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Abstract

Project Code : MRG5180350

Project Title : Study on chemical reactivity of pozzolanic and polymerization reactions

of Lampang diatomaceous earth for a production of lightweight materials

Investigator : Miss Kedsarin Pimraksa

E-mail Address : kpimrakp@science.cmu.ac.th, kpimraksa@hotmail.com

Project Period : 2 Years

Abstract:

Pozzolanic and polymerization reactions of diatomaceous earth (DE) from Lampang
province were studied for the syntheses of lightweight materials. Due to semicrystalline
silica and some clay minerals containing in Lampang diatomaceous earth (LDE), LDE
was, therefore, classified as pozzolanic material. In alkaline environment, silicon and
aluminum ions from LDE are spontaneously dissolved that hence the developments of
various hydrated silicate/aluminosilicate products and geopolymeric aluminosilciate
binders. For the syntheses of lightweight geopolymeric materials, highly siliceous
materials viz. diatomaceous earth (DE) and rice husk ash (RHA) using SiO,/Al,O; ratios
of 13.0-33.5 and Na,O/ALO; ratios of 0.7-3.0 were studied. The effects of fineness and
calcination temperature of DE, concentrations of NaOH and KOH, DE to RHA ratio,
curing temperature and time on the mechanical properties and microstructures of the
geopolymer pastes were studied. Thermal conductivity of the material was also
measured. The optimum calcination temperature of DE was 800 °C. The increases in
fineness of DE and in alkali concentration resulted in an increase in oo:_n«mmem
strength of geopolymer paste. Geopolymer pastes activated with NaOH gave higher
compressive strengths than those with KOH. The optimum curing temperature and time
were 75 °C and 5 days. The lightweight geopolymeric material with bulk density of 880
_A@\Sw and compressive strength of 1.5 MPa was obtained. The SiO,/Al,0; and



Na,O/ALO; ratios of the material were 13 of 1.0, respectively. The incorporation of 40%
RHA that changed SiO,/Al,0; and Na,O/ALO; ratios to 22.5 and 1.7 enhanced the
compressive strength of geopolymer paste to 2.4 MPa with only a slight increase of bulk
density to 1,010 _A@\Bu. The densification of geopolymer material was amcm:.ama on
Na,O/AlL,O; ratio in that its structure was less dense with a decrease in the ratio. For
the syntheses of pozzolanic reaction products, calcinations temperature of DE, Ca(OH),
content, NaOH concentration, curing time and temperature were studied. The
lightweight material made of LDE calcined at 500 °C and CaO0/SiO, molar ratio of 0.3
and cured at 130 °C for 6 hours has compressive strength and bulk density of 10 MPa
and 870 _An\Sw. Considered in terms of mechanical and thermal properties, LDE as
starting material for lightweight material production was more favorable to pozzolanic

reaction than polymerization reaction in all cases.

Keywords : Diatomaceous earth, Hydrated lime, Pozzolanic reaction, Calcium silicate

hydrate, Uo_<3m.1Nm=o:. Zeolite-like structure
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3.1.1 wﬁ%ﬂ::ﬁm:g Usznauaae
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2. _,m,__._bm:,‘_.%\_:nd__zg,Sm:,h._\ﬁmmasww 700 aveniwal@ss uizaziian 3
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3. gvazawladsylaasanlad (NaOH)

4. ssazaslwunadonlaasenlod (KOH)
5. grsacaaladoudaineg (Na,Si0,) Tafiasstsznovva Na,0 13.44%, SO, 32.39%
wazsin 54.17% lagimin

6. vnaudawlfingu
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Germany lasnguindaladsylsasanlodiuinswielwdanudaudn 4, 6, 8, 10 uas
12 luand

= 3 a . ~ &
@131 3.1 a3l ITnauN I LANLASEIUN Q&emaQJMERmJ&Mm&PQE&ANSM@DA&S

ladoalaasan fopaclagiwin | aumuawin 133n@73 1000 ml.
et (Laand) Na,O H,0 (glem’) NaOH (g) | H,O (g)

4 14.07 85.93 1.137 160 977

6 19.86 80.14 1.208 240 968

8 25.32 74.68 1.264 320 944

10 30.40 69.60 1.316 400 916

12 35.20 64.80 1.364 480 884

3.1.4.4 arsazanglnunadanlansanlad (KOH)

e
a e o

i ldlfinunadoulaasenladaiioinie AndalasuS¥n E.  Merck,
Darmstadt, Germany lagnauindalnunsdonlaasanlodluinau iNalvlianududu
4,6, 8,10 uay 12 lyas

P '3 a ' = ¢
AT191 3.2 29U UNISLANLRSRIVNRUVDIRITALAN M_H.E WNRLDE &A@@mmméa@d

Twunadoalaasenlad | Jovazlamimin | anwmwwin | 158103 1000 mi,
(luad) KO | H0 (gfem’) KOH (g) | H,O (g)

4 19.50 80.50 1.149 224 925

6 27.41 72.59 1.226 336 890

8 34.22 65.78 1.309 448 861

10 42.07 57.93 1.331 560 771

12 48.34 51.66 1.390 672 718

13



14

3.1.4.5 a1sazanglaAaNdamna
- 4 L\ o/ ~-a =3 { =
izl triraraula@uudainasian 2 @1y wan. 4332539 lagd

asndsenaumataiainied 3.3

3197 3.3 aeddsznaumaalvaslafeudaineg

adfsznay wlafifue
Silica (SiOj) 32.39
Sodium oxide (Na,O) 13.44
Water (H,0) 54.17
Mole ratio (Na,0O/SiO,) 1:2.45

3.1.5 sruudganuainlglumsinu
a [ ev =3 4 “‘“ Qv k
lummasasazlidudsdmiunemumavasuesdrunsuninue 5 aaudls 33as
as €

ldgyanwoide
XXDEXX XXM(Na, K) (XX)

fyanwalazdanunansasil

ar ” v =1 s 1 ~ n. U “ v

G187 XX" nif1  DE wanedl dandinvasdnlaazaanildiiiuersasdu lu
aaTEIuTaLa: 0, 20, 40, 60, 80 wWaz 100

F80 “XX” 183 DE nunefe dandiunisunuianlascasudlioidiunay 1

aaawITasaz 0, 20, 40, 60, 80 LAz 100

GAaT X Wi M waned aranuitutusasatasansladsylaasenlodnia

Twunadoylaasenlae flflunsinwasifide 4, 6, 8, 10 waz 12 luans

fyanwol (Na, K) waneds FRAUBIRIIRZR LA NN LT LWAIINAREY ABa1TazAY
TmavylaasanloswIaasacaelnunadoylaasenlos

daa XX W () wineds dandulasluaszaislndovsenloddaazgfivinly

lunsensnasefide 1, 2 uas 3
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datamyaudyansol (5u “80DE20 10M(Na) (1)” wanadls SlaweRwasinadi
IFaulaszaanuandunauiuasasdulusansin 80:20 lassiwin lasldamsazans
lmdsnlaasenlodanududuriiy 10 Tuand iudinszduuazddandiulasluanas
ladinveanloddaszgliwriiiy 1

31.6 dnwilesefiinadeanisdsiasivslanadwad
3.1.6.1 nMsdnwanswavasmsdiuanmanlaszaaniiidamaisunses

yasdlanafimasinagd |

._.e_.mg:ﬁ.mﬁ&\sdm:w,_zmem%ﬂzmu_.mmsamamﬁswuswa:muwasmmmd
unslodanlaarasufiddemdsiuusidavasilanadiwes lasmoanBaavssdaudsiils
luns@nulananiiluiade 3.1.5 msnavazldasazanelodealaasenlodany
Wudutvinny 10 Tuan¥ wazlddasdinveslmdouddinadalsdonlaasanlad
(Na,SiOs NaOH) 1ty 1.23 .s?3::52@::mu_,s_v_.::ﬂ._\am_\dm%&m@?s%&i&#
a1 1 52l 1m$§33ux$:nmgsmw 60 asewaldes twaan 3 Ju (fleaty
ARUALIAT %«.Swm_ﬁmm:aw_gmiem::mugm@:::?w:m\gi Tagvinisiaruiauas g
&Jsﬁ:?mai&mgm 7 T dewhmInareuidsiuuea anuazidsauszgmngiinng
wnalodanlaezaanfiaung maﬁm:%a#%::ﬁsﬁmawgmﬁcrﬂwm:f&iﬁﬁ.ﬁ
ol

3.1.6.2 N15AN¥IANSNaBasA T NTRasaITazalgidanlaasanlad
wialwunadonlaasanlosnanamassuusidavasilonafaasinad
arsazanslmdonlaasenlosnialnunadonlaasen ladiiauidudu
Wiy 4, 6, 8, 10 uax 12 lua$ wardandnvadladoudfinadelnduulaasanloa
iy 1.23 szgaldlummanilanefinaiingd lasiiasdisznaumaaiilasluases
IUHEY WEAITIANTIIN 3.4 asuseratnedl 1 89 10 %wm.znm).m 7 7% BANINNIINGA
_,E:aum:m\sefs;mn.wﬁméﬁzl@x,\,gjmSﬂu,_mm,_maw\:zxme@
3.1.6.3 :\Jm:m}msm.zmemzmQ.smm:wuwnmuSw\S\_m&zw\m:&m&mm,_ A4
wssanzasdlonadiuad
mydnmauiilalfaunay 100DE0 10M (Na) (1) dsamifi 3.4 lunis
wInndlanafiaiings smeafz:ﬁzma:musmm_,_.::@.«ow%xnmzﬂﬂ_%n@Esmwx\@ﬁm:
1an 1 59l ﬂ__m:.\_ééaw@ﬁnmasmw 60, 75 Way 90 aIFLTALTuE Wuszeziaand

UANGING 1, 2, 3, 4 WAz 5 1% rmmﬂcm_éss5mi).%mmzmm:a,_:m\w:swugmg_,E:._,ﬁ,



16

Suoa bl Wadistiliany 7 Fuarimsiaswauazdaiinidn iReldluntsduamen
ANMURWLURA D UINTINAF LR IT LTI

3.1.6.4 n3@nsdndnavasdandmszuinimisusanlddaszging
(Na,0/ALO,) |

nmanaaasazldasazaslmdsylaatentodianadudumasy 10 Tuas du
dnszdu m@ﬂmaﬁem&%mcaamzéam@mmmumwﬁm&édm:fﬂa 1,2 uaz 3 lagdl
assslsznasumaeiilasluarasiiungs LEAIRIANTIR 3.4 asuddaatiedi 4, 11 uaz 12
msq\igﬁi,_.é_,mmawmiamammnmw:\_&._ma&fmsﬂznd_vs».aamx,éafmdmum,_m
1mdoa laasenlodlugunau

sm..\,,_ﬂzzdzma,_,musﬂm_._.::m_\gmu_\zaum:&&wmmgsmw««mﬁm:s% 1 7alus fiaw
&éézw\@xnmasmw 75 ssewaidos 1w 5 4u (leatufinuadaidaatnsesn
3:@@::39ms_,_.::._,:wsm\si .smﬁ_ﬂ::dgws_.Eum%ﬁmmzﬁ\mmgxmm&maagﬁ&a
aatelians 7 W SevmYarmnauazdnimindatanaufiesiimimeseuiidasy
KI98a

3.1.6.5 MsAnuAnSnazassandmnsunuianlaaraandsdunay

lunnasasasyinnsdnsnavsslsinaunisunuiiawlaszasudisdunay u
Samdunoas 100:0, 80:20, 60:40, 40:60, 20:80 sz 0:100 lagiwiin alidandiu
lasluavasdinidaazgiiviuandin Tumsnswazldmsazaslodonlaasanlodi
anuguduyinny 10 Tuard uazlddandmvadlodouddnadeladeulaaseanlos
WinAY 1.23 RAINNTREALULRANNTUNA 75 svanaatFos tHuinan 5 Tu lasd

aestsznaun st iilasluanatd I wHENLANIGIANIIIN 4 a8t eh 4 uas 13 9 17

16
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a131N 3.4 aandwmaaiilasluauasdiunaudlanadiuasinas

Mix. Mole ratio
Symbol w/B
No. SiO,/ALO, | Na,O/ Al,O, | Na,0/Si0, | H,0/Na,0

1 | 100DEO 4M(Na) (1) 13 0.68 0.05 1953 0.8
2 | 100DE0 6M(Na) (1) 13 0.79 0.06 16.39 0.8
3 | 100DEO 8M(Na) (1) 13 0.90 0.07 13.94 0.8
4 | 100DEO 10M(Na) (1) 13 1.00 0.08 1216 | 0.8
5 100DEO  12M(Na) (1) 13 1.09 0.08 10.86 0.8
6 100DE0  4M(K) (1) 13 0.66* 0.05* 19.53* 0.8
7 100DEO 6M(K) (1) 13 0.76 0.06 16.20 0.8
8 100DEO0  8M(K) (1) 13 0.84 0.06 13.96 0.8
9 100DEO  10M(K) (1) 13 0.94 0.07 11.89 0.8
10 | 100DE0  12M(K) (1) 13 1.02 0.08 10.53 0.8
11 100DE0  10M(Na) (2) 13 2.00 0.15 11.67 0.8
12 | 100DE0  10M(Na) (3) 13 3.00 0.23 11.38 0.8
13 | 80DE20 10M(Na) (1) 16.18 1.23 0.08 12.16 0.8
14 | 60DE40 10M(Na) (1) 22.63 1.69 0.07 12.16 0.8
15 | 40DE60 10M(Na) (1) 33.55 2.45 0.07 12.11 0.8
16 20DE80 10M(Na) (1) 75.00 5.40 0.07 12.04 0.8
17 ODE100 10M(Na) (1) 1414.81 101.00 0.07 12.04 0.8

“MNEng @106199 6 - 10 AWIUIMIANEIUVEY (NaO+K,0)/ALOs,

(Na,0+K,0)/SiO, Uaz H,0/(Na,0+K,0)

A fan

3.2 msanwljisedaglaarinuasdwiuiunasaiie

3.2 Fagilxlums@ne dsznavaas

3.2.2 ,ammamm,_mum...azm% ilsznauaasy

1. awundrhamIedwunleazaaylud

2. wnadoulaasenlad (Ca(OH),)

3. Bau (CaS0,.2H,0)

4. azila #(Acetone)

5. wInaw

1. Le3098adglaavedn

2. %E:?awﬂz?

17
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3. TANUATITAUIWIANNATFIH 80 Mesh 131 Bunsekifurul T4 JIS Styie wire
screen

4. 5%m,._m_m:gu_.,bz.wm:au_smw,.: 131N Retsch

5. 5%2m\@,\_.memi\ycﬁoo_méyqumwm:@ sterilizer model no 1941x

6. @13%\”\933:@3 Vemier caliper 3 NAUF-CH Stainless steel

7. edasininminuuuasBea 139N A&D Company limited 34 D 0001

8. 5%2 Compressive strength tester

T

9. gagunInitindy

10. naile

11. dhtlaayn

12. NIZUDNAN

13. SEM, Field emission scanning electron 3.8338@ M: JSM-5910LV a3
113190 jeol

14. XRD, X-ray diffraction

15. XRF, X-ray fluorescence

3.2.3 A5nInaass
3.2.3.1 NIRIANBULANITVDIIAYAY

a 6 [ i a
1) NIAATIERBIALUTZNAUNULITBIRULLN
2) MIIANERaIRYIENaUNIUITBIR UL NHIUNNILHILED

3.2.3.2 n1sAn¥BnEnazasrudsimaizanlnn1Tana NR LYY
“a ['3
dganatunlaazaanlay

1) @nwdniwavestFunaueadsalaasenlad
2) AnwdndwaueRinmbld

P-4 a A s L\ a
3) @nwdniwaveundalun1iduzldzuisin
4) @nmdninavadszuziaaluns Autoclave

5) @nwdninsvesanuaunisgunnilunis Autoclave
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1) @nwrdndnazvasSurmuaadaulansanladuiasasidinaas

Ca0/sio,

IR PGS TRV g NIAT: eiat Y]
waatdpalaaseniyd ludandiud1eg

ga3 1/1 fuiwn 80% + Ca(OH), 20%
g3 1/2 Aul 70% + Ca(OH), 30%
§a3 1/3 Aulu1 60% + Ca(OH), 40%

U 50 %Wt

& 2 { s a a .
a:mugm_bmmz%;msmmm: (AU 250 psi)

v

1A v L\ o I e
:twwbqe._.sﬁuu_adﬁ, 97%RH wga&&t 25°C tfluiaan 7 u

818 Autoclave 15 psi(130 °C), 6 Flud

v

fsl INgaunniivios 3 Tu

ruwadglasavlugoy aumnil 50-80 °C, 12 u

a t

NARAUAUFNTALTINGA )V IDF

19
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2) @nw1dnSwanasdSuamdlgu

LAIBUAWLISILIHENAL
~ [ e 1 ¢
uratFoalaasenled ludandiudrag

y

§931/4 Auu 70%+Ca(OH), 10%+Gypsum 20%
gas1/5 Auiin 70%+Ca(OH), 15%+Gypsum 15%
§A31/6 AUl 70%+Ca(OH), 20%+Gypsum 10%
§AT1/7 AulN 70%+Ca(OH), 25%+Gypsum 5%

L\ k g { s o as
Yugilen LeT0d8a laasaln (ANAY 250 psi)

b

HRNHY 50 %Wt

v

1A kg r.m\ a & e
vudgmeldanudu 97%RH gannll 25°C luann 7 3u

H

aUs8 Autoclave 15 psi (130 °C), 6 $21319

A

ﬂzi\n@ %04 3 1

gy
U
uwedzlaseulugoy gunni 50-80 °C, 1-2 T

H

NAROLAUFNTALTINAGN VRIBY

20
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a a as hM\ =
3) dnudn DWAUAIII wgﬂ«emaww—e’m.ﬁ_ agylatun

L@38UARN, Ca(OH),, WazGypsum lagld
BATEIU 70%, 10% Was 20% AU 0L

Juzddanaiasdnlansedn laglFanudu 250, 500 Waz1000 psi

1A s/ nh\ o [ | s
dtwwﬂgmﬁsﬁogﬁﬁﬂ_ 97%RH w..g.suu_u._ 25°C fluan tuan 7 1w

816128 Autoclave 15 psi(130 °C), 6 .mm_ga

v

fal Maunniivas 3 Tu

vhukadglasaulugoy gaunnil 50-80 °C, 1-2 1

nagau)maNaLnad1d ueidy

21
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4) A@nwAnSnwavadszuziaanluns Autoclave

@3RN, Ca(OH),, uarGypsum lagld
AATIEIN 70%, 10% Uaz 20% @1ui1aY

& [ { o a 3 o .
Iuzddeaiesdalaasedn laslianueu 250 psi

[P & -h\ a e
ﬁtwwqu_ﬂsﬂaqt&ﬁ, 97%RH g 25°C 7

aue Autoclave 15 psi (130 °C), lagldiaanin
nssy

]
a, <

cgm_\a?ﬁmmasmmﬁi 3

ruiidglasavlugoy gangil 50-80 °C, 1-2 W

a

naraUAMENTALTINGeNI 918983

22
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5) m:._fmsmsmewasagzmssmwmgsmm?:\_m Autoclave

teisufAnin, Ca(OH),, uarGypsum lagly
SATIEIU 70%, 10% WAz 20% AURINY

L\ v L s =3 9/ Qs .
Puzddauaiasdalansedn laslfaudu 250 psi

8§ a & \h\ a
Ctmwbgmﬁsﬁo\_a&ﬁ 97%RH @.gﬁ.wt 25°C

auMY Autoclave AN 10(126°C), 15(130°C), 20(185°C) psi
e 6 T2l

runsdglavavluday aamnil 50-80 °C, 1-2

NAFBUAMINIALTINAA9 JVaIDT

3.2.3.3 38n1naaadodvaziden

1)  @nwmdnswazasdsuimuaatdanlansenlodniadnsidinyas
Ca0/sio,

1) idwwnanlanna calcine

2) 33%:%554&@2:% 800 °C Waz3AWHNUAUNIIT 80 LNT

3) ¥@uin, Ca(OH), uazBuduannsuliidnu lagwdniuwnm 5 win

4) %m\gmm:m%mdzmzmc:@E_,meua#m.ggg

5) astinaulAfidsanasiindy 60 % Hsm&gsﬁzemaw@mmﬁ

6) %352maw\smm:em#%mx%?mSm\: Hsnm\&:@gﬁ:mew&m&smm: lag
amvecliiudidmnunomue

7) 33?%%3m:ﬂﬂu?zdng??u_bw@&\&mgmmwz Tasldusena
13e07t4 250 psi

8) aduzuisiwudahluifivlundas WefiuanuTulidgiiunm 7

9) wniwhdgidlieulunde Autoclave Taplifianudu 15 psi iflua 6

119

23
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10) ila Autoclave taauda hdganaweiistingampiivasdiuiam 3 u

11) udvanusnidglunasavautifen 9la

2) dnwrdnswavastsarmdon

MNIINaaIaINTIgasldgatnian wasvinsiulSunablay laslddlsunay
figunnd 70 °C (i 20 19

~ _ Qv L\ _~

3) m:ws@335ew&&«ws?:ﬁ&:m:mmgm:3

mInaassnuTgasdsatiedy lamdasuanuauluminadaveiaiatdala
@38 Intu 500 psi Wz 1000 psi

4) AnmdnSwavasszaz12a1lunIs Autoclave

o = v & a o

fnTnaseIauNgasidadian lasifsuszaziianluns Autoclave 1w 3
2109 waz 9 Talud

5) Anwrdnswayasanaauniagan)iilunis Autoclave

° a o 8/ o o : &

fnsnaassauneastduadnidn lasufsuanuanlunis Autoclave tilu 10

psi w8z 20 psi

24



25

4. HaN1INA[DI

aanaa

zwzgmmﬂﬁ\;—b D.wm_\_.ﬂ.zm_.z @ﬂmp.d&\ee& adfwluuvasarie

4.1 dnwdnsmzanzvasanlasraandrhsuandnnauilflumsnansisla
wadnas
4.1.1 asddsznaunieiadl

a3197 4.1 usasnamTeaTsiasslsznaumatadivasiulaszaaudithef
Falsrinunisuaalosuazdauua (ODE), aulaazasufidrsazunssawia 80  Luw
(RBODE), anlaaraaufifouriuasiinsazwia 140 1y uasd19asunsazwmia 200 s
(R200DE), dwlaazaonfisouduazun T 325 g (P325DE) uazdunaufisums
r_bm?mm@gsw_w 700 asanmaidos wam 3 $alue (RHA) Gawudrdulaazaauiila
farmalasdisznauiuddinn (Si0,) wazazgfiun (ALO,) lunan lasfidandmlasly
avasdinndaazgliun (SVAN) Ly 11.98 wananigmuinaBneanlad (Fe,0s) lu
awz,_gnq_bm.\_,mfm\:mnmwfmzﬂé wazifiasnnasssznaumatniivasdnlascaandis
&«a&mﬁ:33%%9&#3&3%mammgmammzdpm:mdzwaﬂawé (pozzolanic
material) Seanunsavijidmaumsazmosanadutugilul jisoilanafiualas
Tuld %Emﬁ_sm:@uwwam&u:m:&:mngno:,_.sapmnmmumw;\:ﬂErm:eﬂmcgﬁmﬁ
sansldardiuloslusvesdimedaagiivigii 1,317.5

HanITitasasdliznaumatadvesdnlaazasufitinuntsdasunalasls
arunsasawnui awlaeraaufisandiuazunsizmwia 325 we JUTINadinmunningu
100 AURIAWHIUAZUNTITWIA 140 LT LRTFNAZUNTIVING 200 L Lazdnlaozaan
ATIAZUNTIVIA 80 LAY (SiOzpazspe > SiOzro000e > SiOsreope) AWAIAY TUN1INALA
sulaazaanfifsazunssvuia 80 LT m%w:Qmumwﬁagmz%m&@musmaﬂmmﬁzé
ATUNTITUIA 140 LT UAZAIIALLNTIIWIA 200 LT uazdnlaesaaufisauiwazunss

XA a

YUA 325 LT (ALOsreone > AlOsrooone > AlbOspazspe) Hilitasnaulaazasuiison
HuasnTITWa 325 W Uiznaudialdenvaslaszasniiidanuiuasdiznoundn
Grinaulaszaaufisouiinazuniivwa 325 L mamnwagawngmgjmﬂsmugma
gwadn lasdinlaszaaufidniazunss 80 amu:wcs&uﬁm#ﬂammxgseﬁgga
3#&.@&@@:&e:w._\:m#bgsem&,smusmam,i\d._v&@ﬁsmnsmz&m\z@ngmzeﬁgs 80 LT

~ L ~ 18 i =)
mpmw:amnma,_S,ZE:Em&%@,S_méms:._uéwaﬁ:&%nmﬁsﬁswnsw:aﬁsmﬁm 319
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L [ 6 ~ a D.. Qs 1 [ (%
a5 197 4.1 Sovazasndsznaumandvasanlaasaaungs liiiumsuas loauasLin
_,Sm:mzémd_,_bm.\_,a&m@Esmw 700 adA L TALTew

Chemical composition | ODE | R80DE | R200DE | P325DE | RHA
Sio, 77.46 | 66.48 75.52 79.76 | 85.25
AlLO, 10.97 | 13.18 12.15 10.81 0.11
Fe,03 9.08 | 17.59 9.98 7.42 0.18
Na,O 0.00 | 0.00 0.00 0.00 0.06
K>O 1.07 | 112 1.04 0.94 1.80
CaO 035 | 047 0.39 0.21 0.79
MgO 0.31 0.36 0.20 0.12 0.31
TiO, 0.41 0.43 0.44 0.42 0.03
P05 0.00 | 0.00 0.00 0.00 0.81
SO 0.00 0.00 0.00 0.00 0.08
“ Mn,O3 0.00 0.00 0.00 0.00 0.29
LOI 035 | 0.37 0.29 0.32 10.29
Molar SiO,/AlL,Ozratio | 11.98 | 8.52 10.50 12.09 | 13175

4.1.2 a9adsznauniouns
a & & . a Y [ P
nanmTilasasdlsznoumnizesiulaszasuuazidunay aagli 4.1
war 42  wuinaulaszeavuasidrunaviiasdlsznaumaunifiniiauiu fa araad
. L o4 L o 1 ] a h- ~
(Quartz; SI0,) Favzilnngiaiiduns 20 iy 26 asen WaRiansanesdlsznauns
wsvasanlaazaaudinuinfusdusfiadalalar (Muscovite: M), talaflurl (Kaolinite: K)
@ ' =3 v/ \m 13 as
wazweuriladlaluyl (Montmorilonite: MT) datuagisainias feaeanseInunants
a '3 € a a o Vo A A [y
Aeneiasddsznaumaafivesdulaszasnfinuidezgliwiagfiseiosaz 1097 lag
d1min nan1TileTeRiBalSunmuaIns (XRD  Quantitative)  wudn@ulaszasail
asftlsznavvasusdalalon, avaaduaziaanng (Hematite: H) $aaias 69.9, 25.1 uaz 5

Taginniin

dunaufidium gl 700 NGRIGH RIS ?mum 42 :UFAIDI
0 i i P o . L a a
gufilllundn do anaad uazadalanlar (Crystobalite: C) F9anaifinaingmngiilunis

26



27

_,Em&m:f wazlFarlunisewin vldtAanisidisundalassginaaivasda
Qs g h\a\ 3 hn. < s aa v ¥
magug I duxEn [5] :@zfgsﬁz:moﬁsﬁz@maméameung._.:_.g_,Sm:m%sm

wafitnglugas 20 winu 20 - 30 aven zuaasiisanwazanuiiue
a L . . aan Ao g
A0437% (amorphous)  WASNINAN (semi-  crystalline) vasdAnfifiaatuiaslhilunns

ialfimnnlidunavafianudsshlumafadfismgenirdulaszasy ilesan
fianuduadugwunnninduleszasy

15000
] Q
12000 -
w ]
~ 3
g m
2 9000 3
S ]
e ]
= 6000 A
& .
= 3
o} k
3000 3
cJ---_-..--dﬂu-u-—A-.-.-.---4.-1,—1—-.--.-_~_-.«--.-...~.-.-uuu-u--~a--.-..-u--..-
0 10 20 30 40 50 6 70 8 90
2Theta (°)
d h.“\ ar a
Ui 4.1 LuUMItRgwIRIanduasdnlaoraau
3000 1
E
2500 3
)
= 2000
= E
=] 3
N2 E
2 1500 3
= E
g m
£ 1000 3
— E
500 A
cH.-_-—__-.—dqnu--_-__-_-_——_——-—_—-_—-u-a--—-—-----<-u----—_---n---——-—-m—-_-
0 10 20 30 40 50 6 70 8 90

2Theta ()

mim 4.2 WUUMIRENUBTIFIANTVILELNAY
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_,mm MT= Montmorillonite ((Na,Ca)y s(Al, Mg), Si;O4,(OH),)
M = Muscovite (KALSizAIO,, (OH),)
K = Kaolinite (Al,Si,O5(0H),)
Q = Quartz (SiO,)
H = Hematite (Fe,0O3)
C = Cristobalite (SiOy)
Ca= Calcite (CaCOs;)
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6 8 10 _
Full Scale 427 cis Qrsor: 18436 (O cls)

. EDS spectrum Tugumiadi 1
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MINN 4.2 waﬂqﬁ_mnz®c,5..7._5mewa@eﬁsmnswa_v_vmn_vm\ﬁvjmd_,mmm_bqqﬂmﬁuarjﬁwﬁ EDS

DE RHA
Element
weight% | atomic% | weight% | atomic%
Si 24.87 16.08 4942 35.76
Al 2.83 1.91 - -
0o 72.29 82.02 50.58 64.24
Si/Al 8.90 8.14 - -
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A7 1N 4.3 efs@mbée@amﬁs@nsmaﬂww:zégnzzﬁeﬁsﬁza_ URZLOWUNAY

190U | BWIAaRNIA (um) e%swmmgzrﬁme* (um)
ODE 1-100 73
R8ODE 184-594 350
R200DE 76-112 89
P325DE 3.3-42 19
RHA 0.5-300 62

®NELKq *Distribution type: Volume mean diameters D[4,3]
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TG /% DTA /(mW/mg)
100 7 ~—> TG 4
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92 ]
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Temperature/°C
UM 4.5 TG - DTA inasluunsuuasfinlaszaay
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@ a de ' P 4 = a
IagaunAezunTIvwie 80 g idginge Juduldaunanisiiansiesdisznay
mauaiivasinlaszaaniidiumsdaumalasliazunsitoumiacis g asanaf 4.1

a1319% 4.5 3332?&\5&uamamdﬁméwm:mﬁ_._vmumumw_.mmammmanmuma_m833
IManlnaraauLa=BILARY

Sample | Si-Concentration (mg/l) | Al-Concentration (mg/)
ODE 2,085.00 219.45

R80DE 2,043.45 296.25
R200DE 2,113.50 229.65
P325DE 2,745.00 204.75

RHA 5,305.20 12.32
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o P ' { a a X o
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(Montmorilonite) §aina ldannfia o dumis 20 1vindy 6.5 aden wie'ly vinldAniavas
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A9 4.6 %Béaﬁ._\:gmme@amdmuméwm:mﬁ_,_,mu@nmwrmmamm:aumuméwm:;:
ﬂ:mﬂ,@mug@a,m@%ﬂa%mgs%a\zmx

Sample Si-Concentration (mg/l) | Al-Concentration (mg/l)
Calcined 400 °C 1,685.55 157.95
Calcined 600 °C 3,5638.50 1,010.40
Calcined 800 °C 4,140.00 1,259.40
Calcined 1,000 °C 2,979.00 348.15
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2Theta (°)

mmm 4.6 wwunaasuuuiimendvasdulaazasu (n) laiuaaloi @) waalod 400 °c
(@) waatal 600 °C (3) unalal 800 °C uaz (3) waalmit 1000 °C

_.mm MT= Montmorillonite ((Na,Ca)q 3(Al, Mg), Si;O10(OH),)
M = Muscovite (KALSIzAIOy (OH),)
K = Kaolinite (Al,Si,O5 (OH),)
Q = Quartz (SiO,)
H = Hematite (Fe,053)
C = Cristobalite (SiO,)
F = Magnetite (Fe;0,)
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Fﬁmwz,szwmBsemaﬂmzwmz asnidunausIu (ODE100)

o € a a a gl da [ 7 L 7
AT NN 4.10 maﬂiMNDQCSJarﬁxawaﬁﬂwﬁ @2_va@MS&U\JFS«*SQo&éS@MS@&@a giaaunay

o t ' s A A € &
.._vﬂv@@mqwuﬁv?sﬂg@gajﬁ taltaTzneng EDS

100DEO 80DE20 60DE40
Element
weight% | atomic% | weight% | atomic% | weight% | atomic%
Si 38.79 31.12 39.86 28.44 43.98 32.17
Al 7.72 6.45 3.94 2.93 2.78 2.11
Na 8.56 8.39 4.59 4.00 3.67 3.28
Ca 10.92 6.14 - - - -
O 34.01 47.90 51.61 64.64 49.58 62.43
Si/Al 4.93 4.63 10.14 9.27 15.70 14.38
Na/Al 1.32 1.50 1.43 1.18 1.60 1.75
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@13797 4.10 (si8)

40DE60 20DES8O ODE100
Element weight% atomic%
weight% | atomic% | weight% | atomic%
1 2 1 2
Si 49.66 | 44.62 | 37.04 | 32.70 | 55.18 41.49 23.18 14.67
Al 112 | 492 | 0.87 | 3.75 0.67 0.52 - -
Na 184 | 349 | 158 | 3.12 1.72 1.66 - -
K 1.58 - 0.85 - - - - -
o) 4581 | 46.98 | 59.66 | 60.43 | 42.42 56.32 76.82 85.33
Si/Al | 44.25| 8.83 | 44.00 | 8.35 | 98.50 74.00 - -
Na/Al | 2.00 | 0.83 | 2.33 | 1.00 3.50 3.50 - -
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jUn 4.28 LULMILRENUBTIRIandUaT lanediaindulaazasuill Na,0/ALO; = 1
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311 430 wUUMSEgURSISanduasdlanafinaindnlaazaauiill Na0/ALO; = 3

e M = Muscovite (KALSi;AIO (OH),)
K = Kaolinite (Al,Si,05 (OH)s)
Q = Quartz (SiOy)
H = Hematite (Fe,0O3)

C = Cristobalite (SiO,)

F = Magnetite (Fe;0,)

i
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= & o A € = a < % Y
MH_DZ 4.36 rrml_.uu_ﬁJMrQE\ur:ﬁdamrmﬂaémaaﬂwﬁmwwﬁ@M@JJFQJFZEH_QQ.S,

&m M = Muscovite (KALSizAIO, (OH),)
K = Kaolinite (Al,Si,05 (OH)4)
Q = Quartz (SiO,)
H = Hematite (Fe,05)
C = Cristobalite (SiO,)
F = Magnetite (Fe;0,)
A = Akermanite (MgAISi;50)

[ A a h\ s aa a
45 uamsAnwRAaNTINATwRAsSIINUHATEaemaiia FTIR

_,s@mﬁzdms:m$_,_,2m:zﬂ593@&&%5?@3m,@nz\_&m@zmmwmémamjﬂm
wadwas muﬂ 4.37 ugasBunTisamnauvasdnlaarasauazilanadwaiandule
sraaufifsandulasluavadlmdsusanloddeszgiwuandreiu wuidulaszaaus:
ms:m%mé,ﬁanfém 1040 uaz 796 . qma&:mamam?@sdema&:ﬁ Si-O-Si
stretching UazfswuAalusag 450 - 480 a0 IfluauaIWuse O-Si-0 bending MENAITN
3%%&%&93925&umdmnméﬂa_.ﬂea_@msmmﬂ&%ﬂué@a&: 10 luand uas
gIacanslodsudaing scﬁﬂmzmmza_.:_bmmeEﬂmsmmFammmndm,\smi??& Ml
ainadufidumiie S-o-si LA m_:_,_.i?._fﬂ:_.ma_.mmwﬁm:rmncm\am@ﬂm: wananie
uﬂ@ﬂaﬁ:ﬂanfém%nﬁe, 3440 waz 1660 o). Miflufiaraavius: O-H stretching
Waz H-O-H bending dN&AL :ms&%ﬂ#m%dﬁéwmm%m?swmémﬁ_.a.m:mm:dﬁ%
Q_,:Hﬂ,,_mmﬁa2?5&&33&3&5maﬁﬁ?mé%mmbgmsm@w:m\:.ﬁﬁxmsmiﬁs,_,se.
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= =t =3 aa . . a 3 { [l nh\
madSsuifisudiumasdsznauding (SiO-Si) vasarat1lNaLITANINT
AIuukuLUUgnla (degree  of  polycondensation) emam\m@ﬂmsmmémm 1eanns

L\ A oA o A o

. { a 14 g
3J$QESJS$SSﬂﬂﬁduaﬁmﬁmﬁim‘a_rq@ 1200-900 Ha. &awiﬁﬂﬂﬁamjﬁgergﬁ_ﬂddg

6l o

FUNUIBY FaTduRuiifiavesdlanedwesnisanaulasluasslndousanladde

€l o

8z NUUANANY UFAIHAMIATTIN 4.11 .z:%_ﬂm,zmmémﬂ‘_zwsﬂmaismggma
L\ A

Na,O/ALO; LYy 3 ?3%33:2:32323\3msﬂmoﬁ_ma Na,0/ALO; WL 2 Uay
Na,O/ALO; LYY 1 euday 3_._,%,._33msﬂmu&smﬂawe% Na,O/ALO; YNy 3 1
=l -~ 1] 1 L L o b ] _sa ~ ~ h. +
anInsarnuiuuvugnladgiiigadeiliniisesdiinauazazglivuaiianisiseude
« o L\ 3 a € o aa - & ' et
TERIINUTEUND Y 3?3@23&?2mmESmnwsz&mEsﬁm&: [15] damal#3lawe

a (3 as as v oa X al @ 1 a
mrw_wqmﬁagmﬂm:;mamﬁés gw_eﬁa.«r 60 3M23.~.29 AT NLTUALUAT

DE

Na,0/ALO,=1

29~0\>—NOuHN 450

4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber (cm)

UM 437 Burrisamunaiu (IR spectrum) vp33lanafnaiandnlaazasund
dansm lagluavasladsuaenioddeazgfiviuandranm

MR 4.11 Aufifavasdimiinasausisinaiia FT-IR w83 lanafiwasandnleszasu

Aal o

Su,_msm\._moﬁ.mﬁ mw&méw&&g m_u,_wmjfusﬂmmemaﬁﬁgvsgavﬁ

Sample Location of Si-O-Si (cm v Corrected area | Peak area ratio
DE 1040 - 8.41 1
Na,O/ALO; = 1 1044 8.70 1.03
Na,O/AlL,O; = 2 1022 10.45 1.24
Na,O/AlL,O; = 3 1062 15.14 1.80
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Aa

P . A o ' L\ a € 3 L\ e A
lla Peak area ratio 18 msmgmoﬁemaiﬁsﬁsaﬂmﬁmmpﬁwmswﬁﬁszﬂsﬁéswnsmt
a & A . . . -1
Corrected area fis WufuaINa Si-O-Si stretching (1200 - 800 cm )

46 WAMSANHIANMNEINITOIBITKIANNSanvasdlanadwas
g.msssmmc%.%éjzmﬂaﬂms@mEmmﬂzzy_m.,..mmjmnméﬂa_,mmz_\_,mgmmz?&
warlwunadoylaasenlodanududu 10 Tusas waslo@oadfinadudinszan
smﬂ,ﬂ::dzma:znsmm_VE:?wc.zm:m,,_ﬁﬁmasﬁw&mﬁmﬁsg 1 F2las faurinis
azwmd:@é@.Esmwn_,.swsnmaﬂnzdssmm:ﬂ%za)&a%&w 423 mm_zdm:mwgsmm_
75 asenaaldoa (uszeziaan 5 %Emcsﬁas:)__,SW:_,_.mu:dms_f\.:mem:e@&m@m
Towadiwasuaaisaatsed 412 lasnuindlanedweifiaionannsldasazais
ladoalaasenlosd (100DE0 10M(Na) (1)) Ssmuhanufauginimisldasazas
Tnunmdoulaasenladdnias (100DE0 10MK) (1) ilesanmisldasazans
lndoulaasenladl¥slanadiueififinnuuiudunnnin .Pméﬁzﬂaewa\wmﬁm%ax_z
%z%&%ﬁés%:@...E,_.wun,_?a%mﬁamw:m,._:ﬁ sazifiafesondadsnimia
SouvesilanadweinfinsunuiiawlaszasudasidunavluySanmens 9 wudidinis
danutaunaidlanediwe fifuiuauSinaudunaufiiadu nanlavayy Alawad
waifidnanatldnnanlaezasudanaisnimianuiouriiiy 0.30 Yadaaiuasias
I Msemniau_,pzde@aw@mm:n%u:m:%amxnx_mmm_msmiéuxﬁmfgm
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anuFaule

P ¢ a ] } 37 as a a ('3
@134N 4.12 EJTQQmﬁagzsd\rﬁr##rrmuﬁgmﬁgﬂog8@@#&@&@&@.@.”@5wmwﬁwm

Sample Density A@\OBJ Thermal conductivity (W/m.K)
100DEO 10M(Na) (1) 0.89 0.30
100DEO0  10M(K) (1) 0.87 0.29
80DE20 10M(Na) (1) 0.95 0.31
60DE40 10M(Na) (1) 1.01 0.32
40DE60 10M(Na) (1) 1.01 0.32
20DE80 10M(Na) (1) 1.02 0.33
ODE100 10M(Na) (1) A.om. . 0.35
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317 4.38 LRAIANURNAUTTTRINIA1ANNLTILINNNUIINAEA (Compressive strength)

a as [ un\ g t hm\
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31 4.39 LEAIAUFNARTTER 9 NVUTILTINNUIINADA (Compressive strength)

29483WAINTTUN Autoclaveriszaz I UM ILNANNTY
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(Calcium Silicate Hydrate)
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awzgpmu@mar:eaésmmﬁzmmaaémaﬂaménsmasmas%e_bgeﬁ anlouiln
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aan

' a v a v L\ ) o ¥ Aa 3/ o ¥
nstadiisendaslomiinliifeldunntiudenarilifalaseaihs CSH uar CAH vhlv

10 wldvinag
A =y s h-. 1 { 1 L\ s
nasaslunsfinmdninavasdiudsangdsly asnmstvenufwmiuie 10 Su

P & P X o o 4 o
AATAITUULBILIINUUNYU aJDEEDJMSSEwaawSJDJmmemdgﬁas

diahlihinday Autoclave figninnfigetia 180 °C dgmansanuld lilRanisuanin
IR

4.8 nan1sAns1dnsnazassuimuaaiBanlaansanloduiosnsidIns=nig

caoisio, lasluadifideufiselonluariin

A1TN 4.14 FrunFua 9rasdglummesssuazaniaiiinavesds

SINHEL fuALBINg
Ay M3
A any | udwus | gady
@AuLun | Ca(OH), | CaO/ | %Ny NI
(%) (%) | Si0;, | wada | nwuw | vuuw | neda | W(%)
(@em’) | (glem’) | (MPa)
85 15 0.25 2.81 0.88 1.46 54 62.4
80 20 0.35 | 1.80 0.93 1.47 6.9 58.4
70 30 0.60 | 0.78 0.93 1.48 7.2 57.2
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37 4.40 LEAIANNTURUT 2T 19%N1INAGT (%Shrinkage) NuLSanauaaidonlans
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1.50

1.40

2

{g/em?)

1.20

1.10

1.00

AUV ULV

.90

0.80

0.70

. el .| s 31k density

QIR

%cc;um:m?
wuvii

10 15 20 25 30 35
Usinaweaduslsasenleod (%)

U7 4.41 LEAIANUFUN Tz RIIAa N URMILYY (Bulk density) NUUTaN™

waatdoulaasanloa
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(MPa)

o

AMULIRUTINNNITING DR

=~

4.0

80 -

7.0 -

m.O »

50 -

10 15 20 25 30 35

WSunameaiGonlaasan lod (wi%)

Ui 4.42 WRAIAMNFNAUTTERINAIRNUUTILTINNULTINASA (Compressive strength)

AuSnmuasidoulaasanlaa

s
/

z(%

nReEuT

A

63.0 -

61.0 -

59.0 -

57.0 -

53.0 5

10 15 20 25 30 35

Psnaweadudisesenod (wit

31 4.43 ugeIA NIRRT ITRINAIMMIRaTUIN (Water absorption) nulunm

uaaidunlaasanloa
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' A A a = € A &
nnnsnesasnud  slinm@uRinawesweadualaesan lodiRuinntvez

-3 e A < N a v as hﬂ. k 4 . M\
bidafianaudussnniu Siusiunisialiusesnnumiuinuaziidsmgaduiin

a PN ot & o
aasd  thasnnmainlinaesuaadoylaasenloduniussildluszunittnm

2+ X = a & 1% = Aaa @
209 Ca  iu Dmwnifadulenshiuesdoudinalaasa  (CsH)lE las
as ) . L =t aa hu\ ~|
aATEIUVEY CaO/SIO, Ninunzaufia 0.35 uaz 0.60 lasuaaiFoudinalatasafaniu
dftasiuAaravanuudussludy S lildrudfdindnussanduimadulinm
unatdoulaasanlad 30 wt% miwawanuuissvesdgisuanuasianuudusunn
P % o 2 va o a v 1a a a € 4
figa grinimasssdsldidangasifinslfiinadwn : ueadoulaasenlad wiiy
70 : 30 luvns@nmdniwavesBnaddduimanzanlunisiadfidodealaad

¥ a

naaly Wiasnnnndudlduiinuideaugnan tidddusansatislumszans
a Lh

a o a L < a an v hu. L\ A g A A
axpfivinlasaunniagfuiiduesgliluddinaldifinan Sedasnsdnwnmaaudydund
nasalfizentaslosfindaly

aaa

4.9 nansansdnsnazaslSaadlduniiaaljisenlesloafin

AT 4.15 FIUHENE JUIBF UM INAaILaraNUATINAY998]

FAUHEN FUUATING
any | n
AU ava | udws | gadu
@ | Ca(OH), | Budu | %n3 NI
(%) (%) %) | naa1 | nwuin | vuwiu | neoa (%)

(glem’) | (@em’) | (MPa)

70 10 20 0.61 0.86 1.49 7.2 71.0
70 15 15 0.67 0.87 1.48 8.9 70.1
70 20 10 0.22 1.02 1.49 10.9 42.9
70 25 5 0.42 1.02 1.50 9.9 43.7
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10 15 20 25

Sunaudugy (wi%)

317 4.44 LEAIAUFUWUTITRIN%NNTHARNL (%Shrinkage) NULuNMBGY
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'

NNV
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1.40 -

1.30 -

1.20 -

1.10 -

1.00 -

0.80 -

RBunaudau (%)

. = el
e ylk density
RISIG
...E..icc:mmm.:mmz
wnvhin
¥ H
10 15 20 25

U7 4.45 LEAIAINNTURHE TR IR LI (Bulk density) NULSHNB1FY
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FIINANTNR

7.0 -

AT

6.0

5.0 . ;
0 5 10 15 20 25

YSunaudUsu (wi%)

juli 4.46 LREIAMNFUNUTTERINIAANUUTIUTINUIINADA (Compressive strength)

nuRunawasiivay

70.0

65.0 -

60.0

i (%)

w2
@s

{re

55.0 -

&

m

50.0 -

450 -

40.0 ¢ :
0 5 10 15 20 25

RBunaudUey (%)

U 4.47 LaaInnEIRuE TR eAN1Igadaui (Water absorption) Nud3anaiuas

flery
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nnnmesaswud madudddurilitgliannaudussannnindgnlaildidy
o T L o o =Y a =y L L\ o 2= ~
Bty wamllavhnsdedlsululSinannnivezsilddgienoudiseess  uas
v o o P ' ¥ da X o = « a
guiutiudananmuiuiaeauasimIgafainfitinduds - Saadnihezfiean
34&;93%22?2mw\zwmgs ,._,9mnd_mamz&\axﬁm\mnmwﬁzgwmmﬁwwuméwmz%
L3 hh\ g a [ =Y = @ aa
lawniu  eredufedussdzneusfiewaaidonazailudfinalaiasa  (CASH)

. o Aa A A oa o Mo a v & 4 ot A a e &

fIsznauudasaniilalduilay ua itfialasisetdia lulimadududuiin
RIUHEY &aﬁm:dé&5:3&_bﬂnﬁaﬁmwzs,ammgm

ST

Gypsum 20 %wt

Gypsum15 %wt

Spectrum 2
Element Weight% Atomic%
(6] 43.12 50.67
Al 4.40 3.07
Si 28.59 19.14
Ca 9.37 4.40
Totals 100.00

o e Pt e e P et e
0 1 2 3 4 5 6 7 8 38 10

Full Scale 685 cts Cursor: 0.000 kev
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Spectrum 1
Element Weight% Atomic% N
O 27.13 42.11
Al 3.31 3.05
Si 44.39 39.25
Ca 25.17 15.59 ca
° A
Totals 100.00 8
P L) T T T T T =2 T L] L LA L] hd
0 1 2 3 4 5 6 7 8 S 10
Full Scale 482 cts Cursor: 0.000 keV
o as €
yanwol ©
Spectrum 1
Element Weight% Atomic%
Al 2.64 3.52
Si 10.87 13.91 Ca
S 22.47 25.18
Ca 64.02 57.39 Si
Totals 100.00 >_
: L] T T T T T L] Ll >-
4] 1 2 3 4 5 8 9 10
Full Scale 498 cts Cursor: 0.000 keV
[ as ¢
wanu @
- - Si Spectrum 2
Element Weight% Atomic% 0
(0] 49.91 62.49 Fe
Al 4.97 3.69
Si 19.49 13.90
Ca 10.61 5.30
Fe 7.97 2.86
Al ca
Totals 100.00 :
C Fe
Afe o
o 1 2 3 4 7 s 10
Futl Scale 776 cts Cursor: 0.000 keV

UM 4.48 usaslassainegamevesdgliodndFinadudy 20, 15, 10 usz 5 %wt

ezl TR aInlsznaunaaiiaas EDS

91nua EDS vasdgiaidunBinadudn 20%wt fivsnadydnuel A wuind

559535 Si mm,:z..mué Ca Uz Al @ mafﬂémsm;m%au&:m;332?

ana 1

L " v k I n- ’s 1 a bt
(W1 TINLaRMATEIEE Ca uaz Al Usiuagae ,ZEﬁwewgssmﬁégsmma%s93_,

§auna EDS dnadydnual B wuihililfinnwesna Ca usz Si daudnage Seee

T iu
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Tasaai19was CSH dauna EDS Mdnmdysnwel ©  wwwuilanafifisnsaniu
wiudnSanmues Ca uar S Mldenaldduiuaymeaves caso, Adralailav
UfAssiudeduduissliRaufisoineuazanua EDS fivdm
dyanwal @ wuihiifinnmwesng SideutnigesainsnnTnuLTINMIaIme Ca Uaz
Al flndidsaiu aniulassehefnuihinendulasiairs Gismondine wa CASH
IMHATEY EDS  vawaaszwuimadaildueztielitdenuudusnniu
nifldinaudldunanandudasduluBnafimnesy  wnanfaduanndnldasi
Aalaseai19nas Ettringite delassairodieslumasmniindaiusaslaseers CSH 39
Mlkaanuudusaess waznnmadndduiSinm 10% asnuiniilassaiiaduly
PaEn g fitiinunsdudlduing Sodalaseaieves CSH  uazan
3&:535?&%:xéimmmm [16] wuindlafimadudlduszwulasseissiianits
weniloanCSH 493unin Gismondine (Ca,AlgSisOs.16H,0)W38 CASH @ailun
Tawsadfindes CSH uailvwadnuastSinownnndr swdartuadoudouss daiu

v a a

sungfivhagAduBudulianauudusannnidgilildduiddy

-
®
o

| I |

-
IS
o
I

i

Y Axis Title
>
o
!
@
<
o

60 —

40 -

20 —

aAnilbdgleipsdipiuidinn  GYP 5%

M ¥ v L] i ] hd L] v T L

0 10 20 30 40 50 60 70 80
X Axis Title

71 4.49 uFaIHAMIIATIzBIATENaUMILITe B llatAu TINmBUGY 5, 10, 15 uas

20 afiFudlagiinin
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2 s : a “ a a o Q3 a
nnnsansadslsznauniusvasdglisidulSinmblsunuinianwaraiCsH

~

i a t 4 ~ L 3 L\ s o U o

.mcﬁcﬁugﬂgﬁugaFﬁﬁﬂas_.:@eﬁjdww w_u_agjﬂsmh_mmﬁd@a CSH 33 use WuUlWaDD
L | L =3 a aan e

Quartz LasGypsum 42E:O:m_ﬁ__gnm«ﬁmcasfsmwa;::gm_.:gi&amgsmwmz

aaa

a 1 e . . < i =3 .h\ { a
Ssiw:é#amﬁm% LazdInuinETay Ettringite (W38 AFt)  filiedwiliaiduisunn
il

yil
a a %“ A & o L\ a < ) o \h- &
usmsﬁﬁasiri#agﬁ\u#&):aﬁ Ssriﬁ.m\dm&mummdﬁiadﬂ.ﬁ AFt LazituaIn AFt iln

[aed}

FulAn 10 wt% lapnsifia AFt m;m:,_,%m:mazdmmnmwﬁaimmu%mwm:gf:

A a ] : 4 [ s o a : o b4
aymefidymalngind’ CSH ann FafuwsrdarminsBanuszniseymea CSH v
anundnsivasdzanas

]

410 wan13AnuBNSwazasgmu)ilun13 Autoclave ffidadpisenlonloariin

a9 4.16 gannAnldlunty Autoclave 28983 WM INAABILATFUTALTINGVDIDT

@_gsmw FIUNFY RUUALTING
any | 9
s any | any | wdusd ms&a
8y
dulun | CaOH), | Tu | %ms | ww AU | MU
luwns (%) %) | (%) | naaa | wviu uiu | neda | W
Autoclave
(°C) (glem’) | (gfem’) | (MPa) | (%)
25 70 20 10 | 114 | 0.4 1.50 6.9 54.3
80 70 20 10 | 0.08 | 0.89 1.49 6.3 61.6
130 70 20 10 | 0.22 1.02 1.49 109 | 429
150 70 20 10 | 133 | 0.97 1.48 8.5 50.2
180 70 20 10 | 152 1.00 1.49 8.8 48.3
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0.60 -
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0.20 -
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gaunni Autoclave (°C)

31 450 ugaANWFRUTIZWINI%NINANT (%Shrinkage) nugunpiiluns

Autoclave

ARMULLL (glem®)

4

a9y

1.00

0.80

1.40 -

1.30 -

1.20 -

110 -

0.90 -

watrn Pyl ddensity
NN

~f=bulk mozaz
unufit

0 30 60 90 120 150 180
gumpil Autoclave (°C)

3171 4.51 LEaIANNENNRE I IIAAMIRIILIL (Bulk density) iugmnpiiluns

Autoclave
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12.0
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e

3
& 80
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A—J
&
S 60
=
[
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@

k!
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ﬂ

0.0

50

100 150 200

gamnil Atoclave (°C)

3UA 4.52 LRAIANNFUNUE TN NUTILTIINUIINGEa (Compressive strength)

m:mgsmw?zd Autoclave

70.0
65.0 -
m.m; 60.0 -
wcm mm.o :
-
%
& 500 -
&
le
C
< 450
40.0
35.0

50

T

100 150 200

gunnil Autoclave (°C)

31 4.53 LaasANNEIRUEIznIIAIN1IgATaNN (Water absorption) iy anpiilums

Autoclave
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Blesie Fracton CaliCa0-SilL) of Sadting Materal

u_.us 04 08 0B 67 G 10
__ m Harsenls
B ’ % 5
B oeCasio, 1 |
= ‘ sLadl, Hectwarae | _
m M “ phondsaiids
o 400 & [ Foshague _Eﬁ@%m _
% Py 3 ] ¥
T Tegscomte b , | Trcatcum
© A0 £ X K onatite _ . M m,wwwwmﬁ _
L X ) ! LR
@ L0 Ppdeale pogen:
Lo i : R 4 T LR A e
a2 200y wm LR o yrate
m g m ﬂwwﬂ%m@w Hikebrandine m
2 . Zeprume  ViATobenmoole m e 0.6 fnyrate <
LA 1+ .m m M Afwilite -
wel BB M 14 A Tobwrmorile - o
T CalH 80, m C-5-H1H CS-HUG uw
3 1 5] B¥ 10 Y 7 n

Gal8i0, Mok Rane of Stertog Mates!

Py da &
311 4.54 fUsznauftiaduluszuuves CaO-Si0,-H,0

NnramMInaasdnLin Milfgmun)llunis Autoclave [17] 837 25 °C uax 80
°¢c Aldranuudnsindnfadszun 7 MPa s%mm,.?nj%amasamgnﬁ Autoclave
laufle 130 °C Tailugisvas Steam pressure vl lainauas CSH fiilu Tobermorite
A & A It P A Py s = . A ad
udundngiiin Januadios Jalddanuudaunigandinig Atoclave figningiian

. d hv. =\ L\ -~ 1
_,532:3_,&92523:?:3 Autoclave §99ufia 150 °C uaz 180°C ULt
as a 1 ] hu. ] “\ { D. L\ k». ~
zanmIFuNUB A NunLiuiaaauazdnMIgadih i nduiiasnniians
a a A Aa [y ' ‘ . a o @ . <
289 CSH Bnuilanitifiilaseaiannusuandisann Tobermorite 39vlidaaudanss
AR %ﬁ;zd._,,mmasmwﬁ::d Autoclave aumwgm§xdmamau,.\.s_,m&yqamm\zama

CSH Al NNUTILTIF ﬁ:mmzdﬁmgsmw?zd Autoclave # 130 °C
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411 zm:\_mm:msmsmsmefsm&:;sem,._m:,:\_mé\zmm&w:mmmméma.—..uw\.m:

°

a3 4.17 pwnadwunalenlsvindglunmanssuazaud@iiinaredy

FIUNTY FUUALTINA

ana | ng
YUI6 anw | e | udwuss | aady
&1l
Gwin | CaOH), | Tu | %m3 | ww1 | wur | 3NUN
AL (%) (%) %) | naen | win | win | neda (%)

G\oamv GRBJ (MPa)

Lan 70 20 10 0.22 1.02 1.49 10.99 43.7
wny1Y 70 20 10 13.65 1.19 1.52 5.0 38.8
*PPAALaN = mmgﬁmndauﬂmefg@mm@éfgmm

0.33 pm uaz 13 pm
PAARENY = FIATUNT 80 L (W38180 pm)

: va ° k 1
PnuamInasssnuimIEawnsithisaiEndiliminzngwieeymaegy
2 wia o 0.33 uaz 13 pm Wanuudaussesdgainnninslianunawansy

ad da

_.mmaﬂzefswmb,.2m:as§za.§3mm:&m§:_,_,znwmﬁim&&gémsawﬂﬁg

Aaaa

1 Qs u“ o =3 L\ 9/ 1 ~ v/
1NN 2:&:3591wamé33?53&95333 Aalasegeuas CSH ann
danarnlidnanuudusannauday udasduinisldauuiidniazunss 80 mesh w
%gﬁasf::.&ﬂm%%&%&m\a._»_\:mm\:%gé_.&a_,_,.Zm%ew,._mw WiadandIung
A L =3 I [ h.. o L\ '3 =3 a as L\u ¢ 2
9352359mgnéss?:s8Sas\.._,.s_.zm%géﬁm&&%wsgd Pack §2fidni134
Fldenanurniiwinnniimsldawngiswiaian Hsuaum\xﬁﬁmma%gdmgma

v
o

indaaae
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v
ﬂ’liaﬂﬁ’ltﬂ KL ﬁi”‘l\‘l‘i’l’ld?aﬂ’lﬂ

o

fysnwol ga

Element Weight% Atomic%
Al 9.30 11.11
Si 46.39 53.25
Ca 4431 35.64
Totals 100.00
ssnwal A\
Element Weight% Atomic%
Al 13.65 17.11
Si 27.81 33.49
Ca 58.54 49.40
Totals 100.00

80

S Spectrum 1
Ca
Al
ot ¥
T T T T T T
0 1 2 3 4 5 6 7 8 9 10 1
Full Scale 132 cts Cursor: 0.000 keV
Spectrum 3
Si
Ca
Al
8
A e |

T T T T T T Y *f
0 1 2 3 4 5
Full Scale 158 cts Cursor: 0.000

U 455 ugaslasaaiemigame wazmaieTeeasssznaumaaiivesdgivnani

HNTIARENY (DUMAAIIAZUNTY 80 LAY (138180um))
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nea EDS 2a9dullaliAunawiaaumasiazunsy 80 mesh (#38180pum) 7
Whudydnwel B wud $iSnowesme Ca wez Si daudiage Beainhaniu
Tas9ai19789 CSH uazudimadyansol A WUMILUTAN V89516 Ca Aauinags ue

. A o t o & v A g . & [y
WulSinmuesme Si uaz Al fisdindiun amulasiaafiwuisinaniulasiaieves

ann a

Ca(OH), Atinannihil§Asen nianafadfizens gm:mm%

aaa

412 wamsAnsBninavasszazaatluns Autoclave Niaadjizalanluaiiin

a1319 4.18 szaznaflEluns Autociave B3lunisnaned uazauALEINaYLIB3

328217 RIUNEY FUUALTING
Allunns a1 anu MINATY
Autoclave | @win | Ca(OH)(%) | Budu(%) | wwwsdu | uliussan e (%)
(@) (%) (glem’) | u3NeHa
(MPa)
3 ” 70 10 20 0.82 9.83 54.95
6 70 10 20 0.85 10.27 57.13

9 70 10 20 0.91 11.59 58.42
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0.88 -
087 -

AWML (gfom

0.86 m
0.85 -
0.84 -
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0.82
0.81 - : ; : ; ;

2 3 4 5 6 7 8 9 10

zaea N g lumsAutoclave ($73139)

31l 4.56 urAsANUFNRUTIENIIAIANIMIIULLL (Bulk density) Auszezaldie

AILNA28 Autoclave

118 -
116 -
§ 14
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F 12!
a6l
e u-
oz
£ 108 -
fr
€ 106 -
&
Y o104
=
- 10.2
=
S 10 -
{a
98 -
m;m M E £ 3 £ £
2 3 4 5 6 7 8 9 10
Ty g lwsAutoclave (5 19)

Ufl 4.57 LEAIANNAUR BT TNI9AAN LTI TINN1INAAa (Compressive strength)

AuTza=IN T LlWATUNeR8 Autoclave
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ANFARTUIN
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56 -
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545 ﬂ ;
2 3 4 5 6 7 8 9 10

sruznmlglunsAutoclave (52109)

U7 4.58 uaanaRNRuETzwisMIgaduih (Water absorption) filis: T atl%i30

N5UNA2Y Autoclave

| . . IR N S

nnInaasswud nslFiaanlunns Autoclave  Bgunnaiu axvirlwdgiiana

& p S A qw & o 9 w P
wisusanndmiiosan Beldiaanlunis Autoclave anniu azrldeumafinanluns

o A o oo e X 4 & a ana a Y
SadidaBatuannis asesBadanuiaUjitedesloam uaziialassaiisvas CSH
& & o P> SR L™ B a_d
anniw nsldszsziaanlunts  Autodave anndiu lilasihiaglugwinuesdgll
a o & Y da  a o . X 4 o 9w
aududnan leifisudesldinanlunarzan Al uaz i senunanniiu Sevili
=3 A s \h\ a uu N\ ! a e ¥
AaUidTodaslasmuanniu danulaseainives CSH Faundudas udluanuidai
FoaniBgfifanuniudags 9 uaziidanuudaussfivnanza FIRUTIRMIUNUTING
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413 HanSANEIBNENAVAIANNARN 17 14N15 Autoclave

84

a9 4.19 anuauililums Autoclave 83luntmasas uasanifidinavassy

ANNARN FIUNRY FUUALTING
15lunns a7y a7y 35@.9&&
Autoclave | @uitn | Ca(OH)(%) | BUdu(%) | wuwwsin | wiwssnn | ¥ (%)
(psi) (%) (glem’) UNNAAA
(MPa)
10 70 10 20 0.83 10.07 59.28
15 70 10 20 0.85 10.27 57.13
20 70 10 20 0.90 11.31 55.44
0.875
0.87
o~ 0865
S 086 -
E3
S 0855
fe
£ 085 -
=
[
& 0845 -
0.84
0.835 - ,
9 11 13 17 19 21
aasufilTluntsautociave (psiy

317 4.59 LRAIANN TN U TR I9NA ALY (Bulk density) Tuauaufildlunis

116728 Autoclave
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aueun LT lnnsAutoclave (psi)

3171 4.60 LRAIANMNFUR B IZnIIAANUUTIULTINNN1INGa (Compressive strength)

fuanuauilslunis Autoclave 83
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585 -
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a ¥
aesun (%)

Y
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i

55 IS : : .
9 11 13 15 17 19 21

musuilglumsAutoclave (psi)

371 4.61 waedaNEINUTsznIsdNIaaduin (Water absorption) fuanuauiilsln

nNsAutoclave 83

85




86

. o\ n\ L \V L\ o a\b
ﬂzzdssmizcﬂ 3)a.~,a3)_a9e_.s,_,$§d>Eoo_m<mmﬁagzazansﬁsmmm
@Sa_,__e&?,_aéeﬁéiﬁz anuanlunde Autoclave azvimsfiudaldaymeaiinies
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Abstract

The syntheses of lightweight geopolymeric materials highly siliceous materials viz.
diatomaceous earth (DE) and rice husk ash (RHA) using SiO,/AL,O; ratios of 13.0-33.5 and
Na,O/ALO; ratios of 0.7-3.0 were studied. The effects of fineness and calcination
temperature of DE, concentrations of NaOH and KOH, DE to RHA ratio, curing temperature
and time on the mechanical properties and microstructures of the geopolymer pastes were
studied. The optimum calcination temperature of DE was 800 °C. The increases in fineness
of DE and in alkali concentration resulted in an increase in compressive strength of
geopolymer paste. Geopolymer pastes activated with NaOH gave higher compressive
strengths than those with KOH. The optimum curing temperature and time were 75 °C and 5
days. The lightweight geopolymeric material with bulk density of 830 wm\Bw and compressive
strength of 1.5 MPa was obtained. The SiO,/A1,03; and Na,O/Al,O; ratios of the material
were 13 of 1.0, respectively. The incorporation of 40% RHA that changed SiO»/AL,O; and
NayO/AlL,0; ratios to 22.5 and 1.7 enhanced the compressive strength of geopolymer paste to

2.4 MPa with only a slight increase of bulk density to 1,010 wm\Bw .
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1. Introduction

Manufacture of Portland cement is energy intensive and emits a large amount of carbon
dioxide of approximately 7% of global emission [1]. The process also produces pollution in
the forms of dust, noise and vibration with operating machinery and during blasting in
quarries. Efforts, therefore, have been made to develop alternative cementitious materials to
reduce the mentioned problems. One of the promising findings is to develop a geopolymeric
material with low CO, emission and low energy requirement. The geopolymeric material is
produced from the dissolution of alumino-silicate oxides and the polymerization reaction of
those dissolved species in the presence of alkali ions for charge balancing in framework
cavities nearby AlOQy location. The reaction forms SiO4 and AlOy, tetrahedral frameworks
linked by shared oxygens as polysialates or polysialate-siloxo or polysialate—disiloxo
depending on the SiO,/ALO; ratio in the system [2]. The connection of the tetrahedral
frameworks is performed by covalent bonds in the long range. Geopolymer structure is
therefore perceived as dense amorphous and/or semi-crystalline 3-D alumino-silicate

microstructure.

Nowadays, lightweight construction materials are used to reduce the weight of building
structures and improve thermal insulation of buildings. This study, therefore, focused on the
production of lightweight geopolymer. Suitable lightweight source materials containing silica
and/or alumina and are abundant in Thailand are diatomaceous earth (DE) and rice husk ash
(RHA). DE is a sedimentary rock consisting principally of highly porous skeletons of diatom,
in other word, a loosely packed mineral. The porous silica structure gives DE useful
characteristics such as unique particulate structure, low bulk density, high absorptive capacity

and high surface area [3]. The deposit of DE in Lampang province in the north is quite large



with estimation of more than 100 million tons. The mineral composition consists primarily of
silica with some clay minerals viz. montmorillonite, kaolinite and muscovite [4]. These clay
minerals render DE as a suitable source for making geopolymer. Rice husk ash (RHA) is
considered useful to help increase the dissolved SiOs4 species during dissolution and for
subsequent polymerization stages [X: S. Detphan, P. Chindaprasirt, Preparation of fly ash and
rice husk ash geopolymer, International Journal of Minerals, Metallurgy and

Materials,....... ].

It is still not certain whether 3D built-up structures of geopolymer made of highly porous
silica are impeded due to its characteristic long ranged bonding of inorganic polymer chains.
This research, therefore, aims to study reduction of unit weight, developments of strength and
microstructure after the chemical reaction of polymerization. Thermal conductivity is also
investigated. The knowledge of the production of DE lightweight geopolymer should be

beneficial to the understanding of the mechanism and to develop the lightweight materials.

2. Materials and methods

2.1 Materials

DE was obtained from Lampang province in northern Thailand. It had particle size (ds3) of
73 um, specific surface area by BET of 46.8 m?/g and specific gravity of 2.55. Mineralogical
compositions of DE consisted of quartz, montmorillonite, muscovite, kaolinite, hematite,
some semi-crystalline phase and amorphous phases. Laboratory grade sodium hydroxide
(NaOH) and potassium hydroxide (KOH) and industrial sodium silicate (Na;SiO3) with

32.39% Si0,, 13.44 % Na,O and 54.17% HyO were used.



RHA with particle size (ds3) of 62 pum, specific surface area by BET of 48.7 m*/g was

obtained from burning of rice husk at 700 "C in oxidation atmosphere. Amorphous silica is

obtained by burning rice husk at temperature lower than 700 °C [XX: P.Chindaprasirt, P.

Kanchanda, A. Sathonsaowaphak and HT. Cao, Sulfate resistance of blended cements

containing fly ash and rice husk ash, Construction and Building Materials, 21, 2007, 1356-

1361]. XRD indicated that the mineralogical compositions of RHA composed basically of

amorphous phase of silica with only small amount of cristobalite. Chemical compositions of

DE and RHA are given in Table 1. Photomicrographs of DE and RHA are shown in Fig. 1.

Table 1 Chemical compositions of DE and RHA (Si/Al ratio is molar ratio of SiO»/Al,O3)

Raw Chemical composition (wt %) Si/Al
materials SiO, Al,O3; Fe;O; NayO KO CaO MgO TiO, P,0Os SO; LOI ratio
DE 7746 1097 9.08 tr  1.07 035 031 041 tr tr 035 1198
CDE800 66.48 13.18 1831 tr 1.12 047 t 043 tr tr tr
MDES800 75.52 1215 1027 tr 124 039 t 044 tr tr tr
FDE800 79.76 10.81 7.42 tr 126 033 tr 042 w tr tr
RHA 8525 0.11 0.18 tr :.w,o 079 03 0.03 1.10 0.08 1029 1315
FRHA 96.47 0.00 0.32 tr 150 075 tr 0.02 061 ftr tr

Tr = trace (0-0.049%)
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Fig.1 Photomicrographs of (a) DE and (b) RHA

DE was calcined at 400, 600, 800 and 1000 °C (DE400, DE600, DE800 and DE1000). After
calcination, DE was sieved into three lots of coarse, medium and fine particle sizes. Coarse
DE (CDE) was the portion larger than sieve No. 80. Medium DE (MDE) was the portion
larger than sieve No. 200. Fine DE (FDE) was the portion passed sieve No. 325. Fine portion
of RHA was obtained from sieving passed also sieve No. 325. The chemical compositions of

DE, sieved DE800 and RHA are shown in Table 1.

The leachings of Si and Al ions of calcined DE and RHA were measured. The leaching test
was carried out by stirring the calcined DE in 10 Molar (M) NaOH solution with solid to
liquid ratio of 1:10 for 24 h. The dissolved Si and Al ions were verified quantitatively using

Atomic Absorption Spectroscopy (AAS).

2.2 Details of tests

The mixing was done in an air conditioned room at approximately 25 °C. The proportion of
each mix was stoichiometrically weighed according to Table 2. The mixing procedure started
with mixing of NaOH (or KOH) solution, sodium silicate (Na,Si03) and DE for 5 min. Water

was then added and mixed for 5 min. The mixtures were cast in 50x50x50 mm acrylic cube




mould. The specimens were then wrapped with plastic film to prevent moisture lost. After
delayed time of 1 hour, the specimens were oﬁmm in an electric oven. The specimens were
cooled down in the oven and then demoulded the next day and kept at 23 °C until the testing
ages. The compressive strength tests were performed at 7 days in accordance with ASTM
C109 [5]. Density measurements were also conducted at age of 7 days using direct
measurement. The reported strength and density were the mean of three tests. XRD and SEM
analysis were conducted on the broken specimens after compressive strength test using a
Philips X'Celerator diffractometer with a Cu Ko, radiation and JSM-5910 LV microscope

equipped with EDX microanalysis, respectively.

2.3 Test series

2.3.1 Effect of wxa-:_\mSSmE,
In this series, fineness and calcination temperature of DE were studied. NaOH with
concentration of 10 M and the Na,Si03/NaOH ratio of 1.23 were used. After delayed time of

1 hour, specimens were cured at 60 °C for a period of 3 days.

2.3.2 Effect of synthesized condition on DE Geopolymer

The results of section 2.3.1 indicated that fine DE with optimum calcination temperature of
800 °C (FDE800) was suitable source material. It was, therefore, selected for the following
tests.

(1) The concentrations of NaOH and KOH

The concentrations of NaOH and KOH of 4, 6, 8, 10 and 12 M and Na,;SiO3/NaOH ratio of

1.23 were used. Compositions of geopolymer in mole ratios of samples No. 1 to 10 are shown
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in Table 2. After delayed time of 1 hour, specimens were cured at 60 oC for a period of 3
days.

(2) Curing temperature and time

The 10 M NaOH and Na,SiO3/NaOH ratio of 1.23 were used. After one hour delayed time,
specimens were cured in an oven for different time intervals of 1, 2, 3, 4 and 5 days at curing
temperatures of 60, 75 and 90 °C.

(3) Alkali content

In this test, 10 M NaOH; three Na,O/Al,Os ratios of 1, 2 and 3; and curing temperature of 60
°C for 3 days were used. Compositions of geopolymer in mole ratios of samples No. 11 to 13

are shown in Table 2.

2.3.3 Effect of incorporation of RHA
The moovoqaﬂ pastes with different DE: RHA ratios were used to obtain various

Si0,/ALO; ratios. The compositions of samples No. 14 to 17 are given in Table 2.

Table 2 Compositions of FDE800 geopolymer

Sample Mole ratio
Hydroxide = Molar
No. Si0,/ALO;  Na,0/ALO;  Na0/Si0, HyO0/Na,0
1 NaOH 4 13.0 0.68 0.05 19.53
2 6 13.0 0.79 0.06 16.39
3 8 13.0 0.90 0.07 13.94
4 10 13.0 1.00 0.08 12.16
5 12 13.0 1.09 0.08 10.86
6 KOH 4 13.0 0.66" 0.05° 19.53°

7 6 13.0 0.76 0.06 16.20




8 8 13.0 0.84 0.06 13.96

9 10 13.0 0.94 0.07 11.89
10 12 13.0 1.02 0.08 10.53
11 NaOH 10 13.0 1.00 0.08 12.16
12 10 13.0 1.50 X Y

13 10 13.0 2.00 0.15 11.57
14 10 13.0 3.00 0.23 11.38
15 NaOH 10 16.6 1.25 0.08 12.16
16 10 22.5 1.67 0.07 12.16
17 10 335 2.46 0.07 12.04

3. Results and Discussion

3.1 Dissolubility of DE and RHA

Results of dissolubility of DE and RHA in 10M NaOH activation are shown in Table 3. The
dissolution was related to the particle size and fineness of DE. The amount of leached silicon
ion of CDE was 2040 mg/L and increased to 2110 and 2750 mg/L for finer DE and FDE. The
finer DE possessed high surface area and allowed greater contact with the alkali solutions.
Furthermore, the fine DE also contained high silica content (Table 1). For the calcined DE,
the dissolution of silica and alumina were significantly affected by the calcination
temperature. The dissolved silicon ions of the DE400 (DE calcined at 400 °C), DE600 ,NS&
DES00 were 1690, 3540 and 4140 mg/L while those of alumina were 158, 1010, 1260 mg/L,
respectively. High calcination temperature of 600 and 800 °C were need for the high

dissolution of alumina ions.



The silica and alumina contained in clay minerals contributed to the increase in dissolved
ions. The silica phase contained in DE was slightly changed with heat treatment. Kaolinite
and montmorillonite could transform to metakaolin and disrupted montmorillonite with more
active surfaces. Dissolution of silicate molecules at high pH (>10) resulted in the formation
of silicic acid; H3SiO4", H,Si04>, HSiO4*™ and SiO4*, dependent on pH of the system [X].
The measured pH of this experiment was around 14. Thus, the silicic acid species of
geopolymeric sytem were normally H,Si04>" and SiO4*. To these respects, the DE800 was
screened through 325 mesh size sieve and used to prepare geopolymeric materials for further

tests.

Table 3 Contents of aluminum and silicon ions leached from DE and RHA

Materials Silicon ion (mg/L) Aluminum ion (mg/L) Si0y/AlL O3
molar ratio
As-received DE 2090 219
CDE 2040 296
MDE 2110 230
FDE 2750 205
DE400 1690 158
DE600 3540 1010
DE800 4140 1260
RHA 4840 0
FRHA 5310 0

S




3.2 Effect of pre-treatment on DE Geopolymer

3.2.1 Fineness of DE

The compressive strength and bulk density of geopolymer pastes with the difference
finenesses are shown in Fig. 2. The strength development at 7 days of R80DE, R200DE and
P325DE geopolymer pastes was 2.0, 5.0 and 6.6 kg/cm” respectively. The strength increases
with an increase in the DE fineness. The reaction of DE geopolymer includes dissolution and
polymerization [6]. DE with higher surface area would undergo a faster dissolution. This
would increase the amount of silicon and aluminum ions in the solution and thus increases

the strength of the paste. Data of bulk density clearly testified this trend.

8 1 1.20
7 - 1.15

2m 6 1.10
y 1 .
z z
€ 51 - 1.05 M
= ()
£ g
w41 1.00 =
o
> 1 o~
o= o
2 3 - 0.95 &
E g
g 2 - 0.90
Q

1 -—o— Strength [ (.85

~-®--Density
0 . + v 0.80
RSODE R200DE P325DE

Fineness.(mesh)

Fig. 2 Compressive strength and bulk density of geopolymer pastes with different finenesses

of DE

3.1.2 Calcination temperature of DE
XRD patterns with different calcination temperatures of DE are shown in Fig. 3. The
destruction of chemical structures of monmorillonite and kaolinite containing in 600, 800 and

1000 °C calcined DE are observed from the disappearances of peaks at 20 of 6.5° and 12.5°.
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Hematite (Fe;O3) is transformed into magnetite (Fe;Oq). Fig. 4 shows the results of
compressive strength and bulk density of geopolymer pastes made of calcined DE. The
strength of DE800 paste was significantly higher than those of noncalcined DE, DE400,
DE600 and DE1000 °C. At low calcined temperature, the dissolution of silicon and
aluminium ions was small. At high temperature of 1000 °C, quartz was transformed to
cristobalite and the magnetite phase was also increased at the reactivity of DE1000, greatly

reduced. Therefore, the strength of geopolymer made of DE1000 was relative low.
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Fig. 3 XRD patterns of calcined DE (a) noncalcined DE (b) DE400 (c) DE600 (d) DE80O (e)

DE1000
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3.2 Effect of synthesized condition on DE Geopolymer

3.2.1 Concentration of NaOH or KOH

Fig. 5 shows the results of compressive strength and bulk density of geopolymer with
NaOH and KOH as alkaline activators. The mechanical properties increased along with an
increase of concentration of NaOH or KOH. Hydroxide solution with higher concentration
provided better dissolving ability of DE particles and increased production of more reactive
bonds for the monomer, which increased geopolymerization of pastes [7]. When the
concentration of hydroxide exceeded 10 M, the setting time was very fast. At high alkali
concentration, excess hydroxide ion concentration caused aluminosilicate gel precipitation at
the very early stages, resulting in lower strength geopolymer. [W K. Lee, J.S.J Van Deventer,
The effects of inorganic salt contamination on the strength and durability of geopolymer,
Colloids Surf,, A. 211 (2-3) (2002) 115-126]. The DE geopolymer with NaOH gave higher
strength than that with KOH. Cation size of Na* was smaller than K*, thus Na" provided

higher bond strength than that of K.
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Fig. 5 Compressive strength and bulk density of geopolymer with different concentrations of

NaOH or KOH

3.2.2 Curing temperature and time

The results of compressive strength and bulk density with different curing temperatures
and times are given in Fig. 6. The optimum curing temperature and time were found to be 75
°C and 4-5 days. The strengths increased with the increases in curing temperature and time.
For the high curing temperature of 90 °C, the strength after 5 days curing dropped. At high
curing temperature, the sample could experience a substantial loss of moisture and the
deterioration of strength would [8]. As expected, the density of geopolymer decreased with
the increases in curing temperature and aim. With the progress of polymerization, water was
gradually removed and the SiO4 and AlOj tetrahedral were linked to form amorphous
geopolymers. The sample cured at 75 °C for 5 days has bulk density of 880 kg/m® while the

strength was reasonably high at 1.5 MPa.
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Fig. 6 Compressive strength and bulk density of geopolymers with different curing

temperatures and times

3.2.3 Alkali content

Fig. 7 shows the compressive strength and bulk density of geopolymer pastes with varying
Na,O/Al,03 molar ratios of 1-3. The strength increased with an increase in Na;O/Al; O3 ratio.
However, high alkali content (Na,O/AlL,O5 ratios of 2 and 3), makes polymerized networks
less stable than NayO/Al,O; ratio of 1 [XXX]. The density of geopolymer increased with an
increase in NayO/Al, O3 ratio. The increase in the density of geopolymer paste to this level

was undesirable.

Fig. 8 demonstrates morphological aspects of geopolymer pastes at different Na,O/Al,O3
ratios. The geopolymer paste with Na,O/Al,O;3 of 1 was less dense than those with
Na,0/AlL,O; ratios of 2 and 3. Some voids and unreacted DE could be observed in the sample
with Na,O/AL,O3 of 1 (Fig. 8(a)). The dense amorphous glassy geopolymer matrices could be

seen for NayO/Al,O; of 2 and 3 geopolymer (Fig. 8 (b) and (c)). The results of EDX analyses



of the DE geopolymers are also shown in Figs. 8 (a), (b) and (c). The major elements are Si
and Al with the presence of a small amount of Na, K and Ca. Although the starting
Si0y/A120; ratios of DE geopolymers were similar at 13.0, the ratios of Si0,/AL O3 for DE
geopolymers obtained with different Na,O/Al,O3 ratios were significantly different. The
Si/Al ratios for DE geopolymers with Na/Al ratios of 1, 2 and 3 were 9.9, 13.9 and 17.4
respectively. The results suggested that the dissolubility of silica and alumina were dependent
on Na/Al ratios [U. Rattanasak, P. Chindaprasirt, Influence of NaOH solution on the
synthesis of fly ash geopolymer, Mineral Engineering, 22, 12, 2009, 1073-1078]. It is shown
here that using low Na/Al ratio (~1), the dissolubility of aluminate phases such clay minerals
in DE is favorable. The higher Na/Al ratios, the silicate phases are more susceptible in
dissolving. In addition, it was shown that excess sodium ions were likely more localized in
the geopolymer structure with higher used Na/Al ratio. The characteristic of EDX peaks of
geopolymer pastes with Na/Al ratio of 2 was very similar to that of zeolite material which is a

particulate material.
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Fig. 7 Compressive strength and bulk density of geopolymer with different Na/Al ratios.
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Fig. 9 demonstrates the molecular bonding of geopolymer pastes at different SiO,/AL,O;

ratios.
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Fig. 9 IR spectra of diatomaceous earth and geopolymer with different Na/Al ratios.

Table 4 Peak area ratio from IR spectra of pastes at Si-O-Si stretching

Intensity (counts)

Sample Location of Si-O-Si (cm™) Corrected area  Peak area ratio
DE v 1040 841 1
Na,O/ALO; =1 1044 8.70 1.03
NayO/ALO3; =2 1022 1045 1.24
NayO/AL O3 =3 1062 15.14 1.80
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Fig. 10 XRD patterns of DE geopolymer pastes with different Na/Al ratios.

3.3 Effect of proportion of DE and RHA

The RHA was used to adjust the dissolution of silica phase. The Si/Al ratios of 16.6 to
33.5 of samples No. 15 to 17 are shown in Table 2. Fig. 11 shows the compressive strength
and bulk density of geopolymer pastes made of the mixtures of DES800 and RHA. The
strengths increased with the increase in the amount of RHA up to 40% of solid powder which
corresponded to Si/Al ratio of 22.5. The strength increased to 2.4 MPa due to the proper
obtained —Si-O-Al- bonds in geopolymeric structures. An increase in the replacement level of
RHA beyond this level resulted in a decrease in the strength. This is due to the obtained -Si-
O-Al- bonds of high Si/Al ratio which did not favor for a condensation as long chain
polymeric structure [XXXX]. Thus, they acted as defect sites and exerted a negative effect on
strength of geopolymeric materials. Although, the strength increased, the density values were

low at 925-1010 Wm\Bu which were highly desirable.

Fig. 12 shows XRD patterns of geopolymer pastes with 0, 20, 40 and 60% RHA. The
degree of crystalline structure decreased with the replacement of DE with RHA. This could
be seen at the hump peaks around 18-30 degree increased with the increase in the RHA

content as a result of increases in the glassy phase. The geopolymer pastes contained similar
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crystalline phases to those of original DE and RHA. Quartz, muscovite, magnetite and
cristobalite which were originally found in DE and RHA were undissolvable. No new
crystalline phase was observed, but the increase in RHA content. The broad below 8o of 26
was evident with the increase in RHA content. This peak suggested the formation of a
mesoporous material of poorly crystalline nature. [E. Alvarez-Ayuso, X. Querol]. The
increase in the glassy phase of moovo_w.aou pastes was responsible for the increase in

strength.
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Fig. 11 Compressive strength and bulk density of geopolymer pastes with different RHA

contents.
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Fig. 12 XRD pattern of geopolymer pastes with 0, 20, 40 and 60% RHA

4. Conclusions

Based on the results of investigation, the following conclusions could be drawn. DE could
be used to produce lightweight geopolymeric material. The DE should be calcined and sieved
to obtain fine reactive particles suitable for use as a source material. The fine DE was more
reactive due to the increase in the surface area. This allowed greater contact of DE particle
surface éw& alkali solution and hence a faster leaching of silica and alumina. The XRD
patterns of the clacined DE indicated the transformation of chemical structures of
montmorillonite and kaolinite. The optimum calcinations temperature of diatomaceous warth
was 800 °C. With regards to the types of alkali, geopolymer pastes activated with 10M NaOH
possessed higher compressive strength than that with 10M NaOH. Curing temperature and
duration also affected the properties of the geopolymers. The optimum curing temperature
and time were 75 °C and 5 days. The Na,O/AlL,O; ratios of the mixtures also affected the
properties of the geopolymer pastes. At SiO,/Al,0s ratio of 13.0, the increase in Na;O/ALO;
ratios from 1.0 to 3.0 increased the compressive strength from 1.1 to 6.0 MPa. However, the
bulk density values also increased from 0.93 to 1.5 m\oBu . To maintain the low density of

geopolymer pastes, RHA was incorporated to the mixed.
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