as
shrinking core model assumes that the reaction zone is restricted to a thin front
advancig from the outer surface into the particle, whicheigresented biq.1

t / O@s Y2 (10)

t / O3&F +2(@2) 16 )
where.t is the time}X, the conversion of CaO; ardis the time required to completely
convert an unreacted particle into product. WIklg (1a)is for chemical reaction
control regimeEq. (1b)for diffusion control regime. This model could be applied for
the CaGcarbonatiorreaction kinetics. However, as the model predicts the complete
conversionX = 1 att = J it is not good for properly describing the actual kinetic
behavior in the diffusion control regime of Ca@rbonation. It is also inconvenient to
get the conversionsing this model because the conversfois implicitly given as a
function of time Bhatia and Perlmutterdevelopedthe random pore model as given
below to correlate reaction behavior with the internal pore structure:

lrp _
7 [\;‘1 —¥in(l—X)— 1] — Kt (2a)
1 3 -1 v "o ~

E[\;’l—w’lm(l—){}—l]:k Ji (2b)
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3. Hydration in the presence of other gases similar to flue gases

Nomenclature
b parameter in the proposed model (min)
k parameter in the proposed model (min—1)

K.k’ rate constants in the random pore model
Mcao  molecular weight of CaO {gmol_l)

n parameter used in Eq. (3)

rco, molar rate of CO; removal per unit mass of
CaO (mol (min kg)_l)

t time (min)

X conversion of CaO

Xy ultimate conversion of CaQ

Greek letters
T parameter in the unreacted core model (min)
g structural parameter in the random pore model

wherey is a structural paraater depending on the surface area, porosity, and the
initial total length of pore system per unit volunaad kg kdare rate constants=q.
(2a)is for chemical reaction control regime, dad. (2b)for diffusion control regime.
They employecEq. (2b)to obtainkinetic parameters. This model is informative for
understanding byhat structural parameters the ratd ©@aO-carbonation reactigns
determined, however, very complex to employ.

From a practical point of view, in such processes for whichCh@ carbonation is
employed as listed above, a kinetic equation with the best fit to experimental
conversion data is very useful for the process design, or modeling.

g he c ap t,ramair waftwo Catbonation reactions:

(1) CaO + air (500 ppm CQ,)Y CaCOs

in the temperature ran@d0 450°C, and
(Il) Ca(OH y+air (500 ppm CQO,)Y CaCOz+H,0

in the temperature ran@®0 425°C.

shows that the rate of Ca€rbonation is initially chemicallgontrolled but
undergoes a transition to a diffusiocantrolled regme, and can be well described by
the unreacted core kinetic model.

The rate of Ca(OH)jcarbonation is predominantly chemically controlled and can be
well described by a kinetic model that considers the formation of an interface of water
molecules or OHons, and the intrinsic chemical reaction taking place only over the
surface that is not covered by CagC@/ater catalyzes the Cagarbonation to such an
extent that, in the first 20 min, the reaction proceeds t050% extent at a rate that is
about 22 timedaster, and the reactiogxtent attains up to 80% at 4@ after 100

min. Within residence times of 0.1Q.17, the uptake of C{from air containing 500

ppm is high during the first reaction minute (for example, it reaches up to 60% for
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3. Hydration in the presence of other gases similar to flue gases

CaOwithadded ) and decreases with time foll owi
The kinetic models applied for the carbonation of CaO, CafO&l)d CaO with
added HO are able to descriltbe reactiomates with reasonable accuracy.

3.3 Flue gas desulfurization with  calcium oxide

The use oflime for treating flue gases is a proven technology. Flue gas is generated
from the thermal treatment process in Energy from Waste plants (EfW) and contains
acidic gases such as hydrogen chloride, sulphur dioxide and hydrogeadeflubine

use of lime in the three main flue gas treatment gsses of; dry, serdry and wet
processes shows its flexibility and adaptability in its worldwide application.

Calcium carbonate (chalk), calcium oxide (quicklime) or calcium hydroxide (redirat
lime) can be used toeutralizeacidic gases and remove sulphur dioxide from both
EfW plants and power stations. This ensures that plants comply with both local and
European environmental legislation for air emissions. Together with the new flue gas
treatment equipment technologies, lime is the most cost effective alkali that can be
used for this kind of treatment, with less dosage and less waste production compared
with other reagents.

The number of Energy from Waste plants in the UK is due to wggefisantly in the

near future, as the cost of lafiing waste is set to increase dramatically. Lime
products can therefore provide a cost effective, efficient solution to the treatment of
flue gases generated from the energy recovery process, whicbesethe waste
volumes sent to landfill.

Hydrated lime is fluidized in air and injected straight into the exhaust ducting.
Generally, over 99% of the HCI, over 95% of the HF and over 95% efc&M be
removed. The neutralization reactions are as follows:

Ca(OH,+ 2 HC | Y &2HOI
Ca(OHY+ 2 H F YV €2R,0
Ca(OHy+ SO Y C as3 6,0

Ca (OH)+ SO+ 050 Y C a:;S®0

Transformed into calcium chloride, calcium sulphite, calcium sulphate and calcium
fluoride, the acidic gases are captured on bag filters as solids (similar to thérgemi
scrubbing technique).

The excess hydrated lime can becireulated to improve utzation.

Apart from the content of available hydrated lime, the reactive surface area is also of
importance for removal efficiency. The high degree of fineness of industrial hydrated
limes also increases the efficiency in eliminating acid gas components.
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3. Hydration in the presence of other gases similar to flue gases

3.3.1 The reactivation of CaO

Hydrated lime (Ca(OH) used in pulverized or fluidized bed combustors for, SO
removal suffer from low reactivity andow utilization rate In spite of being
economical and easiketrdit tablein the existing utility units, dry sorbent processes

fail to be more competitive with other more expensive &trol technologies due to

their poor SQ removal efficiency and low sorbent utilization. Typically, less than
50% of the available calcium isonverted to high molar volume calcium sulfate
product which causes pore blocking and pore mouth plugging and renders the sorbent
ineffective for any further S&rapture. The spent sorbent from pulverized combustors
(PC's) exhibits less than 35% calciuniizétion, while for circulating fluidized bed
combustors (CFB's), up to 45% calcium utilization is realized (Couturier et al., 1994).

The spent sorbent exhibits negligible reactivity towards &@ in order toricrease

the sorbent utilizatiothe sorbenhneeds to be reactivated to expose theeaacted

CaO. Reactivation of the underutilized sorbent would necessarily requerposing
and/or redistribution of the CaO from the interior of the sorbent particle and
reactivation of the sintered CaO by cerng it into a more reactive form. The
fundamental challenge and goal of the reactivation process is to redistribute the
CaSQ predominantly from the surface of the particle to a more uniform distribution.

One of the methods for reactivating partialiglized sorbents is by the process of
hydration (Bobman et al., 1985). In this process, thsulfated CaO is reacted with
water to form Ca(OH) Due to higher molar volume of the hydroxide (33 cc/gmol),
compared to CaO (17 cc/gmol), the sorbent partielggands and the neporous
CaSQ shell cracks thereby exposing the hydrate (see also 2.4). Moreover, once this
reactivated sorbent is reintroduced into the combustor, calcination of Ca(@iHEr
increases the porosity and provides added exposure ofdCaQ.

Hydration has been known to increase the utilization of spent sorbent from 35% to up
to 70% (Couturier et al., 1994). It is known that the effectiveness of the hydration
reactivation process is dictated by the duration of hydration, the hydratio
temperature, and the solids concentration in the process. The temperature for drying
the hydration products has also been indicated to markedly affect the activity of the
reactivated product (Khan et al., 1995; Tsuchia et al., 1995

3.4 Relation betwee n carbonation and hydration of CaO

Both temperature and.B concentrations played important roles in determining the
reaction rate and extent of carbonation. The mechanism of the carbonation of CaO
with and without HO vapors present in the synthetic flgas showed significant
differences

pHA) 4 Prof. Stamatis Tsimas, Prof. Angeliki Moutsatsou , School of Chemigagiineering NTUA
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Most noticeably, carbonation of CaO did not occur when T <@QGthout HO, but
at 15% and 8% kD present, significant CaO conversion to Cg@@s achieved.
It appears that carbonation of CaO in real doal flue gas proceeds via reaction:

CaO + CQY CaCQand is catalyzed by 4@ vapor,

presumably by the formation of a transient hydroxide species. Here we suggest that
when watervaporis present in the flue gas, the actual carbonation process of CaO
occurs via e following twestep reaction:

First, CaO reacts with # to form Ca(OHy:

CaO + HO Y Ca(OH)
Ca(OH) then reacts with C9
Ca(OH) + CG,Y CaCQ + H,0

Figure 19 shows that, at O partial pressure lesdian 20 kPa and temperature
>400C, Ca(OH) cannot exist as a stable compound. However, it can be assumed that
Ca(OH) will still form when HO encouters CaO as a transient intermediate.

The concentration of Ca(OH)intermediate could be very low, since Ca(@H)
calcines to CaO quickly. The higher the temperature is, the shorter the existence of
Ca(OH) transient species will be, and the less importgtcontribution to the
carbonation process will be.

However short the existence of Ca(Qls$) if a CQ molecule meets

Ca(OH), CaCQ should result according to reaction

Ca(OH) + CO,Y Ca G®H20

As noted elsewhere the carbonation of Ca(Okl)much faster than carbonation of
CaO. Therefore, the presence afHvaporin the flue gas increases the carbonation
rate of CaO contained in the fly ash as observed with results in this study.

It should be noted that the contribution of reaction
CaO+ CQO)Y CaCQ
becomes less important when temperature decreases.

This can be seen ithe relevant Figurevhich showed that lower temperatuited to
more pronounced differences between tests doneandhwithout HO. For example,
when the carbonatioreadion tended to stabilize, there was <10% carbonatibio
difference between 15%,8 and 15% M at 800C, but at 500C the difference was
47%.
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Vapour Pressure of Steam over Ca(OH),
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Figure 19: Partial pressure of watervapor over Ca(OH),.

At T< 400%C, there was ndetectable carbonation reaction of CaO withop® HBut
when 8 15% of O vapor was added to the synthetic flue gas, carbonation of CaO
was obvious. This observation supports the proposed second mechanism that the
carbonation of CaO when H20 vapor was preslso includes the twatep route:
CaOY Ca(OH)Y CaCQ.
From experimental results, one might conclude that reaction
CaO + HO Y Ca(OH)
was faster than
Ca(OH) + CG,Y CaCQ + H,O
sincethe difference in final CaO reaction products existed, i.e., there was no Ga(OH)
in the carbonatd fly ash samples when T >3@)°but some Ca(OHYyemained when
T<300<C, and the amount of Ca(OHhcreased as the temperature decreased.

3.5 The effect of steam on Carbonation and Sulfurization of

Calcium oxide

According a recent paper from Poland (HalPawlakKruczek) the effect of steam

on different rates of carbonation reaction and sulfation can be explained by the change
of CO; and SQ migration tothe internal surface of sorbent (CaO). The problem of

gas migration through the pores of solid bodies of various geometry and thickness in
the presence of sulfate (gypsum) phase in coal ashes was studied and concluded that
the influence of pore geometry gas migration (and sorption) may be described in

the way presented iRigure 20. Pore size reduction resulting from the formation of
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the thin, polarfilm of water molecules creates a barrier which blocks the access of
larger and polar molecules (90 t o t he part of the sorbent
This mechanism is less effective in the case of smaller angp@ian molecules of

CO,. As a result, sorbergores act as a molecular sieve, thus influencing competitive
sorption of CQ and SQ.

Figure 20: Model of water vapor film influence on SO2 and CO2 migration

Finally, the effect of steam on carbonation conversion when the competing
carbonation andulfurizationreactions occur is positive, i.e., carbonation conversion
is higher in comparison with the condition without steabulfurization in the
subsequent cycles formkermally stable CaSOwhich blocks the access to the
internal surface and leads to reduction in the, @8@pture capacity of CaO. The
negative effect of the competitivaulfurizationreaction on carbonation increases in
the subsequent cycles for both gadaut to a lesser extent in the presence of steam.

The presence of steam definitely lowers shéurizationconversion in comparison to

the condition without steam which can result from pore size reduction resulting by
creating of the thin, polar filmfovater molecules which blocks the access of larger

and polar molecules (S t o t he part of the sorbentés
has been proveless effective in the case of smaller and-potar molecules of CO

The ratio of carbonation tsulfurization in the subsequent cycle with 10% steam
concentration in the simulated flue gas is several times higher than for the similar
condition but without steam.
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4. Hydration of CaO in the presence of other mineral phases.

4. Hydration of Ca®in Fly ashes

4.1. Introduction

After the individual examination of the hydration conditions of CaO eithdéigher
temperatures (Gapter 2)or in flue gases (Rapter 3), lhis chapter willdeal withthe
hydration of Ca® in the presence of other mineral phases, materials and by products
focusing and insisting on the hydration of Ga@esent in fly ashe€lauses 4.2 and
4.3). In clause 4.4 is givemmore preciseapproacho the problenraisedthrougha
comparative examinationf steam vs. water hydratioof CaQ present inHigh
Calcium Fly Ashesin relation to their sulfurization behavior

4.2.  Hydration of CaO ; present in fly ashes

As it is referred in manwtudies (Kuusik et al., 2005), flgshes formed in boilers
operating at different combustion technologies differ significamtlyheir chemical

and phase composition, as well as in theirgitel structure and surface properties.
Changes in the firing technology have altered the mineral of the ash prddticed

low temperature CFB ashes characterized by the lower content of silicates and
aluminates and higher content of free oxides show gmngthntly pozzolanic
hydration type

The relationship between the composition of the solid fuel and its combustion
temperature and the hydration type of the produced fly ash has been studied by many
researchers.

The high content of free Ca@ndicatesair binding properties. The high firing
temperature of boilers causes not only decomposition of limestone, formation of
calcium silicates and aluminates, but also dead burning of free CaO, which leads to
the formation of larger size crystals and decreasedahipdr reactivity. Hydration
reactivity could be characterized by slaking rate and temperature. To examine the
slaking properties of free CaO containing ashes, the calculation method had to be
modified using a 100% hydration of the tested ash.

Usually, paticles of fly ashes formed at moderate temperatures i(@80C) are
characterized by an irregular shape and porous unewdace (Kuusik et al.,2005)
Figure 21(b), while in the case of ashes formed at IiZBIO °C Figure 21(a) the
glassy phaseignificantly affects the formation of the particle shape and surface
properties: the particles tend to have a regsgduerical shape and smooth surface.
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(@) (b)

Figure 21: Ashescharacterized by an irregular shape and porous uneven surface

If ashes are sprayed by water then the phenomenon of aqueous carbonation of the ash,
lime 7 as the most reactive compondnpasses through several stages: hydration,
dissolution and diffusion foCa* ions into the bulk solution, and carbonation
according to the following equations (Domingo et al., 2006; G&aianona et al.,

2003).

CaO + HO U Ca(OH)U Ca&* 20H(solid surface)
U Cé&"* 20H (bulk solution)

CO, + H,OU H,COU HCO; + H'U COs* + 2H"
cd'+ Co*U CaCQ®

The rate of lime slaking is influenced by the porosity, the amount of impurities,
particle size, time and temperature of the limestone calcination, the amount of water
added and agitatiorBpynton, 1980; Ritchie and Xu, 199@s even minute amounts

of extraneous substances present in slaking water affect the extent and rate of lime
solubility, water quality can be critically importamt lime slaking Boynton, 1980;

Giles et al., 1992; Potgieter et al.,2003; Ritchie and X9 Xu et al., 1998 In the
presence of CG& and OH ions the slaking rate drops because the reaction is also
controlled by the diffusion of calcium hydroxide away from the surf&teliie and

Xu, 1990. Carbonate and sulphate ions in the slaking water known to form
coherent layers of both Ca@G@nd CaS@2H,0 which partially or completely coat

the surface and thereby prevent the further dissolution of CaO and the formation of
further CaCO3PRotgieter et al.,2008 Previous studiedJibu and Kuusik2009; Uibu

et al., 2010 haveshown that immersing ashes into-idaized water results in lime
slaking and the dissociation of portlandite, such that the solution becomes saturated
with C&* ions. In the case of continuous flow carbonation processestasin
saturation of the reirculating liquid phase with different species leached from ash
(mainly C&*, Mg**, K*, Na", OH, SQ?%) and absorbed from the flgases (C¢,

HSO; , HCGs) is expected. Process deceleration, wiients at the hydratiostep, is
mainly caused by two factors: the low porosity of ash and the composition of the re
circulating liquid phaselibu and Kuusik, 2009
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