CHAPTER 2

THEORY

2.1 Flue-gas desulfurization gypsum (FGD gypsum) (1.2)

FGD gypsum is obtained from the desulfurization of combustion gases of fossil fuels,

such as anthracite, bituminous coa bik in large combustion plants. especially

power stations. Almost desulfuriza rated by the countercurrent washing
o remove the SO,. The reaction

alCium sulfite (CaS0;.1/2H,0).

the flue gas with aqueous s

takes place at pH 7-8 @ and"prod

SOx(g) + CaCOxi 1A f £ — 350, /8K.0(5) + COx(¢) pH 7-8

(solid suspénsig

In the second step#thep a ‘ : alll below™S. So, the suspended calcium

sulfite is converted to soluble€e

2CaS05.12H0(5) + 2SOx( @507 2Ca(HSO3); pH S
(solid si§pe - Olution)
7 ,'?"d

This calcium bisu j is €4 ‘ atr osp 1c oxygen to calcium sulfate

dihydrate (CaS04.2H,0) or gypsum so- -called “F ue-gas gypsum”.

Ca(HSOs3), q01é)823 V]J CaS%l ’lj(;]s) + H,SO, pH S
ammnimwﬁ‘wmé‘ﬂ

The sulfurlc acid (H2SO4) produced reacts with the remaining limestone to form

additional gypsum.

H,SO4 + CaCOj(s) + HLO ——— CaS04.2H,0(s) + CO,(g)



Gypsum crystals grow and are separated from the aqueous gypsum suspension in
hydrocyclones and vacuum drum filters or centrifuges. The product is moist fine powder,
fairly pure powder having high percentage of calcium sulfate that contains only minor
quantities of impurities which are specific to process such as soluble salts (Na*, Mg**, CI')

(4.5)

and calcium sulfite™” and is almost pure white color'®. Chemical composition of FGD is as

shown in Table 2.1. About 5.4 tons of gypsum are produced per ton of sulfur in fuel.

The net reaction :

Characterization Phosphogypsum Fluoroanhydrite
7 8 9
Mineralogical analysis
CaS04.2H70 97.6 96.5 0.0
CaSO4 0.0 0.0 94.7
MgCO3 0.0 0.0 0.0
CaCO3 0.0 0.0 0.0
Chemical analysis
Combined water 19.2 19.2 0.0
CO3 454 46.9 56.4
CaO 325 32.1 40.8
MgO 0.01 0.01 0.13
SrO 2.05 0.05 0.0
Fep03 + AlpO3 | 0 0.70 0.93 0.27
HCl insoluble residue 1.00 0.68 0.69
NapO 0.14 0.02 0.03
Total P05 0.11 0.30 0.0
F 0.14 0.29 0.92
Other 0.11ZnO
| 0 OICI 0.69K,0
Organics i .03 0.04 0.0
Ignition loss .34 0.43 0.14
Total 01 .62 | 100.95 100.18
4.2 10-12
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2.2 Chemistry and Physics of calcium sulfate hydrate (CaSO4.xH,0)

Keuper an Upper as ic.

2.2.1 Dehydration and rehydration

Gypsum (CaS04.2H,0), both as natural gypsum and synthesized

gypsum such as FGD gypsum and phosphogypsum is useful as industrial material because



- it readily loses its water of hydration when heated, produces partially
or totally dehydration calcined gypsum.

- when water is added to this calcined gypsum, it reverts to the original
dihydrate, the set and harden product.

DH is both the starting material before the dehydration and the final

product after rehydration.

Dehydration.

CaS04.2H0 —s = 4.1/2H20 + 3/12H,0 1

L an

CaSO4.2H20/
Rehydratio/ \ \

CaS0g4.12H i Lo— 1504.2H-0 + heat
" ' 2 4 \\\“
i \

H,0 T

CaSO4 + 2H5Q 0aS04:2H,0 + heat

)\

of the thermodynamic properties of the

Kelly et al.” pladg' \

CaS04.xH70 system. Table 2. it of hydration and dehydration of

the various phase changes that are o ;‘_, ) ance.
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Table 2.2 Heats of ;-‘-27

L Y

" Heat of hydration per mole

Phase -,
| ' J(gram) of dihydrate at 25°C.)

an
|
W

B-CaSO4.12H20 + 3/2H20 () ———» CaS04.2H,0 19300485 (111.9+0.50)
0-CaSO4.1/2H20 + 3/2H7Q ( @gﬁ%’ 17200+85 (100.00+0.50)
csoul -2 i B Thgesorssasn
0-CaSO4111 42 %)J‘ CaS04.2H) 5700+85 (149.6+0.50)
CaSO4ll +2H0 () —> Ca¥04.2Hy0 | 16900485 (98.0+0.50)

Table 2.3 5 f’(-ill'araﬂof(l’.‘j m VI r] ’g a
Phase change Heat of dehydration per mole or tonne

Of dehydration products at 25°C
J/mol KJ/mol
CaS04.2H0 ——» [-CaS04.1/2H20 + 3/2H70 (g) 86700 597200
CaSO4.2H, 0 — > a-CaS04.1/2H70 + 3/2H20 (g) 84600 587200
CaSO4.2H0 —» B-CaSOg4lll +2H20 (g) 121800 895700
CaS04.2H0 —»  a-CaSO4lll +2H70 (g) 117400 863100
CaS04.2Hp0 — > CaSOg4ll +2H20 (g2) 108600 79800




2.2.2 Phase of calcium sulfate hydrate system (CaSQ4.xH,0)

The CaSO4.xHO system is characterized by five solid phases as

shown in Table 2.4.

Table 2.4 Phases in CaSOg.

- Calcium sulfate dihydrate, CaSO4.2H,0, (DH).

- Calcium sulfate hemihydrate, CaSQO4.1/2H,0, (HH).
aS0y, (AIII).

- Anhydrite III,

304, (AIl).

4

2 B 1

S

Characteristic

DH

Formula
Molecular mass
Thermodynamic
Stability, °C
Forms or stages

Other name, often
based on the
application

Synthesis condition
Temperature, °C
and atmosphere

Production
temperature, °C

CaS04.2H,0

172.1
<40

Gypsum
Raw gypsum
Syhthetic gypsum
Chemical gypsum
Byproduct gypsum
Set gypsum
Hardened gypsum

* Metastable in air saturated vﬁ water vapor.

In dry ain
_B-Alll and

All Al
CaSOy4 CaSOy4
136.14 136.14

40-1180 > 1180

Three stages :

All-s, slowly soluble
All-u, insoluble
AlI-E. Estrichgips
Raw anhydrite
Natural anhydrite
Anhydrite

Synthetic anhydrite
Chemical anhydrite
Byproduct anhydrite
Calcined anhydrite

200-1180

300-900, specitically
l -s 1 <500

u : 500-700
H-E : > 700

High temperature
anhydrite

> 1180

Not produced
commercially

QR RENTREHNT PRIGRE o

industry, buthe fifth phase, Al, only exists above 1 180°C®

a stable form of Al below that temperature.

. So, it is not possible to produce




2.2.3 Synthesis of different phases in CaSO4.xH20 system®.

The thermodynamic stability ranges for the calcium sulfate phases are
shown in Table 2.2. Below 40°C, i.e., under atmospheric conditions, only DH is stable. The
other phases are obtained at higher temperatures by progressive dehydration of the DH in the
following order :

> Alll —> All

Under no HH and AIIl are metastable and

below 40°C in the presence of vater adergo conversion to the DH, as

\ orms a and 3, representing

N
)

~\ o characteristic and their heat of

two limiting states. They pethods of preparation, their
morphology (as shown in Fig.

hydration.

ce@d=bY simply heating under atmospheric
e LN

condition at temperatures-Qf abe kiln. If the heating is carried

o=tttt-can :,-1 obtained. a—HH crystals
(Fig. 2.1a) are prismatic anﬂno gl ave ﬂmoother surface than 3-HH

(Fig. 2.1b).

out under steam =€,l—--—----—-—~--~——~~-¢— =

[ 1

(a) : (b)
Fig. 2.1 Optical photographs of a.) a—HH crystals and b.) B—HH crystals at polarized light"”’.



During the transformation to o-HH by a controlled
hydrothermal treatment, totally-new clearly-defined crystals form. Their size lies in the
range of 1 to 1000 um, they are not porous and they do not disintegrate in contact with water.
A plaster made of such a crystalline powder has a considerably lower water demand than -
HH. Thus, The product obtained from this plaster is much stronger and harder than that
resulting from B-HH. Although particle size and the total surface area is one of the chief

factors in determining the amount required, the particle size distribution

also plays an important role.

ocess (dry process)
Su -\ ppropriate quality in lump size

is heated in an autoclave 0°C. The residence time can

reach several hours, and de o follow. Finally the material is

heated again in order to elimi the process being carried out in

.i
: -
is thefefores 11n most cases today.
J; i J;‘

batches. The method is robust a

1 he el Q 1
e f"'?L ; "’-i' uspension process (wet process)

pengion of fine particulate raw

gypsum is heated in ar v ali U : which control the crystal
habits. The process can bﬂarrle ou of;
operation can also be used. Regidence times aregdawer than those of the vapour process. The

working temperatﬂ lu H ?%Eﬁwﬁlw Ej‘n’} ﬂre generate small crystals,

and lower temperatﬂres extend the necesgary re51dence time. The process is able to use fine

crystallin yﬁdﬁ[@ ?my H which can be
used wet offgthe filt is'process i r complext ontro an vapor process.

c.) Pressureless process (Autoclave-free process)

i . .
ough thé more economical continuous

These processes use the fact that the vapor
pressure is reduced in solution of an electrolyte. Since the vapor pressure of dihydrate is

close to that of water, the dehydration can take place at atmospheric pressure, and therefore



an autoclave is not needed. Many different salts, acids and even organic compounds have

been proposed as appropriate electrolytes.

Action mechanism of crystallization modifiers"'?

A preliminary study indicated that the addition
of crystallization modifiers during dynamic slurry hydrothermal dehydration increases grain

size and decreases aspect ratio of a—H results in a decrease in water requirement

and an improvement of strength. T, iefly described as follows :

8" to the hexagonal crystal system
| ——

and its crystal faces have differcié siice.of crystallization modifiers, o.-

HH grows in the C-axis diregi ‘directions and ends in the form

T

of a fine needle crystal. wSelectively adsorbed on C-axis

crystal faces and restrain grg Thus, short prisms or even
hexagonal plates are obtain€d.

94N 10 | rystal habit modifiers used in
gypsum based systems are organi o - eifiderivatives; common inorganic
crystal habit modifiers are divale " alen ﬁions based on metallic elements
(such as HPO,*, AIFs> and SiFs’ ) ------- oreaniemodifiers affect crystal growth by selective

adsorption onto the groWjng growth of crystal in this

direction. Thus, short *1, fificd. The inorganic modifiers
affect crystal growth by substitutio S orﬁher Ca®* or SO4. The latter

result in a gypsum crystal WItP co-crystalline 1mpur1t1es that is essentially a solid solution of

et BT INEINT

2 Calcium silfate anhydrﬁIII (AIL

QRSB AY., ...

Alll, also known as soluble anhydrite : B-Alll, B-Alll" and o-AllL B-Alll is produced from
the DH by careful heating at 50°C in a vacuum or up to about 200°C at atmospheric pressure.
B-Alll" is formed directly from the DH without formation of intermediate HH at very low
water-vapor partial pressure, if water vapor is released rapidly and particle size is small. At

high water-vapor partial pressure, if careful release of water at 50°C in a vacuum or at 100°C
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under atmosphere pressure yields a-Alll.
Alll is difficult to prepare pure because All begins to form

above 100°C and AllI reacts readily with water vapor to form HH.

2.2.3.3 Calcium sulfate anhydrite IT and I (AIl and AI)

elevated temperatures. All is forniec mpeuaturcbetween 200°C and 1180°C. Above
1180°C, Al is formed. If temperatusebe s s to Al

burnt plaster are produced in

dry calcining processes at

calcined anhydrite (AIl). Th

, for the most part they are

Ible anhydrite), produced between 500

-
e e

bt
i
-r! 00°€

|
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3d anhydrite, Estrichgips),

In use, the d ference among these products li¢
water, which for T; ﬂﬁ mmﬂfﬁ be] little faster than All-u.
Transition betwee ﬂss e properties and final
phase composition of MP are shown in Tdbles 2

awwmmmumwmaa

in rates of rehydration with



Table 2.5 Properties of calcined gypsum®.

11

Mode of Type ol Sieve Combined Einstreu- Water Setting time Strength of set and Density Uses
production plaster residue water % mengeE, to plaster (mm) hardened gypsum of dry
>0.2mm.% g plaster/ ratio, Initial Final Flexural Com- Hard- gypsum
100g H:0 100/ strength pressive ness
strength
N/mm’ Nmm® N/mm® Kgm'
Natural gypsum
Rotary kiln B-plaster (plaster 1o 41 137 073 13 28 48 112 19.1 1069 Gypsum building component.
of Paris) Special building plaster
Ketle B-plaster (plaster 33 56 156 064 9 2 52 140 268 13 Gypsum building component.
of Paris) Special building plaster
Convevor kiln Multiphase plaster 366 08 35 51 155 259 1225, Machine-applied plaster,
(construction plaster) Multiphase plaster
Autoclave a-plaster 0 62 12.3 404 920 1602 Molding plaster, industrial
(molding plaster) plaster, dental plaster
Flue-gas gypsum
Rotary kiln B-plaster 31 11.0 213 1064 Premixed plaster. bonding
«Knauf processi plaster. jointing plaster,
Gypsum building component
Kettle B-plaster 26 135 193 1070 Premixed plaster. bonding
(Knauf processs) plaster, jointing plaster.
Gypsum building component
Conveyor kiln Multiphase plaster 262 208 341 1353 Machine-applied plaster,
| Knauf process) Multiphase piaster
Autoclave (Nzto a-plaster 0 450 90 1380 Molding plaster. industrial
Z\psum process) plaster, dental plaster
* The test of the propertics are camied out in accord with DIN in 100 g. of water. In Germany. this 1s called the Emstreumenge and

represented by E

2.3 Pozzolanas

pyroclastic rocks, especially glassy
neighborhood of Pozzouli |

second meaning includes RI¥thOS

g.
eolitised, which occur either in the

). The

ftal or artificial, which harden

5 2
' é or around Rome'"?

The first one indicates the

in water when mixed with "" ium y rials that can release calcium
L 4

hydroxide (Portland cement clin}gr). Nowadays 21.5 term ‘pozzolana’ will be referring to the

latter meaning, defi 1;1”8?%&%5%1 fé]

very different materials in terms of origin, composition, and structure.

|
therefore th irﬁﬁ?&o ‘iﬂet e€niatirral :J'ti ial m: r/ijs al materials do

not require any further treatment apart from grinding ; artificial pozzolanas result from

race a large number of

chemical and/or structural modification of materials originally having no or only weak
pozzolanic properties. The later can be residues of certain production methods or products

manufactured from selected raw materials.



The classification of pozzolanas shown in Fig. 2.2/ i

12

is basically identical to that

proposed at the 6" International Congress on the Chemistry of Cement held in Moscow in

1974.

Natural pozzolanas

.I- J
Pyroclastic rock - : II'” }y/,, Clastic rock
T F

hitee

ials of
organic origin

Incoherent rocks

Materials of
simple deposition

Ilalian pozzolana
Tuffasche
Santorin earth
Vitreous rhyolites

1aceous earths

Clay (non active)

Aggillise ¥ \Mfaterials of
materials ’ ed origins

Naturally
burned clays

Non-active
Moler Gliezh
Zeolitised Gaize
materials
| ol
Naples yellot
Canary ?_:_} -
| [
i ¥
Fly ash Rice husk as| Burned shales Thermally activated Silica fume Burned clays

5'? materials

ARAIN T NEANAY

Fig. 2.2 Classification of pozzolanas!'?.
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2.3.1 Natural pozzolanas
2.3.1.1 Materials of volcanic origin (pyroclastic rocks)

Pyroclastic rocks are resulted from explosive volcanic eruptions
which project minute particles of melted magma into the atmosphere. The rapid pressure
decrease occurring during the eruption causes the gases originally dissolved in the liquid

magma to be released. As a consequence, &g rticle will contain a number of microscopic

%

bubbles and ducts forming micrope Simultaneously, the particles are

subject to a quenching processwliieh«is respons ir glassy state. The materials can

be deposited either on the ground Giswater. eng Hysthe o ound deposite, which are loose

and heterogeneous are compgsed” Qishes “3.. Vit

[ with fragm
duct walls or the base of the yal€and. 4 A% \
ato a\\\: earths are sedimentary rocks

0 \ yriginates from the alteration of

ents coming from the volcanic

By

2.3.1.2 Mat#erials of s¢ '!}t- a \!.
:
Clay$¥and tl . so-talled

which are capable of combinifig r},

igneous rocks whereas the latr fekmfrom ilicéous skeletons of microorganisms

(diatoms) deposited in the fresh Q r"'f' Since both materials are resulted from
deposition in water in spitg ori sLiprising that diatoms and clay
minerals occur mixed to -r*_; li"

Cla minerals specially @mse belonging to the

montmonrillonite group, can‘re&t with lime gi\ﬁij}g calcium silicate and aluminate hydrate

but they can not rﬂuuo&lﬁga 1{'::&] !ﬁﬁ w 8%:@ and lower the strength

of mortar and concréte

o A TOSTEOD R ErTA

pozzolanic behavior, the use of diatoms in pozzolanic cements is hampered by their huge
specific surface area which causes the water demand of cement to increase. Small additions
of diatomites to concrete improve plasticity and reduce bleeding.

Gaize is a sedimentary rock which contains 30-35% of active silica,

which is easily soluble in potassium hydroxide solutions and confers a certain pozzolanic
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activity to the rock!'”. Gaize contains up to 50% quartz and substantial amount of clay

minerals. Since these minerals can reduce the workability of mortars, gaize is used after

burning at about 900°C'* 2%,

2.3.1.3 Materials of mixed origin (hybrid rocks)

The stratified deposits of a crumbly rock composed of materials of

nt of other oxides. As far as the
appreciably less ; alumina can
reach about 20%, but other oXxidgs*@Le"presentionly B "--4.%& amount®”. The low iron

content explains the light Colo - 8¢ Jials, g encrally kKnown as white earth. For the

layers that are richer in sili€8, E#R#@nalysisshc a bandat 0405 nm that is typical of dried
silica gel, which is attributgéto ghefo o én ass. I the pattehs of the high-alumina layers,
this band fails to occur and ge Litnle ' \x ays attacked by acid solution

(22)

appear en altered, consist of feldspar,

. The crystalline mig

Fly laghes are™co - cly divi ashes produced by burning
pulverized coal in power stg'tms. They areﬁmoved from the combustion gases and

collected by spec.ﬂnﬁﬁﬁ}%ﬁ%@%&*ﬁ@cﬂﬁs Owing to the high

temperature reachedl during the instantaneous burning of coal, most of the mineral

WY BENPL U iR (0L

Fly ashes are considered to be composed to relatively few mineral
phases, since the coal mineral matter dose not contain more than five or six components ;
clay minerals, pyrite, quartz, and one or two calcium, iron, magnesium carbonate®”.

Moreover, considering the mineral distribution in the coal and burning conditions in the
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boilers, every particle is probably produced by coal fragments containing only one or two
mineral species®.

Fly ashes particles are typically spherical and glassy, but they also
show other typologies. An ash particle classification, based on criteria such as shape, color,
crystallinity and texture, is given in Table 2.6*”. The finest glassy particles are generally

thick but many are hollow. Sometimes the biggest ones look like empty spheres filled with

of crystalline minerals. The m8 ashes depended on the burning
process®®. The particle diaia Ly ashl range -‘-Ts 0 > 150 pm. Specific surface
area is extremely variable o1 ng" ) ) :‘}\\i‘?\ Ovém’/g (Blaine), but sometimes

lower and higher values oc

(25)

Table 2.6 Types of fly ash#pa examination*”’,

Type Shape Color r e 4 ‘Characteristic Comment

size ( um)

1 Spherical and
rounded ) Glassy=eontain: : b es 0-20

Deepening color suggests

2 Spherical and increasing iron content

rounded to @l

3 Rounded White ing Small and large bubbles. giving

a range from foam to cenospheres

Partially crystalline, solid Irregularity of profile and surface

light '
4 Irregular Light br
very marked

5 Irregular rigpldre #™Ra S S| Agglomerated particles. apparently
réffle light sintered ; generally containing red

6 Irregular Black — = | 20200 fially burnt coal particles,

particles and areas
Solid or orﬁs

m containing mineral matter
7 Angu LBLTS obably quartz
8 Angular Red Crystalline, solid 5-50 Probably hematite

2.3.2.2 Burned clays and shale

Clay mineral gains a distinct pozzolanic activity when burned at

temperatures between 600 and 900°C. The loss of combined water due to the thermal
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treatment causes the crystalline network on the clay minerals to be destroyed. While silica
and alumina remain in a messy, unstable, amorphous state. Heating does not affect
anhydrous minerals such as quartz or plagioclase, so that pozzolanic activity depends only on
the clay mineral content as well as on the thermal treatment conditions?’ 2%,

The burning or retorting of certain oil shales produce ashes which

harden when mixed with water. Their chemical composition varies largely according to their

composition than burned clays'dependin; : ion, temperature and duration of

burning. As an example, ging between 750 and 840°C

contains B-quartz, B-crist ite, which are already present

in shale, and gehlenite, an hydrite, and CaO formed during

the burning process®".

ctuin ﬁ: gole [ Silicon metal and ferrosilicon alloys
. . b 4 1% , .- .
in an electric arc furnace at tempera --::-;\-,.-.fsu o generate a fume containing spherical

", I
microparticles of amorphous silie S X Idey ae reason why the product is called
*silica fume’ or, owing ® c‘,-m“n----m---_mr-::-----—;-‘" osilica’, ‘condensed silica
\

fume’, volatilized silica™® , --r'- eases gaseous SiO. This is

transported by combustion*gases to lower-température zones " ere it is oxidized by air and

condenses in the fo fti icles of silicon
ﬁu ingfeatur icgosi ﬂlﬂll‘i content, high specific

surface area and amorphous structure. ¢ These charagteristics accoung, for the substantial

i QAR VG THT RN PR GG e e

reaction. Microsilica particles are spherical and have an average diameter of 0.1 pum. The

BET specific surface area ranges from 15 to 25 m*/g, with typical values of 20 m*/g®?.
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2.3.2.3 Other materials

Ash exhibiting a marked pozzolanic character can be obtained by

burning rice husk within certain temperature ranges. Rice husk ash contains > 80% silica®"

and its BET specific surface area is as high as 50-60 m%g or over 152 m%/g®”

. Crystalline
silica, such as quartz and cristobalite, can be present in large amounts depending on the

burning conditions.

temperature and the retention pesiods. The sensiti ) burning conditions is the primary

G6 The amorphous fraction of

2.4 Lime-pozzolana mixes

Util the 19" century ¢omly hydraulic mortars capable

of hardening in water and, the attack of aggressive waters,
including sea water. Due {0 t 7 €-pozzolana-water system is in
any help to formulate a corregf intefpretatic ) the behavior and properties of

pozzolana-containing cements.

2.4.1 Pozzolanic Xe

X )
actions occurring among the

The term 0

s

active constituents of pozzelan

evolution of pozzolan’s actiVesphases through6ut the hydration rocess, the progress of
pozzolanic reactnoﬁ ﬁ %l&ﬁ g f the free lime in the
system or increase mthe silica and alumina soluble in g]d(?’g) by usin t ¢ Florentin attack

o QW AINIUNAIINE QD

Pozzolanic activity includes two parameters, namely the maximum amount of

I
 lime and water. Neverthelessithe difficulty in following the

lime that a pozzolan can combine and the rate at which such combination occurs. Both
factors depend on the nature of pozzolans and, more precisely, on the quality and quantity of
the active phases. The heterogeneity of the pozzolana family, as well as the complex
phenomena occurring during hydration, do not allow a model of pozzolanic ‘activity’ to be

defined and only enable general trends to be identified.
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There is a general agreement that the overall amount of combined lime

essentially depends on the following :
1. The nature of the active paste.
2. Their content in pozzolana.
3. Their SiO; content.
4

. The lime/pozzolana ratio of the mix.

3,

) eﬁpozzolama.
rafio J——

The amou me is related, t0nthe SiO, content in the active

pastes, which ranges in bet % ‘ w‘*‘_\u‘ and in fly ash®”, but reaches

| \
and sometimes exceeds 95% i cear "‘\ ilica, such as natural silica gels
ilica

or silica fume“?. This content, other chemical and

structural factors play an imp@ft > Afdete; ing pozzolanic activity. Also, the glasses
of fly ashes can have a differént &ompaositior strilcture and this can cause different
reactivity levels*". Combined limeals e curing time (Fig. 2.3), but the rate of
combination varies ;:'w; b : zzol Aljig. 2.3 shows that after 90-
)

day curing, the reaction {4y

/ l#moln na

2
¢ reacted Ca(@l-gz

Time (days)

Fig. 2.3 Ca(OH), combined by pozzolana/hydrated lime = 70:30

(1-6 are natural pozzolan. M, G, and V are fly ashes)*":
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The rate of pozzolanic reaction increases with temperature™® *% (Fig. 2.4).
Between 50 and 90°C, 1:3 lime/natural pozzolana mixes, compacted with 10% water under a
compressive load of 130 MPa, react quickly, so that most lime is already fixed after 1 day of
reaction™. Above 70°C, however, combined lime tends to stop increasing or to decrease'*”.
As shown in Fig. 2.5, evidence of this inversion is also found in fly ashes at 60°C and is

likely to be due to the variation in the composition of the hydrated phases.

20°C
F-Ca(QH), ™

CH/P riffioes

=

40

20

g reacted Ca(OH), /100 g pozzolana

60

40

L)
Fig. 2.4 Ca(OH), reacte tl!" é ‘ X-ray diffraction

l mlxmg ratio and curing temper 4 e, water/binder = 0.56'*%).

mwﬂmw&lﬁ
AINenay

analysis varying

B (%
ac ) ‘&QE.

2)
=9

=
Ca0 re

Time (days)

Fig. 2.5 Lime reacted at various time and temperature
(CaO/fly ash = 1.4, water/binder = 0.5)“*>.
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Temperature substantially increases microsilica reactivity : depending on the
lime/silica ratio, after 2.5 hours of treatment at 55°C, combined lime is as high as 22-25% of

the added CaO and at 90°C it attains 68-90%. After 24 hours of hydration, unreacted lime
stabilizes at 3-8% independently of both temperature and CaO/SiO, ratio of the mix“®.
Conversely, the amount of combined pozzolana, expressed in terms of silica which becomes
soluble in acid, always increases with the temperature of hydration.

The pozzolanic reaction is ‘al enced by other parameters. The addition
' (47, 48) -

improves the rate of lime

w), the higher the rate of lime

combination. The larger thg
combination. Thus, the poz{ . -a._‘:._;\ an in dispersion and it is still

The reaction o ime‘mixes produces,the same compounds as those
which are found upon hydratiogfo “cémentisi \-\ ie overall chemical composition
of the two mixes falls in the s feld <~ Pazzelanasy dispersed in saturated or almost

falcium silicate hydrate (C-S-H) and
0, 51)

saturated lime water react wit
4Ca0.A

hexagonal aluminates, With excess water, the

combination of lime acge ._:_.3.-._.—.{,‘ hen gypsum occurs in
A

tie content of calcium sulfate

pozzolana-lime pastes, et{riag .
(53)

exceeds specific values, the H

ettringite formation ﬁ ﬁﬁ ﬁ ﬂy édﬁ EJ (54)
at m Iwin jdepend on the type of

pozzolana, the time and the temperature of curing. Lowalime fly ashes mixed with lime and

e o) P FRUHWAGEAR B oo

carboalumindfe as well‘ If fly ash contain sulfates, ettringite also appears®>>®. C4AH,;

decreases with time whereas the 4Ca0.Al,03.CO;.11H,0 (C4ACH“) content increases?.

. . . i
ormation of ettringite causes past€s to crumble””’. The rate of

High-lime fly ashes may contain variable amounts of free lime which, upon mixing, are
transform into Ca(OH), and can thus harden without any further addition of lime®”. If fly
ash releases lime and sulfate, the formation of ettringite occurs without external additions ©%.

If fly ashes contain high percentages of sulfate fly ash-lime paste will swell. At temperature
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between 50 and 90°C, the main product of pozzolanic reaction is amorphous C-S-H, similar

to that obtained upon hydration of the Portland cement, and poorly crystallized tobermoite™>.

2.4.3 Strength of lime-pozzolana mixes

The strength of lime-pozzolana pastes increases with decreasing the

lime/pozzolana ratio but, beyond certain val e5%-60)

, it is also found to decrease (Fig. 2.6).
The addition of gypsum does not change: dghawi . Hardening of pozzolana-lime
mortar is slow but long-lasting a ' c€aVC stfength at 2 years can be as high as
three times the 28-day strengtht SDmPheaddition of evpsumincreases strength (Table 2.7)%%
, it should not exceed certain leve ens®, due to the formation of

large quantities of ettringite, 1s {@#

AU’ /'i"ﬂmﬂ‘i
RIAINTERIAAN LAY

Fig. 2.6 Influence of lime content on the compressive strength of hydrated

lime-pozzolana mixes (water/binder = 0.08)“%),
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Table 2.7 Compressive strength (MPa) of lime-pozzolana mixes of different content®®?,
Curing time CaSOy, (%)
0 2.5 5 7.5 10
Ca(OH), = 15%

7 days 16 31 28 56 65

14 days 24 47 66 102 118
28 days 51 85 108 120 140

3 months 87 120 170 163 160
6 months 122 138 175 170 180

1 year 135 156 180 181 163

2 year 150 176 148

7 days 8 28 Sil

14 days 20 62 68
28 days 49 144 150

3 months 110 208 181
6 months 168 239 215
1 year 190 268 202
2 year 212 275 187
'.i.ﬁ". . .

Early strengtit ay-sireng " lime:-pozzolana mixes are improved by
adding KOH or NaOH, as el fasfN2,SO:Na,COs, o Clz(sl’ 62 The 28-day paste
strength can be as high as 30 NiPa fbg ' ur'®, Similar results have been
obtained with lime-fly ash mixtuy AU S roh attaing the highest level for 10-15% lime

I 3 o

content and increases with increasin

AU INENTNEINS
ARIAIN TN TN
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