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Abstract

Development of Products from Mae Moh Flue-Gas Gypsum

The flue-gas desulfurization gypsum (FGD gypsum) from Mae Moh power
station is characterized for its physical and cheuiical properties, precleaned by acid
leaching and sedimentation to light coloured powder which is later used, in comparison
with natural gypsum, as raw material for the syntheses of B-hemihydrate, anhydrites
and multiphase plasters. Based on the commercial specification, these gypsum
plasters are fabricated into product, i.e. gypsum board and projection plaster slurry.
With the employment of gypsum technology, the product performance can be
engineered to match up to that of the natural gypsum.

Key word : Anhydrite / i-hemihydrate / Desulfurization flue-gas gypsum /
Gypsum plaster / Multiphase plaster /- Projection plaster.
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Chapter 1
Introduction

1. Background

The desulfurization of flue gases from fossil-fuel fired power stations results
in by-product called flue-gas gypsum (FG), flue-gas desulfurization gypsum (FGD
gypsum) or desulphogypsum (DSG). FGD gypsum has been used mainly in the
construction materials industry, and in fact all the FGD gypsum from coal-fired
power stations is used for this purpose. Because of its white color, gypsum from
coal-fired system is in the first instance, more suitable than the dark yellow gypsum
from lignite-fired systems. However, due to its vast quantity produced, the
precleaned FGD gypsum from coal-fired systems has been increasingly used in the
building industry. Research and development in the utilization of FGD gypsum in
other applications, i.e. fillers for plastics, adhesives and paint and also as coating
slurries for paper industry are being carried out in leading industrialized countries.

The FGD gypsum from Mae Moh power station is of lignite-fired system and
has been recently used only as retarder in portland cement industries which amounts
to only ~4 wt% of the cement.” Finding the possibility to preclean and turn it into
more valuable gypsum plasters which have been proved to be of great benefit in terms
of environmental concern-is worthwhile attempted:

Flue gas gypsum obtained from the desulfurization of corbustion gases from
power plants is a moist fine powder having a free water content ~10% and contains
only minor quantities of impurities. The common impurities are soluble salts (Na*.
Mg?*, CI) and calcium sulfite, CaS03.1/2H20. Therefore, this gypsum can be used

by the gypsum and cement industries without purification.



For building plaster and multiphase plaster, the flue-gas gypsum must be extra
treated before calcination to get rid of the free water and in the case of multiphase
plaster it is also necessary to modify the particle structure by means of agglomeration
because both the fineness (p.s.d.) and the crystal structure of gypsum are important
factors that determine its rheological properties (i.e., thixotropy). These stages of the
process make the use of flue-gas gypsum less attractive when compared with natural
gypsum. However the more stringent environmental protection measures and the lack
of natural gypsum resources in Some countries (e.g.. Japan, Germany) have led to the
use of this gypsum as @ raw material by the gypsum industries. The progress of
gypsum technology and the large quantites of flue-gas gypsum to be available in the
future will put a strong impact on the recyeling of flue-gas gypsum elsewhere and
hence the cost of processing flue-gas gypsum and that of disposal by dumping are

becoming more competitive.

2. Objective : To explore the possible applications for Mae Moh FGD gypsum by
- Improving the precleaning of FGD gypsuin to obtain lighter colored powder.
- Synthesizing various forms of gypsum plasters, i.e., B-hemihydrate,
anhydrite and multiphase plaster.
- Fabricating gypsum plastersinto products,d.e.; gypsum board and
projection plaster.
= Improving certain properties of the above products, 1.¢., strength, water

resistance, adhesion.



Chapter 2
Theory

2.1 Desulfurization process

¢ Wet scrubbing (Chubu, 1985)

Flue-gas gypsum is obtained from the desulfurization of combustion
gases of fossil fuels, such as anthracite, bituminous coal, lignite and oil, in large
combustion plants, especially power stations. Countercurrent washing of the
flue-gas with aqueous suspensions of limestone or lime to remove the SO;
produces an almost insoluble CaSO3. }H30 :

SO, (g) + CaCO3 (s) + % HyO0 ————> CaS0s3 . %H,0 + CO2 (g) pH 7-8

In a 20d circuit the pH is allowed to fall below 5 so that the suspended
CaSO3 . 1/2H,0 is converted to soluble Ca(HSO3); which is easily oxidezed by
atmosphef'ic 07 to CaS04.2H70 so-called flue-gas gypsum.

2CaS03. %H,0 (s) +250; (g) + HO —— 2 Ca(HS03); (soln) pH 5
Ca(HSO3); (soln) + O + 2Hy0 —> CaS04 . 2H20 (5) + H2504 pH 5

H2S04 acid produced reacts with the remaining limestone to form additional

gypsum :
H2804 + CaCOj3 (8) + H30 — CaS04. 2H;0 (s) + CO2 (2)

gypsum crystals are separated from aqueous gypsum suspension in hydrocyclones
and vacuum drum filters or centrifuges. It is a moist, fine, fairly pure powder
having a free water content < 10%. About 5.4 t of gypsum are produced per
tonne of sulfur in the fuel.

The net reaction: (Scholz, 1984)

SO, (g) + CaCOs(s) + %03 (g) + 2H;0 —> CaS04.2H,0(s) + COx(g)



2.2 Chemistry and Physics of Calcium Sulfate Hydrate
e Structure of calcium sulfate

The crystal structure of calcium sulfate consists of chains of alternate
Ca2* and tetrahedral SO42- ions. For the most part these CaSO4 chains remain intact
during phase changes.

In calcium sulfate dihydrate the water of crystallization is embedded in
between the layers, forming a layer lattice and thus allowing easy clevage along these
planes. When calcium sulfate is dehydrated from dihydrate to hemihydrate, the
volume decreases, and wide channels that run parallel to the CaSO4 chain are formed.
It is in definite positions in these channels that the water of crystallization is loosely
bound. This water is able to escape relatively easily, which explains the facile
conversion to anhydrite III.  Anhydrite II exhibits the closet packing of ions, which
makes it the densest and strongest of the calcium sulfates. However, lacking empty

channels, it reacts only very slowly with water.
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: 101
010 axis *
Fig. 2.1 Schematic drawing of the Fig. 2.2 The water molecule of gypsum
crystal structure of CaS504 projected on the (001) plane
octahedral coordination of Ca cation (Pedersen and Semmingsen, 1982).

by [SO42"] anions (Kirfel and Will, 1980).



Homganan aoniineuinm

Primmshnninmds 5
Table 2.1 phases in the CaSO,~H,0 system (Wirsching, 1975).
Charactenstic Calcium sulfate Calcium sulfate Anhydmte [T Anhydnte {[ Anhy-
dihydrate heminydrate deits 1
Formula Cas0,- '11-[,0 CaS0O,-1/2H,0 CasSO, CasO, Caso,
Molecular mass M,  172.17 145.15 136.14 136.14 136.14
Thermodynamic < 40 metastable® metastable® 0-1180 = 1180
stability, *C
Forms or stages two forms: three stages: thres stages:
a B-anhydnte 111 All-s, slowly soluble
B f-anhydnte (11 anhydrite
a-zahydrite (11 All-u. insoluble annydrite
All-E. Exfrichgips
Other names. often gypsum a-form: soluble anhydrite  raw anhvdrite high-tem-
based on the faw gvpsum e-hemihvdrate naturzl anhvdrile peraturs
application synthetic gypsum  autoclave plaster anhydrte anhydrite
chemical gypsum  e-plaster synthetic anhydrite
byproduct gypsum  f-form: chernical anhydrite
e gypsum f-hemihydrale byproduct anhydrite
hardened gypsum o stucco plaster calcined anhydrite
f-plaster
plaster of Pans
[26459-65-0]
Synthesis condi- g-form: > 45, - and §-Alll: 200-1130 = 1180
tions: temp=ra- from 2queous 20 and vacuum
ture. *C, and atmo- solution or 100 in air
sphere J-form: 45-200  B-Adll: 100
in dry 2ic in dry aic
Production < 40 a-form:; 80=180  B-Alll and 300 =900, specifically not pro-
temperature. *C P-focm: 120-180  B-Alll; 250 All-s: < 500 ducsd
. a-Al0: 110 Alll-u: 500-700 comme:-
Alll-E: = 700 cially
* pdetastable in air saturated with water vagor
Table 2.2 ppysical properties of the CaSO,-x H,0 (Wirsching, 1975).
roperly Calcium Caleium sulfate Anhydnte Anhydrite Anhydrits
sulfate hemihydrate n 4 [ .
dihydrate a-form E-form
Waler of crystallization, w2092 6.21 0.00 0.00 0.00
Density e, g/cm’ 231 2,757 2.619-2.637 1580 2.93-2.97 undeteimined
Heardnaess. Mohs 1.5 - - 3-4 -
Selubility in water at 20°C. | 0.21 0.67 0.83 hydrates to (0.2N -
¢ per 100 g of solution the hemihy-
drate
Refractive Indices m, 1521 L.559* 1.501 1.570 undetermined
g 1.523 [.550" 1.5 1.576
Ay 1.530 1.58= 1.546 1LE14
Optical characler = + + undetermined
Optical orieatation gl L ¢ fny nle undetermined
e = 52" mfc
Axfal angle 2V s -60" 14* =0° 47-44" undetermined
Lattice symmetry monoclinic rhombohedral hexagonal rhombic cubic
Space group Clte = C, Cl,2 =04 C6,2 = Dg Cemm = D))  undetermined
Lattice spacing, nm. a 1.047 0.683 0.69% 0.696 undetermined
1.515 0.683 0.699 0.693
1.270 0.634 0.621

£ 0628

* Averige
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sets yapidly sebs ‘very slowly

.3 Three-phase composition diagram of calcined gypsum (Wirsching, 1975).
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Fig. 2.4 Solubility curves for gypsum plasters (Lafarge, 1990).



Table 2.3 pegts of hydration (Wirsching, 1975).

Phase change Heatls of hydrution per mole
{gram) of dihydrate at 25*C. |

B-CaSO,- 1/2H,0 + 5/2H,0 (1)—CaS0,-2H,0 19300 = 85 (111.9 + 0.50)
-CaSOy - 1/2H,0 + 32 H,0 () —Cas0,-2H,0 17200 + §5 (100.00 + 0.50)

B-CaSOLT  ~ +2H,O() —CaSOy-2H,0 30200 £85 (1753 +0.50)
2-CaSO 11 +2H0() —CaSO4-2H,0 25700 £ 85 (19.6 = 0.50)
Caso, I #1H,0 () —CaSO,-2H,;0 16900 & 85 (98.0 + 0.50)

Table2.4 Heaws of dehvdration (Wirsching, 1975),

Phase change Heat of dehydration per mole or

tonne of dehydration products:
at 25°C
Jfmol kit
Cas Og+1H O — f-CaSQ,. 1f2H,0 + 3/2H,0 (g) 26700 $97200
Ca504-2H,0 —a-Cas0, - 1/2 HaO + ¥2H O (g) 84600 582700
CaS0y-2H,0 — p-Caso, N +2H,01(z) 121 800 895700
Ca50y 2H 0 ——a:-CaS0,lil + 2H,0 (g) 117 400 863100
CaS0y-2H,0— Cas0,l #+ 2H,0e1 108600 798 000

Iﬁ]&[ﬁ_&.i‘ Chemical composition of some exlcium sulfates  (Wirsehing, 1975).

tdatural MNatural Flue-gas Phosphogypsums Fluoro-
gypsums anhydrites gypsum . anhydrie
! F i 4 i [} 7 & 2
Mineralowcal analysis )
Cas0,-2H,0 9.6 95.4 6.0 13 7.5 93.0 97.6 95.5 0.0
Cas0, 1 6.4 0.9 888 5.7 0.0 0.0 0.0 0.0 a7
MgCO, 0.1 0.6 .0 16 0.0 0.0 0.0 0.0 0.0
CaCO, 19 1.3 4| 5.3 0.0 0.0 0.0 0.0 0.0
Chemical analvsis *
Combined waler 19.1 0.1 13 0.8 0.5 19.5 19.2 19.2 0.0
50, 454 45.4 351 510 458 432 £5.4 459 56.4
Ca0 13.5 325 403 87 311 32.2 J2s kr 8] 408
MegO 0.05: 0.28 0.95 L. 0.04 0.01 0.01 0.01 0.12
50 0.07 0.16 0.07 0.14 0.0 0.06 2.05 0.05 0.0
Fe, 0, + ALLO, 0.01 0.08 001 0.39 037 0.27 0.70 0.93 0.27
HCl-insoluble residue 0.10 0.47 0.10 2.49 0.32 .51 1.00 0.68 0.69
tNa, 0 . Lo 0.01 0.04 0.11 0.0 0.47 0.14 0.0z 0.03
Toul PO, 0.0 0.0 0.0 0.0 0.0 1.01 0:11 0.30 0.0
F 0.0 0.0 0o 0.0 0.04 176 0.14 0.29 0.%2
Others 0.20 304 0.11 Za0
0.01 C 0.69 X,0
Organics 0.0 0.0 0.0 0.0 0.03 0.08 0.03 .04 0.0
Tgnition loss 0.54 071 2.08 £.45 0.4 1.28 034 0.43 Q.14
Total 99.89 99.71 99.93 9979 9931 101.45  101.62 10095 100.18
pH & [ & & [ iR 9 42 10-12

1) Zechstein gypsum; 2} Keuper gypsum: 3) Zechswein anhydrmie; 4). Keuper anhydeite; 5) Mitsubishi process: §) From
foroccan raw phosphate, dihydrate process: T) From Kela aw phosphate, dihydratefhemihvdrate procsss. after rehydra-
tiun to dihydrate: 8) From Morocecan raw phosphate, hern':i:yd rate/dihydrate process; 9) From hydrofluonc 2¢id production.
Zechstein is an Upper Permian deposit; £euper, an Upper Triassic.



® Dehydration and Rehydration

Gypsum is useful as an industrial because
1. it readily loses its water of hydration when heated, producing partially or

totally dehydration calcined gypsum,
2. when water is added to this calcined gypsum, it reverts to the original

dihydrate-the set and hardened gypsum product.

Dehydration (Table 2.4)

heat
CaS04.2H70 === =m--- ~ CaS04.1/2H,0 + 3/2H,0 T

heat
CaS042H30 -mmtmmnics < CaSOy + 28,071

The phase conversion of CaS04.2H>0 upon heating is illustrated by

DTA in Fig. 2.5.

Rehydration (Table 2.3)
CaS04.1/2H0 + 3/2H0 ---eseeeeeem CaS04. 2HHO + heat
CaS04 + 2H70 -----mmmmme- > CaS04.2H>0 + heat

C-CaS0, T - CaS04.I
p-c;sm.m -—= CaS0,.I

\ﬁ. .

300 400

—s=-
\ Temperaturs (~C)

l
| ¥
|
\ l
\ !
f CaSO4.L/2H,0 —-> CaSOLII + L/2H,01.
|

CaS04.2H,0 --> CaS04.L2H;0 + 1.5H0 T \
\J

Fig. 2.5 Differential thermal analysis of gypsum (Lafarge, 1990).



2.3 Production of gypsum plaster
e Industrial Dehydration of Gypsum

Industrially it is most important that dehydration is achieved in the
shortest time with the lowest energy consumption, i.e., that the costs be held to
minimum. Because of kinetic inhibitions calcination is carried out at much
higher temperatures than those used in the laboratory (Table 2.1), Rarely are pure
phases produced during manufacture; rather, mixtures of phases of the CaSO4-
' H,O system are produced. Three types of calcined anhydrite II (anhydrous
gypsum plaster or overburnt plaster) are manufactured, depending on burn
temperature and time:

1) anhydrite II-s (slowly soluble anhydrite), produced between 300 and 500°C

2) anhydrite II-u (insoluble anhydrite), produced between 500 and 700°C

3) anhydrite II-E (partially dissociated anhydrite: floor plaster. Estrichgips),
produced above = 700°C.

In use the difference among these products lies in the rates of rehydration with
water (Table 2.1), which for anhydrite All-s fast, for anhydrite II-u slow, and for
anhydrite 1I-E in between, a little faster than anhydrite IT-u. Transitions between
these different stages of reaction are possible. Gypsum plasters are produced by
calcining natural gypsum in the kiln.

The two wellknown commercial processes are :

1. Rotary Kiln process (Fig. 2.6)

2. Kettle kiln (Fig. 2.7 and 2.8)

The degree of size reduction is determined by the calcining unit or the intended

use of the gypsum :

rotary kiln 0-25 mm
kettle 0-2 mm
kettle with combined drying and grinding unit 0-0.2 mm
conveyor kiln 4-60 mm

gypsum and anhydrite for cement 5-30 mm
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Fig. 2.6 Production of f-hemihydrate plaster by the ro-
tary kiln process
a) Silo for gypsum rock; b) Weigh-bell leeder; ) Rotary
kiln with combustion chamber; d) Primary mill; £} Start-up
and shut-down bin; f) Fine mill; g) Air classifier; h) Elec-
trostatic precipitator: i) f-Hemihydrate plaster

h

Fig. 2.7 Fraduction of f-hemihydrate plaster by the con-
tinuous kettle procsss with combined drying and grinding
1) Silo for Eypsum rock; b) Drying- grinding unit: ¢) Cy-
clane; d) Kettle fe=d bin; ¢) Continuous kettle: ) Cooling
bin (hot pit); g) Elecrrostatic precipitater; h) F-Hemi-
hydrate plaster '

Raw gypsum feed

Exhaust gas
4 ] —Water vaper

3 b B-Hemihy drata
Tplassar (plastar
Wof Earis)

-

Fig. 28 gette with submerged combustion burner for
continuous production of B-hemihydrace |plaster of Pacis)
2) Agitater: b) Outer casing of kettle: ¢} Ascending pipe for
stucco  plaster discharge: d) Combusiion chamber:
e} Cross pipes for hot gases: 1) Submeryged pipe with sub-
merged combustion burner: 1) Ventilating fan for exhawst
and circulating gas

(Fig. 2.6-2.8 ; Wirsching, 1975)
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Projection plaster is made from multiphase plaster of which the industrial

production is illustrated in Fig. 2.9.

I_Eyp sum quarry,leaders,each 120t/h |

I
Transport with trucks, 32t
distance from gquarry to
gypsum works =10km

[ Primary crusher. sotn |

_ ' :
[ Secondary crusher, 150t/ |

[ Hormogenizer, 14000L |

rﬁypsum sizing plank & storage siles, each soot 1

r
7-2%mm 25-L0mm 0 7mm
LO-A0mm
1_ | Oust collection
i
| Conveyar kiln Rotary kiln |
1000tid 300td

Dust callection

Dust collection )
|  Separator - mill H

t{'Iul'il:r::h:lr sC rﬂemmﬂll

Overburnt plaster silo

pB-Hemihydrate silo
1000% -

1000t

9 A
ale for plaster |

Ll

E

Scale for

r additives j

Additives

1

Mixer, 100t/h |

Projection plaster (multiphase piaster)l
OIN 1168 ’

Fig. 2.9 Flow diagram for production of projection plaster

with a conveyor kiln (Knauf, 1961).
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* Drying of FGD gypsum (Wirsching, 1984)

After filtration of the aqueous suspension from the hydrocyclone, the obtained
FGD gypsum is moist, finely divided crystal with a free water content about 10% in
form of absorbed surface water which is removed at temperature below 70°C and
above this temperature, calcination occurs resulting in the loss of combined or
chemically bonded water (~20%, Table 2.2 and 2.5). The relationship between
exhaust gas temperatures with drying is shown in Fig. 2.10 ; The higher the drying
temperature is, the higher the total water loses with the gas outlet and the lesser the

combined water and free moisture remain.
X fed gyprum A Y fgd gypsum B @ fgd gypsum C

50 70 S0 WO 130 150
temperature at gas outlet [ C]

]
174 - m §
5 : =
y ' 6 &
Ty | -3
! 48
i I hg | =
v | g
e A - )]
20 T = =028
& 1 4|3
[= 48
=Rk > 34
5 drying ; calcining 1 ¥ S
=

Fig.2.10 Relationship between exhaust gas temperatures with

drying and with calcination of the FGD gypsum (Wirsching. 1984).
« Agglomeration of FGD gypsum

Size and shape of crystals of FGD gypsum depend on the desulfurization

process. The particle shape range from cubic (bulk density 1.2 ton/m3) to lath or rod
shaped (bulk density 0.5 ton/m?) and the size from small crystals (20-60 pm) to
maximum 200 pm while those of natural gypsum are massive or rocklike structure
(Fig. 4.2). The moist finely divided particle size and structure of the FGD gypsum

crystal cause the disadvantage in handling, storage and application. The thixotropic

12



behavior makes it unsuitable for the manufacture of multiphase plaster therefore it
must be treated further to overcome this problem. Various agglomeration techniques
have been developed to convert the finely divided crystals of FGD gypsum into a
lump product closely resemble of the natural one ( apparent density ~2.3 g/em3, Table
2.2). They are as follows :

1.) Agglomeration by means of pelletizers

Moist FGD gypsum + bonding agent -=------------- > pellets
(10-25 mm in diameter, 8-10% free water,
apparent density ~1.6 g/cm?3).

2.) Agglomeration by means of extrusion presses

Squeezed
Moist FGD gypsum -------s=-szxx- > granules
(8-15% free water) (cylinder 10-25 mm in diameter)
dried
dry granules

(apparent density ~1.8 g/cm?).

moist fgd-gypsum ' ﬁ/ pan grinder

/./’“

granules

“\f“ ]

Fig. 2.11 Agglomeration of FGD gypsum by means of extrusion press

producing granules (Wirsching, 1984).



3.) Agglomeration by means of compacting presses (Gebr, 1977)
Pressed
FGD gypsum --—-----—- --> Briquets (high strength > 500 N,
(dry or semidry) apparent density ~2.15 g/em?).

Dry flue-gas gypsum feed

Q0 Q
G O O flue-gas gypsum briguets

Fig. 2.12 Agglomeration of FGD gypsum by means of a compacting
press producing briquets (Wirsching, 1984).

The SEM of the FGD briquet reveals a solid structure of which the original
crystals have intergrown into a rocklike body and nothing is left of the FGD gypsum
particle, initial size and shape (Fig. 4.2). Hence the unfavorable particle size and
shape of FGD gypsum are successfully dealt with by compaction under high pressure
and its thixotropic properties are completely eliminated. By this technique, FGD

gypsum can be used in the same way as natural gypsum.
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Table 2.6 Properties of calcined gypsum”~ (Wirsching, 1975),

15

Musde ol Type of plasier Siewe Combi-  Einsirene  WalcrSelling tinse, Steengih of set anid Diensily  Ulses
praduczion residue el wal-  ownge B, To-plister uun bardened gypsun of dry
>0t o, der, %o g plascolgs miiial Ml Megual  com- - BYPEAM,
% 100 g 1O 100)E .
strcingth, pressive  ness,
@ strempih,
Miamm®  Nias®  Mimm?®  kgim?
Mawural gypsum
Roaary kiln A-plaster [plaster 1.0 4.1 137 o7 13 F] | 48 12 14.1 19 gypsim building componenis,
ol Paris) special building plasiers
Keule P plaster (plasoer 33 56 156 64 4 23 5.2 14.0 X8 1133 gypsumn building components,
of Paris) : special building plasters
Conveyor Liln muwhiphase plusier 366 DE 167 0.60 & 335 - | 153 5.9 1225 machine-applied plaster,
- (construction plaster) multiphase plasier
Autoclave a-plaster ] 6.2 261 0.8 1t 12 12.1 404 910 1602 molding plaster, industrial
N ) (molding plaster) = plaster, dental plasier ;
Flue-gas gypsum
Rotary kiln f-plaster a1 14 115 0.74 9 1] 4.7 1.0 21.5 1064 prensized plaster, bonding
(K naul’ process) plaster, jofnting plaster, ™
gypsum building components
Ketale f-plaster 24 52 139 a2 4 ] 52 s 195 1070 premized plasier, bonding
(K naul process) plaster, jointing plaster,
gypsum building consporents |
Conveyor kila multiphase plaster 262 20 177 056 6 20 6.7 2008 3.0 1353 machine-applied plasier,
(B maul pyocess) mubiphase plasier .
Autoclave (Millo a-plaster a & 270 0.37 13 26 120 A5.0 o0.2 1560 molding plaster, indusirial

Gypsum process)

plasier, demial plaster

* The tests of the properties are canried out in atcord with DIM 1188, The water-to-plestar ratio is caleulated othe basis of quantity of gypswm plaster, g, in 100 g of warer. In
German this is called fhe Ermsicamenge and represemed gy, £

€l



Tabhle 2.7

Phase compositions. in %, of averburnt plaster,

plaster of Paris. and multiphase plaster® (Wirsching, 1975).

Plaster Ower-  Multiphass
of Paris bummt  plaster. a
{rotary plaster mixture of
kiln) {con- plaster of Pa-
veyor  ns and over-
kiln) burnc plaster
Dihydrale, " 0-05  0-2 0-2
Cas0,-2H,0
f-Hemihydrate, 75 6 26
B‘CJSO‘..‘ 1/2 H:G .
-B-Anhydnte [1I, 19 18 14
B-CaS0,IIl
Anhydrite [[, 5 T4 58
CasO,I=-

* Impuritics not considered. ** Consisting of reaction
stages All-s (slowly soluble A), All-u (insoluble A), 2nd

AlL-E (Estrichgips)

Jable2.8 Gypsum building mat=rials and their properlies (Wirsching, 1975).

Plasterboard. Finished gyp-
9.5 mm thick sum projec-
tion plasier
Apparent density and porosity .
Density, kg/m? 900 1200
Pore volumsz, % 60= 50
FPore radius. pm =99% > 0.03 =99% > 0035
Climatic properiies
Heat conductivity 1. WK™ 'm~" 0.21 0.35
(DI 4103)
Heat penetration coefficient b (equivalent)
U2htest, Js~ /A m- 2 K 42 1172
2-h test 439 1210
Resistance to transmission of
water vapor u (DIN 4108) -4 10
Water vapor ag;urpﬁuu coefficient a, m/h
untreated surface 2.29
tough fiber coated 2.98 2.5
wallpapered 2.56
Hear expansion and sguilibrium moisfure confent
Linzar coefficient of thermal [3x10°% 20%10°¢
expansion oy, K™
Equilionum maisture content at 20°C and 0.5 0.3
63 % relative humidity, wi%s
Modulus of elasticity, Nfmm? 3000 2800
* Core

Cable2.9 appiication properties of projection plaster. bonding plaster. and premixed plaster™ (Wirsching, 1975).
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Property

Projection plaster

Bonding plaster

Lightweight

Water: plaster ratio
Initial setting, min
Final setting, min

Strength of set and hardened gypsum. Nfmm?

Flexural strength
Compressive strength

Apparent density of dry gypsum, kgjm? -

Coverage. m? per 100 ki of plaster

0.45-0.55
60-120
170-220

1-2
d-6
1000 = 1200
9-10

0.60-0.70
50-90
i0-200

1=-2

3-5
§s0-1000 -
13-14

* Tests gonform 1o German (DIN) standard 1168 (48]



Chapter 3
Experiment

3.1 Materials and Methods
3.1.1 Materials : 1. Mae Moh FGD gypsum (light brown coloured, lignite
fired system, wet scrubbing desulfurization technique)
. Natural gypsum (Thai Gypsum Plaster Co. Ltd.)
H3804 acid

= W

. Sodium lignosulfonate
5. Methylcellulose
6. Vinyl acetate
3.1.2 Methods : 1. Precleaning of FGD gypsum
Due to the colour of impurities contaminating in the FGD gypsum, the
as received has to be washed prior to caleining process. Fig. 3.1 is the illustration of
the segregation sequence occurring after addition of H2SO4 acid and Fig. 3.2 is the

flow chart for the precleaning.

reddish solution with

/ dispersed, small particle

21
3 layers (B, aah + gypeuss) ayers
e, \ {'[I'EUD'I}
buff residue
rock and other minerals
{Magnetite, Paragonite, Hematite and etc.)
FGD (as-received) FGD passed sieve 2004

Fig. 3.1 Sequence of segregation.



After the trial runs (Fig. 3.1), the procedure for precleaning of the FGD gypsum
was designed based on the information of drying in Fig. 2.10 as in the flow chart :
1.) Precleaning of FGD gypsum

FGD as received

'

Drying (40 °C, 2 h)

!

Sieving (-200#)

4

-2007# dried FGD

‘

Mixing with distilled H,0

Y

Slurry
|

Y v 5

3MH,S0,,T,, 3 M H,S0,, 75% H.,PO,, T,

Filtration Filtration
Y _ Y
Drying (40 °C, 2 h) Drying (40 °C, 2 h)
k _ Y
’recleaned FGD gypsum powder Precleaned FGD gypsum powder

1 |
Y

Characterization

Phase (XRD, DTA)

¢ Chem. Anal. (ICP, wet chem.)

Particle size, shape (SEM)

Fig. 32 Flow chart for the precleaning of FGD gypsum.

* omitted due to no improvement of result.
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(a.) (b.,
Fig. 3.3 SEM micrographs of a.) FGD (as-received) and b.) precleaned FGD

2.) Syntheses of B-HH and anhydrite 111 (AILI)

Precleaned FGD gypsum powder

l— + 15 wi% distilled water

| Calcining (5 °C/min) !
130 °C, 4h 600 °C, 2h
l i
p-hemihydrate Anhydrite
Cooling in fumace Cooling in furnace
Desiccator Desiccator
Grinding Grinding
Sieving (—'H pm) Sieving {-?1 pum)
Phase analysis (XRD, DTA) Phase analysis (XRD, DTA)
Chemical analysis Chemical analysis

Fig. 3.4 Flow chart for the syntheses of B-HH and AlIL.

The procedure illustrated as the flow chart of the above figure. was designed
following the information of Table 2.1, 2.6. 2.7 and references 11-14 with some

modification after a number of trial run (Table 2A, 3A, 4A and 5A).



3.) Preparation of multiphase plaster

Precleaned FGD gypsum powder

Y

Pressing, 200 bars

!

Briquet 50x50%10 mm
Apparent-density ~2.10 gfcms

l

400 °C, 3h + 450 °C, 1h
L (T by wt)

Mulfiphase plaster (MP)

!

Grinding (-20pm)
{16 min. grinding time)

¥
I MP powder

Fig. 3.5 Flow chart for the preparation of MP.

- Phase analysis (XRD)
- Chemical analysis (Table 7A)
- P.S.D. (Blaine) (Table 8A)

The procedure illustrated as the flow chart, was designed according to the

composition in Fig. 2.3, Table 2.7 and the synthesis condition of Table 2.1 and

Fig. 2.12 with some modification after'a number of trial run (Table 7A and 8A).



4.) Fabrication of gypsum boards from -HH and MP

B-HH

Y
+ distillea water (W/P = 0.9)

+ methylcellulose  0.02 %

or other additives

'

Mixing

Y

Y
Molding

y

Cover with-Kraft paper

’

Gypsum board specimen

(B-hemihydrate plaster)

[

Piaster slurry \____\icruaramerizaum/ Plaster slurry

Setting time

=20 pm MP powder

f

+ distilled water (W/P = 0.9)
+ CaS0,"2H,0 1.5 %

Y

Malding

Y

Cover with Kraft paper

Y

Gypsum board specimen

- (multiphase plaster)

I

Y

Curing (7 days)

|

' .

Bulk density %Water absorption

‘

Strength test

SEM

Fig. 3.6 Flow chart for the fabrication of gypsum board test specimens.

The above flow chart is designed based on the test specimen with required

properties of gypsum building materials mentioned in Table 2.8, 2.6, and with

some modification.
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5.) Preparation of projection plaster

-20 pm MP powder

'

+ distilled water (W/P = 0.6)
+ sodium lignosulfonate
+ methylcellulose
Projection plaster

l

Characterization
- Viscosity
- Setting time
- Strength

l

Performance test B - Coverage
(application) - Smoothness

- Abrasion -

- Adhesion

Fig. 3.7 Flow chart for the preparation of projection plaster.

The procedure according to the flow chart of Fig. 3.7 was designed following
the flow diagram of Fig. 2.9, information from Table 2.7, 2.8, 2.9 and 8A also with

some modification.



Chapter 4
Results and Discussion

» Precleaning of Mae Moh FGD gypsum

Table 4.1 is the precleaning conditions of FGD gypsum. The best condition is
to wash the as-received FGD gypsum with 1 ml, 3 M H2804 acid at room
temperature since it gives both the light colour and high % recovery. The precleaned
FGD is of buff colour which can be lightened by blending with natural gypsum.

+ Characteristic of Mae Moh FGD gypsum
Chemical composition

Table 4.2 is the summarized properties of Mae Moh FGD gypsum (as-
received) as compared with the natural one. It can be seen that the as-received FGD
gypsum contains higher eontent of mineral gypsum (93.33%) than the natural gypsum
(80.07%) because after separating the inclusion impurity which is mainly fly ash from
the FGD gypsum by sedimentation technique (Fig. 3.1), nearly all of the remaining
portion is gypsum. In the case of the natural one, limestone or dolomite is the
common associate mineral (Fig. 4.3 and 4.4).

The DTA of gypsums in Fig. 4.1 reveal the free water content of the as
received FGD gypsum which can be reduced or eliminated after aeration and also the
dolomite mineral in the natural gypsum. Fig. 3.3 and 4.2, SEM micrographs reveal the
wide particle size distribution of the rod shaped crystals of the as-received FGD
gypsum and the massive or rocklike natural gypsum. They also show the narrcvver
particle size distribution of the precleaned FGD gypsum and the closeness of the
massive structure between natural gypsum and FGD briquet.

The XRD and EDS results in Fig. 4.3, 4.4, 4.5 and 4.6 confirm that the
impurities, i.e. talc, magnetite and calcite in the as-received FGD gypsum are

completely separated out from the precleaned FGD gypsum and are in good



agreement with its chemical analysis, Table 4.3,which shows that the precleaned FGD
gypsum is 95.8% purity (based on % 11,0). The value of combined water s

20.05%but the CaO content is a little bit higher than those of the commercial ones
(Appendix, Table 6A). This maybe due to the presence of CaCOj3 and CaSOy in the
as-received FGD (Fig. 4.1 and Fig. 4.3), CaCOj3 will react with H2S04 during
precleaning to form CaSOy4 hence this amount will add up to the previous CaSO4 and
result in the high value of CaO (34.4 %) compared with the low value of combined

water of CaS04.2[1;0 .

* Preparation of gypsum plasters
Phase analysis

Fig. 4.7 shows the XRD palterns of f-hemihydrate (f-HH), anhydrite I1I
(Alll) and multiphase (MP) plasters synthesized aceording to the process illustrated
in Fig. 3.4 and 3.5. The XRD of [-1IH reveals traces of anhydrite at IBGDC, 4 h
calcining (also see Table 2A) while that of anhydrite shows a complete transition of
dihydrate (DH) to anhydrite at GDGQC; 2 h heat treatment (see Table 3A) and the
XRD of multiphase plaster shows the mixture of 2 phases, B-HLH and AIII at 450°C,

1 h (corresponding to composition point 6-10 in Iig. 2.3 and the chemical analysis in

Table 7A).
* Characteristic of gypsum products
Setting time and strength of gypsum hoards

Table 4.4 is the summarized results of the retarding effect of various additives
upon the setting time of the gypsum board specimens prepared from B-HH according
to the procedure described in Fig. 3.6. The results are shown in parallel with those of
the natural gypsum prepared in the same way. The results show short initial and final
selting times (Table 2.6) characteristic of J-hemihydrate plaster for all types of the
additive used. Considering the amount of a idition upon the strength (Fig. 4.8a),

effects on bulk density (Fig. 4.8b) and " . water absorption (Fig. 4.8¢), of the set
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specimens, citric acid is the most effective retarder of all. Although all the plots
between flexural strength and content of additive (Fig. 4.8a) show the same trend, the
rate of strength decrease is quite different and is characteristic of the particular
additive therefore, in application, the optimum content has to be aware. Table 4.5 is
the summation of the accelerating effect of the dihydrate on the setting time and
flowability of gypsum board specimens made from multiphase plaster and it also
shows the short initial and long final setting times (Table 2.6) characteristic of
multiphase plaster. The optimum content of dihydrate considered from the product
performance (Table 4.5 and Fig. 4.9a - 4.9¢) is around 1.5% for both multiphase
plasters from FGD gypsum and from natural one.

The role of additives in centrolling flowability, setting and strength
development of the plaster is complicated and to some extent related to surface
chemistry., This finally results in the modification of crystal morphology of the
rehydrated plaster as shown in the SEM micrograph, Fig. 4.10.

Setting time, viscosity, coverage and abrasive resistance of projection
plaster

Table 4.6 is the typical properties of projection plaster prepared from
multiphase plasters which were synthesized from differnt sources, FGD and natural
gypsums. The target viscosity, coverage and setting times are 600-800 cps (Rixom
and Maivaganam, 1986), 9-10 m2/100 kg and 60-120 min (initial), 170-220 min (final)
(Table-2.9), respectively. Teo improve abrasiun resistances vinylacetate is employed.
The best combination for this experiment is 0.75 wt% sodium lignosulfonate (as
water-reducing agent and retarder) : 0.125 wt% methylcellulose (as binder and water-
retaining agent) : 0.50 wi% vinyl acetate (as abrasion resisting and air entraining agent)
since it gives a good performance, i.e. flow property, smooth surface, good coverage
and good abrasion resistance with suitable setting time for application (Fig. 4.11-4.13).
Because of these unique properties, machine-applied projection plaster has been

produced to enable a fast plastering which can be operated by one person.



Table 4.1 Freulc-aning, condition of FGD gypsum.

Suspension 3 M H;S0; (ml) Residue

(5 ml) Tm (27°C) 100°C Colour wi% Recovery

FGD 0.00 - Brown 895.0

(as received) 0.25 - Brown 83.0

lg 0.50 - Brown 58.0

1.00 - Light brown 62.0

- 0.00 Brown 24.0

- 0.25 Brown 68.0

- 0.50 Brown 71.0

- 1.00 Light brown 69.0

FGD 0.25 - Light brown 87.0

(-200#) 0:50 - Light brown 86.0

lg 1.00* - Buff 76.0

- 0.25 Brown 78.0

- 0.50 Light brown 82.0

F 1.00 Buff 57.0

*The chosen condition for pregleaning of Mae Moh FGD gypsum.

Table 4.2 Properties of Mae Moh FGD gypsum as compared with natural gypsum.

Charactenstic

FGD gypsum {as recaived)

Natural gypsum (N Gjl

Free water cantent{ired at40°C)

10-15%

Density (Archimedes methods)

2.58 glcm

Mean pariice size (Uaser light scattenng)

66.92 pm

Particle size distnioution

(Sieve analysis, % finer than)

45-mesh (335 um) 94.55%
80 mesh (180 pm) 91.14%

100 mesh (150 um) 90.88%
" 120 mesh (125 um) 89.28%
200 mesh (75 pm) 85.88%
325 mesh (45 um) 45.28%
400 mesh (38 um) 11.31%

Specific surface area (BET)

4,84+ 0.15mYg

Mineral phases (XRD)

Gypsum + fly ash + other impurities

Gypsum + dolamite

Mineral content (app %)

93.33% Gypsum
4.57% Fly ash
2.10% Other impurities

80.07% Gypsum

19.93% Dolomite

Colar

Yellowish

White

* From Table 1A
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Fig. 4.1 DTAthermograms of Mae Moh FGD and natural gypsum.

(Netzsch model Nr. 1.303003)

Fig. 4.2 SEM micrographs of a.) briquet and b.) natural gypsum.
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Table 4.3 Chemical analysis of Mae Moh FGD gypsum (precleaned) by 1CP /method.

%o

SiCh  ALO3

0.62 0.31

FeaO3  MgO

0.23

0.26

CaO*

344

NasO

<0.05

K20

0.02

TiOy
0.01

P20s

«0.01

MnO

0.01

Cra(Oy

0.01

Combined
water™

20.05

803

46. 36

¥ see Appendix, Table 6A)
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450°C, 1 h

Fig. 4.7 XRD pattern of the synthesized B-HH, A and MP.
(Philips diffractometer PW 1730/70)
Table 4.4 Effect of additives on the setting time of gypsum board specimens from B-HH

(humidity = 66%, room and water femperature = 21 °C and 25°C,

pH of water = 7.10 and W/P =1(.9).

Content Setting time (min.)
Additives (wi%) Initial Final
FGD NG FGD NG FGD NG

None - - 4.28+0.30 5.5 1+0.35 7.56+0.38 6.3610.26
Citric acid 0.02 0.02 6.49+0.36 8.35640.40 10.11£0.25 9.41140.25

0.04 - | 8574028 - 13.2040.39 -
Methyicellulose 0.02 0.02 6.24+0.41 8.1140.31 945+0.35 9.1610.27

1 0.04 - 8.1840.35 = 11.26%0.40 =
Acetic acid 0.20 0.20 5.5640.40 6.21+0.29 8.3840.30 7.1340.24
0.40 0.40 7.4240.25 8.5140.35 10.4540.29 9.55+0.30
Potassium alum 0.20 0.20 5.50+0.20 6.17+0.37 8.16+0.27 B.40+0.21
0.40 0.40 7.310.31 8.4440.26 10.24+£0.20 E-EEiﬂ- A
Sodium borate 0.20 0.20 6.10+£0.31 6.210.20 9.30+0.38 7.3310.28
0.40 0.40 7.5440.34 B.4840.39 11.12+0.41 9.3940.32

* repeat with 5 tests in each composition.

target initail setting time 5-8 min
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* Material testing machine, Instron Corporation  (Series IX automated materials testing system 7.26.00)
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[able 4.5 Effect of calcium sulfate dihydrate on setting time of gypsum board

specimens prepared from multiphase plaster (humidity = 77%, room and water

temperature = 21 °Ccand25°C, pH of water = 7.29 and W/P = 0.9).

35

Calcium sulfate Setting time (min.)
dihydrate Pl Initial Final

(wt%) B NG B NG B NG
0.00 Good Good 25.39 30.15 64.26 4436
0.50 Good Good 18.58 24.40 5217 35.15
1.00 Good Good 11.20 19.52 40.47 28.20
1.50 Medium Good 6.12 12.36 28.38 15.33
2.00 Paor Medium 2.01 7.14 22.50 11.45

Sening tima (min.)

* B = MP from briquet

* the number of test sample was 3 (DIN 1168).

0] 2.5 ]
Calciumsuliate dibydrale [wiie)

1 1.5

72
3
1]
%E.E
é&ﬁ
i —
N [ I i H H ]
6 Lol BA I b el 1y e on by
1] 0.3 l 1.5 2 25

Calciumsulface dihydran: {wi%)

Fig.4.9a Effect of additive content on initial setting time and

flexural strength of MP test specimens.
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Fig. 4.10 SEM micrographs of rehydrated gypsum plasters

in the presence of additives. (ISM T 220 A. JEOL)
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Table 4.6 Typical propertiesof projection plaster with the combined additives.

(0.75 wi% sodium lignosulfonate : 0.125 wi% methylcellulose : 0.50 wt% vinyl acetate).

Sam | fyx100"| Surface Sétting time 2 Flcxumli Water® | Bulks Surface ©
ples | {cps.) coverage {min) strength | absorption | density | hardness
(m2/100kg) | Initial | Final | (N/mm?2) (%) (gfem3) | Gouge | Scratch
B T.30+1.75 10.2640.36 | 54534035 | 137294297 | 5824030 | 28204156 | 2104006 JH HE
P | 707+164 | 10334065 | 6036:0.19 | 159.05:335 | 4904057 | 28574175 | 2.10s005 | 2 HB
NG | 6.70+1.76 10454051 | 61254032 | 140.1143.45 | 4.054042 | 30384184 | 2074004 2H B

* the number of each test was 5.

According to 1. ASTM : D 2196-86, Brookfield viscometer model RVTD AO 4184
DIN 1168

ASTM : C 472-93

ASTM : C 373-72

ASTM : D 3363-92a

3
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Chapter 5
Conclusion

From the experimental results, the following conclusion can be drawn :

1. The gypsum plaster from FGD gypsum produced in the experiment is
equivalent to that of the natural one in terms of performance and quality (excluded
colour handicap).

2. Besides using directly as retarder in portland cement manufacture, Mae
Moh FGD gypsum, with the application of gypsum technology, can be industrially
utilized as gypsum plastess i.e., where colour is not handicap. as wall board, partition
board, colour projection plaster .and ete. Where light colour product is required, the
FGD gypsum has to be adequately quality controlled by the power plant i.e., using
high quality limestone, installing effective dust precipitators, burners, precleaning by
magnetic and cyclone separators prior to acid washing at the gypsum plant. However
the FGD gypsum can be partially absorbed in the present manufacture of gypsum
plaster products with little effect on manufacturing cest provided that there is no

excessive transportation cost.

Future suggestion
There are a lot of researches on by-product gypsum being carried out
worldwide because of its abundance and more stringent environmental control.
Among these, the appropriate ones for Thailand are :
1. The possible utilization of phosphogypsum which is becoming an

urgent environmental problem.

1=

. Technology for cost reduction in producing anhydrites and other
plasters.

3. New and better gypsum plaster products.
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Appendix
Table [A Phase composition of FGDand NG.
Materials %Alll % HH oAl %DH GERest
(as-received) | 1782165 | -8.17:253 | -6.43:273 | 9333293 |} 6.67:281
(washed) -2.08+1.93 =-12.08+2.17 00042 48 95.55+2.81 4.45+2.56
NG ~1754215 | -682+186 | 26343020 80075205 | 19.9342.97

* The rumber of test sample: was 5.

42

Table 2A Phase composition of the J-HH from caleinedFoD and NG at various temperatures and times.
Temperature Time FeAlIl BHH TAll 2% DH FoRest
(°C) (hours.)
FGP NG FGD NG FGD NG FGD | NG FGD NG
120 2 15344187 | 9.0244.03 | 62374263 | 601746598 | 4774228, | 00774045 | 13.07+1.65 | 10014304 | 4456228 | 19.93+2.97
120 3 B.7142.63 | B.7041.86 | 69.4241.83 | 63324235 | 7.9133.45 | 0.8940.76° | 9.5143.07 | 7165267 | 4.45:2.28 | 19.9342.97
120 4 3.7242.54 | 2.6642.26 | 76.00£3.24 | 70875348 | 8215300 | 0945090 | 7.62#2.64 | 5604241 | 4.45+2.28 |°19.9322.97
130 2 10.68+2.03 | 7.4543.21 | 78.65+4.00 | 70.76£1.32 | 5.55+42.81 | 1.0740.87 | 0672065 | 0.7940.21 | 4.45+2.28 |.19.93+2.97
130 3 3224178 | 6.1943.09 | 83.1123.63 | 92504004 | 8.97+2.04 | 0.99+0.67 | 0252083 | 0372025 | 4.45:2.28 | 19.9342.97
130™ 4 1.3641.14 | 2.8741.64 | 87.42¥243 | 75892336 | 623:1.83 | 1202113 | 0.5420.18 | 0.1040.23 | 4.45+2.28 | 19.93:2.97
150 2 23.9341.85 | 14.00£3.21 | 59.0143.00 | 52406087 | 10734275 | 12554004 | 08880103 | 1024100 | 4454228 | 19.93:2.97
150 3 16.60£1.93 | 11275278 | 63.6442.78 | 56.99+1.14 | 14.6843.13 | 10.1422.17 | 0.62:0.98 | 0.87+0.76 | 4.45+2.28 | 19.93s2.97
150 4 12754214 | 11045204 | 68.844165 | 6066+1.35 13.2241.64 | 29743.02 | 0744112 | 0404065 | 4.45+2.28 | 19.93:2.97

The pumber ol best sample was 5.

tehased on chemical analysis.

* Chosen condition for the synthesis of §-HH.

Thai Industrial Standard for Gypsum 595-2328, UDC 666-81
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Table 3A Phase composition of the anhydrite from ealcined FGP and NG at various temperatures and times.

Temperature | Time SAlll %HH oAll %DH %Rest
[':'C] (hours.)

FGD MG FGD NG FGD MG FGD NG FGL MG

400 2 83.6242.75 | 13415232 | 1754113 | 0S6ekds [ 10082246 | 5008243 | -1.7040.58 | 232004 | 445:2.28 | 19.93:2.97
400 3 83.13+2.93 | 70805176 | 1475125 1392008 | 10954187 | 685:265 | -22242.14 | -1.69£1.34 | 4.45:228 | 19.93+2.97
400 4 82.26+1.63 | 71.10+1.95 | 1094096 | 4.1941.03 | 12.20£1.65 | 778437 | -1.09:094 | -0.85:0.76 | 4.45+2.28 | 19.93:2.97
450 2 B21142.45 | 70.60+2.11 | 0.71+085 | 08540061 | 12735238 | 8622273 | -1.2441.76 | -2.35£1.78 | 4454228 | 19.9352.97
450 3 B1.7943.14 | 69.1543.21 | 0.63£0.57 | 0.5420.98 | 13744274 | 10384267 | -2.0141.84 | -1.53£1.20 | 4454228 | 19.9312.97
450 4 81.4441.65 | 68.53+1.18 | 0672032 | 0424057 | 13444293 | 11.1221.97 | -0.8620.75 | -1.9420.98 | 4452228 | 19.9342.97
500 2 BO.6143.47 | 67.63+2.24 | 0.44:0.92 | 0283015 | 14.5063.21 | 12.1642.93 | -1.47£0.09 | -2.01£1.45 | 4454228 | 19.9322.97
500 3 79.2442.64 | 65094237 | 0334020 | 0054021 | 15985241 | 14834236 | -1.8140.74 | -13241.14 | 4452228 | 19.9342.97
500 4 78.1942.07 | 63484276 | 0.1320.11 | 0752066 | 17.23£1.87 | 15.8421.87 | -2.23+2.11 | -L21£1.09 | 4454228 | 19.93:2.97
550 2 77.1652.14 | 6290+1.76 | 0.09+0.07 | 0.06+0.44 | [830:3.42 | 17124323 | -1.5140.42 | -0.97+0.84 | 4.45:2.28 | 19.9342.97
550 3 715.9642.35 | 61985345 | 0014002 | 0024007 | 19.58+2.63 | 18.0741.47 | -1.1320.07 | -1.15:0.79 | 4.45:2.28 | 19.9342.97
550 "4 75.1941.86 | 60784251 | 0.01:004 | -2.0841.63 | 20.3542.50 | 19.2642.53 | -0.8740.45 | -1.9941.65 | 4.45:2.28 | 19.9342.97
so0% | 2 74.1052.05 | 57.5242.30 | -1.5720.24 | ~0.7741.87 | 21.4541.69 | 22.5582.41 | -2.07+1.68 | -1.8341.07 | 4.4542.28 | 19.9322.97
600 3 72.8052.33 | 55.05+1.87 | -2.83:203 | -3.00:2.00 | 22.7543.15 | 25.02+2.83 | -1.60+1.47 | -1.0640.75 | 4.4542.28 | 19.9342.97
600 4 70.6741.98 | 53.85+42.25 | -1.5641.20°| -1.08+1.01 | 24.88+1.73 | 26.2241.76 | -0.96+0.85 | -1.6521.23 | 4.4542.28 | 19.9342.97

The nnbes of lest sample was 5.

%ebased on chemical analysis.

* Chosen condition for the synthesis of AlIL
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Table 4A  particle size of p~-HH (Blaine).

44

T t _ Specific surface area” Density Mean particle size
O | (hours) (1x10* m2/g) (g/cm3) from calculation
(1m)

FGD NG FGD NG FGD NG
120 2 4789.63+26.42 | 2325.17417.25 | 2.40+40.02 | 2.59:0.03 | 5.2240.15 | 9.96+0.21
120 3 4621.10£35.50 | 2278.93+20.38 | 2.40£0.01 | 2.60+0.02 | 5.41+0.24 | 10.13-0.28
120 4 4662 27+18.13 | 2191.84+24.69 | 2.4140.05 | 2.6040.03 | 5.34+40.21 | 10.53-0.13
130 2 4403.54+22.28 | 2370.50+15.01 | 2.42:0.04 | 2.61+0.03 | 5.63+0.10 | 10.46=0.16
130 3 4551.32+19.67 | 2122.07+21.26 | 2.41:0.04 | 2.62+0.02 | 5.47+0.19 | 10.79-0.11
130 4 4192.66430.45 | 2229.01#16.33 | 2.43:0.02 | 2.62+0.02 | 5.89+0.23 | 10.27=0.23
150 2 3947.48219.94 | 2258.74222.29 | 2.42+0.03 | 2.62+0.01 | 6.28+0.27 | 10.98=0.22
150 3 3985.19425.07 | 2073.49£25.86 | 2.44+0.03 | 2.61+0.05 | 6.17+0.19 | 11.06-0.28
150 4 3862.75832.11 | 2049.66+29.51 | 24240.02 | 2.63+0.04 | 6.42:0.25 | 11.1320.20

* The number of test sample was 5: T= t:mpénrurc. t = lime.
+Air permeability apparatus (Blaine, model 7201)

Table 5SA Particle size of anhydrite (Blaine).

T t Specific surface area ™ Density Mean particle size from .
(0 | (hours) (1x10~% m%/g) (g/em?) calculation

(Lm) 1

FGD NG FGD NG FGD NG |
400 2 1446.34+25.07 | 1053.56+15.85 | 2.4140.02 | 2624006 | 17214012 | 217::020
400 3 1405.0743947 | 1034.31+22.43 | 2454004 | 2645003 | 17434025 | 21.96-0.15
400 4 |°1399.86411.16 | 1040.42420.207| 2.43:006 | 2615002 | 17644007 | 22.10-0.8
430 2 1372.19+27.03 | 1001.63+35.19 | 2.47+0.01 2.67+0.06 17.70+0.15 2242014
450 3 1374.23+25.49 | 1014:47427.57 | 2.4940.05 | 265:005 1 1753:0.11 | 2232:020
450 4 1350.58+20.58, | 1042.81+24.63 | 2.5040.03 | 2.69:001~ | 17774019 | 2221026
500 2 1345.91:21.20 | 983.65+36.48 | 2.5340.06 | 271:002 | 17634029 | 2251-019
500 3 1305.76+16.13 | 968.32+18.79 | 2.56+0.07 | 2.74+0.02 17.95+0.31 22.60-0.24
500 4 1335.21419.24 | 963.21+26.65 | 2.5240.02 | 275:003 | 17834024 | 2265:021
550 2 1294.80424.65 | 958.59+28.02 | 2.55+0.03 | 2.79+005 | 18174026 | 22.42-0.19
550 3 1289.53432.51 | 955.43+432.47 | 2.5440.03 | 276+007 | 18324027 | 2275:027
550 4 1261.64424.26 | 953.12+435.65 | 2.5740.05 | 2784002 | 1850+0.16 | 22.63:023
600 2 1232.61430.66 | 947.04+21.34 | 2.5840.05 | 2774003 | 1876+021 | 22.86:0.14
600 3 1252.88+427.90 | 929.66+19.70 | 2.60+0.04 | 2814004 | 18434017 | 2297020
600 4 1211.26+28.31 | 927.75+34.55 | 2.61+0.04 | 2804005 | 18984031 | 23.11:027

* The number of test sample was 5, T = emperature, { = time,

+ Air permeability apparatus (Blaine, model 7201)



Tz A Oxide Analysis Of Natural And Synthetic Gypsum

! SYNTHETIC | SYNTHETIC NATURAL NATURAL |
1 2 1 2 |
cao 312.02 34.17 31.45 32.05 |
SO, 45.53 43.64 43.78 43.60 |
MgO 0.06 0.07 0.22 112
Sro 0.01 0.03 0.04 0.36 |
| alo, 0.05 9.13 0.55 0.22 |
Fe,O, 0.07 0409 0.24 0.07 |

1 sio, 1.35 0.75 2.41 0.66

| mio, <0.01 <0.01 <0.01 <0.01
Mno <0.01  0.01 0.03 <0.01 |
1 P,0c <0.01 <0.01 0.01 <0.0:t |
I ko <0.01 0.03 0.10 0.05 |
| 0.02 1.49 <0.01 <g.01 |
| co, 0.01 0.45 0.78 2.56 |
| chem B0 20.26 19.32 18.75 15.24 |
Free H,0 0.06 0.09 c.10 | 0.08 !
LoI 21.08 20.24 20.86 22.04 |
't
TOTAL 100.13 100.03 99.69 100.17 |

P o
Carbon dioxide and "chemiecal water™are inclucded in the LOI.
The results are regorted based on the sample with the "frsze

watar" remaved.

rapiaced by fluoride.

A1.0, 0.1 | <0.3 el
re. 0z E <1 <l <l |
$i0) w0l d ko2 | oV
K.0 .05 | «1 | «.1 |
p.0. | «0.0s | <02 | <0.1 |
Ti0. Trace Tracs <2

V.0, Trace Trace 0.5

Cr,0, Trace | Trics | <0.1 |
H.0 "combined” (250°C) ig-21 | 18-21 | 18-21 |
| co. wz | a | 13 |

The total is corrected for the oxygen that is

From Proceeding of 21d International Conference on FGD and

Chemical Gypsum, P. 23.4, P. 26.7, May 12-15, 1991, Canada.
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Table 74 Phase composition of MP prepared from bulk materials ' (B, P 30x50x10 mm., NG 2.36-3.35 mm.).

36

Samples| T : AT %HH BAII %DH
(°C)| (hours)| B P NG B P NG B P NG B P NG
I 300 I 608:2.15 | STHRIT | 3774250 | G0BT+150 | 650540 80 | 76495188 | 29145223 | 26245285 | 19744285 | -678+239 | -4.6742.13 | -29342.13
2 300 2 7902237 | 9334238 | 5.0042.76 | 66205154 | 61785190 | TLITL19 | 2589+2.06 | 28894306 | 23204306 | -3.0442.01 | 3694275 | -5.044275
3 300 3 850201 | 10244095 | 7.243238 J61.906300 ) 58574247 | 68426247 | 296040074 | 31194217 | 24344217 | -10.034375 | 7574169 | -6.7341.69
4 350 I 1091265 [ 12904160 | 9444129 | SAE3+305 § 50355233 ) 63.845233 | 31464230 | 36754229 | 26724229 | -2.652154 | -10.132137 | -3.084137
5 50 2 12564093 | 13864149 | 10.0260.78 )53 104278 | 46 574260 461, 104260 | 343242064 | 39.574087 | 28884087 | -S.782163 | -5.40:098 | -10.15:098
& 150 3 13404278 | 14464228 | 10764159 | 0714069 | 43754076 | SSO7+076 | 35894 1.73 | 41.78+2.91 | 3327290 | -2.M2202 | -178+000 | -5.0242.00
7 400 I 14894164 | 15222237 | 122040.13 | 465583 841 39.0340.90 [ 51 424190 | 38. 162112 | 45754280 | 3638:280 | -1.98+048 | -265+141 | -T.13+L41
8 400 2 15004150 | 16892304 | 13804307 | 42082220 | 35875213 | 47754213 | 42874155 | 47244253 | 38.484253| 3ss5e158 | -s5284263 1504103
o 400" 3 162342065 | 18374270 | 15254238 | 3806+213 | 327542 84 | 43724254 | 45614264 | 48882342 | 41034342 | -63742.02 | -5.3043.10 | -223+1.10
i 450" 1 17052302 [ 20434241 | 15874249 | 3265247 | 200645270 | 40885279 | 49.0042.53 { 48932149 | 43254149 | 11142285 | -3324258 | -9.75+258
] 450 2 19.11£240 | 23694252 | 16.4021.62 | 30.00% 198 | 26.25+2.50 | 3576250 | 50894281 | S0.06+137 | 47842137 | 0632203 | 210297 | 7214297
12 4350 3 21374257 | M642 077 | 18072057 | 27474 163 [ TATEL166 | FLTILLE6 | S1.0643,04 | 52624265 | 49012265 | -Bo2s260 | -1814260 | -508+260
(k! 500 I 243843.11 | 25.8643.04 | 21122098 | 2228204 § 189342 70 | 28284235 53345222 | 55754177 | 50600077 | -2 10s148 | 961183 | 4794093
M 500 2 25714298 | 24442269 | 23694208 | 19845252 | 1628+1.51 | 25094160 § S4.4582 76 | 59284233 | 512242331 5524121 | ~1L134075 | -6.5540.75
15 500 3 ZTETHT3 | 22284173 | 228342764 $3:6kediiT - 13014240 | 2i 84040 SBR[ 638014210 | S4334210 | ~4.9842.34 | -TA3+1.86 | 10014185
i 550 I 244841 47 | 20742102 | 20964304 ] 10275267 | 9864077 | 1TESHOTT | 65254160 69408245 | 61199245 | -26331.09 | 6412259 7| -22321.59
17 550 2 22724169 | 18364280 | 180040067 | 734230 | 4935284 | 14284284 | 69.9%5+1.90 | 76714307 | 67.7243.07 | -8072301 | -8545232 | -3654232
13 550 3 21574220 | 16624221 | 16224276 3714215 | 1594263 | 10702263 | 74724080 | 81794239 | T3.072239 | -7.15:220 | -3.60:080 | -82240.60

the sursber of each sample was

5, T = 1emperature, | = lime.

%o based on chemical analvsis

B
p
NG

= Briquet specimen
Pellet specimen

Nataral gvpsum specimen

* Chosen condition for the prepagation/of MPL

(1:1 by wi. mixing)

of



47

Table 8A Effect of grinding time on the particle size of MP prepared from
bulk materials (density of B = 2.60+0.03 g/cm3, P = 2.64+0.04 g/cm? and
NG = 2.79+0.04 g/cem?)

Mean particle size from calculation

Grinding Specific surface area (Blaine)
time (cm?/g) (Km)
(min.) B P NG B P NG
0 19.59+0.30 19.40+0.21 18.1540.37 | 1177.99+16.36 | 1171.15415.27 | 1184.86+16.71
1 24.9?;:-,41 25.4840.50 | 21994024 | 924.49+12.85 | 892.67+13.58 | 978.43+13.80
2 32.23+0.34 30.7940:37 28.45+0.41 T16:20412.72 | 738.10+¢12.97 | 756.12+14.21
4 41.36+0.85 39.1840.76 35.96+0.55 | 558.35£10.44 | 580.45+13.93 | 598.37+14.93
6 6748+1.22 | 61.26+148 | 45.18:0.71 | 342.02+5.36 | 371.16+8.67 | 476.54+10.63
g 116.55+3.11 123514+2.13 T1.4441.73 198.68+7.02 184.53+4.28 300104738
10 311.85+7.63 | 280.5849.28 147.29+3.65 T4.26+1.35 81.39+1.63 146.28+4 21
12 769.23+11.84 | 688.70+12.76 | 364.45+9.81 30.87+0.58 33.64+0.71 59.46+1.63
14 1442.31+18.65 | 1623.37421.75 | 655.65+14.54 16.0540.17 14.31+0.24 32.80+0.64
16% | 2307.69+29.88 | 2525.29+21.75 | 1164.34+23.60 | 10.49+0.20 9.8740.19 17.47+0.21
18 1775.15430.02 18?3.94123_.46 1955.03+32.13| 13.73+0.24 12.51+0.23 11.56+0.15
20 1214.57421.38 | 1262.28+31.75 | 1536.10+27.83 | 19.60+0.32 18.63+0.30 14.37+0.19

# the numiber Of tesi sauue wad oo

+ Grinding time of 16 min. was chosen for obtaining MP powder

with mean partical size <20pm.
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