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Abstract

Fluidized bed combustion (FBC) technology is one of the most promising Clean
Coal Technologies. Since limestone is added to the FBC boiler to absorb the sulfur, low-
grade fuels with high sulfur content can efficiently be burnt achieving low SOx and NOx
emission. In general, the FBC fly ash composition distinctly differs from that of fly ash
produced by conventional combustion. Ash with much higher calcium sulfate content
and higher portion of crystalline is achieved resulted in low usage of this ash in
pozzolanic reaction. Ash consists principally of silica (SiO,), gypsum (CaSO,4) and lime
(Ca0). Improvement of reactivity of the ash can be done by grinding the ash into fine
powder. Therefore, this research concerns the improvement of PBC ashes through
grinding and blending and its utilization.

There were 2 methods to utilize the FBC ashes: 1) grinding of FBC ash and 2) use
of FBC fly ash. For the first method, FBC fly ash and bottom ash were mixed at various
proportions and ground into small sizes in order to increase the surface area and the
reactivity. Ashes were characterized using XRD. Pulverized coal combustion (PCC) fly
ash was also used to mix with FBC blended ash and FBC fly ash to improve the
properties of geopolymer. Chemical and physical properties of the products viz,
microstructure study by SEM, TGA weight loss analysis, and compressive strength were
examined. Results showed that both FBC blended ash and FBC-fly ash could be used in
conjunction with PCC-ly ash as source material for geopolymer. PCC-fly ash helped to
increase the workability and strength of the geopolymer. Relatively high strength of 45
MPa was obtained with 40% content of FBC ash in the blend material.

Keywords: Geopolymer, Fluidized bed combustion, Microstructure, Coal ash
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PUINTY v‘iﬂﬁLﬁmmwmaqéaau%éﬂauuaza@ﬁLﬁsmaaﬂmmﬂﬁwauﬁwmﬂ



10 micron ~ 10 micron

Do) + 1505 % W = *

b) SM NaOH

10 micron
-

£

¢) 10M NaOH d) 15M NaOH
PN a 9 41' 1 = ¢ al [ =
E‘U‘W 2.2 N'JGUENLG']a@EJLN@%%@?ﬂaqiagaqEJI‘ULWEJ@JI@W?@ﬂI%@Vlﬂ'J"INLGUNGUUG]’]\‘]s] 10 U [6]

2) meiufisengnle (Polymerization)

deaudanauuavegilieunazgnuzeanuninnissiudiiudssusandiausyly
a a v a A W i I . v as aa
sUnsavideudvin iensWensieiusenirmigluanaves Siuag Al lnansusenevegiluds
e [Si - O - Al - O] sianalniliauelay Hua uaz van Deventer [7] Avauniseialuil
+ . - .
Na K~ +n(OH)3 -Si-O-Al" -0 -Si-(OH)3

OH
(OH),

(Si-Al materials) (geopolymer precursor) (1)

n(OH)3 —Si—0 - Al -0 -Si - (OH)3 + NaOH/KOH — | | |
(Na*,K*)-(-Si-O-Al-0-Si-0-) + 4H,0
| | [ I
©; O o O
| | |

(geopolymer blackbone) 2)

Uz maniivesdlelndwesazlndifssiunsduasizvidlolas (Zeolite) wsnansou
My o~ s ~ Y A o PN = = i
nlavziiesAusznoumaaiuazlasiasieiiuanaieiy a151e9 2.1 uaninsiseuiieusening
7 & a s IS} (3 2 6 (3 v a A a s
nsduaszvdlolndwesuardlolad  nisdunszvdleladazldonumgigninilelndwesuin

wazlilpssasisndundn SnnslinuaudRidnaiin



AN5197 2.1 mslSeuiisunsaunsievidlaladnazilelnawes

nsdanssidlelas Ufisendlelndiuelsiudu
GRELNM) asavaneiietou Al + Janfidl Al-Si \Judulszneu +
asazaneLatou Si asazanedanilal +

Fana (lugUveadamioreanad)

UATentasusu nsiiatluaded (nucleation) Tu nsvzvosdall ALSi Ju
asazany duUseneuoening e
Uisendiadany nsladuveananluasazaiy NITHNTUALAIVLUUVBIAITeTRY Al

way Si Nvraanuilumnwan

gaumaiilunsviffisen  90-300°C g iun@ (ambient)

%3 pH 6-11 14

WA eusT LS Folasidunan yosHanvaaauay Taniil ALS 1y
dulsznau

aaAUsENOUNINAT fignsUSanmansdiusiuuey fignsUSnaansduiusillivivey

JGEAGRSN HANATeNANwAlaNIZT (Unique  VBINALYRINAAL UL NG IULAY

crystal) Asodugiu uazTanid Alsi 1u

dulseneu

AULdIuTana i 6N

Y

2.3 FTUUNITHIAUHAY
1 a & & a a oy Yo 1 P PN v
nsenauinuailugemadunisudaliindldtuey 3 seuu laudssuuiinmeniy
FoUAY TTUUTHIAMIEANNTAUUIUNGN UagTEUUTIHAIEAINTUAN [5]
1) szuuiiieanuieugs ssuviagldaamaiiluniswigsds 1500-1700°C  18u
sruulduseauiuunyuIu (Cyclone  combustion) #lauvigias e uiudiulvgasviaey
v & & A v v & v v ! T v | % <
avanguazUznzswnwdudanionou laduddumanasdusnuitiean iiaosuualan
PNsTUUMIILUUtagiiUsinureudedes wazinildnwasdudiauiila (Vitreous particle)
2) syuuiwmegauseuliunats seuvilldeungiiluniswilugiesening 1100-
1400 °C Jussuuimnfldauitiuua (Pulverized coal combustion, PCC) ﬁQLLaﬂﬂu'gU 2.3
Wnaufunladuluaiduinasy Amdeldudwinudedinue wWasefildainszuun1se
wuutiUszanasesay 70-90 dauaudflunsiduasvegloay wazsiludrassfivanglunisly
WU uBudusdliieinaeunIn [8] niendndlolndiwes (9] Balsenulwihvwialveiu

Tsabldudunglgseuunisenusenni



JUN 2.3 szuumnildanuiiuun
(http://inhumba.com/tag/knowledge/)

3) syuuiiimeaudousn seuuiilunmswiluamiiuungdaladiun (Fluidized-
bed combustion, FBC) dauandlugl 2.4 aamgildnreudiadfeliiiu 900 °C it
unsudvuadnuinuauiuiuyuazgniiudiivlummnnieneiniadou auiuuaziuyuiiny

Winluasuviuaseeglupiueiniaseu lnelidnvuraaigveavaiion Yausnauiiumlviiuyu

¥
=

o Y & v S v v oo ° U oA o s 3 a a Yy A a
gyimhiadevlesidnduineiugdiunsedamesoanlas (SOX) MAnTY AuToulingn
nswnlndaruiussdanduiiyiliiialadrlunyudsiuveanseaiilia i nszuiunisi
a1usaandsuufineiusdunszgnuasseenunainnisindlauindeesas 90 uanainil

a o S o w Jo | a ax a « ¢
gaungilvessialoinilinszuiunsildsinirgamgiinldluisnsdy Snuselevdvaanism

Indigaumaiian Aeandsunamaiwiinaniglulasuvielulasiausenled (NOx) Tuduiiu

[
= ¥ Il

lagndae  ednelsfinin wdiuiunldainssuuliigusieiliuiuey (regular) wasd

aa

drudszneuiilundnas eswinaaungiifivnligwe idnaeeiladudausatunldiduans

Y

Uaglgauls ualufvinduigiassleainseuunisiisneninuseutiunals ag1elsAnuszuy

msnwuuEudldnnlulssiiivunaan vielseaunie



Circulating Fluidized Bed
Boiler

Heat
Exchanger

Fabric Filter

Y Combustion

Chamber
y ﬁ Partition

Solid Waste To Reclamation

To Boiler
Feed Water

Solid Waste To Reclamation Steam Turbine

U.S. Dept. of Energy

JUN 2.4 szuumuungdaladiun

(http://www.amrclearinghouse.org/Sub/landreclamation/cfb/wpcamr-cfopower.htm)

mgmgnaninaTuay ludaglunisudnianilelndwesdstenldiiiaseainnisud
auiuwuuldauiiuue vie PCC  WWulngiv esnnidaseviaiivsuiuiosas 70-90

AasautRTduasegloay Fudlanuiedhsenisinujiser Flelndwesindnaindrased

' '
v v a v a a

WUy PCC lafdedniigenituazamuninianinananyudiwudluoigwintu [10-12] uay

9

Winuaudinnieamnanidlelndwesinananianuinus WuAuYIEN

2.4 waiafildlunsnegau
2.4.1 Scanning Electron Microscopy (SEM) [13,14]

nNd939anIIAUBIANATEULUUADINTIA Scanning Electron  Microscope  (SEM) T4lu
nsAnwdnvarimivestusiegis ndnnsaeldsdnaseulunisadrenm Sidnmsewdnen
duaalane (Wu ansisaiaw) gniianuiou awasdidnaseuszlunuuuivesredutiasiiu
laudd v iU AavesduaueBidnnseuiinnacuutureineds nsTuIeIBIEnATEUUS
azﬂ%’jwzLﬁmﬁ@@ﬂmasﬁauﬂﬁumaaﬁLﬁﬂmsauwawé’ﬂwmz é’l’ﬁyﬁgmﬁLﬁﬂmﬁauLwdwﬁazQﬂfmé’aa

e TIvinwasulasdyadtlunanmaindunndu dwandugy 2.5



gﬂﬁ 2.5 @UszNaUYeLAIed Scanning Electron Microscopy (SEM)

(http://www.purdue.edu/rem/rs/sem.htm)

WaldaIae SEM vemaduiilasdusiagadaaduauainia 1eau1ain

LR AL

1) idlemelumeduil BidnaseuasiianissuiuluanavedeInia iansideuiamig

Yl lnNaIuURIMTNYDITUFIDES

2) oluanavesenaiugizeiuiudiog19e1aina1susenausin DU LTUAIDEN
lnmiamunInanas

AnSUNI5eSuTFUA081e FJusregrann Wi lalufewnSonazlSIANRY wADITUY

mng sl lnihdewndoutusiegismevesin lngluiasesile Sputter Coater

2.4.2 X-Ray Diffraction (XRD) [15]
Asias LY dumnatandouldlunis@nunlasaas19uendn  ANULASEATDY

lavg  AunvessyNIALaEMTATIEiasAUsznoumaall - dslundnudazyiniivuinveame

& et

AR LY ULAZUTENDUAILAITNLANFANINY sULUUNTIAEIUUTRISIELaNdTauana

<

ANUFNNUSTENINNYUYDINITESBUUAUANUDNFURNSVRIAN  NISLEEILULYRISIEONG N

-10 -



ANUEIAAULNALAINUYUIAVDINUIELTARABTVUIAALAUTEUAL 0.1-100 DIaATDN 9@1UN50

BRUULARAINNAN WAL ULEINAIUNTOLEYBUUINANLNTATUNTAR

\\eﬁe/

d
¢ c D

E

JUT 2.5 N15@eaLUuYedsaddndillonnnssnuss I urenan

INFUTN 2.5 WNUNTEVWUANAIUUNENTIYN A uaz B auadiu lagvinya g fuseuny
YOINAN  MIASAUUYITIEANTWT 0T 9NSEENG 1 uay 2 Wuvnesnsiududiuau

WiNU9ANNENAAY 281970

2dsin@ =nA

lnangdetisaninnguotusni (Brage’s law) Tauandbiiiuidn drssddndnnnsznudl

ANUENAAUTIASTINGD YUUBINTEYAUUSIEDNGILAATUAUTTHZW TN NITUUTDINEN

YUADUNITIATILIADE4

1) nMawssufmegefeniieg i ualiasenduns ussyatluman fsgun 2.6

SUN 2.6 NMSLM38UAID81981USUALATIEN XRD

Y

(http://www.tint.or.th/adv/AmPly/XRD.html)

-11 -



2) dwdwe3es Diffractometer fauansluguyl 2.7 Tudunouiiazanunsaiivuanaiiy
nsnsIvinnnuduvessidideaiuy anduaglaveyaruiauiiinnisidesunias ALy

Y-

LNNSVDIEUNISHALUY

JUN 2.7 M3us53FaeEadLAses XRD

(http://www.tint.or.th/adv/AmPly/XRD.html)

3)  ddeyaudnszimelusunsy EVA  azidSauifisuiuwnvinesuniasgiuiny
wnuliudaunsaduwunviinvesasisenauiula

1%

lnansinsgimedsidoutanimsiazgndes aunsainluldussleosilivaiensdl

a1

DINLYU

- amsennd Twunsdavestdilule asaintunisinden Tusued Taenkundinn

29NNA LN
- MBNFUNTIY  TEIATIEREINUSENBUYDIE

- wannldildluanugnanTIuvaIgege (@A MNTINYNTLILA  RaIMNTTULT

ind geamnssulane enavnssnd geanmnssumions [Wudu)

2.4.3 Thermogravimetric Analysis (TGA) [16,17]

Thermogravimetric Analysis (TGA) 1Humadaildiinsziniuaiosvesiaglnetans
nediwefideldsuanufeulnsmstathminves faniuBeuuadluusrasiisoumnideiedosds
fifmilags madadungdmiumslenesinsdsunlaanmuesianiifsrdetumagn
FULRavIosTmevesin  MSANKAN (Crystallization) Suilownanmsideuna  n1suand
Y943an (Decomposition) Anwin1siiauiseneendndularisndu vse Uuaansdusiug

(Stoichiometry)  Tun153tAT1EMMBENN FRD819980NINTUUIIUIUIAEAN TaUToURDAUATDITS

Y
(%

azBeandenulbwionnitisuilasgs  legiinmmuaazeglumanuisanvalgumgiuag

ussennials  ussennanieluenvvziduniades wiu lulnsiau vsauwianiaiulosly wu

-12 -



9INA Yi30 PBNTLAUY ImaﬁwﬁfﬂmaqﬁaasmﬁLU?}IauLLanzLﬁmﬁuﬁqmmﬁLawwﬁaaamﬁl,wiaz
viin TogthwiinfmeluduAnamnannisssme mstesaas viensifauiizendieg

wies TGA fusslomisonsiinmesinadenmunmuazyiinuresiaesns 1y wodlues
819 waziegniagamans W wilind Wwiu  Tdfnwinssimuiinaesiuseneures
a3 Wy UBnavhavas, anutu, ansifuuel, efuounulin, nanadnludiges ey
nsAnwAMuEissnIInLouTeeeAwes e AeTeddiogidldisaniug
Youdvonad we wiuilagl wazidule

szuuadosdafinrmandenlumslinsgigeie 01 lulasndu fanugniesvasi
wnndfesaz 0.1 Auwludwesgungl £5°C  wnadinruewduszuummiaunse
muAugmndldRaus 50-1500 °C  fiSmmmsifivanguugi 0.1-200 °C dount Tszvuriils
wEduegeTInslaeldenie SEUUNMITINUKaENTUTEINaNagnAuANlagsEUY
poufiumes uansHan1TieseilugumesluunsusswinsosastmiinfiudsuuUasugmumad

oA luNISIAs 1A

gﬂﬁ 2.8 10309 TGA

(http://www.sec.psu.ac.th/tga.html)

-13 -



uni 3
ad
35nN15NAaBY

dy 1 [~4 1 =
NINPADIULUNTY 2 @UAD
d7UN 1 ABNNSIASELLDIANUTAY FBC LagnISHElagkaztaInuLii FBC NonsIau
Arauduabtivuafaiy Aslvidvuindinsnsaues 345 (3 45 lupasu) Sesas 35, 15

[ a o

waz 5 wanauiuanasy PCC drnsuliduinafudmsunisudnilolndwes

q

AU 2 ABYNISMSELNaIWAY FBC lagldianizionass FBC  wakauiuwanasy

[ a o

PCC dwsultiluimgAvdmsunisudailolndwes

Flelndwesiesenaninms 2 dwasthlAnwauaudiniuail lasiasimigania

wazn1sAnwAaNdRnIInIEnIN

3.1 1A30ile gunsal uazansiadl
\ASadile
1) w5eq Scanning Electron Microscopy (SEM)
2) #3904 Scanning Electron Microscope (SEM) U Leo1455VP
3) P50 X-ray Diffractometry (XRD) 3u Panalytical /Expert
4) \dosdamadion 4 fumis Ju METTLEP AE 200
5) indesdaimiin (5 Anx1 n) Ju EKO 3
6) Aesuauile (Hand mixer) Philips 3u Mixer HR 1456
7) esnaueeild 5 A5 Ju LNK 530
8) #ou U BINDER
9) P30 pH - indicator (pH 0 - 14, Merck)
10) ganaiu

o

11) Yuggeyayin1A U KNF NUMBERGER VP Series

aunsal
1) Tnnes wune 500 Ua.
2) Unneswanadn Yu1m 250 Ua.

3)  YIANAIEAN YUIA 500 haz 1000 Ua.



VADANYANAARN

WIASAD

YouUAnans

1nseunans

fearaiiu (Alumina pan)

SENAARN VAT UNTLANENANS 4.5 D3l g9 3 .

10) WUUNADUDSAIMNANERNVUIA 5x5X5 4.

11) nasuilys

s

12) duvieiue1mns (Cling-film)

YeAUAZETLAN

1)
2)
3)
4)
5)
6)
7)
8)
9)

loieslansenlen (NaOH)

ToRendanm (Na,Sio,) 1ne Si0,/Na,0 = 3.4:1 Tagtimiin

Tnunadeuluslua (KBr)

hus1eannlessu (Deionized water, DI)

fegraiauiuanlswanlnitiiung Jaminaiuig

Mg IuiaLANAINTTUUM SN ILUUNGBaladiun 91nlsanuRdnnTEay 2.57903
N518 TOUNIUALLATIUDS 16 AIAZLATIUBS 100

nsalalasaaasn (HCL)

loiRguA1sUaiun (Na,COs)

3.2 35n1519a89

3.2.1 N1Ss8NEITATANY

1)

lopsulansonlesdmiunmsvidlolndwesinas ludeulansenlenduasuinsgiu

nRgndl lddaruadios duddddanudnduiidesniouaisazarelafoulansenladuuy

Y

a
askaYyn

3
bNBT

5 M NaOH 500 wa.

%3 NaOH 100 n$u azaemerUsimantossu Ysuusuwsidu 500 wa. Tudn

-15 -



10 M NaOH 500 ua.

F1 NaOH 200 n¥u azanefetiusranlessy YsuUsunasdu 500 ua. ludn
\no3s

15 M NaOH 500 ua.

1 NaOH 300 n¥u azanedetiusranlessy YsuUsunasdu 500 ua. Tudn
\no3s

2) lahsulaasenlendmsunisinilelnamesuesm
10 M NaOH 1000 wa.

49 NaOH 400 n¥u azaemeinuseUl Ysuusuiasiu 1000 ua. Tudnines

3.2.2 asmanududuvssasazaneluisalansenluaiiviunzaudoniswIeuslolndwes
asazanglaisdlansenled (NaOH) 3 avadudume 5 M, 10 M uag 15 M lagnldlu
nswandlelnwdwes lagrinnisdenwaudlelndiuesandiase PCC lngldusunandnasy 60
du ansavanslnfondainm (Na,Si0s) 26 du wazansazats NaOH 16 @ Usunafladu
Usinaddaethuidn Sedndiuansazanelaieudainasoansazas NaOH wihiu 1.5 (24/16) Tu
nMIveasstaznanilelnamesuesindifionadeudindadn faudaiumeuihdavunnasiy
drunanlnglansedsunm 2 wnueaiiasy
mswaududlelndwesannsavildlaenauansnsiiafednasswazansazans 2 yialn
driluedeaan naufudunan 1 witdheanuiseuitan mntudunsiedsluudmande
anusiseuliunandn 1wl iduilelndwesuesing wasmuunarafinuuingnuied 5
gu. Yituedoavguiioddanesernmaiunaszinm 10 3und feuvunuunanadndeiidy

vieriuemg iedeatunisszmevesiiiinindlelndwesedasimss ilveulumeud

gamadl 60 “C1Junan 24 v unzwuuwdnludanunugamall 2515 °C sa negeuiddn

X a s sY & & (% 1 a (Y
QI@IW@L@JEJi@JEJiG]’]"SLiJEJG]’JEJE’J’N@JEJ’]qu 79U

3.2.3 MsiAseNAl9819Lanaas FBC

yhmsuiulseaiedhweadiaiuiu FBC Tneli3Bnsuahlifivuinidnas 1lesann
Eduaniifnenmsiniidasslunisuanilelndweuasiivsunansuannnsou fiuite
TUsyloninaudnassuaznfum 3uinisnaud e udidiefu uduadesnsdIunaNTes

SEMINUD1ABUADLOINUANTA 80:20  war 60:40 lesumtnneutldualils 3 sunfavun

-16 -



Tng) wu1nnane wazvwinazidenlaeinnualaen1ssesasAmswnsuIngdn 45 luaseu &9

YnlngaziisoarAsnzunsInalAgsiudasy PCC

3.2.4 n1smfeuazvesaIvatuaniAsuunzunsaues 325 (sUavwn 45 lunasauw)
ANSM3DUAZVRIATNAIUA ALDun1saanalUll

1) Faurmdngn FBC nauuauszannd 20 NS4 (MIUtnviunikuuey)

2) TRUAISIUYBLINUUATENSISEUWDS 325 Ieglminluaruaunsenadnilve wnu

AeknsIsould

a

3) wansfidnuunzunsasludiseaiifon udnlueuiigamgiuszana 100 °C 1Hu

d
nausean 1-2 .
4) Fahmtnansudieinnisey
5) MunesazyedasTiAauLAZLNSLUDS 325
vhwtihansSudy - viminanswdeeu

Sp8azl0n FBC NALUANAIUUAZLNTI = - — x100
Pninasisudu

3.2.5 mamdesazanuluadugiu

Anwianulueduguresdnausyninag FBC naunauwaznasun msiznisuaiu
nafimeranduedugiu shlfdfiuandidianudedhdenniauffsenfiuanty daiisns
noaesiel [18]

1) Fahmiidmaudeuun 5 nfu v wiinfiuiuew) azatedie 8 M NaOH

2) llanuFeuiiaamgil 60 °C Wunan 1 v, wioununasanan Tngliiaies
Magnetic stirrer

3) nsoaiimdeseynnsesanaIna

4) sunzney (Wilmde) finsedldfigamail 100 °C

5) Fathwiinagnoufleuuis

) % < (Y]
6) ATUIUNTOURTANUUUDANTIY

. L UInasIsuaY - Unilnasnaieu
SegaraUuadugIu = > — x100
UuinansiTuau

17 -



3.2.6 Msmssulalnaiuasingn

a1snanlunisinsenilalndiuesinanusznaunie 11asuseuas 60 Tnevmdn
a@15a¥ane (10 M NaOH + Na,SiOs;) Sesay 40 Tngthwin snsdunansdansed 3.1 @
BnswIouisad

1) wEudwazansazans 10 M NaOH uag Na,Sios snenesnaundunan 1-2 undl

2) wasilelndwesildadunuundonatain dudupssanguiiomdaneseinimiy
nanUszana 10 undl udiuseiiduvuenms dleuiignmgil 65 °C Wuan 24 v, uas
UnssludirunNeumgdl 2515 °C ausegisilengasu 7 u waznieuiiazihlunnaounaauli

RN RIR

A15199 3.1 9RTdIUNANTRII e InAwasElneuutn (luntensy)

PRRRN Waey PCC 1onasy FBC  1ow@uum FBC* 10 M NaOH  Na,SiOs
Control 60 - - 16 24
50-FA 30 30 - 16 24
60-FA 36 24 - 16 24
T70-FA 42 18 - 16 24
80-FA 48 12 - 16 24
50-FA-blend 30 - 30 16 24
60-FA-blend 36 - 24 16 24
70-FA-blend a2 - 18 16 24
80-FA-blend 48 - 12 16 24

* (1inaey FBC : 1AM FBC),, = 60:40 laguniin

JUN 3.1 fregdlelndiuesuesinad

-18 -



o = 1o

3.2.7 msmssudlalnawasuasansdmsufnendainiadon
navansludunandaandunsed 3.1 Tesdunsiowiidnsuinasludiunasily

USinas 2 whwesUSunandianun wiewihiu 120 ndu Tegianaumiloutuduneulunismioy

wiad wdnismneludunougadie udnuasasdedunan 1 uiidsmiuiisouies

HALTEAUUIUNA NBUNALNAIUUUNAIRANYUIN 5x5x5 93, Lueglaneseinie waguuigumadl

60 °C Jua 24 9y, unzuuu wanduiegalilugaiuauanmgilugag 2515 °C Wunan 6
T WeasuimuatnlunaaeumawnnuuInggIu ASTM C109 fen3as Universal testing

machine 19ENANISNAFDUAINAIIRALITUARALUDINDSANS 3 Aou

UM 3.2 LuuvdeuaImINaafnuuIn 5x5x5 Ful.

5UN 3.2 fegdlelndwasuaiing

-19 -



gﬂﬁ 3.3 LAS0INAARUN1899R (Universal testing machine)

3.2.8 laseaianeganiavesdlalndwesinadlagwnaiia SEM
TudlelndiuesinairuialaniadouRintnnlenesfnaumI8LAIee Sputter  Coater

msfnwlaseasiganiavesianilelndiuesinanisiieiniad SEM

3.2.9 msmdesaznsgeyideiiasainniswalud (Loss on ignition, LOI)

nstsmgedilamelnsestmelion 4 dunds dulddleaBila a3t

Y
a

nAden 4 fuls wfgamgll 950150°C Wuan 30 Wil nasanwwaanuliluediewmes

Y
(% '

a o v a a aa ~ ¥ o v = & o 1 o % o av v [y
IPIURUNNULUAN UWQFJUQSULUaVIEJa’]?VILN']LL@'?J"LTJGZNW]EJLﬂi@ﬂsﬁfl 4 ALAUS mumunwima‘um

wntindendalineu loumdnasnaann lngAummIuansgIu ASTM D7348-08

. W4 L UINUNENSAUNT - WIUTNETTASILRN
Sovarnisgadeiiioaninniswilnl = x100

YIRUNAITADULRN

3.2.9 mMsfneaviin1siiaufisen (Degree of reaction)
nMsAnudviinmaiAauisevesilelndwesinadiiofnuufiteiiavesilolnaues

fesentuindwaniiwiedliuhuiise uinntendieda
vanmsiAamdrinsiAaufAzende 2 M HCL THlunsazarsansuszneuvesuaalden

=~ a o eavw aaa  a a 1Y) & A o
wazupafouloosu Mnndnsuainlaainuiisendlenedwelsiwiumdensneufiussnounie
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Si0,, ALOs, Fe,05 waviaNkitinufisen (Unreacted ash) diuansazans 5 % w/v Na,CO,
Wuasluiieazans S0, ALO; Waz Fe,0, wasidunznauvead Minufiisen [19] Tnefids

MsAnweasaluil

a

Flolndasinadnualmdundaziden 3 N3y (Medoy 4 @) Wuansazate 2 M

HCL U35 30 wa. ihldldanuseusiessmunugungiigamgil 80°C Wuan 20 wiil
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Tngauildlunsnanilolndmeslignirluiseimaeduginediemaia  XRD
lonadaguil 4.3 wudldasenuueaidenoonles (Ca0) unaldondain (Caso,)  dady
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2Theta (deg)
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LAALTYUTALNA
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NEuL 188 PCC Lagtanwanun FBC Wismeiy vdsnnwaliduilelndwasnufinveiunaldoud
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(n) (¥)

Iy

(m)
sUN 4.7 lassaiamaaniavesilolndiues (n) feg1aaiuny, (v) deee 50-FAblend, (A)

f19819 50-FA
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frogradlelnawedild andusinnisulasns sy Differential Thermal Analysis (DTG) el
nswgamnliiuiueuiiinnmsiasundasideaansivesansusznevluilelndwes wagsinis

wéemnsilvallalusuil 4.1

-33 -



Save Curve &
Tsoi_01l, 2l1.12% TIS5: 25

T=soi_01, 30.1174 mo

e

°C

100 200 300 400 500 600 700 800 900

U 4.10 n59l TGA vesinegnsdlelnaimes 50-FA-blend (hnasununnazLden)

100 0.10
95 + _— —_~ ~— 0.00 o
A
< R ~
: fore 0
/\3 E\/
% 90 + + -010 =
< 2
= g
(]
= 2
)
[a]
85 + - -0.20
80 : : : : -0.30
0 200 400 600 800 1000

Temperature (°C)

Ul 4.11 n3wl TGA/DTG wasshetnadlelwdiues 50-FA-blend (AwasuavuInazLden)

-34 -



JUN 4.11 wansiegeaudinisanusouvesdlolndiues 50-FA-blend (WIHANUATUA

w880 legnuidlelndwesiiansgydeumidnUssanasevas 18 Fansin DTG Wamanis

v
= o L% !

a

aydotmindulngigungiivszanm 100 °C Ssguvindtuansiamsgydeiilutandlelnd
wos uenanddmumsgapdeiwiinifisadntosigumgiuszan 410 °C uar 610 °C fikans
fansaaa@Iuee Na,CO5 wag Ca(OH), AuaInU TawansUsenousia 2 %ﬁmﬂﬁﬁ‘%awm%wam%&u
semi1e NaOH  iluansdsusufneansueuldeanledludsundon uarduunadendiiy
psAUsznaUYeunaey FBC UTinauaadonludnasy FBC figioraidutediiadenisindlelna

wasyRadlUlslununfssdusaiuausouls

40

30

%

[
°

Sowazmsaauidsinuin

TR

10 +

v

50-FA-blend 60-FA-blend 70-FA-blend 80-FA-blend

sUN 4.12 Sewavmsagdutminludlelndwesainanauun FBC

13Ut .12 definsanii¥esasmagadeiniinvesdlelndiwe finadanidmauun
FBC audiuideifindosaznisliidhasy PCC Soparnisgnydodwiinidaanas sadmaedn
\fhaoe PCC figUsieynanssnan Sawansnsalunsyenda fanuduedugiugs anunse
viufndenfuansazanswaldasuszneulafendainefidanuneaiios nudeanuiou Fuinnsg
aedlées uarlinaandifuasindnduilondiuesiin dudraes PcC Hawdnluiia

UszanSanlinatonauus FBC Tdimnuanunsatunisvinaule

- 35 -



4.9 nsAnwINa9nvesdlalnaluasuasing
nsfnwmavesidsdaidunsfnueusidniigsgaiitliiAnnisidesuvesioudiegig
QUNARYLA 5x5x5 @3, $1uu 3 fege MdssalumilflumssSeudisuauifvesianild
Tununeasts  laeniswssudlelndiuesuesasasiunsienaianaiuitulusnsidiu 2:1 lng
thviin udinidssnfiunnsgiu ASTM €109 naveswssiinaldazaglunine kN s1eamdy
wihe MPa Tnsuamihefenismsusseiuiinidaueuesing Wumiddndadudiade

Y94 3 f1eE19 Aanandluun 4.13 uay 4.14

50

O Cclass B M-class F-class

20 (MPa)

[

ANA99n

50-Fa-blend 60-Fa-blend 70-Fa-blend 80-Fa-blend

JUN 4.13 Maedavesdlelndwesuesimsnnidmauun FBC Nieny 7 u

1N3UN 4.13 WIUINUSUIUVR 1808 PCC LATAINALLDIATDILATNALUATINARD
Masdnvesdlolndiwesuesind inndanuazideauinilidindwnuiueiaiisngs ewin
Asue MlandvuiaanatuazidunisiiununfIveudn vldaisazate NaOH 191 luvi

aaa Aa a aa a a a [% v & A+ 3+ a
U817 1Ransszvesdaneunazegiiloueenunainium iiduleseu Si waz AU 1An
1 LY} < = a [ = a % [ o v ::l' I [

n1sneduduavesdlolndwesuasdafneumadtenliludnuvaensvimthiiduianUssanu
wananieynipvuiadnilaainnisuaaiusadilieglugiainaeynaiinass PCC vunalng
iliiledlelndiuesuuudu dwalidimddavesiiegngy  AMasdnveslelndiuesi

HARNINENUATWINAZIBEA (F Class) aglianmasdngslutig 39-44 wnnzlaaa  lag

NUINUIUAa08 PCC MVANNZaud bt lunIsHauiuaNauun FBC AaNonsidiu 60:40

-36 -



50

40 -+

20 (MPa)

o

ANa99n

50-FA 60-FA 70-FA 80-FA

JUN 4.14 MAdnvesdlelndieiueiiniainanase FBC oy 7 Tu

daugun 4.14 Wudrmdwdnvesdlelndwesniliinass PCC wauiuwinase FBC agnuin

ANNNAID AV INABSUSENNTFININT L INALLeSNNaLONELUA FBC 1iia991nsanaas FBC

a i ° | AL Ada v Y < 1o
llﬂ'n&l')aﬂl’)@q ﬂuqﬂiﬁiyuagﬂwuwm?uaﬂﬂ?qLﬂ']Nﬁll‘Uﬂ FBC «9A1NN

(3U7 4.7) Flelndwesnilinnauun FBC avilsesunnteenindlelndiuesaniinasy FBC me

aglsesunniinuluguiiegaivihlirmadnanasla

LY 1% [

MNAFDAAIDINUNG SEM

37 -



uni 5

dgunan1Innass

INNTANYIAMUTUTUNALZFUFINTUNITHNARILOINALLDST NUINNISHSeuILalng
WasNlYons1d@Iu Na,SiOs/NaOH Wiy 1.5 laeswin isldansazate 10 M NaOH ladlalnd

s

woslinde wawuuldie wagliimassalunasi Wefeuiuuesiifinananyudiumd
FaunAdedsadenld 10 M NaOH waz §as1d1u Na,SiOy/NaOH witdu 1.5 lunsiwnsesile
Indies

anuusdugiuvendiaiuiu FBC neuuakazndsun lnenisiujisenduaisazane
8 M NaOH flgamgii 65 °C 1Wunan 1 4alus ansazans NaOH  azvzansiidu
aduguveadieanin linanisneaesfeidnasy PCC anuiuedugiuainindiaosuaziin
fun FBC \diovhmsuaidieifiuiuiifuazanuuneynia mavsliivundnastaeliufisen
fuffuansazans NaOH Aaldty levinsimeidaguiverdenies XRD nuinudrase
PCC fmnuusdugiuginindiassuazidniumi FBC wuiu lngaziiuiing unisluiiedng
Whaey PCC iladnudnauilednnsdnduilelndwefasinnaideudumiseagiuiin wag
nsifnasUsznevLAadedainauanidsUiAseliAnt uluilelnawmes

dlevrsegadmanun FBC uaziiaey FBC waufuiiiasy PCC udinlundnduile

U v

Indwed wullassastamieganiavesilolnfweifinsdaunnoyniansinauvadaiasy PCC

uazlAnnatuusnaiivendiaos \dosnmaifnufAsenseninadassduaisazansiua
(NaOH)  uiufAzeniistulianysal ilesannuituinidouvendiaosmdesy  Liodlolnd
wosnogseuidaseiidnuazuiy  Tudruwaniilfidnase FBC agnusesuanuazsnyugeninile
Indlwefildidnanun FBC (ilesainidmanua FBC Svunadnannsaunsnidlvlurosinses
hase PCC TvilmidosTolnawesuiy fvesunntes Fesesunndiintududnanvemiewinli
FlelndweiiAmawnana

nsfnwdinafaufiseestuilelndiued nuhidednninuiiseniuiuni
ANnuaziBuauaaLinaNUn FBC Wagifiuauuinameaiiass PCC iniiflanuagidenannyvinli
I¢edvinninufatengs iWesnmafiniiuiiinvoadlunisvuiizentuaisazats NaOH

laungu MsinUsinadnass PCC Tudiunay winanuaiansalunisiinujisenvedlalng

[
v o

wed BnnsdrigluFesanuaiunsalunisyinaulivesdiunauninau1anJunsanauvewei
any PCC



NNTIRTEvaNTRnIALTouresilonafiuesinadlaemalln TGA wanansgey.de
dhwiindulngfigungivssuin 100 °C Fsgamgiiuansdnisgaydoiilutanilelndies
uennifmunisaapdedmiinfisadntosigumgiussun 410 °C ua 610 °C fluansfianis
dan86U89  Na,CO; Way Ca(OH), ®1ua1au TngansUsznausia 2mﬁmﬂﬁﬁ%a’1ﬂﬁuam%u
sgrie NaOH  fifluansaesufufimanivouldeanleflufaundon wasfuunadouiiiy
osAUszNEUYRNiAeY FBC UinauaaiBenludnase FBC figioraidudodiindenisindlelna
woselindluldlunuiideosdutatuadould

nsfnwnasdavesdlonedwesuasilaglduinsgiu ASTM C109 nudUsuIuuedan
08 PCC  wazAwaztdonveinanuaiinasemdsdavesilelndiuesueiing diiday
azidoaunnaglianidssauaneifiigs iesannsumsiliinivunndnauazidunisiiiv
fufiinvond diliansazans NaoH luvinufiseniiin iianisvsesdaneunazegiiien
sonnanAni idulesou si*' uay AU IRansnesiduaavesilolndmesuazdndnoynia
ol ludnuas et miiidutantsva uenandeyniavuadnildainnsuaanansn
dlueglutasineyniadinaes PCC aunalugivinliiedleTnamesuuniu dwmalsaiiasd
Y93510ENg9TY

ey naansmesewiliansadudnonmnsldeuiadiaes FBC uasdnfium
FBC lumaifumsiasudmsumsnanTanilelndwosly Tnefoadn FBC Fosunszuiunisun
L‘ﬁaLﬁmﬁuﬁﬁﬂumﬂﬁmﬁﬁ%mLLazamﬁummaymﬂ diunsnamen FBC Auidnasy PCC Ay
annsafinauaansalumsiuFAzenldd Wesinidiaes  PCC floyniananyiiliiii
arwansalunsinuuidurandlelndmesld Snituiuauduedugiuudid FBC e
Fadumsldnuiadduiuannszuaunisunuuulddiuiiuun (PCO  uazuuuvgdaladiun

(FBC) WiAnUselevuazindnvesdeandwinaey londndusinlnaaudviaiisuiuaaunsng

HARAINYUBUUALA

-39 -



Output #ildanlasing

'
[y

neuAfedannsondn 3 unaudde  fanuiseduduldlugiudoun 1Sl Web of
Knowledge Failsedounausielud

1) Ubolluk Rattanasak, Prinya Chindaprasirt, 2009, Influence of NaOH solution
on the synthesis of fly ash geopolymer, Minerals Engineering 22(12), 1073-1078. (2010
Impact factor: 1.333)

2) Prinya Chindaprasirt, Ubolluk Rattanasak, 2010, Utilization of blended
fluidized bed combustion (FBC) ash and pulverized coal combustion (PCC) fly ash in
geopolymer, Waste Management 30, 667-672. (2010 Impact factor: 2.433)

3) Prinya Chindaprasirt, Ubolluk Rattanasak, Chai Jaturapitakkul, 2011,
Utilization of fly ash blends from pulverized coal and fluidized bed combustions in
geopolymeric materials, Cement and Concrete Composites 33, 55-61. (2010 Impact

factor: 1.839)



LONAND1994

1. Chindaprasirt P, Chareerat T, Sirivivananon V, 2007, Workability and strength of coarse
high calcium fly ash geopolymer, Cement and Concrete Composites 29, 224-
229.

2. Swanepoel JC, Strydom, 2002, Utilisation of fly ash in a geopolymeric materials,
Applied Geochemistry 17, 1143-1148.

3. Fletcher RA, Mackenzie KID, Nicholson CL, Shimada S, 2006, The composition rang of
aluminosilicate geopolymers, Journal of the European Ceramic Society 26,
1471-1477.

4. Phair JW, Smith JD, Van Deventer JSJ, 2003, Characteristics of aluminosilicate
hydrogels related to commercial ‘Geopolymer’, Materials Letters 57, 4356-
4367.

5. Uy Fueuseiasy. 2548, wnasglunuaaunin (aduuiuyy), faieded 2, aunen
ABUNTALNEY. NTANNY

6. Rattanasak U, Chindaprasirt P, 2009, Influence of NaOH solution on the synthesis of
fly ash geopolymer, Minerals Engineering 22, 1073-1078.

7. Hua X, van Deventer JS, 1999, The geopolymerisation of natural alumino-silicates”,
Proceedings: 2nd International conference on geopolymere’99, 43-63.

8. Chindaprasirt P, Jaturapitakkul C, Sinsiri T, 2007, Efffect of fly ash fineness on
microstructure of blended cement paste, Construction and Building Materials
21, 1534-1541.

9. Chindaprasirt P, Chareerat T, Sirivivananon V, 2007, Workability and strength of coarse
high calcium fly ash geopolymer, Cement and Concrete Composites 29, 224-
229.

10. Fernandez-Jimenez A, Garcia-Lodeiro |, Palomo A, 2007, Durability of alkali-activated
fly ash cementitious materials, Journal of Materials Science 42, 3055-3065.

11. Alvarez-Ayuso E, Querol X, Plana F, Alastuey A, Moreno N, Izquierdo M, et al. 2008,
Environmental, physical and structural characterisation of geopolymer matrixs
synthesized from coal (co-)combustion fly ashes, Journal of Hazardous

Materials 154, 175-183.



12.

13.

14.

15.
16.

17.
18.

19.

Bakharev T, 2005, Durability of geopolymer materials in sodium and magnesium

sulfate solutions, Cement and Concrete Research 35, 1233-1246.
auddeivyiiadesmalulagdmiviiasziuasnaaeuTan. ndeqanssaunageuTan.
14 fa & [
NABIPANTIAUBLANATOULUUALNY. AU, 2545,
Scanning Electron Microscope (SEM), lngglaann

http://www.unl.edu/CMRAcfem/semoptic.htm

X-Ray Diffraction (XRD), 1U1818l#a1n http://www.tint.or.th/adv/AmPly/XRD.html

Thermogravimetric Analysis (TGA), WNaalaann

http://www.nanotec.or.th/th/?page id=569

Thermogravimetric Analysis (TGA), lgslaan http://www.sec.psu.ac.th/tga.html

Philips DN, Carter J, 2003, Analysis of silica fume produceed by zircon desilication,
Talanta 60, 961-968.

Termkhajornkit P, Nawa T, Nakai M, Saito T, 2005, Effect of fly ash on autogenous
shrinkage, Cement and Concrete Research 35, 473-482

42 -



AMARNUIN



AsLEURNANULUANDS



UNANUIVY :

Y a

WETVEU :

y
585
GEVALAE
Y-

Influence of NaOH solution on the synthesis of fly ash geopolymer
Ubolluk Rattanasak, Prinya Chindaprasirt
Minerals Engineering
22,1073-1078
2009



Minerals Engineering 22 (2009) 1073-1078

Contents lists available at ScienceDirect

Minerals Engineering

journal homepage: www.elsevier.com/locate/mineng

Influence of NaOH solution on the synthesis of fly ash geopolymer

Ubolluk Rattanasak ®*, Prinya Chindaprasirt®

2 Department of Chemistry, Faculty of Science, Burapha University, Chonburi 20131, Thailand
b Department of Civil Engineering, Faculty of Engineering, Khon Kaen University, Khon Kaen 40002, Thailand

ARTICLE INFO

ABSTRACT

Article history:

Received 8 January 2009
Accepted 30 March 2009
Available online 26 April 2009

Keywords:
Industrial minerals
Cementation
Leaching

Waste processing

A study was conducted on leaching of fly ash mixed with NaOH solution and on mixing procedure for
preparing geopolymer. Leaching of SiO, and Al,03 was investigated by mixing fly ash with NaOH solution
for different time intervals and leachates were analyzed in terms of silica and alumina contents. To make
geopolymer paste, separate mixing and normal mixing were used. For separate mixing, NaOH solution
was mixed with fly ash for the first 10 min; subsequently sodium silicate solution was added into the
mixture. For normal mixing, fly ash, sodium hydroxide and sodium silicate solution were incorporated
and mixed at the same time. Geopolymers were cured at 65 °C for 48 h. Microstructure of paste and com-
pressive strength of mortar were investigated. Results revealed that solubility of fly ash depended on con-
centration of NaOH and duration of mixing with NaOH. For mixing procedure, separate mixing gave
slightly better strength mortar than normal mixing. High strength geopolymer mortar up to 70.0 MPa
was obtained when the mixture was formulated with 10 M NaOH and sodium silicate to NaOH ratio of

1.0, and the separate mixing sequence was used.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Fly ash is an industrial waste normally used to replace Portland
cement for making concrete. However, it can only partially replace
Portland cement since SiO, and Al,Os in fly ash still need Ca(OH),
from Portland cement hydration for its pozzolanic reaction to pro-
duce calcium silicate hydrate and calcium aluminate hydrate. Re-
cently, another form of cementitious materials called geopolymer
has been developed (Davidovits, 1991). This geopolymer is usually
made of fly ash activated with alkaline solution at low temperature
and it is sometimes called alkali-activated fly ash.

Geopolymer with good mechanical properties viz., high com-
pressive strength and stability at temperature up to 1300-
1400 °C can be synthesized at low temperature using similar tech-
nique to that of zeolites (Hussain et al., 2005). Geopolymerization
is based on alumino-silica chain. Fly ash contains high percentage
of amorphous silica and alumina, hence is suitable as a source
material for making geopolymer. Fly ash is usually mixed with al-
kali solution to obtain alumina and silica precursors. When it
comes into contact with alkali solution, dissolution of silicate spe-
cies starts (Comrie and Kriven, 2003). The type and concentration
of alkali solution affect the dissolution of fly ash. Leaching of Al>*
and Si** ions are generally high with sodium hydroxide solution
compared to potassium hydroxide solution (Van Jaarsveld and
Van Deventer, 1999; Xu and Van Deventer; 1999). Therefore, alkali
concentration is a significant factor in controlling the leaching of

* Corresponding author. Tel.: +66 38 103066; fax: +66 38 393494.
E-mail address: ubolluk@buu.ac.th (U. Rattanasak).

0892-6875/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.mineng.2009.03.022

alumina and silica from fly ash particles, subsequent geopolymer-
ization and mechanical properties of hardened geopolymer.

The present work investigates alumina and silica in the form of
AP* and Si** ions leached out from fly ash particles after mixing
with sodium hydroxide at different alkali concentrations and
leaching times before forming geopolymer with silicate solution.
The mixing procedures were also investigated. The knowledge
would help to understand the reaction and strength development
of geopolymer and to better utilize it in the future.

2. Materials and methods

2.1. Materials

Fly ash from Mae Moh power plant in the north of Thailand
with a mean particle size of 19 pm, NaOH and sodium silicate solu-
tion (water glass) with SiO,:Na,O weight ratio of 3.2 were used.
Sodium hydroxide pellet (AR grade) was dissolved in deionised
water to obtain NaOH solution at concentrations of 5, 10, and
15 M. The viscosities of 5, 10, and 15 M NaOH solutions were 3.9,
9.3, and 14.3 cps (centipoises), respectively. The viscosity of so-
dium silicate solution was higher at 60.6 cps. Major chemical com-
position of the fly ash is shown in Table 1. Deionised water and
polyethylene containers were used throughout the experiment to
avoid silica contamination. River sand passed No. 16 sieve
(1.18 mm opening) and retained on No. 100 sieve (150 pm
opening) with fineness modulus of 2.8 and specific gravity of
2.65 was used for making mortar specimen.
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Table 1
Chemical composition (%) of high calcium lignite fly ash.

Si0,  AlLO; Ca0  Fe,03 NaO TiO, MgO K,O P,0s SO; LOI
395 195 173 141 13 0.5 13 29 0.2 26 08

2.2. Leaching test of fly ash

Three NaOH concentrations of 5, 10, and 15 M with fly ash/NaOH
ratio of 3:1 by weight were used to dissolve silica and alumina from
fly ash particles. Fly ash was mixed with NaOH solution in a mixer
at 120 rpm for 5, 10, 20, and 30 min. Longer period of time (more
than 30 min) was not performed since the mixture would become
very sticky with formations of Si(OH), and Al(OH); gel. After mix-
ing, the filtrates were collected through membrane filter and ana-
lyzed for Si and Al ions. Concentrations of these products were
determined by forming complex compound with suitable chemi-
cals followed by UV spectronic measurement. Color Si and Al com-
plexes were measured at wavelengths of 810 nm and 550 nm
(Bartram and Balance, 1996; Roelofs and Vogelsberger, 2006).

2.3. Geopolymer paste

For separate mixing (S), fly ash was mixed with NaOH for
10 min to allow leaching of ions. Sodium silicate solution was then
added to the mixture and mixed for 1 min. Only short mixing time
was required here since the mixes were relatively fluid. For normal
mixing (N), fly ash, sodium silicate solution, and 10 M NaOH were
mixed together for 1 min as this corresponds to the time of expo-
sure to sodium silicate solution for separate mixing. The mix pro-
portions are shown in Table 2. Oxide molar ratios of geopolymer
matrix were varied in the following ranges: Na,0/SiO; = 0.2-0.48,
Si0,/Al,03 = 3.3-4.5, H,0/Na,0=10-25 and Na,0/Al,03=0.8-
1.2. After mixing, paste specimens were molded in 25 mm diame-
ter x 25 mm height plastic containers. They were wrapped with
clingfilm and cured at 65 °C for 48 h. XRD and IR analyses were
performed on the hardened sample. In addition, samples were
microscopically examined with optical microscope and scanning
electron microscope (SEM).

2.4. Geopolymer mortar

To make mortar, sand was added to paste mixture at sand to fly
ash ratio by weight of 2.75 and mixed for one more minute. The
mixture was cast into 50 mm cubic mould and wrapped with cling-
film to avoid moisture evaporation during heat curing. Samples
were then cured in oven at 65 °C for 48 h to complete geopolymer-
ization reaction. The temperature and curing time were selected
because they gave high strength geopolymer mortars (Chindapra-
sirt et al., 2007, 2009). Specimens were cooled down to room tem-
perature and tested for strength in accordance with ASTM C109.
Results are reported as an average of three samples.

Table 2
Mix proportion of paste.

Mix Method of mixing Water glass/10 M NaOH (G/N)
S-0.5 S 0.5
S-1.0 S 1.0
S-1.5 S 1.5
S-2.0 S 2.0
N-0.5 N 0.5
N-1.0 N 1.0
N-1.5 N 1.5
N-2.0 N 2.0

Note: fly ash-to-liquid ratio = 1.5.

3. Results and discussion
3.1. Leaching test

Results of measuring of Si** and AI** ions are shown in Figs. 1
and 2. From Fig. 1, an average Si** ion concentration close to
600 ppm was obtained with 10 M NaOH. For 5 M and 15 M NaOH,
the concentrations were much less at approximately 200 and
260 ppm. At 5 M NaOH, the dissolution was low due to relatively
low base condition. For 10 M NaOH, the base condition was higher
and the dissolution was, therefore, increased. For the 15 M NaOH,
the dissolution was again reduced owing primarily to an increase
in coagulation of silica (Bergna and Roberts, 2006).

From Fig. 2, the concentration of AI** ion was much lower than
that of Si** ion. This was expected since alumina content in fly ash
was approximately half of silica. Si** ion possessed higher intrinsic
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Fig. 1. Si** ion concentration with fly ash/NaOH = 3:1 in 5, 10, and 15 M NaOH.
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Fig. 2. AI** ion concentration with fly ash/NaOH = 3:1 in 5, 10, and 15 M NaOH.
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extent of dissolution compared to AlI** ion (Xu and Van Deventer,
2000). Furthermore, the formation of alumino-silicate gel at an
early stage resulted in a low Si/Al ratio product. This led to a low
consumption of Si ion at early stage. For high concentration NaOH,
reasonable amount of Al ion was detected. At 10 min, the concen-
tration of Al peaked to 130 and 100 ppm for 10 M and 15 M NaOH
mixes, respectively. For 5 M NaOH, the concentration of Al was
much smaller and peaked at 35 ppm at 20 min. For leaching at
30 min, the concentrations of AI** ion reduced to less than
30 ppm. After certain leaching time with sufficient amount of ions,
gel formation started. Gel of Si(OH)4, AI(OH); and alumino-silicates
was formed resulting in thickening of solution as well as depletion
of ions in the solution. Formation of gel had two opposing effects.
First was depletion of ions which prompted further leaching of ions
from fly ash particles. Second was thickening of solution which re-
sulted in lower mobility of solution and ions particularly at the sur-
face of fly ash and retarded the leaching out of ions.

When alumino-silicate source material came into contact with
alkali solution, leaching of both Si**, AI** and other ions started
(Van Jaarsveld and Van Deventer, 1999). Si** and AI* species dif-
fused into solution leading to reduction of Si** and AI** concentra-
tion at fly ash particle surface and thickening of solution. Leaching
was, therefore, dependent on alkali solution concentration and
leaching time. The results also suggested that leaching time of 5-
10 min was sufficient as an increase in leaching time to 20 and
30 min did not seem to significantly increase the concentration
of Si** and AI** ions. Use of 10 M NaOH with 10 min leaching per-
iod was appropriate for synthesis of geopolymer when economy
and practicality were considered.

3.2. Microstructure

3.2.1. Fly ash particle

Surfaces of fly ash, before and after leaching with NaOH with
different concentrations and leaching periods were investigated
using SEM. Results shown in Fig. 3 indicated that the surface of ori-
ginal fly ash was relatively smooth (Fig. 3a). After leaching in NaOH

solution for 10 min, the surface roughened as a result of leaching of
ions. The surface of fly ash with 5 M NaOH showed less sign of at-
tack compared to those with 10 M and 15 M NaOH as shown in
Fig. 3b-d. Furthermore, it was observed that, in 5 M NaOH solution,
spherical units of gel with diameter of 0.5-2.0 pm started to form
at the surface of fly ash particle. For the higher concentration 15 M
NaOH, small spherical units of gel merged and formed larger mass
of gel.

3.2.2. Geopolymer paste

Results of optical microscope examination and SEM on geopoly-
mer paste are shown in Figs. 4 and 5. Optical microscope result
(Fig. 4) showed gel formation (white spots) around fly ash particles
(dark color). Fly ash particles were easily noticed as some particles
were still not fully covered with gel. Gel was in a form of colloid
varying in size from less than 1 pm to about 20 pm. As more gel
was formed, it overwhelmed fly ash particles and formed a contin-
uous mass of gel resulting in a relatively dense alumino-silicate
geopolymer paste. The results of SEM of paste (Fig. 5a-c) also
showed unreacted and/or partially reacted grains of fly ash and a
continuous mass of alumino-silicate. A large proportion of fly ash
especially large particles still did not completely dissolve
(Fig. 5a). Cracks and pores which could limit the strength of geo-
polymer were also found in the matrix. Results of EDX shown in
Fig. 5d indicated that major components of fly ash geopolymer
paste were Si and Al with a small amount of Na, and Ca. Ca was
from source materials as fly ash contained a large amount of
CaO. Average ratio of Si/Al for fly ash geopolymer was approxi-
mately 3.0.

3.3. XRD pattern

Results of XRD of fly ash and geopolymer pastes are shown in
Fig. 6. The patterns of XRD for original fly ash; and S-1.5, N-1.0
and S-1.0 pastes were similar indicating that geopolymerization
did not significantly alter the degree of amorphous and crystalliza-
tion of fly ash. The geopolymer consisted mainly of amorphous alu-

Fig. 3. SEM of fly ash surfaces leached with NaOH for 10 min.



1076 U. Rattanasak, P. Chindaprasirt /Minerals Engineering 22 (2009) 1073-1078

Fig. 4. Optical micrograph of geopolymer.

mino-silicate products with similar or very slightly increased in
amount of crystal of predominantly quartz and mullite from fly
ash. Increase in crystalline products increased compressive
strength of geopolymer (Alvarez-Ayuso et al., 2008). The main dif-
ference between XRD patterns of fly ash and geopolymer was the
shift of amorphous silica peak from around 23° for original fly
ash to almost 30° for geopolymer. This indicated that the silicate
glass phase in geopolymer was highly disordered. Another point
of interest was at 5-8° where graphs of geopolymers curved
slightly upwards compared to that of original fly ash. This could
be the formation of mesomaterial of poorly crystalline nature with
pore size in the range of 20-50 nm (Alvarez-Ayuso et al., 2008).

3.4. Compressive strength

Compressive strengths of fly ash geopolymer mortars are shown
in Fig. 7. For separate mixing, the use of 10 M and 15 M NaOH gave
relatively high strength geopolymer. As expected, 5 M NaOH gave
low strength geopolymer as a result of low leaching of Si and Al
ions in NaOH solution.

Water glass to NaOH ratio (G/N) clearly affected the strength of
low concentration 5 M NaOH geopolymer mix. For high concentra-
tion 10 M and 15 M NaOH mixes, the effects were not substantial.
The strengths of 5 M NaOH geopolymer with low G/N of 0.5 and 1.0
were only 12.0 and 21.0 MPa, whereas the strengths of 10 M and
15 M NaOH geopolymer were much higher at around 60 MPa. For
high G/N of 1.5 and 2.0, the strengths of 5M NaOH geopolymer
were much better at slightly less than 50.0 MPa compared to
55.0-65.0 MPa of 10 M and 15 M NaOH geopolymer mortars.

The results also gave a comparison between two mixing se-
quences of geopolymer mortars with 10 M NaOH. The effect of
mixing sequence was apparent at low G/N of 0.5 and 1.0. For G/N
of 0.5, strength of separate mixing was significantly higher than
that of normal mixing. Strength of S-10M geopolymer was
56.0 MPa compared to 41.0 MPa of N-10 M geopolymer. For high
G/N, strengths of geopolymers of the two mixing systems were al-
most identical. With an increase in water glass content, its effect
became dominant compared to the effect of leaching time. For
low NaOH concentration, high G/N ratio and leaching time of
10 min were considered desirable. For high NaOH concentration,
normal mixing was advisable as it required shorter mixing time.

3.5. IR spectra
IR spectra of geopolymer are shown in Fig. 8. Significant broad

bands were observed at approximately 3450cm~! and 1650-
1600 cm™! for O-H stretching and O-H bending. Si-O-Si stretching

Fig. 5. SEM/EDX micrograph of geopolymer.
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Fig. 6. XRD profiles of fly ash and geopolymer pastes: Q = quartz, M = mullite.

vibration was detected at wave number range of 1490-1050 cm ™.

The peak near 460 cm~' was ascribed to O-Si-O bending mode
(Barbosa et al., 2000; Giinzler and Gremlich, 2002). Si-O-Si
stretching vibration was more prominent than O-Si-O bending
mode. It was, therefore, logical to use Si—O-Si stretching vibration
to indicate degree of geopolymerization.
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Fig. 7. Relationship between water glass-to-NaOH ratio (G/N) and strength.

Peak area and peak height are frequently used in quantitative
assessment of geopolymer reaction. Ratio of inverted peak height
(H) and ratio of area of inverted peak (AS) of Si-O-Si stretching
vibration are tabulated in Table 3. The value of AS usually gave a
better reflection of the degree of geopolymerization compared to
H value (Chindaprasirt et al., 2009). As expected, H and AS of fly
ash were lowest indicating no degree of geopolymerization. For S
series, AS of S-0.5 of 1.55 showed a reasonable amount of geopoly-
merization. Increase in G/N from 0.5 to 1.5 resulted in increases in
AS of geopolymers indicating higher degree of geopolymerization
within this range. However, further increase in G/N to 2.0 led to
a slightly less AS of S-2.0 compared to that of S-1.5 implicating a
slightly less geopolymerization (Fig. 8a). AS of S series corre-
sponded very well with the strength result i.e. geopolymer with
high AS gave high compressive strength.

For N series (Fig. 8b), AS of N-0.5 was 1.81, while those of N-1.0,
N-1.5 and N-2.0 were slightly higher at 2.17, 2.37 and 2.57, respec-
tively. Increase in G/N ratio from 0.5 to 2.0 increases the AS of spec-
tra of pastes implying higher degree of geopolymerization. Overall,
the result of the IR spectra also corresponded very well with the
strength results.
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Fig. 8. IR spectra of fly ash and geopolymer pastes.
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Table 3
Ratio of inverted peak height (H) and ratio of area of inverted peak (AS) of Si-O-Si
stretching vibration.

Sample Ratio of inverted Ratio of area of
peak height (H) inverted peak (AS)
FA 1.00 1.00
S-0.5 2.00 1.55
S-1.0 2.69 2.96
S-1.5 3.90 4.53
S-2.0 3.00 3.17
N-0.5 2.42 1.81
N-1.0 2.36 2.17
N-1.5 2.48 237
N-2.0 2.59 2.57

It should, however, be pointed out here that results obtained are
specific to the test conditions. It is possible to produce good geo-
polymer at ambient temperature instead of curing at temperature
of 65 °C for 48 h. There is, therefore, a possibility that the outcome
of the two-stage reagent addition will be different for curing at
ambient temperature.

4. Conclusion

When fly ash came into contact with NaOH, leaching of Si, Al
and other minor ions started. The amount of leaching was depen-
dent on NaOH concentration and leaching time. The results indi-
cated that leaching time of 5-10min was sufficient as an
increase in leaching time to 20 and 30 min did not significantly in-
crease the concentration of Si** and AI>* ions. The mixing of fly ash
with 10 M NaOH for 10 min was, therefore, appropriate for synthe-
sis of geopolymer when economy and practicality were taken into
consideration.

Mixing sequence had some effects on geopolymerization of
paste and compressive strength of mortar. Separate mixing proce-
dure allowed time and condition for leaching of silica and alumina
from fly ash particles into NaOH solution. IR study and compressive
strength confirmed that geopolymerization was elevated with S
series compared to N series. At high water glass content, its effect
became dominant and the effect of leaching of fly ash was less.
Geopolymers with relatively high strengths of 60-70 MPa were ob-
tained when 10 M and 15 M NaOH; G/N of 1.0 and separate mixing
procedure were used. For normal mixing procedure, a high
strength geopolymer of 65 MPa was also obtained but this required
high G/N of 1.5 and 2.0.

Optical microscope and SEM studies suggested that geopoly-
merization started with gel formation in colloidal form varying in
sizes from less than 1 pm to about 20 pum. As more gel was formed,
it overwhelmed remaining fly ash particles and formed a continu-
ous mass of gel resulting in relatively dense geopolymer matrix.
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In this paper, synthesis of geopolymer from fluidized bed combustion (FBC) ash and pulverized coal com-
bustion (PCC) fly ash was studied in order to effectively utilize both ashes. FBC-fly ash and bottom ash
were inter-ground to three different finenesses. The ashes were mixed with as-received PCC-fly ash in
various proportions and used as source material for synthesis of geopolymer. Sodium silicate (Na,SiOs)
and 10 M sodium hydroxide (NaOH) solutions at mass ratio of Na,;SiO3/NaOH of 1.5 and curing temper-
ature of 65 °C for 48 h were used for making geopolymer. X-ray diffraction (XRD), scanning electron
microscopy (SEM), degree of reaction, and thermal gravimetric analysis (TGA) were performed on the
geopolymer pastes. Compressive strength was also tested on geopolymer mortars. The results show that
high strength geopolymer mortars of 35.0-44.0 MPa can be produced using mixture of ground FBC ash
and as-received PCC-fly ash. Fine FBC ash is more reactive and results in higher degree of reaction and
higher strength geopolymer as compared to the use of coarser FBC ash. Grinding increases reactivity of
ash by means of increasing surface area and the amount of reactive phase of the ash. In addition, the

packing effect due to fine particles also contributed to increase in strength of geopolymers.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Pulverized coal combustion (PCC) is the most common burning
method used in coal-fire power plant. Combustion takes place at
high temperature of 1300-1700 °C and results in NO, and SO, re-
leased in flue gas. Due to high combustion temperature, fly ash
from this process is mostly spherical in shape with high glassy
phase content and also quite reactive. It is widely used as pozzola-
nic material for Portland cement partial replacement (Chindapra-
sirt et al., 2007a; Maholtra, 2002; Mehta, 1998). On the other
hand, fluidized bed combustion (FBC) technology is one of the
promising clean coal technologies, since lime is used to absorb sul-
fur. Low-grade fuels with high sulfur content can be burnt effi-
ciently achieving low NO, and SO, emission. FBC unit can also
handle wide variations of fuel quality while still achieving strict
air emission requirements. Combustion temperature of FBC unit
is only 800-900 °C. This results in reduced NO, and slightly in-
creased N,O as compared to PCC (Basu, 1999). The ash with high
contents of silica (SiO,), lime (Ca0), gypsum (CaSO4), and high
amount of crystalline phase is obtained. In addition, the particle
shape of this ash is quite irregular and thus its usage as pozzolanic
material is limited. Improvement of reactivity of the FBC ash is

* Corresponding author. Tel.: +66 38 103066; fax: +66 38 393494.
E-mail address: ubolluk@buu.ac.th (U. Rattanasak).

0956-053X/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.wasman.2009.09.040

usually done by grinding into fine powder (Jaturapitakkul and
Cheerarot, 2003).

PCC-fly ash is currently used as pozzolan to partially replace
Portland cement. With the problems of energy usage and waste
utilization, attempts have been made to use FBC-fly ash and bot-
tom ash as pozzolans in cement. FBC ash could not be readily used
as cement replacement in concrete due to its unacceptably high
calcium oxide and sulfur contents. The problems of unsoundness
and ettringite formation, after concrete has hardened, could pro-
mote concrete deterioration (Havlica et al., 1998).

Fly ash and bottom ash from PCC combustion can be used as
source materials for making geopolymer (Chindaprasirt et al.,
2007b; Chindaprasirt et al., 2009). The other name for fly ash geo-
polymer is alkali-activated fly ash. Fly ash can be used quite read-
ily, but bottom ash with large and very irregular particles
containing pores and cavities needs to be ground to proper fine-
ness (Sathonsaowaphak et al., 2009). The geopolymer is prepared
by incorporating high alkaline and sodium silicate solutions under
controlled temperature curing. This alumino-silicate cementitious
compound possesses good mechanical properties i.e. high com-
pressive strength and stability at temperature up to 1300-
1400 °C (Hussain et al., 2005). Attempt is made to utilize the
ground FBC-bottom ash as starting material for making geopoly-
mer (Slavik et al., 2008). The geopolymer gave acceptable compres-
sive strength and freeze-thaw resistance.
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In this paper, the improvement of FBC ashes through grinding
and its utilization were concerned. Various sizes of ground FBC
ash were incorporated with as-received PCC-fly ash to increase
the workability and reactivity. Mix proportion was varied in order
to study their effects on strength and other properties of the
materials.

2. Materials and methods
2.1. Materials

Source materials for making geopolymer were FBC-fly and bot-
tom ashes from small power plant in Thailand and PCC-fly ash
from Mae Moh power plant. The typical chemical compositions
of ashes as determined by X-ray fluorescence (XRF) are shown in
Table 1. FBC ashes had high CaO content due to the use of lime
as an in situ sorbent for sulfur. The CaO contents of FBC-bottom
ash and fly ash are 47.0% and 42.2%. FBC ashes are composed
mainly of lime (CaO), quartz (SiO,), alumina (Al,03), gypsum
(CaS0,4) in term of SOz and associated oxide of iron, magnesium
and dehydroxylated clay originating from fuel ash components.
River sand with specific gravity of 2.65 and fineness modulus of
2.8 was used.

The FBC-fly ash and bottom ash were inter-ground into three
different finenesses viz., coarse size (C-class) medium size (M-
class) and fine size (F-class) with 32%, 17% and 7% retained on sieve
no. 325 (45 pum-opening), respectively. The particle sizes (Dsg)
were 10, 8, 6 um for C, M, F-classes, respectively. The particle size
(Dsp) of as-received PCC ash was 24 pm. About 10 M sodium
hydroxide solution (NaOH) and sodium silicate solution (Na;SiOs)
with 9% Na,O and 30% SiO, by weight were used. The viscosities of
10M NaOH and sodium silicate solutions were 0.0093 and
0.0606 Pascal second (Pa s).

2.2. Details of mixes

Two series of tests were designed to study the effect of propor-
tioning of FBC-fly ash and FBC-bottom ash; and ground FBC-ash
and PCC-fly ash. The mass ratios of Na,SiO3/NaOH of 1.5, and solid
binder/solution of 1.5 were used.

2.2.1. FBC-fly ash to FBC-bottom ash ratios

The FBC-fly ash to FBC-bottom ash ratios of 80:20, 60:40 and
40:60 were used for the study of the effect of blending of the
two ashes in order to achieve the optimum ratio and utilize both
fly ash and bottom ash efficiently. The ashes were inter-ground
to obtain C-class size. This ground ash was blended with PCC-fly
ash at the ratio of 50:50 to prepare 50-FA geopolymer mortar spec-
imens for compressive strength test. The optimum FBC-fly ash to
FBC-bottom ash ratio of 60:40 was selected from this test series
for further study.

Table 1
Chemical composition of ashes.

Composition (%) PCC-fly ash FBC-fly ash FBC-bottom ash
Si0, 395 21.0 19.8
Al,03 21.2 8.0 7.8
Fe,04 15.6 6.9 24
Ca0 19.7 422 47.1
Na,O 13 2.9 2.8
TiO, 0.5 22 2.1
MgO 13 0.8 0.8
SO3 2.7 15.0 15.9
LOI 0.8 1.0 13

2.2.2. PCC ash to FBC ash ratios

Due to irregular shape of ground FBC ashes, a large amount of
liquid was needed to produce a workable mix. High liquid-to-solid
ratio could result in low compressive strength. To reduce this ef-
fect, as-received PCC-fly ash with spherical particles was used to
blend with FBC ashes. The as-received PCC-fly ash to ground FBC
ash ratios of 80:20, 70:30, 60:40 and 50:50 were used for the study
of the effect of blending of the two ashes. In addition, incorporation
of PCC-fly ash reduced the amount of calcium oxide and gypsum
contents in the geopolymer mix. Their presence in large quantity
can adversely affect the setting time and strength of geopolymers.
It has been shown that the CaO content up to 17% in the high cal-
cium fly ash has no detrimental effect on strength of geopolymer
mortar (Chindaprasirt et al., 2007b; Chindaprasirt et al., 2009).

2.3. Preparation of geopolymer

Oxide molar ratios of geopolymer matrix were varied in the fol-
lowing ranges: Na,0/SiO, = 0.25-0.27, SiO,/Al,05 = 4.06-4.56 and
H,0/Na,0 = 13.48. The mix proportions are shown in Table 2.
The ashes were thoroughly mixed until uniform mixture was ob-
tained. NaOH and Na,SiOs; were mix together in a container before
adding to the ash in a pan mixer. The mixing was done for 5 min.
After mixing, paste specimens were molded in 25 mm diame-
ter x 25 mm height plastic cylinder molds. After 10 s vibration,
they were covered with cling film to avoid moisture evaporation
during heat curing. The specimens were subsequently cured at
65 °C for 48 h. After that, the specimens were cooled down and
cured continuously at room temperature.

In preparation of mortar, sand was added to the paste at sand to
solid binder ratio of 2:1 (by weight) and mixed for another minute.
The mixture was then cast into 50 mm cubic mold in accordance
with ASTM C109. The preparation and curing procedures were
the same as the paste specimens.

2.4. Details of test

2.4.1. Determination of the amount of reactive phase of source
materials

In order to compare the amount of reactive phase of source
materials, dissolutions of ash in NaOH were performed. The 8 M
NaOH was used rather than HF to completely dissolve the reactive
phase under heating condition because HF could dissolve some of
the crystalline phase even at low concentration (Phillips and Car-
ter, 2003). About 1 g of ash sample was treated with 10 ml of
8 M NaOH at 60 °C for 1 h. The sample was then cooled down to
room temperature and filtered through pre-weighed membrane
filter. Residue was washed, dried and weighed. The amount of
reactive phase was determined as the weight of ash minus the res-
idue. In addition, X-ray diffraction (XRD) of source materials was
performed.

2.4.2. Thermal analysis

Geopolymer paste was ground and subjected to thermogravi-
metric analysis (TGA) and differential thermal gravimetric (DTG)
measurement using temperature up to 1000 °C with heating rate
of 10 °C/min.

2.4.3. Compressive strength test

The compressive strength tests were performed at the age of
7 days in accordance with ASTM C109. The reported compressive
strengths are the averages of three samples.

2.4.4. Determination of degree of reaction
The degree of reaction of ash in geopolymer was determined by
identification of unreacted ash. The unreacted ash was considered
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Table 2

Mix proportion (in gram) and oxide molar ratio of geopolymer.
Sample Source material 10 M NaOH Na,SiO3 Mole ratio

PCC-fly ash FBC ash (FA:BA = 60:40) Na,0/SiO, Si0,/Al,03 H,0/Na,0

50-FA 50 50 26.7 40 0.27 4.56 13.48
60-FA 60 40 26.7 40 0.27 4.37 13.48
70-FA 70 30 26.7 40 0.26 421 13.48
80-FA 80 20 26.7 40 0.25 4.06 13.48

as microaggregate in system. The method involved dissolution of
powdered samples with 2 M HCI and 3% Na,CO3 (Termkhajornkit
et al., 2005). Hardened geopolymer pastes were ground to obtain
particles passed a 150 um sieve. The 3 g of powdered samples
was filled with 30 ml of 2 M HCl in the beaker and then placed in
60 °C water bath and stirred for 20 min to accelerate the dissolu-
tion. The solid phase was separated by vacuum filter. The remain-
ing solid was then washed with warm water three times to
completely remove HCI. Acetone was applied in the last filtration
to remove water before drying at 70 °C for 2 h.

Residue was further dissolved with 30 ml of 3% Na,COs3 in bea-
ker and placed in 80 °C water bath for another 20 min with occa-
sionally stirring. Again, sample was filtered and repeatedly
washed with water and acetone before drying at 70 °C for 2 h.
The weight of unreacted ash was then determined. Degree of reac-
tion on ignited basis was calculated using Eq. (1) (Poon et al.,
1999):

Msample — [Miesidue X (1 4 LOI)] "

Degree of reaction =
msample

100 (1)

where Msampie = weight of powdery sample (g), Myesidue = Weight of
dried residue (g) and LOI = loss of ignition of ground geopolymer
paste tested in accordance with ASTM C114.

The degree of reaction of source material was also determined
and assigned as “blank”. All results were subtracted with blank
to obtain the corrected degree of reaction.

3. Results and discussion
3.1. Characterization of source materials

3.1.1. Amount of reactive phase of source material

PCC-fly ash had relatively high amount of reactive phase of
15.1% as compared to that of as-received FBC-bottom ash of 9.8%.
Grinding increased the amount of reactive phases of FBC-bottom
ash to 22.5, 32.3 and 56.2 for C-, M- and F-class ashes, respectively.
Increase in surface area was obtained leading to higher chemical
reactivity.

3.1.2. Characterization of source materials

The results of X-ray diffraction (XRD) of source materials are
shown in Fig. 1. The patterns of XRD of FBC ashes were clearly dif-
ferent from that of PCC-fly ash. The crystalline phases were abun-
dant in the FBC ashes and represented predominantly quartz.
Calcium oxide (CaO) was also found in both PCC and FBC ashes
and confirmed the high content of CaO in the ashes especially
FBC ash which lime was used as in situ sulfur sorbent. Presence
of calcium sulfate (CaSO4) was also detected in FBC ashes. PCC-
fly ash showed a broader peak than FBC ashes indicating a higher
amount of amorphous phase. The results of F-, M- and C-classes
FBC ashes were similar suggesting that fineness of these three
FBC ashes had little effect on the crystallinity.

-
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Fig. 1. XRD patterns of PCC-fly ash and three fineness classes of ground FBC ash at
FA:BA ratio of 60:40: Q = quartz, CS = calcium sulfate, CaO = calcium oxide.

3.2. Study of FBC-fly ash to FBC-bottom ash ratios

FBC-fly ash to FBC-bottom ash ratios of 80:20, 60:40, and 40:60
were studied in order to efficiently utilize both fly and bottom
ashes. The results of compressive strength of 50-FA and C-class
ash geopolymer mortars prepared from these ashes showed that
the FBC-fly ash to FBC-bottom ash ratios of 80:20 and 60:40 gave
similarly high compressive strength of 23.7 and 23.2 MPa as com-
pared to the relatively low strength of 18.8 of the FBC-fly ash to
FBC-bottom ash ratio of 40:60. Generally, fly ash is more reactive
than bottom ash. Increase in fly ash content, therefore, resulted
in higher compressive strength geopolymer. The FBC-fly ash-to-
bottom ratio of 60:40 was selected considering strength and the
amount of the FBC-bottom ash.

3.3. XRD pattern of geopolymer

Results of XRD of 50-FA source material and 50-FA geopolymer
pastes are shown in Fig. 2. Peaks of quartz, CaO and CaSO4 were
dominant in source material. The main difference between XRD
patterns of source material and geopolymer were the different in
the amount of crystalline peak and the amount of hump of the
amorphous peak at 30°. This indicated that the silicate glass phase
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10 20 30 40 50
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Fig. 2. XRD patterns of 50-FA source material and 50-FA geopolymers: Q = quartz,
CS = calcium sulfate, CaO = calcium oxide, X = calcium silicate.

in geopolymer was highly disordered. After formation of geopoly-
mer, peaks of CaO and CaSO4 were reduced and those of calcium
silicate were observed indicating occurrence of the phase transfor-
mation into a higher disorder material. The occurrence of calcium
silicate resulted from the hydration of calcium and silicate materi-
als similar to the hydration of Portland cement. In addition, the
hump at 30° of geopolymer paste was clearly evident. This con-
firmed the increase in the degree of amorphous phase. Grinding
decreased the particle sizes leading to high surface area for in-
creased chemical reaction. With the presence of NaOH solution,
reaction took place at the surfaces of the ash particles resulted
the leaching out of Si** and AI** (Rattanasak and Chindaprasirt,
2009). The geopolymer paste, therefore, consisted mainly of amor-
phous alumino-silicate products with similar amount of crystal of
predominantly quartz from source material and some calcium sil-
icate hydrate. The existence of some crystalline could lead to the
enhancement of the compressive strength of geopolymer paste
(Rattanasak and Chindaprasirt, 2009).

3.4. Thermogravimetric analysis

Thermogravimetric analysis (TGA) and differential thermo-
gravimetry (DTG) measure physical changes in materials. TGA/
DTG determines a material’s thermal stability and its fraction of
volatile components by monitoring the weight change during heat-
ing of specimen.

Fig. 3 shows TGA/DTG curves of 50-FA geopolymer paste. As
shown in TGA curve, geopolymer had 18% weight loss after heat-
ing. On DTG profile, a peak corresponding to maximum weight loss
at around 100 °C was observed resulting from evaporation of
water. Two small peaks were also found at 410 and 610 °C indicat-
ing the decomposition of Na,CO5; and Ca(OH), formed as a result of
incorporation of alkaline solution and high calcium content in
source material. These materials may render the geopolymer paste
unstable when exposed to high temperature. Dimensional stability

Fig. 3. TGA/DTG curves of 50-FA geopolymer at the age of 7 days.

at high temperature should be concerned especially when substan-
tial amount of FBC-bottom ash was used.

3.5. Degree of reaction

The results of the degree of reactions of geopolymer pastes as
shown in Fig. 4 indicated that the degree of reaction increased with
the fineness of source material as higher degree of reaction was
found in F-class geopolymer. As previously mentioned, grinding in-
creased surface area leading to higher amount of reactive phase.
Degrees of reaction were 23-28%, 28-31% and 29-36% for C-, M-,
F-class geopolymer pastes, respectively. For coarse C-class ash,
the degree of reaction increased with increase in PCC-fly ash con-
tent. Although PCC-fly ash possess slightly lower amount of reac-
tive phase compared to C-class FBC ash, the small and spherical
PCC ash particle helped with the workability and also increased
the packing of the ash particles (Tangpagasit et al., 2005). For the
finer M- and F-class ashes, the degrees of reaction were optimum
with the incorporation of 60% of PCC-fly ash. Although, the incor-
poration of PCC ash helped with the workability and also increased
the packing of the ash particles, its presence in large quantity re-
duced the amount of the high reactive phase M- and F-class ashes.
This resulted in lower degree of reaction.

Fig. 4. Degrees of reaction of blended ash geopolymer at the age of 7 days.
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3.6. Microstructural study

The results of SEM of as-received FBC-bottom ash, C-class ash
(ground FBC ashes), 50-FA source material and its geopolymer
paste are shown in Fig. 5(a-—e). As-received FBC-bottom ash and
fly ash were the agglomeration of a number of small and irregular
ash particles (Fig. 5a and b). FBC-fly ash also differs from PCC-fly
ash as it is not fused or spherical. Grinding helped to break the
agglomeration and resulted in small irregular particles as shown
in Fig. 5¢c. PCC-fly ash was used to improve the workability of the
mixes. The spherical shape PCC-fly ash was blended with irregular
shape ground FBC ashes as shown in Fig. 5d. For the 50-FA geopoly-
mer paste, the result of SEM is shown in Fig. 5e. The paste showed
easily identified spherical PCC unreacted fly ash particles, partially
reacted grains of fly ash, reacted grains of irregular coal ash parti-
cles, and a continuous mass of alumino-silicate. Cracks and pores
which could limit the strength of geopolymer were also found in
the matrix (Chindaprasirt et al., 2009).

3.7. Compressive strength

Fig. 6 shows the compressive strength of geopolymer mortars
with different amount of PCC-fly ash. The compressive strength
of geopolymer mortars increased with increase in the fineness of
FBC ash. Ground fine FBC particles possessed high amount of reac-
tive phase and Si and Al could easily leach from the ash surfaces of
the ash particle in the presence of NaOH solution. Si** and Al3* spe-
cies diffused into solution leading to reduction of Si** and AI** con-
centration at fly ash particle surface and thickening of solution. The
fine particles underwent a higher degree of leaching and were
overwhelmed with geopolymer gel (Rattanasak and Chindaprasirt,
2009). Furthermore, fine particles could also fill in the spaces be-
tween the larger ash particles leading to a dense geopolymer ma-
trix. Geopolymer with F-FBC gave the highest compressive
strength of 39.0-44.0 MPa. The PCC-fly ash to ground FBC ash ratio
for optimum compressive strength was 60:40 which corresponded
to the same optimum for the degree of reaction.

Fig. 5. Morphology of materials; (a) FBC-bottom ash; (b) FBC-fly ash; (c) C-FBC ash at FA:BA ratio of 60:40; (d) 50-FA (C-class) source material and (e) 50-FA (C-class)

geopolymer paste.
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Fig. 6. Compressive strength of geopolymer mortars at the age of 7 days.

In Thailand, PCC-fly ash produced is approximately three mil-
lion tons annually. About 60% of this is utilized as pozzolan and
the rest is discarded. The annually amount of FBC ash
(FA:BA = 80:20) is in the order of 0.36 million tons as it is produced
from small power plant. The suggested ratios of FBC-fly ash-to-bot-
tom ratio of 60:40 and PCC-fly ash to ground FBC ash ratio of 60:40
are reasonable considering the quantity of the ashes produced.

4. Conclusions

From the results of the investigation, it can be concluded that
FBC-fly ash and bottom ash have the potential to be used as source
material for making geopolymer. Inter-grinding of FBC-fly ash and
bottom ash increased the amount of reactive phase of the ashes.
The FBC-fly ash-to-bottom ash ratio of 60:40 was found to be suit-
able in terms of strength and bottom ash utilization. Grinding in-
creased the surface area and the reactivity of the ashes. However,
the ground ash required a higher amount of solution to produce
workable mix. PCC-fly ash was used to increase the workability
of the mix and it also contributed to the packing of the source
material. The PCC-fly ash to FBC ash ratio of 60:40 was suitable
as it gave high degree of reaction and compressive strength. Rela-
tively high strength geopolymer mortars of 35.0-44.0 MPa were
obtained with the use of M- and F-class FBC ashes blend with
PCC-fly ash.
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This paper presents the utilization of fly ash obtained from fluidized bed combustion (FBC) as a source
material for geopolymer. FBC-fly ash has low reactivity, and high content of CaO and CaSO,4, which limits
its use. To solve this problem, it was blended with reactive fly ash obtained from pulverized coal combus-
tion (PCC). This blend powder was then used as a source material for geopolymer. Sodium hydroxide,
sodium silicate and temperature curing were also used for synthesis of the geopolymer. XRD, SEM, degree

of reaction, FTIR were performed on geopolymer pastes. In addition, compressive strengths of geopoly-
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mer mortars were determined. Results showed that FBC-fly ash could be used in conjunction with
PCC-fly ash as source material for geopolymer. PCC-fly ash helped to increase the workability and
strength of the geopolymer. Relatively high strength of 30.0 MPa was obtained with 40% content of
FBC-fly ash in the blend material.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Fluidized bed combustion (FBC) is a promising clean coal tech-
nology for achieving air emission requirements. This FBC technol-
ogy is growing particularly in the small enterprises and is
competing with the traditional pulverized coal combustion (PCC)
due to the reduction of SO, and NO, gasses released in flue gas
[1]. Combustion temperature of FBC unit takes place at 800-
900 °C. In addition, a variety of fuels including low-grade ones
can be efficiently burnt using the FBC process. Limestone is partic-
ularly added to the bed as an absorbent for sulfur by direct injec-
tion, resulting in economic SO, removal without the need of
expensive flue gas desulphurization (FGD) equipment. Thermal
decomposition of CaSO4 in FBC does not occur due to low combus-
tion temperature.

In general, FBC-fly ash significantly differs from PCC-fly ash in
terms of particle shape, chemical composition and amorphous
phase [2,3]. FBC-fly ash particles are approximately 1-300 pum with
irregular shape, while PCC-fly ash particles are normally slightly
finer at approximately 1-200 pm and the amorphous phase is usu-
ally higher than that of FBC-fly ash. PCC-fly ash is widely used as
pozzolanic material for partial replacement of Portland cement
[4-6] due to its spherical shape and high reactivity. Comparing
with PCC-fly ash, FBC-fly ash has high contents of lime (CaO),

* Corresponding author. Tel.: +66 38 103066; fax: +66 38 393494.
E-mail address: ubolluk@buu.ac.th (Ubolluk Rattanasak).

0958-9465/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.cemconcomp.2010.09.017

gypsum (CaS0,), and high crystalline phase thus its usage as poz-
zolanic material is limited. It has also been suggested that typical
FBC-fly ash could not be used as a cement replacement in concrete
due to its unacceptably high sulfur content [2].

Attempts have been made to use FBC-fly ash as source materials
for making geopolymer [3,7]. This alumino-silicate compound pos-
sesses good mechanical properties viz., high compressive strength
and stability at high temperature of above 1000 °C [8]. FBC-fly ash
may need to be properly ground to remove large and highly irreg-
ular particles containing pores and cavities [3]. However, grinding
requires extra effort and time to obtain proper fineness which is
cost prohibitive for the commercial utilization of this FBC-fly ash.

This paper attempts to use FBC-fly ash as cementitious material
without grinding to conserve energy. FBC-fly ash was blended with
PCC-fly ash and used as source material for making geopolymer. The
knowledge would be crucial for commercial utilization of FBC-fly
ash. The fly ash blends were mixed with alkaline solutions and tem-
perature cured. XRD, SEM, degree of reaction, FTIR and compressive
strength tests were performed on the geopolymer specimens.

2. Materials and methods
2.1. Materials
Source materials for making geopolymer were FBC-fly ash from

a small power plant in central Thailand and PCC-fly ash from Mae
Moh power plant in the north. Typical chemical compositions of fly
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ashes were determined by X-ray fluorescence (XRF) as shown in
Table 1. FBC-fly ash had high CaO content of 47.0% due to the addi-
tion of lime to absorb sulfur. The main compositions of FBC-fly ash
were lime (Ca0), quartz (SiO), alumina (Al;03) and gypsum
(CaS0,4). PCC-fly ash was also used to increase the reactive phase
of the starting material for geopolymer mixture. The particle sizes
(Dso) of FBC and PCC-fly ashes were 28 um and 24 pm, respec-
tively. The particle size distribution of the original fly ashes is given
in Fig. 1. The specific gravity of FBC-fly ash was 2.34 and that of
PCC-fly ash was slightly lower at 2.21. Liquid phase consisted of
10 M sodium hydroxide solution (NaOH) and sodium silicate solu-
tion (Na,SiO3) with 9% Na,0 and 30% SiO, by weight. The viscosi-
ties of 10 M NaOH and sodium silicate solutions were 0.0093 and
0.0606 Pascal second (Pa s), respectively. River sand with specific
gravity of 2.65 and fineness modulus of 2.8 was used to prepare
mortar for strength test in accordance with ASTM C109.

2.2. Mix compositions

FBC-fly ash and PCC-fly ash were mixed together at various pro-
portions. The mass ratios of FBC-fly ash to PCC-fly ash were 0:100,
20:80, 40:60, 60:40, 80:20 and 100:0. Liquid was prepared by mix-
ing 10 M NaOH with Na,SiO; with the Na,SiOs-to-NaOH ratio of
1.5 by weight. Due to irregular shape of FBC-fly ash, increase in li-
quid content was needed to produce a workable mix, particularly
in the mixtures with high FBC-fly ash content. The mix proportion
is tabulated in Table 2. Calcium oxide and gypsum in large quantity
can adversely affect the setting time and strength of geopolymers
[3,9]. The total calcium oxide and gypsum contents in the geopoly-
mer mix could be reduced by addition of PCC-fly ash.

Table 1

Chemical composition of fly ashes.
Composition (%) PCC-fly ash FBC-fly ash
Si0, 395 21.0
Al,05 21.2 8.0
Fe,03 15.6 6.9
Ca0 19.7 42.2
Na,O 1.3 2.9
TiO, 0.5 2.2
MgO 13 0.8
SO3 2.7 15.0
LOI 0.8 1.0

Fig. 1. Particle size distribution of the original fly ashes.

2.3. Preparation of geopolymer

The ashes were thoroughly mixed in a pan mixer. The liquid
was prepared by mixing NaOH and Na,SiOs together in a container,
then added to the blend ash. The paste mixture was mixed for
5 min and was then cast into 25 mm diameter x 25 mm height
plastic cylinder molds. Specimens were vibrated for 10 s and cov-
ered with cling film to avoid moisture evaporation during heat cur-
ing. The specimens were subsequently cured in oven at 65 °C for
48 h. After that, the specimens were cooled down and cured con-
tinuously at controlled 25 °C.

In preparation of mortar for strength test, sand was added to the
paste at final mixing step with the sand-to-solid binder ratio of 2
(by weight). Mixture was then mixed for another minute. The mor-
tar mixture was cast into 50 mm cubic molds in accordance with
ASTM C109. The curing condition was the same as for the paste
preparation.

2.4. Details of test

2.4.1. Determination of degree of reaction
The degree of reaction of fly ash in geopolymer was based on
the identification of unreacted ash [3]. The unreacted ash was con-

Table 2
Mix proportion of geopolymer pastes.
Mix no. Sample ID Source materials (g) Liquid Solid
PCC-fly ash  FBC-fly ash (® fraction
1 PCC-FA 100 0 67 0.60
2 80/20 blend 80 20 67 0.60
3 60/40 blend 60 40 67 0.60
4 40/60 blend 40 60 82 0.55
5 20/80 blend 20 80 100 0.50
6 FBC-FA 0 100 100 0.50

Fig. 2. XRD patterns of FBC and PCC-fly ashes: A= calcium sulfate, C= calcium
oxide; M = mullite, Q = quartz.
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sidered as microaggregate in system. The method involved the dis-
solution of powdery samples with 2 M HCl and 3% Na,COs [10].
Hardened geopolymer pastes were ground to obtain particles
passed a 150-um sieve. Three grams of powdered samples were
dissolved in 30 ml of 2 M HCI in beaker and then placed in 60 °C
water bath and stirred for 20 min to accelerate the dissolution.
The solid phase was then filtered and washed with warm water
three times to completely remove HCl. Acetone was applied in
the last filtration to remove water before drying at 70 °C for 2 h.
Residue was further dissolved with 30 ml of 3% Na,COs solution
in beaker and placed in 80 °C water bath for another 20 min with
occasionally stirring. Again, residue was filtered and repeatedly
washed with water and acetone before drying. The weight of unre-
acted fly ash was then determined. Degree of reaction on ignited
basis was calculated using Eq. (1) [11]:

Degree of reaction — sl — [Mresiue x (1+LOD]

100 (1)
msample

where Mgmpie is the weight of powdery sample (g), Mresique the
weight of dried residue (g) and LOI is the loss on ignition fraction
of ground geopolymer paste. LOI of ground geopolymer paste was
tested in accordance with ASTM C114. The dissolution of the
blended raw material of each mix was also determined, and as-
signed as “blank”. All results were individually subtracted with
blank to obtain the corrected degree of reaction [3].

2.4.2. Additional tests

Microstructure study and FTIR spectrometry were performed on
the geopolymer pastes. FTIR absorption spectra of ground samples
were recorded in the wavenumber range of 4000-400 cm™'. The
compressive strengths at age of 7 days were tested on geopolymer
mortars in accordance with ASTM C109. The reported compressive
strengths were the averages of three samples.

3. Results and discussion
3.1. Characterization of fly ashes

X-ray diffraction (XRD) patterns of fly ashes are shown in Fig. 2.
Due to low combustion temperature of coal in FBC, less glassy
phase of FBC-fly ash was obtained as compared to the PCC-fly
ash. Numerous peaks of crystalline quartz, calcium sulfate (CaSO,)
and calcium oxide (CaO) of FBC-fly ash were easily identified. For
PCC-fly ash, a broad hump at around 16-38° indicated the presence
of a large amount of amorphous phase. The peaks of quartz, mullite
and calcium oxide were also present.

Microstructures of both fly ashes are shown in Fig. 3. PCC-fly
ash particles were spherical due to the sintering of ash at high
combustion temperature. On the other hand, particles of FBC-fly
ash were very irregular in shape since the combustion temperature

was only around 900 °C and the coal particles did not completely
melt and thus the irregular shape remained.

3.2. XRD pattern of geopolymer paste

Fig. 4 shows the X-ray diffraction (XRD) pattern of geopolymer
pastes at the age of 7 days. Geopolymer pastes with high amount of
PCC-fly ash of 60%, 80% and 100% showed high amount of amor-
phous gel as indicated by the broad hump and a small amount of
peaks of crystalline products. The broad hump of these pastes
peaked at 30°, while it was 26° for the PCC-fly ash as shown in
Fig. 2. This indicates the highly disorder of the silicate glass phase
in geopolymer [3]. Peaks of CaO could also be noticed as the PCC-
fly ash contained a high percentage of CaO. Calcium silicate from
reaction between calcium and silicate compounds similar to
hydration of Portland cement was also detected. Increase in FBC-
fly ash in the mixture resulted in increase of peaks of crystalline
phases. Quartz, Ca0, CaSO, and calcium silicate were easily seen
in samples with high FBC contents of 60%, 80% and 100%. As a re-
sult, the amount of amorphous gel, therefore, reduced with the in-
crease in the FBC contents.

Fig. 4. XRD patterns of geopolymer pastes at the age of 7 days: A = calcium sulfate,
C = calcium oxide; Q = quartz, X = calcium silicate.

Fig. 3. SEM images of fly ash particles: (a) PCC-fly ash, (b) FBC-fly ash.
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Fig. 5. Morphology of materials at the age of 7 days; (a) 60/40 blend fly ash; (b) 60/40 blend geopolymer; (c) PCC-FA geopolymer; (d) FBC-FA geopolymer paste.

3.3. Morphology of geopolymer pastes

SEM images of 60/40 blend fly ash and its geopolymer paste are
shown in Fig. 5. PCC-fly ash was used to improve the workability of
the mixes and to increase the reactivity. The spherical shape PCC-
fly ash exerted the ball bearing effect and increased the workability
of the mixture of the blend with irregular shape FBC-fly ash
(Fig. 5a). Fig. 4c shows the morphology of PCC-fly ash geopolymer
paste. Unreacted and partially reacted grains of fly ash and a con-
tinuous mass of alumino-silicate were the common feature. Large
fly ash particles still did not completely dissolve [12]. For the 60/
40 blend geopolymer paste, the morphology as shown in Fig. 5b
looked similar to that of the PCC geopolymer paste indicating a rel-
atively well developed geopolymer paste. For the FBC-fly ash geo-
polymer paste as shown in Fig. 5d, the paste also showed a
continuous mass of alumino-silicate with unreacted and partially
reacted grains of irregular FBC ash particles. However, the unre-
acted and partially reacted grains of FBC-fly ash were porous and
could affect the denseness and exert negative effect on the strength
of geopolymer. Similar finding was reported on the bottom ash
geopolymer paste [9].

3.4. Degree of reaction

Fig. 6 presents the degree of reactions of geopolymer pastes. It
should be noted that the solid fraction of pastes were not the same.
The difference in amount of liquid to solid ratio would affect the
degree of reaction. For the geopolymer with solid fraction of 0.6,
the degree of reaction decreased with increase in the FBC content.
The PCC-fly ash paste gave high degree of reaction of 18.6% while
the 80/20 blend and 60/40 blend geopolymers gave lower degrees
of reaction of 16.8% and 15.6%, respectively. The high degree of
reaction was a result of the high amorphous phase of PCC-fly
ash. Increase in the liquid fraction to 0.45 (solid fraction of 0.55) re-
sulted in a slight increase in the degree of reaction of the 40/60
blend geopolymer paste. Higher amount of liquid encouraged the
leaching out of the silica, alumina and other elements. Increase
in the liquid portion to 0.5 (solid fraction of 0.5) resulted in an
additional increase in the degree of reaction of the 20/80 blend
geopolymer paste to 18.5%. At the same liquid fraction, the degree

Fig. 6. Degrees of reaction of blend fly ash geopolymers at the age of 7 days.

of reaction of FBC-fly ash paste was lower to 17.0% due to low
amount of amorphous phase of FBC-fly ash.

3.5. FTIR spectroscopy

Fourier Transform Infrared Spectroscopy (FTIR) was performed
on the geopolymer paste. Characteristic bands were identified in
geopolymer as shown in Fig. 7 consisting of Si-O bending mode
near 460 cm~!, Si-O stretching vibration at the wave number
range of 1200-950 cm~!, O-H stretching and O-H bending at
approximately 3450 cm™' and 1650-1600 cm™!, CO>" band at
~1460 cm ™! [12-14].

The IR spectra of geopolymer as shown in Fig. 7a-d were
slightly different from the original fly ash. The occurrence of
CO%’ band was detected in all geopolymer as a result of the carbon-
ation between alkaline solution and CO, gas in environment re-
sulted in sodium carbonate. In addition, position of Si-O
stretching band was altered from the broad peak at ~1000-
1200cm™! in original PCC-fly ash (Fig. 6e) to strong peak at
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Fig. 7. IR spectrum of fly ashes and geopolymer pastes at the age of 7 days: (a) PCC-
fly ash geopolymer, (b) 60/40 blend geopolymer, (c) 40/60 blend geopolymer, (d)
FBC-fly ash geopolymer, (e) PCC-fly ash, (f) FBC-fly ash.

Fig. 8. Compressive strength of geopolymer mortars at the age of 7 days.

~990 cm™! in geopolymer (Fig. 6a) implying the chemical change
in the matrix. Small peak at ~660 cm™~! was observed in FBC-fly
ash and geopolymer corresponded to the band identification of
S-0 originated from sulfate compound in the matrix. It should also
be noted that Al-O bands could not be detected as the bands were
weak and overlapped with the position of Si-O vibration. The Si-O
stretching vibration was more prominent than other mode; it was
therefore logically used to indicate the degree of geopolymeriza-
tion [9].

3.6. Compressive strength of geopolymer mortar
Fig. 8 presents the compressive strength of geopolymer mortars.

The compressive strength decreased with increase in the FBC-fly
ash content in the mixture as the reactivity of FBC-fly ash was

low compared to that of PCC-fly ash. Amorphous phase in PCC-
fly ash was responsible for the high leaching out of Si and Al ions
to system and resulted in continuous alumino-silicate matrix with
embedded fly ash particles. The compressive strength of PCC-fly
ash geopolymer was high at 38.3 MPa. The strengths of 80/20
blend and 60/40 blend pastes were also high at 36.8 and
30.0 MPa. This was consistence with the results of the XRD which
indicated that the PCC-fly ash, 80/20 blend and 60/40 blend pastes
showed the noticeable lower peaks of crystalline products than
those containing high amount of FBC-fly ash. The SEM results also
confirmed that the morphology of the PCC-fly ash and 60/40 blend
paste was similar. Increase in the amount of FBC-fly ash beyond
this adversely affected strength of pastes. The strength of 40/60
blend, 20/80 blend and FBC-fly ash geopolymer pastes was low
at 23.1, 23.0 and 21.0 MPa, respectively. The low strength with in-
crease in FBC-fly ash content was due to its low amorphous phase
and the porous partially reacted fly ash particles.

The PCC-fly ash-to-ground FBC-fly ash ratio of 60:40 was rec-
ommended for use as the proportion for source material for geo-
polymer considering the quantity of the ashes and reasonable
strength level. This geopolymer, therefore, could be used as con-
struction material with early strength gain and could replace the
use of cement. Additionally, it is the alternative way to effectively
recycle the FBC-fly ash.

4. Conclusions

The FBC-fly ash particles are highly irregular and contain rela-
tively high amount of crystalline phase compared to the PCC-fly
ash. With its spherical shape and high reactivity, the incorporation
of PCC-fly ash, therefore, enhanced the workability and reactivity of
the FBC-fly ash and PCC-fly ash blend geopolymer. The geopolymer
with high percentage of PCC-fly ash contained a large amount of
amorphous gel and gave relatively high strength. Increase in FBC-
fly ash in mixture resulted in geopolymer with a larger amount of
crystalline phase as detected by XRD. Although the matrix appeared
dense, the porous structures of the partially reacted FBC-fly ash par-
ticles remained and adversely affected the strength of geopolymer.
In addition, the test on degree of reaction also confirmed that the
degree of reaction of PCC-fly ash in geopolymer paste was higher
than that of FBC-fly ash. PCC-fly ash could be blended with up to
40% of FBC-fly ash and used as source material to make geopolymer
with relatively high strengths of 30.0-38.0 MPa.
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