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Abstract

Fly ash geopolymer is acid and thermal resistant material providing a high strength in
a short period under a heat curing. Therefore, this research has studied the application of
the fly ash geopolymer. Fly ash from pulverized lignite coal combustion (PCC fly ash) was
used as source material for geopolymer production. Application of this geopolymer
included the covering material for acid environment. Generally, cement pipes have been
corroded by acid wastewater owing to high calcium content in pipes. Covering of pipes with
geopolymer has overcome the corrosion problem resulting in long-term utilization.

Nowadays, PCC fly ash has high calcium content due to low-grade lignite feedstock.
High calcium content in fly as has resulted in the setting of geopolymer at room
temperature with low workability. This geopolymer has low acid resistant if heat curing is
not applied, less alumino-silicate compound is also achieved. Thailand locates near the
equator with hot weather all year round. Hence, application of hot climate to cure the high-
calcium fly ash geopolymer can enhance the acid and thermal resistances leading to the
sustainable energy utilization.

Cracks, however, can be found in high-calcium fly ash geopolymer. This research has
also proposed the application of polypropylene fiber in geopolymer mixture in order to
improve the crack control. Outdoor heat exposure has been used to cure the geopolymer.
The results show that polypropylene fiber helps to control the crack growth leading to
better acid resistance than plain geopolymer. This research also provides the geopolymer
brick for pedestrian pathways, which meets the minimum requirement according to ASTM
C902, and none-fire brick for fired-resistant performance. The output of this research can

lead to the utilization and application of fly ash geopolymer in a commercial way.
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9g19nTle71 auiukaalengs diuezgiifloneenlan (ALO,) NINNLIAWMTY Inei

Y

v |

anluiuszneulusmeusiumioaitezqiidessenlusden vilvidriiuvia C Tovgfidousenlud
(ALOs) 91 wazdanieenlast (Si0,) fe

havetts 2 vindauandivedlsaiu venaniidassiin ¢ SdaruduasTundly
fesanmsiiUiina Cao qa Jadawiuwinngluszorusndnlvgidudauiiuueaidougs
InefiUsuaves Cao @i 40 % yibidmnuduans@uudludies wilulagduidiaiuiuw

wnedUSuna CaO saamastiesuszunn 10 %



2.3 STUUNISLNIEIURY
[ a I3 % dg‘, a a = % 1 %
nswnauiuuadundsnudemdslunisndaliing 3 szuu loun nswnnnueugs
NMSIIANTOUUIUNAN NSINIANTOUSN (USeyayn, 2548)
1. MIwIANTouge

a =

maaufouas Wumswilumiwuuuldussauiigamgiiasdia 1500 - 1700 °C 11

dfuaulngasmasuararsUsnziududaviodou idduiuiivdednlnaidudduinn
wazAnasgeNtduan dudiuivnunadndudesandudaesfiidnvundudauila
(Vitreous particle)
2. MIWIANUTIUUIUNEN
nawguAnualumsEr S eutunandldldgamg fioglugassening 1100 - 1400 °C 1y
MU wuuauAnuun (Pulverized coal combustion, PCC) taaufiudiulngaztJuid
aee dauiivdowmdudminrsedium Whaseiildannswiiissana 70-90% Saunnuas

AnuazBualnalAsstuyudiuudvesanaud siuddinaaudfluaisiegleau Sanudus

'
[ o [ a

auguas wazdanuhlunsiinujisenunnninisminuudy Jadudaesfiumngdmiuwnui

<3

| |

G
Yudug wasndndlelndweindnuaudinunanisinniouluanimninalad waslriaenias
Falselwihifldmanludnunside Tsdwihudiune

3. MIEPNLTON

mssnanafeusdunseuuungdaladiun (Fluidized-bed combudtion) gaumaiiil
T¥lunsunanuivlsiiu 900 °C sreudran ilsdrauiiunldfisusaliviuey (regulan)
wazfidiuuszneuiiiundndeudiegs annsalfiduasvesleauls udlifvingrassilsan
nMsAToulIuna N

Fromapadinanfaledliidaesainmandiufiuue vie PCC Wuansdsiuaaanis
KanAlelnaies Hesmnidnaeeiintuszana 70 - 90 % Sanauifduasdesleaiu deiaauls

aaa

lumsinufisen nedlelndwesnlanniasetifinuauifinusenisianseuluaninnanlaa

[ Y]

wazdlAMasdnigeanindlelndweiindndandu 1wy Aurwikasdunay

2.4 auandngRyvailelnaiues

2.4.1 ANUAMUABNISNANTIULAYNSA

AounInsssunlan midussenaviliEnnsouldlavansiaiivansvde W nsaA1sue
1 (H,COy), nsmlalasmansn (HCL, nsalumsn (HNO,), nsavleanasn (HsPO,) wagnsadaiisn
(H,50,) Wusu Fsprsundasssuaniinununiusensaldldfvinfinasnisinnteulaensnatany

Linwidudame waiidunisdnnseunisuuse waginlireunsatdulasuaudenie g



YOUMMTAT pH AT 6.5 wazwindindn 4.5 AazneliiAnanudemedsuuswin (ides
LazAnfng, 2555)

nanftorauhaneaounintueanldnnuaisunas lnsenaiinandunsn dsenadinge
Faflvin n3e ninandueiin Ususgainlsanuvideunamandifinisldnsalunisudn vieldnsn
dunanaselfvosnisuda visenamanszuutitaiidsuaseszueindsnntiuboy
Tnslangviettntnidslulssnugnamnssy mnduviefivhannaeuninetasilivieidnaaiu
domeuardogmsldnuitlisnumn desmnilelndwestuivinamouaadeuoenlu
niAounInsTsLa Swilvdnsdununsaidn

2.4.2 auamusan1siansaulagdainn

indedaun (50,”) flegluguvesmsaraannsaiilvidmudinadlunounininay
ool fegrweandedamninuinnlusssuniasdusunsodensunin iy lafeu
Fawln sesasnie uunfioudamn dnaswveglududennduieu undnindousssun
vidouTnnieglndvsia

Y

Jaduninanan1synanglnadang YUNUENINLINADN LAENANTNLINABUNTAUD LT

[ o

vostauings fagvirlinstanseulasdaimatiuuindunulufie auiiviivesaounin
pouniniinnNufivigaaslidamafukudlulunouninentu enaviliinnudemeduan
wewadld (W85 wasAne, 2551)

Folndwesduargninansldmngnudluansazatedauia usnisviasazdini@iaud
wiarsssun laedlalndiuesaziianisgydedeouvesdanilatludame n1sgadedanilal
FanamagriiliiAnamnuifuLarsesunn Ssdanadenisfunsiesileindwes uranmsinuile
Indiesaouninlumsaraslufoudaumianuhmadsuuaninduosun edunsiuns

waENISVEIEF (UTayn, 2548)

2.5 waiafildnagau

2.5.1 wiallaX-ray diffraction spectroscopy (XRD)

waila X-ray diffraction Tdinsgsiautfvesian uazliasiziniesdusenauvesss
$IN9) Tngendndnmsidauunessdionddeinmdndusing qlunanvesinegns lneeduranns
299 Bragg’s law %ﬁﬁﬁmmiav‘hmﬁmwﬂé’ﬁg@L‘%a@mmmaSL%QU'%mm Tnefegefivau
¥msiansituaeiidnvasduvends vielunesdon wasdEmnsadaszifiegaiiu
Aduu19lndnaiy (Wil wazAny, 2552)

dle%idendnsenuiundnuisesiiansnsyinnssanevesdifunaiiennanmsissdy

WaZN1IUUIABIBLaNATOU \iAN1SdIENenneBLlanaseu (Electronic transitions) Nsgaduved



$9@8nd N13nswd wagn1sdeuL FaUsingnisaimatianin ludnuazlaniz o dLAazs1a

azanusailuiinsilesizimaaille

2.5.2 wialla Infrared Spectroscopy (IR)

dunisaannsalnd Wumeiaildinseidiolflunsn s unasAnuilassaiis
vasluanavesans lnsAnwinisgandunadlutisvesndudurisaiitliiAnnisduesluiana
wazfinasionsduveiussluiana (Wi uavane, 2552)

vdnmvhueassedunsnaninsinlndnes ¥in Fourer transform spectrometer
wifudanisafiarmisainduadldiidsinndrsnuenaiu lnsgunsaiiliiendn
dumasinelslin o3 (Interferometer) wasanuvaInLinawasasiudgdumesivelsiines
mﬂﬁ?uawhwﬁﬂﬂéﬁﬁmﬂamLma%uazgﬂLLUqéWLLaqaamﬂu 2 ma Ingduasinilsazgnazyiou
luganszanilegiuil Snduamilsazgnazieuludanszaniianunsaindeudilddaazidousansing
ndualdmnesilusyuzniaiigiu wavazanUsTIUAudnaSYlRAnMsumsnaeaTULLES
WAgLUUNENS ﬂﬁﬂﬁuﬂzgﬂﬁaaﬂﬂulﬂé’qé’hazm fimamesazinnnuiduvesnaseausazady
vaspfinszanideuluin Inevimsduinnagldnsmiizendn Sumesineslsunsy (nterferogram)
oo Iniunsufiume fagvhnsUssnanaeenudurenuduresuamnanuenaduiides

NUFe81e wazasldeanudy IR awnny

2.5.3 ndveganssAUBLAnAsaULULADINTIA (Scanning Electron Microscope ;
SEM)

[

napsganssAudianaseuluudensn LluasesdeodmiuldlunsAnwseasdenves
Amthvesdaegeiidesnisnsiaaey amilailunmaudinddindn fusslevilunisfine
anwaeN1eueNTewWIeg1e SEM Wundesqanssauildauadianaseu arevsedoansialiuy
Avesiiegefidesnisnsnaeuliladeyavesdnuasiuiunngdunmveeiauisaueaiu
lomenUavsoaratuiinamiuupuildla

WANNI3Y1UTB1ATET SEM  agUsznaumisunatnindiannseudainminiings
a & - Yo I a Y I o A v
didnnsewiedeulviiuszuu lnungudidnaseunlavinuvdsniiinaggniseseauidlia
NNUUNFuUBIaNATEUITHUANATIUTINSE (Condenser lens) LitevilinguBidnaseunanewdu
adidnaseu Feanunsausulivunvesadidnaseulugiseianlanudosns mnAeen1snmdg
= o v 9 vo ad d & Y & o aa o 1y
fiauaudaasyuldadidnaseulivunaidn ndsaintduddidnaseulzgnuiuszeslialag

wudlnddng (Objective lens) aslUuuiaTuruifen1sAnyl nawINa18LaNATaURNNTINGY

q



vuBuuIzyiiaddnaseunfs gl (Secondary electron) Judsdyg1uandianaseunie
oy

o

o

ftazantudin wazwlandudyaiumedidnnseaniing

@)

o

2.5.4 Mmagauinawavadlalnduesaniitasy

mavageuidsdnvesilelnawmesanniinasy iudsiduietudunmautfvesdlelng
wosThumaasudulumuuuuiingdy wazanmnsadwnldauls Gaazmaasunueigiidmue
Taegunseilimnaeuidssadl 2 wuu fie wuugunssnszuenittesldluanigeninm Wiuea uas
wAnA1 waziuugUanuianaedesldludingy wesdu uasUssinaluglsy lngnismegauring
dauuugUgnuraiagiiuuuvasidinasesugnuiaid msvauilelndwesuuunatainuin

3 & W a | = a a v o
5x5x5 cm IULLUUVUQQUQSN ERIN ‘UQQSLW%I@IW@LN@%V]N?{NLﬂ%%aﬂlUQULﬁﬂi LLaSU']ﬂsL'WLiﬁJ‘U
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wanafiua 3 ¥ee ntuinsefidula wanhlloumusseziaiiiinue vasanuuiilelnd

weseanngauneuunzeananiuy Mlinannzauau Weasunafidmuniiluvegeude

(%

LA3998AMAT InednAnaseafivinlaiegrafanisuan (Usgay, 2547)

2.6 NATeTiisades

Zhang uazAn (2010) lAANYINISLATRUIANRIUURIVBIABUNINAINTAEND18NT Y
nuasuniaflldluanminadonmmaald Tnetaniléindovarlusudslessudifignilunisin
nseu dludagiunsliflelndmes Suiduilivietetunounindmivdunndeunameia
nuATiAnwnaNTAvesileTndes Ae narildlunisindeu nisduriiu mstleatunisin
30U wazANULTsweITusEILE R L AsTivesUSinadlendwes Tneninndeuilelndues
vuivesmeunInUsTnm 2 dlus SlelndwesildanAunzniuanqgundn (GBFS) asluly
imaugaduansaefuusina 10% eanmsiuriuwesdlelndwes wanisdnwimuinilelna
wesildariauidadaitiudaunsatostumsianseuldd uonaniddmuinanuudauss
ﬁuﬁzmﬁ'awmwﬁiaiwﬁl,ma%ﬁ%gu%Lmuﬁma%@’h%ﬁﬁaiwdwﬁia‘lwﬁLmaﬁﬁ’ugu%Luuﬁua%éfﬁqq
1 15 wangtiaana damnsnesueldinmsiniuveauaaienddinalemsn (CSH) Tuyudisud
ua%ﬁﬁﬁ’u?ﬂaiwaL:J@%Lﬁms'ugulﬁﬁlﬁam’%am%laiwﬁLua%’hﬂGmé’aﬂ'ﬂaﬁﬁﬁmmwﬂ'wﬂ’uqa

WIunsuazaug (2553) lavinsAinemavesnnududuresasazateluieulansonlyn
(NaOH) Alorddnvesilolndweineuninaindidiuiu warimddamiersznianindodes
AUFLBlNAILeSADUNTAAIAAIETIUAY YTINTISLASENTLBLNALLDIADUNIAINLAIATURAULLLINE
loReudann (Na,Sios) wag lathsulansenlan (NaOH) laeldanuiduduvesansavany

lotneulansonlen Windu 8, 10, 12 way 14 1uais AMuuAdns1dIuvae Si/Al Awiniu 1.98
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&N vAef e 1MARBULNLIUY LAt UNietmaasulusmaigamniivies naasuindesh
7,14, 28 waz 60 fu usnaNiAldnaaoUEBamniien (wmdndedesidunigudnans 12, 16
LAy 20 1. 1n3A SD 30) fieny 28 Fu namsAnwuandliiifiuin Masdnvesdlelnduwednounin
fefiutumuanuituturesasazansludoulensenlediiiudy wazdimaiaumdsdaly
Sndigdludas 14 Suusn wianduidsdaidnsniaduanas egnslsfnulunguiild
asaraelufoulensonlud udu 14 Tuand Tsnsniivvesidsdngsninguiiliaisazae

Tudeulansonladniianududuni d@undedainieisenindlelndiuesaounsniuman a0

a1

Wutumuardutuvesasazaneluielensonlediiuty winduiidvandndesiinng
Wudy 14 luans

WTes warnAins (2555) InAnwinavasnnuutuvesesasaelaifsulansonles (NaOH)
warsmINd SI/Al defndsdavesilelndweireuninarnidauiiu Aurluasazarouuniifen
Fawn (MgSO,) waznindaiiasa wivailelndwesnsuninainiaiauiuliiung lehsuddnmg
(Na,SiOs) uaglaeulansanlyd (NaOH) nauusnldainuduturesaisazaty NaOH windu 8,
10, 12, 14, 16 uaz 18 wan§ Munuadnnanves SVAL asiviniu 1.98 naud 2 14 avsndudu
yosasavay NaOH asiiyiniu 14 lans uarlddnadiuves S/ALwindy 2.2, 2.4, 2.6 waw 2.8
vaof10e 193 e lnALD SADUNTA FUNTINTNTTUBNVLNALFLE AN 100 3. 849 200 113, YN
Uidlemaumsrouniniudsiudluoina wasudluasazarsuuniieudamadudu 5% lng
ihwitn wazudlunsadafiniafianududu 5% lnotnin neasuidsavesilelndiues
pounsndaudluasazansuuniideudamimdunan 90 uay 180 Tu naaeumsan.derinin
iesnmstinnieulilesannsadaiinafleny 7, 14, 28, 60 uaz 90 fu nasnaunaae RIS
vesilelndluesneuniniivulusiniafieny 7, 14, 28, 60, 90 uag 180 Ju wan sANWANUT
prududures NaOH fiunntu dwalsimdnvesilelndmesaouninainidduiiudiaigedu
magapde hdsdadesnasararsuuniloudaminvesilelndmesneunindaniudunu
pudiutures NaOH wagdnsrdau S/AL uendnidwuinisgadsininuesilolndies
pounniiosnnindaiisedunliigetwileldnnududuros NaOH ety

Rattanasak way Chindaprasirt (2009) la@nwin1svzvesdan (Sio,) uavazgiun (ALO,)
nndrdniuanludfmemsazaneluifesilonsenlued (NaOH) ifnarerdssnvesilelnaiues
TnoiSondmegnaddwiuliduasuvuassfirnududuvedluieyleasonlodiuansaiu
thansfilaluiiesgimaaniuazergiiuniiszoziatdnety waginmaasuidssnuosilolnd
wo$ wanasawansliifiuiiniswarasrendaosiuey fuanuiduduresansaranelniivale
nsenles Feansazaneifirnududy 10 Wwanfnamseeil 10 Wil Seilidlelndwesiahas

@ =2 a

9ngedl 65 wnngUrama Ssanunsaiieuyudiuuduesinsnnanlannyudwudussnni 1
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wennUgsinwpuautivedlelndwesivianidiasy Mnlsalniuiune Janin
#U14 Tnemsimseuelndwasinanainnisuauaiassnuansazanegleneulansanles (NaOH)
wazlulReuganm (Na,SiOs) neltensidau Na,SiOs/NaOH winfiu 0.5, 1.0, 1.5 way 2.0 ngina

warAaNnuuTuredlwfaulansanles windu 5, 10 way 15 luais eeldiSnauwuusssuni wag

[ 13

wuuken wdalinnudeuduilelndwesinadigamgl 65 °C \Wuiian 48 Halus Litefnwauua

[ a

19 $IURINE9D AV LB INALLBIANS FINANITNAADILA AR I AL A0 AV Lo INALLDS

=3_

v

YupdiuTBnanan anudutuveslaifivulansenled wagdnaamusening Na,SiOs/NaOH

2.7 @3y

av A a % )~

PN MNYITDINUINE1ae PCC dauarunsatunisnantelnauasinunanis

% a v o

finnsou a1unTasunsenls wavanusagafniuiandulad Jsanunsaindlelndwesnlauily
Usggnaldnisindevuuilayuduuduesiivisensuniniiodnengnisldnuvesyuiiuuduesdins
wsompunInnlgluundulanuansasarenigvssenisinnseutu luessuieanlasiaes

Uuiifiananudunsn wazareutegald uenanideliussdnsamiianhlundnfanneasnald



unn 3

[

521 08UI539Y

msveaesiiinudneamnislivsdominndiass PCC Tnsnisindeandiaes PCC wan
Judanilelndwesuinuaiisiunssyndldnu wuihluedeuuuiwesyuduwivessns was
g viewdnfamidun Tagvims@nwautiBnismen wunmeaeuanuwds Jnneim
asfdsznaumaniiuaglasiadswneinaila IR XRD SEM TGA satinisinieuilelndiesues
Fsiflennaeufdadn uasanumumuseiadli wielilddoyaiugrulunaiiludssgndldiy

NuITvsegnamnIusialy

3.1 1n30sile gUnsal uazaniadl

\n3esile

1. idesdaimiin (3000 + 0.5 N$) Ju EKO

2. \dosdmation 4 fuvts Mettler Ju AE 200

3. Ao URNATER YuIA 100 KN U CB-10M

4. \n3eanadeUANLLT U Shore hardness test standard model LAC-J

5. §i9UTU BINDER

6. \A309 Scanning Electron Microscope (SEM) §u Leo 1450VP quéﬂﬁmﬁgamiﬂfl
ANINGIAIENT UNTINIREYIN

7. 1383 X-ray diffractrometer (XRD) U Panalytical/Expert AugufuRn1sIne1ans
UNINYIYULTAIT

8. 1301 Infrared spectroscope (IR) §u PERKIN ELMER System 2000 FT-IR Agy
Werans n1AIvIAT AnIeIFeYIIn

9. 1A394 Simultaneous Thermal Analysis (TGA-DSC) 4 METTLER TGA 2 qu&j

a

UHURNTMeNAans unInendeuLseaas
10. 1A30490 pH Ju PH-107
11. 1p3053n pNa Hanna §u HI98202 Soft Water Tester
12. fdmeatiesidusaniaues
13. \n3eananilo Philips §u Mixer HR 1456
14, \A30dNANTLIA 5 0T Ju LNK 530

15. wpse9dugnsulanasainia
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aunsal

1. wuunaedlelnduesuosinsnanainuuin 5x5x5 cm’
2. wuuvdeYuTIuANDSiNVIeaMAD A 5x5x5 cm’
3. uwuuvdeYuTudNeSiTalaauIuIn 2.75x5x1 cm’
4. wuuvdeyuduuduesinsTalaauIuIn 2.75x8x3 cm’
5. Wauvinems

6. HTUNIIUDT 8 (31Un 2.36 Tadung)

GREIGEY

1. lmeulensenten (98% NaOH ; MW = 40 ¢/mol ; USEn Sigma Thasco Chemical; tn3a
n15A1)

2. @nvaraeluA sugaIne (Na,Si0s) MW = 122,06 g/mol; (SO, = 30%, Na,O = 9%, H,0 =
61; Commercial grade) Ing SiO,: Na,0O = 3.2 Taeninmidn

3. dunfli@endamem (98% MgSO,; MW = 120.415 ¢/mol; LNIANISAN)

4. nsagalasn (98% H,SO.; MW = 98.08 ¢/mol; LNTANITAN)

6. fhoghadaeelddnuivanlufifudemdunuuuldeuiuun (drass PCC)
nlsalniiang

7. JuudiUesnuaudussiani 1

8. NTLANUUA FOUUAZUNTIUDS 8 (1Un 2.36 Tadiuns)

3.2 A5N15NAADY
3.2.1 NSLAENATITAZANY
1. aavanelufedlensenlen 10 la1s NaOH U5ams 1000 faddns awsuinseuilalnd
Wasuesis
#1NaOH 400 n3u avaredapinduudisudsuiasfu 1000 fadanslu
Jninesnaadn
2. ansazaneluAeulansenles 8 luats NaOH USung 1000 fadans dmsuinsonilolng
WasuesAs
#1NaOH 320 n3u avaredpinduudisudsuiasfu 1000 fadanslu
Jninesnaadn

3. @rsavanenunii@eudainn 5% w/iv MgSO, dmsunailolnaiuesuosaiis

¥3 MgSO, 153 n5H avanenwi1nau walusuusuinsidu 3 ans (Weumniuaa
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Wutu 0.42 Wan3) Tean pH ey 7.5
4. @15azanenIngaiign 3% v/v H,S0, dmsuntilelndmesueinng
7139 98% H,S0, fagnszuenaae Usung 92 fadans Ufuuiunsaaeindudu 3
ans (Meuwinduanadutu 0.50 Tuans) Saan pH lawindu 0.3
5. @15a¥a18nsAYanisn 0.005% v/v H,S0, dmsunylelndiuesuasang
A 3% H,SO, fis3oua1n 98% H,SO, Menssuanme Usunns 5 dadans Usu
Winmsetndudu 3 dns (feuriduandadu 0.001 Tuand) e pH vty 3
3.2.2 NMAsENYUTUUANDIAS
nsAnwINTsAdeULasNadauNIsEnfnserindlandlelndwesiuyuiiuuduesens lne
sauadandnuidoyuiuudiiu 0.55 uasnmedu 2.75 whwesuliuuiuasiemnyuiisud
wodisflilumardeunasmaseumsininsivunalivinty nswIenyuduuduesiniiusdouls

NUSUUEIUHNEUNLAATIUANT N 3.1

M99 3.1 USunaudunanyuduudtesang

e . Yuauddesauawn | . o | Snuseddeninds
YUBUUALDIAT . w1 (n3w) | 9w (1) -
dsziann 1 (nTw) ASLHT8U
AuUSuLAFBUILIN
3 200.0 110.0 400.0 20
1x1x10 cm
AusSunaasunsiane
3 500.0 275.0 1375.0 12
YU 3x8x2.75 cm
ANSUNAADUNIAIDN
3 500.0 275.0 1375.0 3
QUIA 5x5x5 cm

3.2.3 nsnseudlegraatoudlalnawasuaiiisannidiasy PCC uukayudiausdtes

A\

1%
v A

NMATeIFnwNsaFeuilelndwesuesiiuuiayudiuuiueiing Inenswieadlelng
wesuesins Tdgnsdinuet NaSios sie 10 a3 NaOH wirdu 2 wagldvseduusunm 2 wi

9UNNUNLD1aDEAID AT IEIUNAUTLEN IR 3.2
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A15199 3.2 USunaudnsnaiunan o lnduasuasiig

e \ase PCC 10 MNaOH, N | Na,Si0;, G | w518
Flelndwesuaias . . . . G/N | S/T
(n3y) (nJy) (n3y) (GrEN)
dAusunadsu
- - 60.0 13.0 26.5 120.0 2.0 0.60
A15ERRA
Ansumdeu
L . 180.0 40.0 80.0 360.0 20 | 0.60
YUBUUALDIAT
dusunadsu
. 240.0 53.0 106.0 480.0 20 | 060
Maeon

Viﬂﬂlﬂﬁﬁ] S/T ?]E] Lﬁ']af]ﬂ/l;ﬁ"]aaﬂﬁ?i]ﬂ’]iagﬁ’]ﬂ
fiuneunsAsoLsaE

1. wisudunanilelndwesuesiiilddmiuadou aiunsed 3.2 wasduwuuaieu
N3INTTUBNEURIEUENATE 3 cm

2. hudmsuesisiimsenl i nsuindeuaum 1x1x10 cm’ nneuil 3.2.2 fuasly
WUULARBUTD 1

a

3. iyuduuduesininadeudeilelndwesiveuiigamgi 65 °C uaan 24 Tl

Y

v
1

0. induthiegaurlumsayaned WUSNAUAIBENS 4 NaU Asil
- Ualluthileny 1 o waw 3 fou
- Yuluansavany 5% Mgsoaﬁlmq 1 100U LAy 3 Liou
- Yuluansavany 3% stoﬁmq 1 10U LAy 3 Loy
- Uailuansazany 0.005% H,50, i1 1 1oy uag 3 Lieu
5. thlunaaeuamudanuorgmsvslasnanmsnaaeuaziduriedsvosiiogiadiuu

3 A9Y19

3.2.4 msAnwdlalndmasuasinslaeweaiia Infrared spectroscopy
e eilalndwesuesinimadeuuuyudiuuduesing wasdlalndwesinaduiual

Junsanden wazihundmszvingiandulagmeaile Infrared spectroscopy

3.2.5 nsAnwdlelnalasaremaiia X-ray diffractrometer

5 v

Wednwiaduguiven lneddiegdlelndiuesuesdsnadouuuyudiuuduesang

warIlalnaesinasuualuNg ATIZRAILASae XRD Tuwie 10-50° 20
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3.2.6 MsAnwdlalndmasfremaiin Thermal Gravimetric Analysis
efnwaudinanuieunasnisgaydeivdn lnedideg1adlelndwesinaduun

Wurs easnzienensas TGA Tuana 50-1000 oC Tuussennafielulnsiau

3.2.7 MsAnwdlalwdwasflemaiia Scanning Electron Microscopy
efinunlasaiiegania Ingihdeg wilelndwesinadvuiluiuing uuafoudis

M9aA1 Uara1uNMIATEII9aNIAIELATEY SEM

3.2.8 mIAnwNTEaRnveR lalndresesiaNEi a0y PCC UL WLTLALRIHNT

maeSuietafiednuinmsiafnvesdlelndwesuesdisasinumnisiadnludnuuy
VBIANULTILTIVDINUSELATIANL ASTM C321 (Bond Strength of Chemical-Resistant Mortars)
ToelelnauasAnwionsndmvea NaSios e 10 M NaOH wihdu 2 waznaunsieashiidu 2
wihweudnasy fiUsudLNELR IR 197 3.2 Sellduneunsindouiiognadiil

1. thyuBuuduesiiinionlidmiunaasunisinfinuun 3x8x2.75 cm’ 91nmoudl
3.2.2 Junni wagisliflgamaivesduna 24 dalus

2. NeYuBudueding 2 Aeuynaduaiemaneuin udrmdusiumisdiyudiuudues
Frsusznuiudunsosneuan

3. wiondunandlemdwesueiisilddmsunaaoun1sdafia aum1sad 3.2

4. wivuIlelndiesuesislnenauanasy PCC Auatsazarsludaulansonlan (NaOH)
15 Tuans wavansavanelefiondang (Na,Si0,) nauvoNaNmeLAsosauiuial 1 und

5. mseadluvewanlude 4. vdrmniunanvosnaudoiemwandunan 1 wiit 163
Tolndluesuesans

6. hdlelndwesuesidumluiumisitadul nesyudwuduedinfiounsnlvdany
MR 1, 1.5 way 2.0 fadung vdnhyuduuduediniieud 2 issnufuudunsdues

A3nouLINIUANYMLYBLATEMINEUINMITBURY AIFUN 3.1

Smvisthaiou milalwimeiueiing

JUN 3.1 nsdnfinvesdlelndiueiuesisuuiayuiiundueiing
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7. thiegslleuiigumgil 65 °C Wum 24 Falug

8. W3BNBgTiLiazALIS AL 10 Feghs

9. thiegsluuslugamunugnmgil 25 + 3 °C 7oy 7 fu

10. ihlunnasudnfnvesilolndiuesuesais au ASTM C321 (Bond Strength of
Chemical-Resistant Mortars) Feedeq Universal testing machine ﬁa’lqmiﬂmwiﬁu 7 Tu lnena

AsnegevasduARasveIRlalnawasuasing 3 Aau

3.2.9 N1SANYINNA9DA
wssNIlelndiuesusiansannidnasy PCC dmsunndaunasdnvesilolnailesuosnis
Tnel4ans1amued Na,SiOs fio 10 M NaOH winiu 2 wazsaunswasiudiy 2 e mingd
a8 FUSudHaLR T 3.2 walelnAwesuesinsamuunaauuunaeilelndiuesues
dsnanafinuung 5x5x5 cm’ Wilulartesoniadeiedosduiung 10 Fundl andurianva
sheiidula wazihleuiigamgil 65 °C Wum 24 Falug
MniuungnuuLTEs vnaasusiogsiiui 36 feu udutadu 3 ndu el
- UsilludPaunsgamgdl 25 + 3 °C fiog 1 ifeu uag 3 Wou
- uluansazany 5% MgSO, i1 1 1o uay 3 Lo
- Unluansavany 3% stoAﬁaﬂq 1 1hou Lag 3 Lhau
- Udlluansazaie 0.005% stoAﬁawq 1 1hou Ly 3 Lhau
Wlunaaeundadnuinsgiu ASTM C109 (Compressive Strength of Hydraulic
Cement Mortars) fg1a383 Universal testing machine nuengnisusilagnanisvinaeuasiy

ANLRABYITLBINALLBSUBIANS 3 NaU

3.2.10 n1sAnwINITNUA2 N
P p= a I3 fY ¢ v v a 3
WIBUILD INALLBSUBSHNTINNONaeY PCC Tagldhuunanafinuuin 11.5x23x2 cm” way

llianuseuiigamgl Ussana 1100 °C uaginaamalithnssdiunng wil wWuaan 30 wii



'
=

unn 4

NANT52YHATATUIYNANTSIAY

4.1 jUTauazanenuzvaainaey

haee PCC fldlunismaassdifthmanns suadeudidnannnd 1 luaseulvauds 200
luaseu nefvinaadeegil 15 - 30 luaseu dnlnyfisuseiilunsnauiosninnisvasuda
efinsundisgamgiivaunans (1100 - 1400 °C) Tnaidrassvuelugiiitinainnissiuiuves
\Whaesvuadnaeliinugusy warguisiliuiuou dauiassvnadnasiidnyuzifunsinay
waziudsuiesnnniswnlnifianysal (Usaygn, 2548) sunavedidnaes PCC fidnesomain

SEM fndswene 3000 i1 uanssagud 4.1

L Mag= 3.00 KX WD= 12mm  EMT=1500kv  Signal A= SE1

Uil 4.1 nwene SEM vesidasy PCC

4.2 93AUsENaUNIAL

4.2.1 asaUsznaunIAlivaainasy PCC

mMylATgissnUssneun el veddinasy PCC famaila X-ray Fluorescence (XRF) Wans
foyalunisnsil 4.1 wuindrass PCC nuinasdusznaulaiindie fuyuBuusivosnuaud 3
Usenaulude SO, ALO; way Ca0 Jussdusvneundniidday Wesiusfuaisuszneudug
Tuannwwadiinan Ca(OH), anfnnisiefuazudwinndefuyudiung uazaunsanodaudy

Aelndwesluannziuala Fsuenan Sio,, ALO; wag CaO anu Fe,0s, SO5 Wag MgO #ae
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AN5199 4.1 29AUsENAUNLALYA1a88 PCC (Lot LAn)

aaAUsENoUNLAll U3unausgluiiegne (%ewt)
Fanousanlys (SiO,) 36.1
azalifleneanlyn (ALO,) 25.0
upadeuoanlyn (Cao) 16.4
wianeanlan (Fe,0s) 12.0
Fawoslaseanlan (SO, 3.3
Tnunaweneanles (K,0) 2.6
wunfiFeneanlyn (MgO) 2.2
lgihsueanlas (Na0) 1.6
ﬂﬁiquﬁaﬁﬁwﬁﬂLﬁaqmﬂmﬂm (Lo 0.8

MIRATIZAGIaeY PCC saatnaila X-ray Diffraction (XRD) 1umadiniiasizidaugiu

a

Weveuinasy PCC Lananaguil 4.2 wuindnase PCC Inand (SIO,) 11 26° wazdany ALOs,

= =

Ca0, Fe,0s, SO; way MeO WussrusznauTeaannassiuna XRF wasdignuiniinadnios &

43

ansaszyliindnaes PCC dnnuedaguiissunsdiu iWesaniduidiassildainniswiau

Huregamaiiuunaid (1100-1400 °C) Fuinufifzeneduduilelndwesla Uy, 2548)

O-=sio,
A=ALO,
$=Cao
U =Fe,0,
O =50,
£3=Mg0

—

10 15 20 25 30 35 40 45 50

>
>o0

Intensity (a.u.)

2 Theta

U7l 4.2 XRD woudany PCC
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4.2.2 99AUTENIUNINATIVDINTIBLIIUN
duguInewareIAUsEnaUTRINTEwININ IR emAlla X-ray Diffraction (XRD)

WanaRaguil 4.3 wudmseusind Sio, \uesduszneundnitdAgiiesegufien waslignuiing

wAuBsanansnszylaimaewiun uaslanudundndeudiegs

Q=sio, 0
-
3
8
>
=
wy
C
[
5
“ D
10 15 20 25 30 35 40 45 50

2 Theta

3UN 4.3 XRD Y0518t

sy ¢a a = s s

4.3 A15ANWANUR D InAluasuasisNafauuuyudiuuduasing

v
U = I3

Tandlelnduweiiadeuuuiiog nyudiuuduesins uandusun 4.4 lneudiegnsly

Y

v v
o a

A199¢a19n3n 3% H,SO, (ﬁ‘haamﬂnzmmmaqqmammiﬂuamwgumﬂ, pH = 0.3)
A1588878 5% MgSO, (a‘haaaamwﬁmua, pH = 7.7) @138¥a78 5% NIATR3N (318098017
ﬁﬁﬁwaqqmammiiummi wazdunsawnalsl, pH = 3.0) LLazﬁﬁﬂé"u (@nMzAUAY, pH = 6.1)
FauTinaunaidoudosu (Ca~) Tignuz arundewestanedey audinianail neamuesty

Megninseunnianilelndiweianiinasy uavaudfinisdasia duandlugui 4.5
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4 mm
" ’l 15 mm
25mm
20 mm
v -
i i
| i
i i
i i
| i
i i
| i
G0 mm ! !
b
i i
[

= 13

JUT 4.4 Yusisesinsnindeunie Janlelndiues

geapalymer

L AN |

A

\

Cross-cement mortar

= 13

JUT 4.5 Yuiusisesinsnindeunie Jan dlelndiues

4.3.1 A1 Ca” wae pH Tuasazanefiuddingedlelnawesuasgsfindouuu
Yudiuudaasins

ASANYINATEIAT Ca’ ﬁLU?iIEJULLUaQﬁUEN‘ﬁWﬂgu (pH=6.1), @1588a18 5% w/v MgSO,
(pH=775), @158%a18 3% Vv/v H,SO, (pH=0.3) iaz @15azany 0.005% v/v H,SO, (pH=3.0) il
widlelndmesuesiniindouuuyudiuiuesinifeonglunisun 30 Fu waz 90 $u iiie1du
nsfnyiinaueadeuvesilelndiesignussasazans ievaluanngiinaiu lngasld
asazaneiudilelndmesliinugeszinm 6.0 cam FamaiAnasazansliiufmedisazidu
demsavaanasnndadiszyly Tnoifuasavaselvielnszuunasassoznanmsiny Jana

YINITNAFD U UANRASVDIFDE1991UIU 3 HI9819 A9l
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40
[ 30 days
0 90 days

ca® content (ppm)
N w
o o
| |
i T

-
o
I
T

DI'w ater 0.005% 3% H,SO, 5% MgSO,
H,SO,

Immersion solutions

= i 2 gy 1w |
JUT 4.6 fn Ca luansavanedildudiiegng

PNFUT 4.6 wudien Ca” Fefintunuszesiainiud wandlifiuin ca” flegile
Indwesueidsgnovesnuiluasazats Insluasazats 3% v HSO, wuUSunm Ca™
\esnnasazasfianudunsaiidudugs annsoviizinvilelnawesléd wazilouly
asavanIAfanaiingn 90 Ju amAnnisvanaenveiedlelndiues vhlvinsadnlye

whaLBelugudINyuTudLeinslaa

14
L W Fresh solution
12 30 days
F 0 90 days
10 :
8
I
o
6
4
2
0 ) ||

DI w ater 0.005% 39 H,80, 5 % MgSQO,
H,SO,

Immersion solutions

3UN 4.7 A1 pH luansazaneilduaiedn

NNFUN 4.7 wansa pH vesa1sazargiiuyilegedlelndiuesuesisiiaiovuy

YuBuANesins  wudndi pH vedasangasiiaindu Wefleuiudn pH a1sazalesiafu
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ilesan3lelndiue suedinsiinnudurisgs fitnain NaOH Aidamdudugsiildlunisuay Ja
wlFansazareildudil pH fintuannnisanddes OH fiwnan NaOH #ldlumswenlulu
ansavanefiutilelndwesuesind uadeisuiflouan pH vesansazansfi 30 Ju fudl 90 u
WUt pH vesansazatei 90 Yu fuwiliufianaadnifesand 30 fu eraiiniilesnnnyduin
OH luslelndiesueidnsfiunan NaoH fldlunmsuauivsunaiianasnildvanudes OH Tu
asavanedt 30 Tu luuwdiu venwnifslelndwesuesdnsiugluasazats 3% vy H,S0, i
Anfintuegsnnegiann 91 pH = 0.3 il pH ﬁaaﬂusdm 3.0 1109310 3% Vv

H,S0, finnuidudugs Jsiinasio pH vesansazaneldlunisusilolndwesuesisosnaiuladn

4.3.2 maeaeummu we R lewanmsuesiiindsuuuudsnsuesing

nsfnwamuudaiunsinuideatuanudunugeaasenisinsesnavesiiuiaile
Indwesuedisndeuuuuiundueiiiasuimunoiy 30 waz 90 Yu Tuannznisudly
ansavanesiiunnisiulunaaeudieinies Durometer Type D (Shore D) Litaidunisfnun
AMULD 599093l lndwesuesAluan1Ign1UNAINY AIUNINTFIU ASTM  D2240-03
(Standard Test Method for Rubber Property—Durometer Hardness) Fudurnadevenis

naaeuilalndiuesueiiniiiafouuuyudiuudtesis dwuandlugui 4.8

70
C 30 days
60 L 0 90 days

Hardness - Shore D (a.u.)
N w B n
o o o o

-
o
T

o

DI'w ater 0.005% 3% H,SO, 5 % MgSO,
H,SO,

Immersion solutions

JUN 4.8 Anuwdsesdlelndiuesnefovuuyudinuiuesens

NNFUT 4.8 wanrAnuudweilelndwesuesismadauuuyudmuduesansiony 30
waz 90 u lagdregrsiuluul @sazaty 5% wi MgSOq, 3% VA H,SO, e 0.005% v/ H,SO; Lo
Jadeieseann Shore D wuiwndleg wilauudveglugimesnnundwunarsauiwdann seuls

\u Medium-hard material - IneFlolndwesnualy 3% H,S0, fiA1AuuTwinan Wewn 3% H,S0
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Dunsefierududugleamisadanseuilolndiwesuesasndanudunsgelaie (USaan,

2548 LLay Rattanasak et al., 2010)

4.3.4 maaseunsB ARnveR lalndle e SATULH W LTBLANES A

nsfnwiussdnfnvesvesdlelndiosuediniaAnuinisBafnludnuazyesng
udansevousEIAIA1N ASTM C321 (Bond Strength of Chemical-Resistant Mortars) e
msvageunuaniinsinfnvesianilelndiwesuefiihludafniuyudinmsdiuesing gl
anudululsfiaziguandAnisdadauwiaundmivldgeuney waztilduszondldluny
gnamnIsuneas el lnawsuudieg@lalndwesdnAnseninaudwuduesing 2 Ao fq

wananaluguil 4.9

250

200 -

s

150 ~

100 ~

Bond strength (KPa)

50 -

30 90

Curing time (days)

]
5 v

U 4.9 Ansdaiavesilelndiuesueiing

NNFUT 4.9 nunAnsafnvesilolndiuesiian 201 waz 187 kPa M101g 30 kag 90

FUAUEINU  FIAININAINISHARATUAITIRINNTAB 140 kPa N1suasvedsiag1adudniladen

Y

fnararIN58ndn AegrniaseNiuTinuLAadulalonIavafgs Wiy wenntiusuu

dnTdnTiuudsou (Water-cement ratio) Tudieghayudiuuslinisas wuzidieglaiiu 0.35
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4.3.5 nnaseuilelnawesuesinsindeuuuiayududueifiilasmaia
Infrared spectroscopy (IR)

nmanegeudlelnduesuesisinewmain Infrared spectroscopy (IR) Wunsiasieving
flarduiasuluveadiasy PCC suiudlelnamesue fiifndouuuuiinudueiiinugly

a1sazanesingg M1e1gn1swYaIsazany 90 Tu AagUN 4.10

5 % MgSO4 immersion

3 % H,SO,4 immersion

|

J'AI-O stretci'liné

0.005 % H,SO4 immersion

'
.

Ll

|

. . 1

DI water immersion '
1

Ll

Ll

U

l

PCC fly ash , o

N4 " ow ! : \

O'H/E bending i Si-b E Si0 E i

streteha ‘ ‘ ‘ | stretching~" bendiig |
4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wavenumber (cm™)
5UM 4.10 nyfileiduveadiaey PCC uarilelndiues

5 v

Pnusinngilasaddianavend oy PCC daiu uardlelndmeueidifindou
vuRyudiuuduesinsiudluaisazatedieg Me1gn1sun 90 Ju saeimada Infrared
spectroscopy (IR) lugsiavadu 4000-400 cm | wuhaAnSuTendaesfaiu PCC (PCC fly
ash) fisumisUszana 3420 cm” wag 1620 cm ' Wudinveanyfiladdu ~OH stretching uaw
~OH bending wasluianat-luidrans uenanifimumisszana 1410 cm” fmufinves C=0
TuansUsznou —CO5” 8nde Fausnannaznufinfinanundnaduund Smuiinues Si-0 sty
Si-O stretching wag Si-O bending 7 untsUszanas 1100 cm * waz 400 cm’ saudedanudin
\nwas Al-O stretching fisuvisUszanas 530 cm ' 8néne (Rattanasak and Chindaprasirt,

2009)
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WelSsulflsvailansuseninadiasey PCC (PCC fly ash) Audlelnw@iuesuainisi
wdeuuuyuTuuduesinsugluasazaneniag fieng 90 fu Adumunyilsidugudeadiulue
a8 PCC umtuilalndiuesuasansifiinues —OH stretching wag ~OH bending finuniaiay

WiulsautanIinfinvedtass PCC Lilasanidaisazate NaOH Tunisiessudiogeilelnaiues

1950135 FaandiminiiiillaseEsweR lng wesuesasiiuty (Panias al et., 2007) wanWu31

a

mﬂwm%maﬁiaiwﬁma%ma%ﬁﬁﬁ'Lﬂﬁawuw%muﬁua%ﬁﬁuazLLsdiuaWiazawa 3% H,S0, 7
funtsUszanns 3600-3800 cm | AasTiesiAnfinaes ~OH stretching waAadu Doublet finu3
nify FeermiAnanmsuandives Si-0 vetexgiludaing uasueadeudtinaiegluilelnd
wos WyhujAsendu H,50, 1AaLdu Si-OH fisunideUszana 3600 cm” waziin ~OH 7
RIWWLS 3800 cm

uenviniialelwdie suesiidediniadeusumisvasdin (Peak shift) vasvyilaridu Si-
O stretching 9niiudinulundnaee PCC 7ishuna 1100 cm ™ W whums 1025 e dadunns
GoulUshumiaveaavaduiinias wandeindinuiianasuazianisienuszves Si-0 Tny 91n

a o

Wiuidustuszuea Sio, Tuidiass PCC Ty Si-0 fildanasusznouunalfendainauaserqs
lugdinaludlelndiuesuesang (Rattanasak and Chindaprasirt, 2009; Chindaprasirt al et,,
2009 waz Lee al et, 2002) agslsimunuitluaiuanSuvesilendwesuesiifindauuy
Yudusnesaniuasudluansazany 3% vA HS0, ssaUansuieailiiunsdeusuniges
fin (Peak shift) vosufilsridu Si-O stretching enaiinainindefioguuiivedilenaesuesing
Al 3% v/v H,SO, auatiimsideuduvisvesiin (Peak shift) vasuylaridu Si-O stretching
wzdloiUSeuifisuaUanduees 3% H,50, fundefiinuuinvesilelndiuesuesdsiualy

a15azany 3% H,SO,
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4.3.6 msAnendlalndwasuasisniadauvuiayudiuuduesdisinemaia X-ray
diffraction (XRD)

A SiO, (Quartz) ® Ca,H,0, Si, (Tobermorite)
E ALO A AlQSi (Kyanite)
273
® CaCo, (Calcite) 3 CaH,0O,S (Gypsum)
O Fe,0, (Hematite) % B AIH,0,
%  CaSO, (Anhydrite) i
@)

CaO (Lime) ()

3% H,SO,
imm.

5 % MgSO, imm.

0.005 % H,SO,imm.

2Theta (deg)

JUN 4.11 XRD vaadnaey PCC uavdlalndimesuaimiadeuuuiufiuuduesong

I3 13

MU 4.11 dieleneidlelndweiueiinsiudlumsaranssinag nussdUsznouves
uefi$ifosduszneuiindeiu Ao wurdn fusifiinanfisorTleInaweslsiwdu 1wy exvgd
Tudaine (Alumino silicate) wazuAadeudaing (Calcum silicate) wonaniifanugiuning
Fuvtia 20 Wiy 28° Feuandliiufininieufitonduilelndwefveadassluannziua
waglugunis 20 iy 200 vesilelwdluesuedifadovuuiudinuduedifudly

g@198za18 5% w/v MgSO, EJ\?WUEJ‘U“U&WILT’]@Luaﬂﬁ]ﬁﬂﬂgﬂi‘aﬁ%aﬂ Ca :

(AMNaTaLaneLNaneY)
) 2- Al | a v v | a v A |

flu SO,~ (nnsaildlunisud) 8ndae Wunisuanddiiiuinguduieglusuvesansazans
ansavibiilelndwesiinanudenis wazuenanddmundnansaeduiliifnuiazen wu

A9A% (SI0,) INL1INLIABELALNTNY, Fes0q, Cal, ALO; way CaCO; dneag
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4.4 nsAnwanAsTe InAe fanidaseiifiviunaueadeugsiivunieldeniaiou

Mnanunsaiiudnlud nuilesusiunsivinauaadoueenlusgenin 20% i
wavilsinauansRL i asesindnlfiunlduasuudasld Aefiunaidonsenladdasy (Free lime
¥30 Free Ca0) 11nni1 3% e ainaronnaudAfusineg vesneuniald Inglamzegnaddly
BowrmuamuiiReiunimeed uasnissnunudame udy edlsfiou dedisedlald
aesdanarnanduanilelndwes wuimegiwudsiut fszernainisiheudu
FefunnddeTetosudiunay elanmsoldnudassdnanld Tnemsaneududues
ansazaneluiedlansenledasain 10 My 8 M

wonnil Ussmalvedulssmailasiou gaumgiiadsluusasiousylutng 30-35 °C

vaifeuasdis 40 °C - datu weliilunslduselesiananufeusnaniisuinden 39

a

nsfnynsanTandlelndwesnneinassivuiigamad 35 °C (F1aesan1zeInASauves

Useine) Wisuiflsudunsunfigaumgiivies (Mdsdafiuaiueignisun) uavgaumagd 65 °C
(aaumgAnalunldvy wazisansiauInddnlugiessesiaidudu)  Mntuinseiniuad

dauguingivednyinisiinansusenevergiluddinalaziAalBuudanain1suuns 3 gumgd

v [ ' 14

U 1o v W 1Y i = waa o o v a v &
wazinAidagnvesitegn Jalunuandanddgyzirianlelndwesivldduianneads

9

b
g
naunuiannnyudiuussely

4.4.1 ssduszneumaaiiveadrasy PCC AfivSnamaaidougs

draeeildlmifusinaueadongetu iiliudeldi ssosnmnisvinaut §ide3eds
fegwlUlTgiesnUssneumaaiiveaiasy PCC aemnalla X-ray Fluorescence (XRF) Tnl
wansteyalunsied 4.2 wuindrass PCC floadusznauadeuidnassiuim (Lot 1Ain) u
Uinauaaudeuastiu 1n 16.4 % iy 30.0 % dlidenauidiassfuasarats NaOH ay
fisgnzaamainaui ftulsiosusuarududuresansazans NaOH anasan 10 Tuans 1y

8 luans



] 13 ~ %
19199 4.2 83AUTENBUNIUALYDID1aDE

PCC (Lot Tnl)

aaAUsENoUNLAll U3nnausgludiegne (%ewt)
Fanousanlys (SiO,) 25.0
azalifleneanlyn (ALO,) 13.2
upaLdyeanlen (Cao) 30.0
widnoanles (Fe,0s) 15.0
Fawaslnseanlan (SO,) 7.1
Tnunaweneanles (K,0) 1.8
wunfiFeneanlyn (MgO) 2.1
lgihsueanlas (Na0) 1.4
sonlervadlangdy 1.1
miqz:gl,ﬁaﬁmﬁﬂLﬁaqmﬂﬂmm (Lo 3.4

30

Tunsnnassdrud lawsoudiog13lalndiuasinasd wardlalnaiuesuasnisniunisad

43 waruulu 3 @011 ANUAIS9N 4.4

] ) P a s 1% Aa a =
M99 4.3 ajumauﬂiaiwaLuaiﬁ]qﬂLﬂqaaﬂmmﬂﬁmquLﬂﬁLSUEJEJQQ

an Lad (g) 195715 (9)
L1a0e 55 55
8 M NaCOH 15 15

TR uNTALN 30 30

918 - 110
M3efl 4.4 drmanIlelnduesonidiassfiuTnnunaidogs
anny dryanwal dn1rsuL EREIN

A A-65 °C 65 “C \Juan 24 . NUNEN1IEUNG

B B-35 °C 35 °C WJuan 72 vl T1889N1TUNAEDINASOU

C C-25°C gaunniivied 25°C




4.4.2 nsAanwlalnawasiwannunluaniizenge
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HaNIFATTdug I ANe1vestlenduesnldiinase nHUSu LA BN LAz ULty 3

an13g Mo1g 30 Ju uanslugun 4.12

SiO,
ALO,
CaO
CaSoO,
Fe;O,
CaCO,

x O 00>

A-65°C

High calcium flyash

A CazHOgSi; (Tobermorite) / C-S-H
m ALOsSi (Kyanite) / A-O-Si

& ALOsSi (Andalusite) / A-O-Si

® C3(OH), (Portlandite)

A

10 15

JUN 4.12 XRD vaakinaey PCC uarilalndwesimannusluan1iesiag

20

25 30 35 40 45 50
2Theta (deg)

Nn3U 4.12 nuimsuaiegeigamgiivies (C) nuiinves Tobermorite MUszangd 30

o = & = aa a | = s a aaa
20 Faduansusznovueadendanalamsaiiaiuisanvludiunanyudiuud Wnandjisen

Alkali activated reaction seningansazatawud (NaOH) AukAaL@e wazdanluiiass Tuvae

Insunfigamgias fe 35 way 65 “C wufinvas Kyanite uszanm 33 ° 20 Fuluansuszneou

a

pzgllludang ina1NUA3e1 Geopolymerization eansUsznauifainisanusauluniss

Y

Ufisen waglvianumumusieaniensaundisge wenniin1suumnan1igny Portlandite 7

WinaINENaTaNeLUd (NaOH) AuwAaLSeutunliaase
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Fawansbiiuinisuninamgildgunnin awsovibiinaisusznoveyvglluddnend
ldlelnawesaamuluaniensals inlraandnulunisuy wasdunisldndanuwasening

Ioegnedsdiy Fargvilisununisndnilelndiesanadldluauian

4.4.3 assaieganinvadlalndwme siwadnunluaniazang
HanMTinseilasiaiaganiavesdlelnditesildiiase Niivsunuuaadeuguay sy

3 ane 91y 30 Tu uandlugun 4.13

JUN 4.13 laseasnqaninvedianasy PCC wazilalndwasinaniiuyluaniizeingg

u

13U 4.13 wuindaseiidnuaznay Adey Wenanduilelndwes Audassiiam
vgvsznniu lasamedldaudeulunist (65 uaz 35 °0) Taenalnniniaufaseninan
3vzvRdLUA (@nsazans NaOH) fiaiinasedall Sio, uay ALO; edwug 1y sonududoouuay
Annisduiussinduaneldesqiiludding (auadnuel, 2560) arsdsenouiiiAnd uimei
adenmiaeymediaosidifeiusswudiuss gumaiinisuudigs shldufAzouARuINTY

AuNNNNAUYTVTEVRIRIIARY
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4.4.4 nsAnwaNUANIeANSouve Tl swaRNUNTUaN1IZASeY
Han1FA AN UAn A NuTouretlalndweiildiaaseNiivsinauaadeugas Ul

lu 3 @an1e 11918 30 Ju A38LATEY Thermal gravimetric analyzer wandluzuil 4.14

100 T ey 0.00
95 | ] ®
: 5
< I 1 0108
E? 90 : 0. Oéi
< o | / TGA- AB5°C 3
< g5 | ] =
e - L
£ | k=
R C o )
é 80 | TGA-B 35 C” -0.20 3
L 2
i 0 @

70 + ; ; ; -0.30

0 200 400 600 800

Temperature (°C)

Uil 4.14 579l TGA/DTG vesilelndmesinaridivsluaninzsine

N3 TGA wanifovasnsaanediivamegunieldanagilugas 50-800 “C wui
frogreivuiigumgiund Ao 65 °C fianuudasanagnuniuseninudeulddniinisuud
gaumgiivies uay 35 °C Tagwumsaaeiivesansusznouiigumnd 100 450 uag 750 °C (70
A5 DTG) %aﬁamiamaﬁwmﬁﬂ ASAaNiIuee Ca(OH), kazn1saa1ufvas CaCo, \Hu
Ca0 uay CO, nudiy Aafumndesnisldnuianilelnduesfiannziinuamusougaiady
Saomulniiigamgiiqs mevinisusdiegsilelwdiuesi 65 °C Aewhluuszgndldan

4.4.5 mifneidssaveddlelndueiuasdisivsluaniozine

w1 niidwesdlelndwesiliidass iduinauneaifougeuazualu 3 an1ig
fleny 30 uay 90 Fu Taevmsuddegndluth ansazans 3% H,50, wag 5% MgSO, aaNAAN

[ Y]

Masdn wandlugui 4.15
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0

o
0
o

(at 3 months) Water
03% H,SO,
O 5% MgSO,

(at 1 month) Water
O 3% H,S0,
B 5% MgSO,

R =

N
o
I
N
o
I

w
o
I
w
o

N

o
|
N
o

-
o

Compressive strength (MPa)
S
|

Compressive strength (MPa)

. %
| ’/
% %
. %

T
A-65°C B-35°C Cc-25°C A-65°C B-35°C

Curing condition Curing condition

(@) (b)
Uil 4.15 Mdwesilelndwesuedinsilony 30 Ju (1 o) wag 90 Fu (3 ov)

NNFUN 14.5 Amdsdavesiiegaiudumussezinainisudluansaraiy Lilesainyn
fegullansuszneunnaidendfinalamse BeanstasisRauniidwaniuety onviun1swy
fag19lunsa 3% H,50, Falrrinnasonai iesannsnassruaaideuluilelndiueseanui

anelaseas1amnanl wariusyafivedansusenauwAaLde udanalewmsn n1adasanmias

v o A

agalsinmunuimndegafiuglutiuay 5% MeSO, liAindsdnfiganin 20.7 MPa Faluen

Y

v v '
[

dstusfifosnsdmniudgyity muuinsgiu ASTM €902 fatunisldaanudousi 1 35°C

Y

(%

anunsavhlildndndausidauudas egrelsiony nsldenluanmnsafiguusaduisesides

S IUAENAITUN

4.4.6 nsuszgndldnuilelnfwesuesdsidudgyniadu

NnuanTnneifdwesilelndmesilidassiiuiinuuaaidengs uagldvinis
Uniegnailelndiueiannizenniaats Aonnuan et 3 fu Tagaseusiegeszminenis
mnuanfedmatadin ilotlesiunsssimevesiamindmedisegsnaiuiesanan augy

a9 ¥ o =~ 1 a i aa v o X o | &,
angiliasiiane  wasiiolfgamalginigamaiidwndon 3-5 °C  Inenstugetadu

v '
U A =

glelndwesvuin 6.5 x 14 x 4 cm aiduianyiu 7

<3

g
9 AN11303UUTIOALAETEYUTBANAY
1193918 ASTM €902 (Standard Specification for Pedestrian and Light Traffic Paving Brick)
Ussnnd 3 dnsumaiuiisuusadeamusi (low abrasion) dmsunisldaulutudewiily

fauansluguil 4.16
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JUT 4.16 fpgredgilelndwesnuudweinaseu uarmuduaisnandgilelndiues

4.5 nMsAnenauURlle Inatuasinaudulonaalnsinau (Polypropylene, PP)

Mnanunsalfidwuiuanlud anmilssusiunelivinaunadousenlusigsnin 200 i
wavilnmuanTRLfaeeinanldduunliuudsunald dsenefinadenmautfsusiieg veq
aounsals Tnnmzegedslutosnnuamuiiientunisvened wazn1siunudame Hu
du eglsfin WediteilaléidmosdindranandutanTlelndwes nuiwogaudei
% flsvozannisvanudy uavanddleut fidupnridesadesuSudineay tielfanunsa
Toudrasesainanls Tnsnmsananududuvesasazaneluneulansenlonasan 10 M 1u
8M

voninilldnaudilonedlnsiduadludunanilolndmesifiormuaunmsuaninuesile
Tnawes vavifinvuadusuneaoy uleilddauinnauens 3 uu. \dusgudnan 15
lunseu 19USum 0.5% lasdmdnvediass annan1sidollesdunuinannesiiudy
wnzaudmiuidass fifluiinaueadeuesnlesuldusslondld wasnuindulonedneiay
Wlideusesunni1a lildsesunaninflawianiredu uenandldvudaogieilelndwedd

anmeeInAase Aemnuan Wunan 3 T wWlsudisuiuuniioamglnes
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4.5.1 lassaieganiavasdlalndwmesinaudulowadlnsnau
U7 4.17 uag 4.18 wansdnwasdulenedlnsiauinaslusiegedlelndwes lnenuh

wuleludunauilolndwesnvugumniiviesasiieu Turagfin1suunaniizase (Outdoor heat

exposure, OHE) fiiav3use MAnannsveuazinniouvesaIsazais NaOH aeldan1ienisiv

AMUSau lrn1sEanzserInadulenuiledelndiwesiiu NAnSuNINANRLO 18R D

Portlandite (3U71 4.18 b)

.4

a

e
®©
Lo
—
O %
N
= L
)
>
=
o)
S

JUN 4.17 Rveaduleludlelndmesiuu (a) gaumgdl

Anuansalunsinfnvadulenuiiieielnduasaiuisavantalamensinnishdu
lewiien vse Single-fiber pullout Aawansluzudl 4.19 Feazuldinmsuudiseaniadewasyili

uledasndidegnelafinil mauuigaumaiivies

WeovhnsAnwinisienuinsserinaduluduilelndwesnisinieg Optical microscope
Aauandlugy 4.20 wudndulevihwihimileuasnudenliliseswnnvenesta vieauaun1suwan

Y93s9g19 kA AT U
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20
: OHE-curing
1.5 + \
r RT-curing
g [ ~ /
Y [
o 10+
6 |-
w [
05
0.0 + ; ; T
0 0.2 04 06 0.8

Displacement (mm)

35U 4.19 wa Single-fiber pullout veuduleludlelndwesnuuiigamg e awazuunuunInuan

JUN 4.20 dnwarn1swendszaiwvedulefusesunnvesilelndiues

4.5.2 AfassakazuIRevasdlelndwesinaudulonadlnsiay

U7l 4.21 uanssamdsdavesilelnamesiinas/ sinaudulonedlnsiauiindoslaons
ﬂuﬁqmmﬁﬁamazﬂm%’au (mnuan Wunan 3 M) uwdudludwidensa 3% H,S0, auAsULaN
30 fu_ nudmsudessluilfeidasalndiAssfulidasaiigunadivesidouniou us
dloudsegnsluansazatonsa 3% H,50, nuinswaudulonealnsiauluilelndweslra
ﬁwé’qé’mqqﬂdwﬁaasjwﬁlﬂwamﬁﬂﬂ wdduleagliinaneriniaeauinin wanistaidulelu
drunanilelndwesinesduiatvannadunsnazgiedasnsanamestdesnlds Weswnidu
Iaﬁwwﬁﬂ‘ﬁlLﬁuazwmﬁamuaﬂﬁgﬂﬁmﬂiauﬁaaﬂim awnsafinfumsdddensaluioile
ndwesla uaﬂmﬂﬁmﬂ%’mm%fauﬁﬂﬁlﬁmaﬂiﬂizﬂauazqﬁiu%l,ﬂmiuﬁiaiwﬁma'% Faasulv

frag1alolndLasNuUNTANINTU
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50 50
- RT-curing no PP - OHE-curing no PP
© i O with PP © i O with PP
o o
s 40 T = 40
£ £
g g
o o 30 |
» »
2 2 ?
‘> ‘5 20 +
(7] (7] r
I I
: X3
<] <] 10 T
O (&)
0 4
Water 3% H2804 3% H2$O4
Immersion solutions Immersion solutions
(a) (b)

JUN 4.21 Mdssnvesdlelndiuesfiuy (a) gamgilvies (b) Anuan

SUT 4.22 uananaussisesilolwdiue fnan/ binaudulowedlnsiauiindoulagnis
Unitgaumgiiviesuazuudou (Mnuaa e 3 Yu) anmesduideaiunmsmaaeuidadn nuin
Ausaiagetunamdileluilolnawes uandounou luaniiznisurluaisazarensn wui
Ausfagaiouviiiunisudii lasewadouniou wandiisiuindulonedinsiuiidnonm

Tunsihunldau wagmuaunisiinsesunniudleg1elas

3 3
r RT-curing no PP - OHE-curing no PP
F O with PP r O with PP
© @
o o
£ 2 S 2 |
5 £
= <]
c
2
* »
Kl )
w1 % 1A
g c
- e
0 4 0 -
Water 3% H,SO, Water 3% H,SO,
Immersion solutions Immersion solutions

(a) (b)

JUT 4.22 usaflaveslolndmesnuy (a) gamgiivies (b) mnuan



4.6 n1sanw1Aunulnvadlalnaiues

wennil ladnwanunulivedlelndiuesanidiassnivsuauaaiduugs lngndn
L% a [ a ! 3 ] U 174 (% A ¥
TanILoInALoSLUUBTUNUUNTIWIN 11.5x23x2 cm” dnsunistdauduTagmuln ivudae

gmAseunnuasenfing Agaumafivszana 40 °C Wuian 3 uay 5 Tu Anwiniswieundas

AUNAL AILEAILUANTIN 4.5 wasadauaNURANI9AINNSoU

AN5199 4.5 AIUNALVDIILDINAUDSINGR WAYTZEZIAINITUNMBLEIDITRNE

PLIRN Wane (g) | Na,0:Si0,(g) | 8 M NaOH () | Szegiiannisuumeuaseiing ()
2GN_3d 55 30 15 3

2GN_5d 55 30 15 5
2.5GN_3d 55 32 13 3
2.5GN_5d 55 32 13 5

* dnsuuesing selansgludiunanludsuu 2 wiwsnhuingiase

IngndnianilolndwesnniaiaosudiunsNIUsunuAaLfo ugaL uUUBFLANUIUIA

3 o o v Y = SNy % |

11.5x23x2 cm dwdunisldnududannuln (U7 4.23) ivadmeeiniafeuainuasending 7
gaumgiivszanas 40 “C1uan 3 war 5 Ju Anwinisdsuuwdasdiunan lnenadldvaaay

autdmand duwesisldnaasvandininisninuarandiinisanusou uasndnianilolnd

s I3 3 o [y o v w
LN@?EUW?QQﬂ‘UqﬂﬂGUU'WW 5x5x5 cm” @nIuNad@aum1NIaten

U

I
1

4.23 919953l InawesiiuNnIeeINIATaU
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4.6.1 mmuladlnvadgusuug

ANNANITNAFDINUI 91NIFSaUINLAID MRS a LT T T Undsunawnumazdaduly

(%

nsULiandgilelndwesanniinaseniviunaneal@uuasla larnididngeseana 47 MPa

[y

LLaullﬂ’ﬁaiULﬁﬁl‘LﬂMUﬂVW]’WLlIE]ﬂﬂiﬂ']ﬂ']iﬂﬁm’]’hﬂ’l’]ﬂﬁ@ﬂﬁﬂ llﬂﬂEJﬂ']‘W‘VIU’]’Jﬁ a‘[a‘[wamaam

Suugﬂl,ﬂuagmulw LmaiwﬂawuiauLLﬂagmaaL'Umiw gaungil 1100 “C 1uwian 30 uiil wdain

gaumglithassiunuiningaumaiigeaale 380 °C (Fauansluguin 4.24) Faliiiugamgi 400 °C

Adugampinsaatedivesansuszney Ca(OH), Tasansuszneu Ca(OH), aswuluianilolnd
wosnidassfiiiUinaneaiengs Iinnnuaadesludassyi §izeduaisazaneiudly

daunan Aeliy Jandlelndwesnnuinaselidnenmilddutannulnla

700

600 + \ Direct fired-side
— 500 +
O [
o L
@ 400 +

2 L Opposite fired-side
o i
g 300 +
E L
o L
F 200 |
I —8— 2GN_5d
—%—2.5GN_5d
O T T R
5 10 15 20 25 30
Time (min)

a

Uil 4.24 Fgumgifiionthagilelnamesfidudaailyl

4.6.2 AMAIRUILILLAZNITIIANTaUYRB R lalnAes

P39 4.6 wansAANrLiukaraniRnsheudouredsilelndiued s
szuzaInsunelduaefingann 3 Juldu 5 Ju viliaudfnisiianuiouredgilelnd
wosanauantios WulRTUNSINSRIIEIU Na,0-Si0,-to-NaOH 910 2 1u 2.5 Tnenisiiia

JrelIaINUL Mbseisenmsiiniiuse ALO-Si vilbianisatuniunisiiauieuuin
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T Inedegnmuauiediogwilelndwesiivufigamall 65°C Wuian 24 Falu wazAINg

WpuSouvesdlauite sinlaeglugae 2.03-2.25 W/mK Fufvelaiazruinuiaiun

a ' ' ° P a a I3
M990 4.6 ﬂ'J']ll‘1/1‘1,4']LLUULLa%ﬂ']ﬂ']'iu’]ﬂTﬂﬁ@u%@Q@jﬁiﬂi‘wam )]

f9814 AINLL(g/cm ) AN1THIAMNTOU (W/mK)
2GN_3d 1.96 2.03
2GN_5d 1.98 1.97
2.5GN_3d 1.96 1.94
2.5GN_5d 1.94 1.91
Control 2.09 0.90

4.6.3 n1sUszandldaudgdlalndmasusiuung
yntuldaeugunsvuadndmiuwnaull Tuliuis (Gauansdugud 4.25) wuh

Linunisumnvedy esinnsinvesansdunidligann Sununzdmsunsussyndldnisdu

a =

dgdmsumnnidulaeldunuidgiueg venaindl frauisaduiuusuguidumunly
5

<3
[

Asaula %ﬂLﬁumﬂ%'LﬁﬂaaﬂLL@JLmzﬁﬁU'%mmLmaL%auqﬂ LaLlANUSAUMNLAIR AN HAR

I

JuTannulnldegadadu
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ayunan1TIdeuasdatauanue

5.1 #@yUnan1sidy
MAMsANuIUTNEnvaAIzLaTesRUsENeuYeLinany PCC idhassdlnaisusieiiiu
nssnanrwa 1 laseuluauds 200 luaseu fesdusznouaiiivszneuludae S0, ALO; uax
Ca0 Fuduesdusenoundniidfyiianusadeduduilelndwesluanisald
\devihnsindeu/aquiegiauliuuduesiiieTagdleIndmesanidrase il
Fregfidoudanuamiluanisnsauasndeldfninfeteiiliindeudieilelndwes Toe

[ ' i

Mg nyuduudnliindoumedlelndiwesazgnianseuniensa 3% H,S0, (pH = 0.3) aneluy

Y

svoziian 1 dUai wazldansnsansgUls wediegwilndeurmedlelndwesanamnsansguld
wazlinunsaanedwissunluansazanansalussesiat 3 wWeou  WelnAAnnuudweian
wieuliA1ANRdIegluYeaNuulsiiunate (Medium-hardness materials) lagnisuy

mngraadouluasaratunsnANULNTUnT (pH =3) tazil DI ldvianeiilefadou Ysuiu

[

whaBelusnuyuduuduesisgnizesninlates

Mnaaunsaifiauiuanlud mnmieausiungdviinaunaidoueenludginit 20%
vlidassildfiduaaifougeie Wetidassfifiuinuueadongeinanunaniuian
Telndles azvilidiunanilelndmofudeiui fanvaiunsalumsieius wasiisosin
Anduifaniildsewheniaty egdlsfinn defvendiaesvssnniiae annsoudeialdlned
lideaudou osdUsznounandiiinneildasnuassznounaalfouddinalawmsn dudiu
vy wuansusznevergiluddinadntes vinliiag3lelndiweslivuoulinusdoaniiznsa
WuReiuianusrauanyuduud lesnueaduuddinelansmanuisagniansousiensa
6 sedu mndesnstagiifesnisarmasmiluanmznin Yanlelndiuosnisesdansuszney
ovpiluddinnunntu Seildlasnsuudou

oglsfinm Ussmalnodusumauniou gamgiinasluudasiiousylurag 30-35 °C
vnieugelis 40 °C ey ileliidunisldvsslesdananudousnanisuindon s

% N

msfinwniswdndanilelndiwesnndaseivuiiaamall 35 °C (raesan1zenasouned

[ Y

Useina) WWSsuidlsudunmsuaiigamgiivies (Mdsdaifinauengnisus) wazaaumai 65 °C
(aun v luiildu wazsamaimuMaadalugiesseiaidudy wagladannianuamuse
anniznin)  lnen1suniigamgiivssana 35 °C awnsaviliiAnaisusenevesgiiluddnmly

[

Tandlelnduwesld wazlanilolndwesiianuamusioan1iznsalafiniinisuuignmgivies ¥
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wansliiuinnisungamgiiliagantn awnsavibiiAnansusenavevadlugdnaivilnileln

a [

Awesamuluaniiznsals vinlraandssulunisuy wastdunisldndanuwasanfinglangg

ey Jaawibisuyunisndadlelndwesanadldlueman ansadugudmegiadudsilelnd

o [

WeUWIN 6.5 x 14 x 4 cm Wiaidutanyiiunaiunuwsadeaniani (Low abrasion) 413

mstsulutuseunilule

v =2 v

wannil efnwinavesduludeanilolndiuesainiassNiusuuuaaiduugs
WesnnidnaseNduaadougainlidegwilelndwefiianisuanild daudndulenwedned

AuvilEndeuseswnnin luldseswnnindauinninety

5.2 UalduaLuL

lw a v 1

Tutagduiinnsldnuiassanlsslniusiunsiuuniu widadlidmesanumasd 1y
nnlsalnihseees wagidifuaanlssliiudunenivsunaun wasinsilvldaulddesy
Weanndianuduedugiud Ianudundngs Fdldfeudunldaunin Wenauduyudiuud

wiovluianidlelndwes aglvieiddaian  wivindniswawidndiwaidunldnuuindu
wazvainvaie aztdunisiiveadeunlduselovidunndu wagvinnmiednise liniwuinielagn
frananniautRtudieslid Wundnsunniyaruindu

Y
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Abstract

This research proposed an alternative utilization of high-calcium fly ash to produce geopolymer bricks for fire-resistant appli-
cations. Outdoor heat exposure (OHE) was applied to cure geopolymer mortar. The temperature was up to 40 °C. Geopolymer
brick was created with a 30-day compressive strength of 47 MPa via OHE curing for 3 days. The brick experienced a low
weight loss after the firing test, which indicated its fire-resistant property. For the flame test, the maximum temperature on
the opposite side of the brick from the flame was lower than 380 °C, with no observable cracks, complying with the fire-test
requirement. Therefore, high-calcium fly ash geopolymer cured with OHE is suitable for use as a fire-resistant material. In
addition, outdoor heat exposure is a promising renewable means to cure geopolymer.

Keywords Fire-resistant brick - High-calcium fly ash - Geopolymer - Outdoor heat exposure

Introduction

Lignite coal fly ash is a substantial solid waste product in
Thailand generated by primary power plants. Since low-
grade lignite is used as a main source material for com-
bustion, high-calcium fly ash is obtained in large quantities
and represents an environmental burden for the country. At
present, the calcium content in lignite fly ash has increased
to nearly 30%, which makes it difficult to use this fly ash as
a pozzolan in concrete mixture. Owing to the high-calcium
content in fly ash, expansion or unsoundness of concrete
may occur (Mindess et al. 2002), which results in a lack of
durability and low material strength. There are a number of
studies on using high-calcium fly ash as a source material for
geopolymer synthesis (Somna et al. 2011). The results indi-
cate that the material can set at room temperature. Strength

< Ubolluk Rattanasak
ubolluk@buu.ac.th

Sustainable Infrastructure Research and Development
Center, Department of Civil Engineering, Faculty

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

is gained with an increase in curing time similar to that of
the concrete system and an alkali-activated binder (Wongpa
et al. 2010). However, this material has low durability in acid
solution (Chindaprasirt and Rattanasak 2017a). Therefore,
heat curing is required to activate geopolymerization and
create a strong matrix formation.

Geopolymers are an alumino-silicate composite (Davi-
dovits 1991) and can be synthesized from fly ash in the
presence of alkali solutions under heat activation (Fernan-
dez-Jiménez et al. 2005). This material has a desirable fire-
resistant performance due to the formation of an alumino-
silicate compound and a semicrystalline phase (Hussain
et al. 2005). Low-calcium fly ash geopolymer exhibits ther-
mal stability at high temperatures up to 900 °C (Provis et al.
2009). It has been found that the Si/Al ratio significantly
influences the thermal performance of geopolymer subjected
to high-temperature exposure (Rickard et al. 2012). The Si/
Al ratio can be varied by oxide compositions in fly ash and
the amount of sodium silicate solution in the geopolymer
mixture.

It has also been reported that heat curing for 24-48 h is
required to activate the geopolymerization reaction (Barbosa
and MacKenzie 2003). An Al-O-Si bond matrix in geopoly-
mer is achieved (Rickard et al. 2012). However, the geo-
polymer heat-curing process can hinder the manufacturing
of geopolymer as a commercial product because of the high
production cost. Researchers have applied low heat curing at
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60-70 °C for 3 h to produce fire-resistant geopolymer (Bar-
bosa and MacKenzie 2003). These results suggest a means
to create a reduced-cost fire-resistant product.

Generally, fire-resistant products are fired-clay bricks
(Abbas et al. 2017). Several forms of industrial waste have
been incorporated into clay for waste management pur-
poses. However, a high firing temperature of 1050 °C for
3 hours is normally applied (Ukwatta and Mohajerani 2017),
which results in high consumption of energy. A number of
researchers have reported that a mixture of low-calcium
fly ash and a hydrated lime residue can be used to pro-
duce non-fired bricks (Eliche-Quessada et al. 2018). The
process involves 10-MPa compression and 100 °C drying
for 24 h without firing. However, cracks in and expansion
of brick are observed when the lime dosage exceeds 80%.
Based on this result, high-calcium fly ash has a potential to
be used as a raw material for non-fired bricks. Therefore,
this research proposes the production of non-fired bricks via
geopolymerization.

In addition, the low temperature of 40 °C has been stud-
ied for its ability to activate the geopolymerization reaction.
The temperature results in high-calcium fly ash geopolymers
with sufficient compressive strength for use as structural
masonry units (Arulrajah et al. 2016) and pedestrian path-
ways (Chindaprasirt and Rattanasak 2017b). These findings
result in energy conservation and suggest the simple cur-
ing of high-calcium fly ash geopolymer. In Thailand, the
average temperature is 30 °C and can reach 40 °C in the
summer (Thai Meteorological Department 2017). Therefore,
outdoor heat exposure (OHE) can be a heat source for geo-
polymer curing. OHE can obtain a temperature up to 40 °C
with the aid of a plastic box. This research also proposes
the use of OHE for curing high-calcium fly ash geopolymer.
Fire-resistant brick was fabricated. Thermal analysis of this
geopolymer was performed to study the material’s potential
fire resistance.

There is less research on the application of high-calcium
fly ash geopolymer as fire-resistant bricks prepared by a
non-fire process. Most studies focus on using low-calcium
fly ash and use the high temperature of 1000 °C for firing.
Therefore, the goal of this research was to create non-fired
fired-resistant bricks via geopolymerization. High-calcium
fly ash was used as a raw material. In Thailand, this mate-
rial is an abundant by-product of electricity generation. A
low-energy consumption, eco-friendly material could be
created.

Experiment
Materials

High-calcium fly ash was used as an alumino-silicate source
material for geopolymer synthesis. The fly ash had a median
particle size of 9.0 um measured by a particle-size analyzer
(Malvern Mastersizer S). X-ray fluorescence (XRF) was
used to measure the chemical composition, and the oxide
compounds are listed in Table 1. The fly ash consisted
of 31.0 wt% CaO, 25.9 wt% SiO,, 13.7 wt% Al,O,, and
15.5 wt% Fe,O5. The high iron content resulted in a brown-
ish-colored fly ash. The high-calcium content can result in
the fast setting of geopolymer (Chindaprasirt and Rattanasak
2017b). Sodium silicate solution (Na,O-SiO,: 27 wt% SiO,,
8 wt% Na,0, 65 wt% H,0) and 8 mol/l of sodium hydroxide
(8 M NaOH) solution were also used as an alkali activator.
For the geopolymer-mortar preparation, saturated-surface-
dry (SSD) graded river sand was also used in the mixture.
Sand was passed through a No. 30 sieve to obtain a fineness
modulus of 1.9.

Composite preparation and test

A paste mixture was used for the chemical testing. The
mix proportions of the paste are shown in Table 2.
Na,0-Si0,-to-NaOH ratios of 2 and 2.5 with Si/Al mole
ratios of 2.3 and 2.5 were selected based on a previ-
ous study (Rattanasak and Chindaprasirt 2009). A high
Na,O-Si0,-to-NaOH ratio exceeding 2.5 resulted in flash
setting of the mixture. These ratios were selected to study
the effects of the Si/Al mole ratio and the sodium silicate to
sodium hydroxide ratio on the strength and thermal proper-
ties of materials. Fly ash and an alkali activator (NaOH and
Na,0-Si0, solutions) were mixed together and then cast in
?25-mm X 25-mm cylindrical plastic molds for chemical
testing. Samples were placed in a plastic box (with small
side holes) and subjected to OHE for 3 and 5 days. The
3-day curing time was selected based on the calculation of
equivalent heat transfer required for the curing. The 5-day
curing time was tested for comparison because fluctuation
occurred in the OHE temperature. The average temperature
inside the box was 40 °C in the daytime and 30 °C at night.
Specimens were subsequently demolded. X-ray powder dif-
fraction (XRD) and thermal gravimetric analysis (TGA)
were performed on the paste samples.

Table 1 Chemical composition

. . Oxide compound (%)  SiO,
of high-calcium fly ash

ALO; CaO

Fe,0; SO; MgO K,0 Na,0O  Others

Fly ash 25.9

13.7 31.0 15.5 73 2.2 1.9 1.4 1.1
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Table 2 Mix proportion of geopolymer pastes (100 g) and OHE time

Samples  Fly ash (g) Na,0-SiO, 8 M NaOH OHE (days)
(® (®

2GN_3d 55 30 15 3

2GN_5d 55 30 15 5

2.5GN_3d 55 32 13 3

2.5GN_5d 55 32 13 5

In addition, geopolymer mortars were produced for the
physical test. Fresh geopolymer pastes were uniformly
mixed with river sand using a sand-to-fly ash mass ratio
of 2 and then cast into the molds. To determine strength,
a 50-mm cube mold in accordance with ASTM C109/109
M-99 (1999) was used. Specimens were subjected to OHE
in the same manner as the paste. The specimens were then
demolded and immersed in water at 25 +2 °C. The strength
test was performed at 30 and 90 days to observe the strength
gain/loss with curing age. The water curing was aimed to
ensure the continued hydration of the composite (Mind-
ess et al. 2002). Strength results were reported as the aver-
age of five samples. For the fire test of geopolymer-mortar
brick, the normal commercial size 11.5x23 X2 cm?® sam-
ple was used. The thickness of 2 cm was selected as it is
commonly used for brick, and this size of brick was used
to construct the demonstration fireplace. After OHE, the
bricks were demolded and exposed to the 1100 °C flame.

The temperature on the opposite side of the brick from the
flame was recorded for 30 min (Cheng and Chiu 2003). Fly
ash geopolymer bricks and testing are shown in Fig. 1. In
addition, the thermal conductivity of the brick was measured
by the hot disk method. Two thin 5x 5x1 cm? samples were
used, as recommended by the equipment manufacturer. The
hot disk sensor was placed between two pieces of brick.

Results and discussion
Composition and morphology

Figure 2 shows the XRD patterns of fly ash and geopoly-
mer pastes (2GN_3d, 2GN_5d, 2.5GN_3d, 2.5GN_5d). The
XRD diffraction data show the sharp and broad peaks of
the materials. Sharp peaks represent crystalline phases, and
broad peaks represent amorphous phases in materials. The
Match! computer program was used for phase identification.
It was found that the peaks of oxide compound in fly ash
corresponded to the XRF results of Table 1. Owing to the
high temperature of coal combustion (~ 1200 °C), the amor-
phous phase was obtained, with the broad hump appearing
at 30-35 °260 (degree 2Theta). This outcome indicates the
reactivity and pozzolanic properties of this fly ash.

In the presence of alkaline solutions and heat activa-
tion, the geopolymer formed and became a semicrystalline

Fig. 1 Fly ash geopolymer bricks and testing: a brick molding, b demolded bricks, ¢ OHE curing box, d flame testing
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A SiO, A Caz;HO.Si; (Tobermorite)
0 AlOs m ALO.Si (Kyanite)

O Ca0 @® Ca(OH), (Portlandite

X Caso, (OH)2 ( )
< Fey0,

2.5GN_5d

2.5GN_3d

2Theta (deg)

Fig.2 XRD patterns of high-calcium fly ash and geopolymer pastes

compound. The broad peak of XRD diffraction data notice-
ably shifted from 30-35 °260 (in fly ash) to 25-35 °26 (in
geopolymer), which indicates the formation of new prod-
ucts. When OHE curing was applied for 3 days (2GN_3d
and 2.5GN_3d samples), sharp peaks of SiO, and CaO were
still detected at 29.5 and 32.2 °26, respectively. These peaks
resulted from unreacted fly ash. These peak heights were
lower with the increase in OHE time to 5 days (2GN_5d
and 2.5GN_5d samples). It can be concluded that the longer
OHE time resulted in the increased geopolymerization of
the paste. Heat curing promotes the formation of alumino-
silicate compound (Al-O-Si bond), i.e., kyanite (Temuujin
et al. 2013). This compound increases the strength develop-
ment and acid resistance of the composite (Chindaprasirt
et al. 2013). Owing to the use of high-calcium fly ash as a
source material, broad peaks of calcium silicate hydrate (i.e.,
tobermorite, at 29.5 °260) and Ca(OH), (at 35.5 °20) were
also detected. The Ca(OH), was produced by the reaction
between the calcium compound and the NaOH solution. The
high peak of SiO, remained at 29.5 °26 in the 2.5GN_5d
sample because of the higher content of Na,0-SiO, in the
mixture compared with the 2GN_5d sample.

Thermal analysis

Thermogravimetric analysis (TGA) and differential ther-
mogravimetry (DTG) were performed on the geopolymer
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Fig.3 TGA/DTG results for geopolymer pastes

pastes, and the results are shown in Fig. 3. The TGA curve
shows the percentage of mass remaining under heating
with a nitrogen flow, while the DTG curve presents the
decomposition temperature of a specific compound in the
materials. In all geopolymers, a DTG peak occurred at
100 °C, which was related to the evaporation of water from
the NaOH and Na,0-SiO, solutions and to pore solution in
the pastes. Weight loss of geopolymers was also found at
450 °C (DTG peak) due to the decomposition of Ca(OH),
(Chindaprasirt et al. 2013). The total weight losses of the
2GN_3d and 2.5GN_3d samples were 16—-17% at 800 °C,
as shown by the TGA peak. Increasing the OHE cur-
ing time resulted in the reduction of total weight loss to
approximately 14% for the 2GN_5d and 2.5GN_5d sam-
ples. This outcome implied that the longer OHE curing
time of 5 days provided a higher degree of hydration than
the three-day OHE curing time. When the OHE time was
increased to 5 days, a stronger matrix was achieved, par-
ticularly for the 2.5GN_5d sample. The 2GN_5d sample
had higher weight loss than the 2.5GN_5d sample because
of the higher water content (from NaOH solution) in the
mixture. This sample also had a lower Si/Al ratio. It has
been reported that at lower Si/Al an increase in the energy
release from dehydroxylation occurs under high-tempera-
ture exposure. This phenomenon results in the fast increase
in temperature, and small thermal shrinkage can also be
observed (Van Riessen and Rickard 2009). The longer
OHE curing time provided more heat and energy for acti-
vating the geopolymerization. In the presence of NaOH
and Na,0-SiO, solutions, heat curing activated the reac-
tion of calcium in fly ash and resulted in thermal-stable
calcium compounds, i.e., calcium silicate hydrate (C—S—H)
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Fig.4 Compressive strength of geopolymer mortars

(Chindaprasirt and Rattanasak 2017b). The alumino-sili-
cate compound was also formed in this matrix and resulted
in a strong and thermal-resistant material.

Compressive strength

The results for the compressive strength of geopolymer mor-
tar are presented in Fig. 4. The strength of the geopolymers
was tested at 30 and 90 days. The specimens were OHE
cured and maintained underwater until the test date to ensure
the continued hydration of the high-calcium fly ash geopoly-
mer. This fly ash also promotes the formation of C-S-H
in addition to the formation of alumino-silicate compound
(Mindess et al. 2002). The 30-day compressive strengths
of the geopolymer mortar were 26.1 and 29.8 MPa for the
2GN_3d and 2.5GN_3d samples, respectively. The strengths
were 28.3 and 28.4 MPa for the 2GN_5d and 2.5GN_5d
samples, respectively. The longer OHE curing time of 5 days
resulted in higher composite strength because of the higher
amount of energy required for the activation process, par-
ticularly with a Na,O-SiO,-to-NaOH ratio of 2 (2GN_3d and
2GN_5d samples). However, the 2.5GN_5d sample exhib-
ited a slightly lower strength than the 2.5GN_3d sample
probably because of the variation of experimental results.

A Na,0-Si0,-to-NaOH ratio of 2.5 (2.5GN_5d sample)
resulted in a slightly higher-strength mortar compared with
a ratio of 2 (2GN_5d sample). Na,0-SiO, provided amor-
phous-dissolved silica, resulting in more reactive SiO, in the
mixture (Hussain et al. 2005).

Compressive strength was significantly increased at
90 days of curing to 38.0 and 46.9 MPa for the 2GN_5d and
2.5GN_5d samples, respectively. With the increase in curing
age in addition to the alumino-silicate compound, C-S-H
was formed and helped develop the strength of the material.
The increase in strength at a longer curing age was due to the

increase in time of the hydration reaction. This phenomenon
resulted in an increased formation of C—S—H (Mindess et al.
2002). Therefore, sufficient OHE curing time can provide
a strong geopolymer with the co-existence of an Al-O-Si
bond and a C—S—H compound.

Fire-resistant performance

Figure 5 shows the temperature profile of geopolymer bricks
exposed to the 1100 °C flame. The temperature on two sides
of a 2-cm-thick brick was monitored. The temperature of the
side exposed to the flame increased to 500 °C within 5 min
and reached 700 °C in 30 min. The temperature on the oppo-
site side gradually increased and was approximately 400 °C
lower than the side exposed to the flame. The maximum
temperatures on the opposite side from the flame were 320,
302, 300, and 280 °C for the 2GN_3d, 2GN_5d, 2.5GN_3d,
and 2.5GN_5d samples, respectively. It has been reported
that the Si/Al ratio significantly affects the thermal per-
formance of geopolymers. This ratio should be considered
when geopolymer is used as fire-resistant material (Rickard
et al. 2012). Since the 2.5GN_5d sample had a higher Si/
Al ratio than the 2GN_5d sample, the former sample had
a better resistance to fire exposure. It is recommended that
the maximum temperature on the opposite side of a brick
from a flame should not exceed 380 °C, which is close to
the Ca(OH),-decomposition temperature of 400 °C (Sak-
kas et al. 2014). The resulting thermal conductivity of geo-
polymer brick was compared with that of Portland cement
mortar reported in the literature. Researchers have reported
that geopolymers are more stable with respect to heat than
ordinary Portland cement (Duxson et al. 2007; Zhang et al.

700

600 Fired side
500

400

Opposite fired side
300

Temperature ( °C)

200

—»—2.5GN_3d
—%—2.5GN_5d

P TS S S S TS S S S TS AT S S N S S
0 T T T T T

0 5 10 15 20 25 30

100

Time (min)
Fig.5 Fire-resistant performance of geopolymer bricks

@ Springer



1102

P. Chindaprasirt, U. Rattanasak

Table 3 Density and thermal conductivity of geopolymer bricks

Samples Density (g/cm?) Thermal con-
ductivity (W/
mK)

2GN_3d 1.96 2.03

2GN_sd 1.98 1.97

2.5GN_3d 1.96 1.94

2.5GN_5d 1.94 1.91

Control® 2.09 0.90

#The control sample uses the 2GN_3d mixture cured at 65 °C for 24 h

2016). The use of fly ash, an industrial by-product, is highly
attractive compared to the use of Portland cement. In addi-
tion, the use of outdoor heat exposure represents an environ-
mentally sustainable practice and adds economic benefit to
this green material. Therefore, high-calcium fly ash geopoly-
mer has the potential to be used as a fire-resistant material.

Thermal conductivity of geopolymer bricks

Table 3 shows the density and thermal conductivity of
geopolymer bricks. The thermal conductivity values of
the 2GN_3d and 2GN_5d samples were 2.03 and 1.97 W/
mK, respectively, for mixes with a Na,0-Si0,-to-NaOH
ratio of 2. Longer heat curing resulted in lower thermal
conductivity, leading to better thermal resistance. When
the Na,0-SiO,-to-NaOH ratio was increased to 2.5, the
thermal conductivity of the 2.5GN_3d and 2.5GN_5d sam-
ples decreased to 1.94 and 1.91 W/mK, respectively. These

Fig.6 Demonstration outdoor
fireplace

samples had good thermal stability. This result corresponded
to the TGA and fire-resistant results. The control sample was
prepared for comparison by using the 2GN_3d mixture with
a conventional curing temperature of 65 °C for 24 h (Chin-
daprasirt and Rattanasak 2017b). With high-temperature
curing, the thermal conductivity of the control was reduced
to 0.90 W/mK. This decrease occurred because the heat
activated the Al-O-Si bond formation, resulting in good
thermal resistance. However, researchers reported that the
thermal conductivity of cement mortar was 2.03-2.25 W/
mK (Kim et al. 2003), depending on mix proportion, aggre-
gate type, and size (Mo et al. 2017).

Application and prospect

The mix proportion of the 2.5GN_5d sample was
used to prepare geopolymer brick. The mixture had a
Na,0-Si0,-to-NaOH ratio of 2.5 and a sand-to-fly ash ratio
of 2, with 5-day OHE. An outdoor fireplace was constructed
for heating purposes and as a source of lighting (Fig. 6).
Dry leaves and wood were used as fuel. No cracking was
observed because the burning temperature of organic matter
was not high. Geopolymer bricks can be used in larger-scale
thermal applications. Brick can be manufactured in various
sizes, depending on the application. For charcoal production,
geopolymer bricks can replace fired-clay bricks in a brick
kiln. In addition, geopolymer can be molded into various
forms of stoves. With OHE, sunlight can be used as a sus-
tainable energy for curing high-calcium fly ash geopolymers,
thus reducing the production cost. Particularly, fly ash from
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coal combustion is beneficially used to yield an alternative
green product of fire-resistant brick.

Conclusion

High-calcium fly ash geopolymer has good fire resistance
up to the 400 °C firing temperature. It can be hardened at
room temperature although OHE heat curing promotes the
formation of an Al-O-Si bond, resulting in the increased
strength and heat resistance of the composite. A longer OHE
of 5 days results in a larger degree of reaction than that of
a 3-day OHE. Si/Al also affects the thermal properties of
geopolymer: A higher Si/Al ratio presents a strong matrix
and better resistance to fire exposure. Low weight loss was
achieved under high-temperature firing. The 2.5GN_5d sam-
ple with a high Si/Al ratio and five-day OHE had the best
resistance to fire exposure. The temperature at the opposite
side of the brick from the flame was substantially lower:
280 °C. Geopolymer bricks can be fabricated for fire-resist-
ant purposes. Therefore, high-calcium fly ash geopolymer
has the potential to be used as a fire-resistant material.
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Abstract Solar energy is an important source of renewable
and sustainable energy. Thailand is near the equator and
thus experiences hot weather throughout the year. The
average maximum temperature is 35 °C and can reach
40 °C in the summer time. This outdoor heat exposure
(OHE) was, therefore, used for the curing of a
polypropylene (PP) fiber fiber-reinforced high-calcium fly
ash geopolymer composite, in order to reduce energy
consumption. Fly ash is an abundant solid waste generated
from the coal-power generation process. In this research, a
high-calcium fly ash was used as a source material for the
geopolymer synthesis. PP fiber was also incorporated in the
composites to improve tensile characteristics and control
crack development. The results show that the incorporation
of PP fiber in composites led to improved tensile strength,
crack control, and resistance to acid solution. OHE could
thus be used as an energy source for the heat curing of
high-calcium fly ash PP-fiber geopolymers, resulting in a
strong matrix.
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Introduction

Geopolymers are an alternative green binder made from
source materials containing silica and alumina (Davidovits
1991). Fly ash from the coal-combustion process is the
most common pozzolan, which consists mainly of silica
and alumina, and is suitable for geopolymer production. A
geopolymeric reaction is achieved when alumino-silicate
source materials react with base and sodium silicate solu-
tions (Davidovits 1991; Van Jaarsveld et al. 2002; Hussain
et al. 2005; Rattanasak and Chindaprasirt 2009). Sodium
silicate solution provides additional dissolved SiO, to the
system. A NaOH solution is commonly used as a base
solution for the leaching of silica and alumina from fly ash
particles. This leads to initial gel formation around the fly
ash particles (Rattanasak and Chindaprasirt 2009) and
leads to the setting and hardening of materials. The
mechanism of the geopolymeric reaction involves the dis-
solution of alumino-silicate source materials in the pres-
ence of alkali solutions. A series of ionic species are
formed and polymerization takes place resulting in the
formation of tetrahedra of Si and Al distributed along the
polymeric chains (Fernandez-Jiménez et al. 2005; Tchadjié
et al. 2016). This material has desirable mechanical per-
formance, owing to the formation of alumino-silicate
products with a semicrystalline phase from fly ash (Van
Jaarsveld et al. 2002; Hussain et al. 2005).

In Thailand, lignite coal fly ash is the solid waste gen-
erated by the pulverized coal-fired (PCC) power plant in
the northern region. This fly ash is mainly used as a poz-
zolan in concrete mixtures. Owing to the limited use of fly
ash, abundant amounts of fly ash are still disposed of in
landfill sites. Presently, the calcium content is increasing in
this fly ash owing to the use of low-grade lignite obtained
from coal deposits at a greater depth. The high calcium

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10098-017-1380-7&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10098-017-1380-7&amp;domain=pdf

1986

P. Chindaprasirt, U. Rattanasak

content can lead to geopolymers with a fast setting time
and low strength (Mindess et al. 2002). However, the uti-
lization of high-calcium fly ash in geopolymer is beneficial
as the material can set at room temperature and requires no
heat curing, thus resulting in energy saving. Excess cal-
cium content in fly ash can react with the base solutions
leading to a hardened composite without heat curing
(Somna et al. 2011). Strength is obtained in a similar
manner to Portland cement since additional calcium silicate
hydrate is formed in the composites (Mindess et al. 2002).
However, cracks can form when high-calcium fly ash is
used.

Fibers have been used to control the cracking in con-
crete and to modify the cracked behavior of material
(Mindess et al. 2002). Polypropylene (PP) fiber is widely
used in cementitious composites as its price is relatively
low, and it is able to control cracking due to shrinkage and
temperature change. Even though polyvinyl alcohol (PVA)
fiber is superior in performance, its high cost and an
availability problem in Thailand limits the use of PVA
fibers. In addition, the application of PP fiber in building
materials can improve their tensile characteristics and
resistance to crack formation and growth (Lopez-Buendia
et al. 2003; Banthia and Gupta 2006; Ostertag and Yi
2007). However, the elastic modulus of PP fiber is much
lower than that of the cementitious material, and it can thus
reduce the compressive strength of the high strength con-
crete (Richardson 2006). PP fiber is, therefore, mainly used
to control cracking in concrete. PP fiber has hydrophobic
characteristics and a smooth surface (Ranjbar et al. 2016a).
Its surface can also be treated with alkaline, in order to
eliminate the protection layer and to modify the interfacial
bonding strength with a matrix, which makes it very suit-
able for a geopolymer matrix (Lopez-Buendia et al. 2003;
Wang et al. 2006; Zhang et al. 2009; Shaikh 2013). It has
been reported that the PP-fiber content affects the worka-
bility and setting time of fly ash geopolymer mixtures.
Furthermore, the toughness of materials is improved due to
the toughness-enhanced mechanism of PP fiber (Ranjbar
et al. 2016a, b).

In order to utilize the high-calcium fly ash in geopoly-
mers with crack control, this research proposed the use of
PP fiber in the composite. Conventional curing at 40-60 °C
requires some additional energy and equipment, and thus
was replaced by outdoor heat exposure (OHE), in order to
obtain Al-O-Si bond in the composite with good resistance
to an acid environment. In addition, it has been reported
that the use of 40 °C-temperature curing provides the fly
ash geopolymers with sufficient compressive strength for
use as structural masonry units (Arulrajah et al. 2016).
Thailand is located near the equator and experiences hot
weather throughout the year. The daytime temperature is
around 30-35 °C, and the nighttime temperature is around
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26-31 °C. The Thai Meteorological Department (TMD)
reported that, in the summer time, the temperature can be
as high as 40-43 °C (Thai Meteorological Department
2015). An OHE-curing system can provide a temperature
of approximately 35 °C, thus curing and conserving
energy.

In this research, morphological and physical studies
were performed on composites. Since using PP fiber in
high-calcium geopolymers has rarely been reported, the
results pave the way to use the hot weather curing for high-
calcium fly ash geopolymers, and also provide knowledge
about PP-fiber reinforcement in high-calcium fly ash
geopolymers.

Experimental program
Materials

High-calcium fly ash from lignite coal PCC power plant
was used as an alumino-silicate source material for
geopolymer preparation. The chemical composition was
monitored using X-ray fluorescence (XRF). The oxide
compounds are listed in Table 1. This fly ash had a high
calcium content of 30.0 wt% with 25.0 wt% SiO,,
13.2 wt% Al,O3 and 15.0 wt% Fe,O3. The fly ash was
brownish in color as a result of a high iron content.

The particle size distribution of fly ash was performed
using a particle size analyzer (Malvern Mastersizer S). The
median particle size (D50) of fly ash was 9 pm. Monofil-
ament PP fiber (construction grade) with a smooth surface
and dimensions of 3 mm in length, and 15 pm in diameter
was used for reinforcement. The modulus of elasticity and
the tensile strength of PP fiber were 4.16 GPa and
557 MPa, respectively. For alkali activators, sodium sili-
cate solution (water glass, Na,O-SiO,, 27 wt% SiO, and
8 wt% Na,O) and 8 M NaOH solution were used. For the
preparation of the geopolymer mortar, saturated-surface-
dry (SSD) graded river sand passed through sieve No. 30
(0.6 mm opening) with a fineness modulus of 1.9 was used.

Composite preparation and test program

A paste mixture was composed of 60 wt% fly ash, 13 wt%
8 M NaOH and 27 wt% water glass solution. The high-
calcium fly ash was mixed with an alkali activator (NaOH
solution and water glass) for 1 min to achieve uniformity,
before casting in 25-mm X 25-mm cylindrical plastic
molds. Samples were cured at room temperature (RT) with
an average temperature of 28 °C for 7 days and with out-
door heat exposure (OHE) for 3 days. The average outdoor
daytime temperature was 35 °C, with 30 °C at night. For
OHE condition, samples were put in a black plastic box in
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Table 1 Chemical compositions and loss on ignition (LOI) of high-calcium fly ash

Compositions (%) SiO, Al,O3 CaO Fe, 05 SO; MgO K,0 Na,O Others LOI
Fly ash 25.0 13.2 30.0 15.0 7.1 2.1 1.8 1.4 1.1 34
order to maintain the uniform temperature of the samples A SiO, A CagHO,Si, (Tobermorite)
and to avoid the rapid water evaporation at the surface of g é'zga B ALOSi (Kyanite)

. . . al H
composites. The temperature in the black plastic box was X CaSo, ® Ca(OH), (Portlandite)
around 3-5 °C higher than the ambient temperature. <O FesO, A

When the PP fiber was applied, the fiber was blended
homogeneously with fly ash before adding the alkali acti-
vator. The fiber content of 0.5% by weight of fly ash was
applied to the mixtures according to the manufacturer
recommendation and previous reports (Banthia and Gupta
2006; Ranjbar et al. 2016a). Specimens were demolded
after curing (7 days for RT-curing and 3 days for OHE-
curing), and then immersed in water and 3% H,SO, solu-
tion for 1 month to investigate the acid resistance of
composites. X-ray powder diffraction (XRD) and scanning
electron microscopy (SEM) were performed on samples.
An optical microscope was also used to investigate cracks
that developed in samples. In addition, a single-fiber pull-
out test for geopolymers was performed according to
ASTM D7913/D7913M-14 (2014). PP fiber was embedded
in the geopolymer paste with an embedded length of 5 mm.
The specimen was fixed to the clamps, and the fiber was
glued to the upper mounting plate of the testing machine.
The test was performed at a loading rate of 0.05 mm/s,
with the monitoring of a 10 N load cell. The interfacial
shear strength was calculated (Teuber et al. 2013).

For the mechanical test, geopolymer mortar was pre-
pared. The river sand was incorporated into the fresh
geopolymer paste using a sand-to-fly ash mass ratio of 2.
The mixing was continued for 1 min. The fresh mortar was
then cast into a 50-mm cube mold for the strength test, and
into a briquette mold for the tensile strength test (with a
cross-section of the briquette of 25.4 x 25.4 mm?).
Vibration was applied for 10 s to remove air bubbles from
the samples. Curing conditions were similar to that of the
paste. Specimens were immersed in water and in 3%
H,S0O, solution for an acid resistance test. The results were
reported as the average of five samples.

Result and discussion
XRD pattern of composites
XRD patterns of high-calcium fly ash and geopolymer

cured with RT and OHE are presented in Fig. 1. Fly ash
contained both crystalline phases (with sharp peaks, e.g.,

OHE curing

RT curing

2Theta (deg)

Fig. 1 XRD pattern of high-calcium fly ash and composites at
1 month

Si0,, Al,03, CaSOy4) and amorphous phases (with a broad
peak at 30°-35° 20). When fly ash reacted with sodium
silicate and sodium hydroxide, semicrystalline phases were
detected in the composites. The OHE-curing showed a high
amorphous phase with a distinct broad peak at 25°-35° 20.
The products of the reaction included tobermorite, kyanite,
and portlandite. OHE-curing promoted the occurrence of
an alumino-silicate compound, i.e., kyanite (Al-O-Si
bond), which contributed to the strength development and
acid resistance of composite (Temuujin et al. 2013; Chin-
daprasirt et al. 2014). In addition, the formation of calcium
silicate hydrate (C—S-H) and tobermorite were detected,
owing to the high calcium content of the fly ash (Chin-
daprasirt et al. 2014). However, portlandite (Ca(OH),) was
also detected as a result of the high calcium content of fly
ash. This compound can have an adverse effect on the
durability of the composite (Mindess et al. 2002).
RT-curing generally resulted in C—S—H formation sim-
ilar to that found in Portland cement composites (Somna
et al. 2011). This compound contributed to the strength
development of the material. For fly ash geopolymers, heat
is normally required to activate a similar reaction to the
synthesis of crystalline zeolite (Tanaka and Fujii 2009;
Chindaprasirt et al. 2013). However, less heat is needed as
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the product of geopolymer mainly contains the semicrys-
talline phase (Chindaprasirt et al. 2013).

Microstructural study of composites

The microstructure of the paste composites was studied
using a scanning electron microscope (SEM) as shown in
Fig. 2. The surface of the PP fiber was roughened by the
alkaline solution, and this improved the bonding of the
fiber and the geopolymer (Lopez-Buendia et al. 2003). The
roughness of the fiber surface modified the fiber/composite
interaction and increased the bonding with the geopolymer
matrix (Lopez-Buendia et al. 2003). More microcracks
were also found in the composite when the heat was
applied, owing to the geopolymerization reaction and water
evaporation (water from alkali solutions). However, a
denser matrix and better anchoring between fibers and
composite were achieved with heat curing. Fly ash particles
were also seen with the dissolution of the surface and gel
formation (Chindaprasirt et al. 2013). In this aspect, the
number of unreacted fly ash particle was less seen with the
OHE-cured composite compared to that with the normal
RT-cured composite. Since the amorphous or glassy phase
of fly ash was on the surface of fly ash and the more
crystalline phase was present at the core, the glassy phase
was leached out by the alkaline solution forming the
geopolymer gel, with regard to the XRD results. This gel
bound the fly ash geopolymer matrix and fiber together
(Rattanasak and Chindaprasirt 2009).

The rough surface of the PP fiber and the typical prod-
ucts of the reaction in the paste composite with OHE-
curing are shown in Fig. 3. The products consisted of
portlandite, C—S—H, and the dense matrix of alumino-sili-
cate geopolymer. With OHE-curing, greater roughness of
the PP-fiber surface was clearly observed compared to RT-
curing, because NaOH solution treated the fiber surface,
resulting in good bridging properties (Lopez-Buendia et al.
2003; Wang et al. 2006). Since the high-calcium fly ash
was used as a source material for geopolymer synthesis,

elongated crystals of portlandite were seen in the com-
posite, as shown in Fig. 3b. Generally, portlandite has a
distinct hexagonal shape; however, the dimensions depend
on the concentration of the Ca(OH), solution and the age of
the crystal (Mindess et al. 2002). The morphology of
portlandite may vary in the forms of small equidimensional
crystals, large flat, platy crystals, thin and elongated crys-
tals, and all variations in between (Mindess et al. 2002). In
addition, the flaky and needle-like C—S-H crystals were
formed in the composite. Their morphology depends on the
curing condition.

Strengths of composites
Compressive strength

Figure 4 presents the 1-month compressive strength of
composites with RT and OHE curings. The compressive
strength of the PP fiber/fly ash geopolymer composites was
slightly lower than that of plain geopolymers, for both
curing regimes. For RT-curing, the 1-month compressive
strengths of the PP fiber/fly ash geopolymer and plain
geopolymer composites were 31.8 and 30.2 MPa, respec-
tively, and for OHE-curing, they were 33.8 and 32.1 MPa,
respectively. Immersion of the composite in water pro-
motes the formation of C-S—H and strength development
(Mindess et al. 2002). The aim of water immersion is to
ensure the continued hydration of the composite, since
water could be lost from the mortar by evaporation, or by
other means such as absorption of aggregates. The addition
of the PP fiber results in a slight reduction in the com-
pressive strength of the composites.

When the composites were exposed to 3% H,SO,
solution, the strength was significantly affected. The
compressive strengths of the plain geopolymer and PP-fiber
geopolymer with RT-curing (Fig. 4a) were reduced to 10.3
and 15.4 MPa, respectively. This was due to the occurrence
of C—S-H and portlandite products, with RT-curing leading

Fig. 2 Microstructure of paste: a RT-curing, b OHE-curing

@ Springer



Synthesis of polypropylene fiber/high-calcium fly ash geopolymer with outdoor heat exposure 1989

Fig. 3 Microstructure of composite: a roughness of PP-fiber surface, and b product of high-calcium fly ash geopolymer

Fig. 4 Compressive strength of
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to a susceptible matrix in the acid environment (Chin-
daprasirt and Rattanasak 2017). These calcium compounds
can easily be attacked by acid solution and leach out from
the composites, resulting in pores and cavities (Mindess
et al. 2002). It has been reported that the decalcifications of
portlandite [Ca(OH),] and C-S-H lead to the loss of
cementing properties, i.e., paste cohesion, binding,
strength, and durability (Skalny et al. 2002). The presence
of the PP fiber in the composite enhanced the resistance to
acid due to the reinforcement of fiber.

Comparing the two curing systems, the results showed
that the composites with OHE-curing were more resistant
to the acid solution than the composites with RT-curing.
The compressive strengths of the plain and fiber-reinforced
geopolymers, subjected to OHE-curing immersed in acid
solution, were 15.4 and 19.0 MPa, respectively, which
were significantly higher than those of the RT-cured
composites (Fig. 4b). The OHE-curing with higher tem-
perature promoted the Al-O-Si bond formation of the
alumino-silicate compound and dense matrix, leading to
higher acid resistance. Since the geopolymer system is

3% H2804 Water 3% H2304

Immersion solutions

highly alkaline (pH ~ 12-14), these composites are
therefore resistant to acid environments (Chindaprasirt
et al. 2013). Free sulfuric acid can be found in ground
water and can be formed by the oxidation of a sulfide
(particularly of pyrite) presence in soil, or in industrial
waste water (Skalny et al. 2002). The inclusion of the PP
fiber helps to bind the matrix together (Natali et al. 2011;
Bernal et al. 2012) and thus increases the resistance to acid
attack. Hence, a low strength loss is obtained in a PP fiber/
fly ash geopolymer composite. It should be pointed out
here that although the test was done with five replicates, the
difference in compressive strength was small and thus care
should be taken when interpreting the results.

The XRD pattern of OHE-geopolymer paste under the
acid condition for 1 month is shown in Fig. 5. Gypsum
(CaH404S or CaS04-2H,0), SiO,, and geopolymer prod-
ucts were detected in the composite. Gypsum is the product
from the reaction between calcium (from fly ash) and
sulfate ions (from H,SO, acid). This compound is formed
on the surface and in the void of the geopolymer matrix.
Dissolution of calcium compounds in the geopolymer
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Fig. 5 XRD pattern of OHE-geopolymer under 3% H,SO, solution

results in the lowering of the strength and hardness of the
geopolymer (Chindaprasirt and Rattanasak 2016).

Tensile strength

The results of tensile strengths of geopolymer briquettes at
the age of 1 month are shown in Fig. 6. The tensile
strengths of PP fiber/fly ash geopolymer composites were
slightly higher than those of plain geopolymers, for both
curing regimes. This result trend was opposite to that of
compressive strength. For RT-curing, the 1-month tensile

Fig. 6 Tensile strength of

(a)s

strengths of PP fiber/fly ash geopolymer and plain
geopolymer composites were 1.56 and 1.43 MPa, respec-
tively, and for OHE-curing, they were 1.73 and 1.56 MPa,
respectively. OHE-curing produced the geopolymer with
higher tensile strength due to the geopolymerization reac-
tion as a result of higher temperature curing.

For the immersion in the acid solution, the samples with
PP fibers showed a significant increase in resistance to acid
attack, compared to the plain geopolymer mortar without
PP fiber. For RT-curing, the tensile strengths were
1.17 MPa for the plain composite, and 1.45 MPa for the PP
fiber/fly ash geopolymer composites. For OHE-curing, the
strengths increased to 1.44 and 1.71 MPa for plain and PP
fiber/fly ash geopolymers, respectively. It has been reported
that well-made fiber-reinforced materials are slightly less
permeable than plain materials (Mindess et al. 2002). The
PP fiber marginally enhances the tensile characteristic of
the composites and thus helps to reduce microcracks,
resulting in a less permeable composite. In addition,
improvement of the tensile strength and cracking control in
composites are achieved due to the bridging of fibers
between cracks. With OHE-curing and the incorporation of
the PP fiber, a relatively dense cementitious material with
improved tensile strength was obtained, and this composite
also had good resistance to the acid solution. The PP fiber/
fly ash geopolymer composite was stable in the acid
solution, particularly with OHE-curing, and was protected
by the alkaline environment of the geopolymer system.

Interfacial shear strength (IFSS)

A typical single-fiber pullout result of PP fiber embedded
in the geopolymer (embedded length of 5 mm) is shown in
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Fig. 7 Single-fiber pullout test of PP fiber embedded in geopolymer

Fig. 7. Interfacial shear strengths (IFSS) of composites
were 5.1 and 6.4 N/mm? for the RT-cured and OHE-cured
systems, respectively. OHE-curing resulted in slightly
higher shear strength than that of RT-curing. The OHE-
curing enhances the geopolymerization reaction of com-
posite resulting in a dense and strong matrix (Davidovits
1991; Van Jaarsveld et al. 2002; Hussain et al. 2005)
compared to that of RT-curing. Furthermore, the IFSS of
PP fiber embedded in the geopolymer was higher than the
value reported for the PP fiber embedded in cement mortar.
It has been reported that the IFSS of PP fiber embedded in
cement mortar was 0.9 N/mm? for untreated PP fiber, and
5.1 N/mm* for treated PP fiber (Lopez-Buendia et al.
2003). This implies that the adhesion property of PP fiber
embedded in OHE-curing geopolymer is stronger than that
of PP fiber embedded in the cement composite.

It has been reported that the incorporation of fiber in a
cementitious matrix results in a noticeable crack reduction,
since the principal role of fibers is to control the cracking of
composites, and to modify the behavior of material once
the matrix has cracked (Mindess et al. 2002). When crack
starts to grow, the fibers at the crack surface of the matrix
act as a crack-arrester, and crack propagation is inhibited,
as shown in Fig. 8a. As load continues, the PP fibers in the

geopolymer matrix bridging across a crack are formed, as
shown in Fig. 8b.

Energy conservation

Generally, the conventional curing of geopolymer is
60-90 °C for up to 24 h in order to achieve a strong alu-
mino-silicate compound (Davidovits 1991; Van Jaarsveld
et al. 2002; Hussain et al. 2005). Energy for the heat curing
is primarily supplied by electrical oven, which can present
high energy costs for the geopolymer product. Fortunately,
fly ash from low-grade lignite combustion in Thailand
contains a high calcium content leading to the fast setting
time of the geopolymer without heat curing. However, the
low strength and poor durability of the product are
obtained. This is due to calcium compound formation of
calcium silicate hydrate and calcium hydroxide. Heat is
needed to promote the formation of Al-O-Si linkage at the
alumino-silicate site of the geopolymer, particularly when
the composite has been applied in an acidic environment,
e.g., domestic sewage and industrial wastewater pipes
(Chindaprasirt and Rattanasak 2016). To utilize the energy
from hot weather, outdoor heat exposure (OHE) with an
average temperature of 35 °C is an alternative source
energy for geopolymer synthesis, with no cost. From the
results, 35 °C-OHE provides Al-O-Si linkage in the
composite as indicated by the XRD peak of kyanite (Al,.
04Si). In addition, using PP fiber enhances the durability of
the specimens, particularly for application in an acidic
environment. Therefore, solar energy can be a sustainable
energy for the production of high-calcium fly ash
geopolymers and can also reduce the production cost. This
high-calcium fly ash geopolymers can be a cleaner product,
which effectively utilize the fly ash and solar energy.
Geopolymer brick is produced, which applies a solar
energy for a low temperature curing (Chindaprasirt and
Rattanasak 2017). This material can be a new commer-
cialized building material product in Thailand in the near
future.

Fig. 8 Optical microscope of PP fibers bridging across a crack: a hairline crack with PP fibers, b PP fiber bridging
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Conclusion

High-calcium fly ash can be used as a source material for
geopolymer synthesis without heat curing. However, the
composites are not resistant to an acid environment, owing
to the high calcium content of the fly ash. The incorpora-
tion of PP fiber in composites resulted in improved tensile
characteristics, crack control, and increased resistance to
the acid solution, particularly with outdoor heat exposure
(OHE) cured composites. Solar energy is a renewable and
sustainable energy resource for OHE-curing of composites
leading to strong bridging properties between the PP fiber
and the matrix, and dense and strong composites. PP fiber
helps to improve the tensile strength and the crack-growth
resistance in composites, due to the bridging of fibers
between crack surfaces. In an acid environment, the PP
fiber/fly ash geopolymer with OHE-curing thus performs
much better than the plain geopolymer with room tem-
perature curing.
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Fly ash geopolymers are an alumino-silicate material and thus enable the utilization of waste containing
alumino-silicate effectively. Geopolymeric reaction occurs as a result of the activation of fly ash with
alkali solutions. In Thailand, a large amount of high-calcium fly ash is available due to the use of low-
grade lignite coal feedstock for pulverized coal combustion process and the calcium content becomes
very high. In this study, heat curing at 35 °C as a representative of a high ambient temperature (hot
weather) and low cost was investigated. Curing at temperature of 65 °C and room temperature of

g?g’ lvlv-ocrﬂsc:ium fly ash 25 °C were also conducted to compare the results. Geopolymeric products were tested for compressive
Geopolymer strength and characterized by XRD, IR, SEM and TGA techniques. The results showed that heat curing
Calcium silicate hydrate enhanced the geopolymerization resulting in the formation of Si—O—Al network product. Heat curings
Heat curing at 35 °C and 65 °C led to the formation of calcium silicate hydrate (C-S-H) and alumino-silicate (geopoly-

mer bonding). Without heat curing, the product was predominantly C-S-H compound and the matrix was
as strong as the heat-cured product. The immersion of samples in 3% sulfuric acid solution revealed that
the performance of the heat-cured samples were better than those cured at room temperature. In addi-
tion, application of research results was to produce the geopolymer brick with outdoor heat exposure of
35 °C. Pedestrian pathway was demonstrated.

© 2017 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder

Ambient temperature curing

Technology Japan. All rights reserved.

1. Introduction

Fly ash-based geopolymer is a green binder as the source mate-
rials are often from waste containing alumino-silicate. The carbon
footprint of this material is, therefore, 9 times smaller than that of
ordinary Portland cement [1]. Geopolymeric reaction occurs when
alumino-silicate source materials (e.g. fly ash) react with base and
sodium silicate solutions [2]. Sodium silicate solution provides the
external dissolved SiO,, to the system. NaOH solution is a common
base and usually used to leach out the glassy phases of alumino-
silicate source materials resulting in the gel formation [3,4]. A
moderate temperature of 60-100°C is applied to enhance the
geopolymerization reaction [1,5,6]. Amorphous to semi-
crystalline geopolymer products are formed by co-polymerisation
of individual alumino-silicate species [7]. With heat curing, this
material has desirable mechanical properties due to the amor-
phous alumino-silicate product with some semi-crystalline phases.
Fast high strength gain can be achieved. In addition, geopolymer is

* Corresponding author.
E-mail address: ubolluk@buu.ac.th (U. Rattanasak).

http://dx.doi.org/10.1016/j.apt.2017.06.013

more durable than OPC mortar under the acid and sulfate environ-
ment e.g. less loss of mass and decline in mechanical strength [6].
Owning to its good resistance to acid attack, it makes geopolymer
very favorable to the sustainable development [8]. Generally, a
temperature between 40 and 80 °C is used for the curing of fly
ash geopolymer to obtain a strength gain up to 65 MPa within a
short period [8]. However, application of heat curing requires addi-
tional effort and equipment in the construction site and thus hin-
ders the extensively use of geopolymer as commercial building
materials. Several attempts have been made successfully to pro-
duce the fly ash geopolymers with the reasonable strength (20-
23 MPa at 28 days) at low curing temperature of 25 °C [9-11].

In Thailand, fly ash used in construction is mainly obtained from
a pulverized coal-fired power plant in the North where lignite coal
is the feed stock. The calcium content is rather high and increases
with the increasing depth of coal mining. The high-calcium fly ash
geopolymer consists of alumino-silicate product and C-S-H. C-S-H
results from the reaction between calcium in fly ash and alkali
solution in mixture leading to the strength development with cur-
ing age. High calcium content of fly ash in cement-based or
geopolymeric composites, generally, results in unsoundness and

0921-8831/© 2017 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder Technology Japan. All rights reserved.
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can lead to crack formation [12,13]. In addition, rapid setting and
low strength under acid environment of materials can be obtained
[13]. Heat curing up to 80 °C helps to accelerate the geopolymer-
ization reaction in order to gain high strength, particularly when
high-calcium fly ash geopolymer has been used in acid environ-
ment as waste water pipe [14]. However, the production cost is
higher for heat curing process that limits the manufacturing of
heat-cured fly ash geopolymer products. Therefore, high-calcium
fly ash is an interesting source material for geopolymer prepara-
tion at room temperature with a reasonable strength development
owing to C-S-H formation [9,10]. Durability in acid environment
should be focused and improved for products with this type of
curing.

Many researchers have investigated the use of high-calcium fly
ash in geopolymer [4,9,10,15-17]. It was reported that high-
calcium fly ash has a potential as a source material for geopolymer
synthesis. For the utilization of geopolymer in oil well cementing
operations, the high early strength of high- calcium fly ash
geopolymer was achieved with high pressure and high tempera-
ture of curing [16]. For normal heat curing of 65 °C, high-calcium
fly ash geopolymer presented the high strength gain up to
70 MPa after curing in presence of alumino-silicate bond formation
[4]. Due to the high calcium content of fly ash, this geopolymer
could also set and harden at room temperature and strength was
developed with time [9,10,15]. C-S-H was also formed in the com-
posite owing to the reaction between calcium, amorphous silica in
fly ash, and silica from water glass in the presence of base [15].

Thailand locates near the equator with hot weather all year
round. Normal temperature during daytime is approximately
30°C with high temperature up to 40°C in the summer time.
Researchers have reported that the use of 40 °C-temperature cur-
ing gives fly ash geopolymer with sufficient compressive strength
for use as structural masonry units [18,19]. In order to utilize the
hot climate to increase the alumino-silicate bond formation, this
research, therefore, proposed the synthesis of high-calcium fly
ash geopolymer with heat curing at 35 °C. Heat curing at 35 °C
(representing a hot weather curing), normal curing temperature
of 65 °C and room temperature curing of 25 °C were also tested
for comparison.

2. Experimental program
2.1. Materials

In this research, lignite coal fly ash with high-calcium content
was used as alumino-silicate source material for geopolymer
preparation. With low grade of lignite coal, high calcium content
was detected by X-ray fluorescence (XRF, PANalytical PW-2404)
as shown in Table 1. The XRD pattern of this fly ash is presented
in Fig. 1. High calcium content of 30.0 ¥wt was detected in the
fly ash. In addition to calcium, quartz (SiO;), aluminium oxide
(Al,03) and magnetite (Fes04) were the main compositions. It
was classified as class C fly ash according to ASTM C618. The med-
ian particle size (D50) of fly ash as measured by particle size ana-
lyzer (Malvern Mastersizer S) was 9 um. For alkali activators,
sodium silicate solution (water glass, Na;0-SiO,, 27 %wt SiO, and
8 %wt Na,0) was used as external dissolved silica, and 8 M NaOH
solution was used as a leaching solution. From preliminary study,
it was found that high concentration of NaOH (more than 8 M)
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Fig. 1. XRD patterns of fly ash and composites.

resulted in low workability. Therefore, 8 M NaOH was used with-
out extra water added to the mixture. Graded-fine river sand (pass-
ing sieve No. 30, 0.6 mm opening) with fineness modulus of 1.9
was used to prepare the geopolymer mortar for strength test.

2.2. Geopolymer preparation and test program

Geopolymer paste and mortar were prepared and tested. Paste
composition was 55 %wt fly ash, 15 %wt 8 M NaOH and 30 %wt
water glass. Mix proportions are showed in Table 2.

Molar ratios of paste mixture are following; SiO,/Al,03 =5.3,
Na,0/SiO0; = 0.4 and H,0/Na,0 = 11.9 which is in the ranges recom-
mended by Davidovit [2]. The high-calcium fly ash was thoroughly
mixed with alkali activator (NaOH solution and water glass) for
1 min before molding in small plastic mold. Initial setting time
was 8 min. Samples were covered with cling film to avoid the rapid
water evaporation at the surface during the heat curing. Three cur-
ing conditions viz., 65 °C for 24 h (A: normal temperature curing),
35°C for 72 h (B: representing a hot weather curing), and room
temperature for 7 days (C: 25 °C controlled temperature) as shown
in Table 3. Hot air oven was used in heating process of 65 °C and
35 °C. For 35 °C curing, 72-h or 3-day curing time was selected
based on the calculation of equivalent heat transfer by conduction
formula. Owing to the use of high-calcium fly ash, specimens hard-
ened within 1 h after mixing. However, all samples were demolded
after the temperature curing and the specimens were then kept in
water (25 * 2 °C) until the age of testing. The use of high-calcium
fly ash resulted in the final products with the coexistence of

Table 1

Chemical compositions and LOI of high calcium fly ash.
Compositions (%) Si0, Al,03 Ca0 Fe;04 SO3 MgO K,0 Na,0 Others LOI
Fly ash 25.0 13.2 30.0 15.0 7.1 2.1 1.8 1.4 1.1 34
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Table 2
Mix proportion of mixture.
Materials Paste (g) Mortar (g)
Fly ash 55 55
8 M NaOH 15 15
Water glass 30 30
Sand - 110
Table 3
Curing conditions of specimens.
Condition Symbol Curing condition Note
A A-65 °C 65 °C for 24 hr Normal curing
B B-35°C 35°C for 72 hr Hot weather curing
C C-25°C Room temperature 25°C

sodium aluminosilicate hydrate (N-A-S-H) and some calcium sili-
cate hydrate (C-S-H) and calcium alumino-silicate hydrate (C-A-
S-H) [17]. XRD (PANalytical/Expert, CuKo radiation, step-
size=0.001), SEM (Leo 1455VP, gold coating), FT-IR (Perkin-
Elmer System 2000, KBr technique) and TGA-DTG (Mettler, N,
gas, 10 °C/min) techniques were performed at the age of 1 month.

For mortar, sand was added to fresh paste with sand-to-fly ash
mass ratio of 2, and then mixed for 1 min. Fresh mortar was
molded in 5-cm cube mold and also cured in the 3 conditions. After
temperature curing, the samples were demolded. One series of the
sample was kept in water (25°C) and the other series were
immersed in a 3% H,SO4 and 5% MgSQ4 solutions. 3% H,SO4 repre-
sented the severely acid environment and 5% MgSO, represented
the sulfate-bearing environment. Calcium content of immersion
solutions (water, 3% H,SO4 and 5% MgS0O,4) was also monitored.
In addition, the mortar samples were tested for compressive
strength at the ages of 1 and 3 months. The results were reported
as an average of five samples.

2.3. Geopolymer brick preparation

Geopolymer bricks were produced using the outdoor heat expo-
sure (OHE). Geopolymer mortar mixture was cast in the molds and
left to harden for 2 h before demolding. Size of specimen was
6.5 x 14 x 4 cm>. Specimens were then covered with the black
plastic boxes and exposed to sunlight for 3 days. Boxes helped to
keep the uniform temperature, and to avoid the airflow over the
surface. Average daytime temperature of inside boxes was 38 °C,
and 30 °C at night. The geopolymer bricks were used for the con-
struction of a pedestrian pathway in according to ASTM C902 [20].

The construction procedure of the demonstrated pedestrian
pathway was briefly discussed as follows. Wood frames were mea-
sured and installed. Sand was laid and compacted to obtain sand
bedding. Geopolymer blocks were then laid in the agreed random
ratio pattern. Finally, sand was put into the pave joint and com-
pacted until the joints were filled.

3. Result and discussion
3.1. Characterization of geopolymer pastes

3.1.1. XRD pattern

The XRD patterns of hardened geopolymer pastes with different
curing conditions at the age of 1 month are shown in Fig. 1. The
XRD pattern of high- calcium fly ash contained a number of sharp
peaks which disappeared after the geopolymer synthesis. Some
crystalline structures in fly ash converted to amorphous inorganic
compounds during the geopolymerization of fly ash in the pres-

ence of alkaline solution. Particularly, the Si—O—Al network was
detected as indicated by the peak at 33° 20 in composites with heat
curing (Conditions A and B). For all curing conditions, calcium sil-
icate hydrate (C-S-H) compound was found as indicated by the
peak at approximately 29° 20. However, for curing at 25 °C (Condi-
tion C), the Si—O—Al network was not detected. At room tempera-
ture of 25°C, the product was predominantly C-S-H from the
reaction between the high calcium content in fly ash and the alka-
line solutions which contributed to the strength development of
materials [21].

The geopolymerization requires heat to activate the reaction
and to break the chemical bonds of reactants (e.g. Si—0O bond of
SiO, and Al—0 bond of Al,0s in fly ash) resulting in new Si—0—Al
products [22]. Geopolymer has a different reaction pathway from
pozzolanic reaction. Pozzolanic reaction generally depends on the
presence of calcium and silica resulting in C-S-H. Geopolymer
strength is thus not based on the C-S-H formation and strength.
It is the product of polymerization of silica and alumina precursors
with high alkali solutions to attain the structural strength [7].
Therefore, the reaction between high-calcium fly ash and alkaline
solutions (Condition C, 25 °C) was predominantly pozzolanic reac-
tion with C-S-H formation as suggested by the XRD pattern. In
addition, portlandite (Ca(OH),), which located at the same 20 posi-
tion as magnetite (Fe;04) was detected in all samples.

It was reported that for Class F fly ash activated with NaOH and
sodium silicate cured at ambient temperature, the geopolymer
product (alumino-silicate compound) co-existed with C-S-H [7].
When the calcium content was high, in this case 30%, C-S-H was
also formed in the final product.

3.1.2. FT-IR spectra

Fig. 2 shows the FT-IR spectra of hardened geopolymers at the
age of 1 month. The characteristic of fly ash —OH stretching vibra-
tion peak was observed at 3450 cm~!. Si—O and Al—O bonds
played an important role in the composite, therefore, these bonds
were focused. Si—O stretching and bending vibrations were
detected in the raw materials. Si—O stretching peak in fly ash
was at 1150-950 cm~! and bending peak was at 500 cm™"'. In addi-
tion, C=0 bonds from the carbonation reaction and calcium car-
bonate in fly ash was found at 1450 cm™ .

When high calcium fly ash came into contact with alkaline solu-
tions, this resulted in the phase transformation into new material.
Location of —OH stretching band and Si—O bending bands were
gradually shifted indicating the structural disorder of composites
[23]. In addition, the Si—O stretching peak at 780 cm~! was domi-
nant while the Si—O stretching peak at 1150 cm~! disappeared. It
implied that the Si—O bond in raw material was transformed to
the new Si—O bond in product. The absorption band of Si—O at
1000-800 cm ™! was the stretching Si—O bond of silicon tetrahe-
dron, and that of Si—O at lower frequencies of 500-400 cm '
was due to the symmetric and anti-symmetric bending of 0—Si—0O
bonds [24]. Moreover, Al—O stretching band at 755 cm™~! with Al in
the octahedral co-ordinate was detected in the materials. The
change in co-ordination number of Al from 6 to 4 caused the
appearance of Al—0 peak [25,26].

With high calcium fly ash in geopolymer, the —OH bending
band at 1600 cm~! and Al-O stretching vibration at 755 cm~! were
less evident compared with those of normal high calcium fly ash
geopolymer [4]. This indicated that alumino-silicate products in
the high-calcium fly ash geopolymer were less than those in the
Class F calcium fly ash geopolymer.

3.1.3. SEM microstructure

SEM images of fly ash and hardened geopolymers with different
curing conditions at the age of 1 month are shown in Fig. 3. Origi-
nal fly ash had a smooth surface. During coal combustion, the min-
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Fig. 2. FT-IR spectra of fly ash and composites.

Fig. 3. Microstructure of fly ash and composites.

eral melted forming fly ash particles which crystalline phase was in
the core, and a glassy phase of silica and alumina was at the surface
layer [27]. This glassy phase played an important role in the system
due to the high solubility in alkaline solution. When fly ash parti-
cles came into contact with alkaline solutions in the presence of
heat, the surface of fly ash was attacked and the reaction products
were formed around the fly ash particles as shown in Samples A
(65 °C heat curing) and B (35 °C heat curing). According to the
XRD patterns, these products were C-S-H and alumino-silicate
(geopolymer) compounds. With 65 °C heat curing, the leaching of
fly ash surface by alkaline solutions was enhanced. The geopoly-
mer gel precipitated and dense matrix was formed [28]. However,
fewer cracks were found in sample cured at room temperature

compared to the heat-cured samples owing to the high moisture
loss.

For room temperature curing (25 °C), the reaction was mild, and
some deposits were formed at the surface of fly ash, which some
smooth fly ash surface could still be seen. Main composition of
the geopolymer matrix was C-S-H according to the XRD pattern
identification. In this case, C-S-H was responsible for the strength
development of materials. However the strength development
was slow, and a longer curing period was required to obtain rea-
sonable strength [10]. The reaction of this system was mainly the
reaction between calcium compound and glassy silica in the pres-
ence of alkaline solutions at room temperature. This reaction was
slow and generated less heat to surroundings than that of hydra-
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tion reaction of cement. For low-calcium fly ash (less than 5% of
CaO content), previous work reveals that the setting and hardening
at ambient temperature is extremely slow [29].

3.1.4. Thermogravimetric analysis (TGA) and differential
thermogravimetry (DTG)

Fig. 4 shows the TGA/DTG results of fly ash and composites with
different curing conditions at the age of 1 month. The TGA plot
shows the mass percentage as a function of heating temperature
under a nitrogen purge with a heating rate of 10 °C/min. The
DTG presented the decomposition temperature of specific volatile
compound in materials. The high calcium fly ash showed the
weight changes at 100, 450 and 700 °C corresponding to water
evaporation, and decompositions of Ca(OH),, and CaCO3 into CaO
and CO,, respectively [30]. The total weight loss was 3.4% after
heating to 800 °C.

For the geopolymeric composites, the DTG peak was found at
100 °C corresponding to water evaporation. Water was from NaOH,
sodium silicate solutions and pore solution in composite. High
weight loss was observed in the temperature range of 100-
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Fig. 4. TGA/DTG curves of (a) fly ash and (b) composites.

400 °C. Apart from water evaporation, this was due to the decom-
position of Ca(OH),. This indicated that Ca(OH), was the main
compound formed in composites. Heat curing at 65 °C (Sample
A) converted calcium in fly ash to more thermally stable calcium
compounds in the presence of alkali solutions as lower weight loss
of approximately 12% was detected. The resulted calcium com-
pound was calcium silicate hydrate as shown in the XRD pattern.
In addition, the thermal binding alumino-silicate compound was
formed in this matrix resulting in a strong composite. The weight
loss of samples cured at 35 °C (Sample B) and 25 °C (Sample C)
were approximately the same, and were higher than that of Sample
A. This was due to the increased formation of Ca(OH), in compos-
ites at low temperature.

3.2. Calcium leachate

As the fly ash contained a high amount of calcium, the calcium
compound in composite were leached out during immersion in
both H,SO, and MgSO, solutions. Therefore, calcium leaching
(Ca®* ion) in the immersion solutions were monitored at the age
of 1 and 3 months and the results are shown in Table 4. The Ca®*
ion contents at all ages were very low for water and 5% MgSO,
solution. Ca?* ion contents of water and 5% MgSO, solution were
3-5ppm (mg/l) and 10-25 ppm, respectively. The leaching of
Ca?* ion from the composites was obstructed with the formation
of a thin water layer on the composite surface [14].

A rather high Ca?* ion leaching was detected in the case of 3%
H,S0, solution. Ca?* ion contents at 1-month immersion of 241,
513 and 650 ppm were obtained for samples A, B, C, respectively
and increased to 265, 849 and 971 ppm at 3-month immersion.
For sample A (65 °C heat curing), the increase in Ca®" ion in 3%
H,SO4 was lower than those of samples A and B. With 65 °C heat
curing, the strength and the acid resistance of sample were
enhanced owing to the formation of strong alumino-silicate net-
work in composite. For 35 °C heat curing and room temperature
curing (25 °C), Ca®* ion contents in 3% H,SO,4 solutions very high.
At low temperature curing, the enhancements of strength and acid
resistance were not high. This resulted from the moderate
alumino-silicate network and C-S-H formation in composites. Even
though, these compounds helped the strength development of
composites, acid could leach out the calcium compound from the
sample. Normally, the penetration of acid into geopolymer is low
compared to that of the cement-based system [14]. For properly
cured sample, the alumino-silicate system is dense and relatively
stable in acid solution.

3.3. Compressive strength of the geopolymer mortars

3.3.1. Resistance to acid solution

The compressive strength tests were performed on the samples
after immersed in the water, 3% H,SO4 and 5% MgSO, solutions for
1 month and 3 months. Fig. 5a shows the results of the compres-
sive strength of geopolymer mortar at 1-month immersion. The
compressive strengths of high-calcium fly ash geopolymer mortars
increased with time owing to the formation of C-S-H and alumino-
silicate in composites. Under water immersion, the compressive
strength of sample A (65 °C heat curing) was 32.1 MPa which
slightly higher than other curing temperatures. The compressive
strength of sample B (35 °C heat curing) was 29.8 MPa and that
of sample C (25°C) was 31.8 MPa. At longer curing time of
3 months (Fig. 5b), sample C (25 °C), however, had the highest
strength of 35.7 MPa. Curing at temperature of 35 °C for 72 hr also
resulted in composite with reasonable early strength and good
later age strength (3 months). The later age enhancement of
strength was due to the increased hydration with time resulting
in increased C-S-H and formation of alumino-silicate compound.
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Table 4
Calcium content in immersion solutions.

Solutions Ca®" at 1 month (ppm) Ca?* at 3 months (ppm)
A -65°C B -35°C C-25°C A -65°C B-35°C C-25°C
Water 3 3 5 3 3 6
3% H,S04 241 513 650 265 849 971
5% MgSO4 9 10 12 10 15 25
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Fig. 5. Compressive strengths of geopolymer mortars with different curing conditions and exposed to water and 3% H,SO, for (a) at 1 month and (b) at 3 months.

For the immersion in acid solution, all samples showed signifi-
cant reduction in strength. The sample with 65 °C (for 24 h) heat
curing performed better than the other curing conditions. The high
heat curing activated the geopolymerization reaction at the early
age resulting in the formation of alumino-silicate compound with
high resistance in acid solution [31]. However, the alumino-
silicate network in geopolymer could also be destroyed by H*
(from H,SO, ionization) leading to the breaking of oxy-
aluminium bridge and the deterioration of geopolymer [32]. For
the room temperature curing (Condition C), the main product
was C-S-H and the resistance to acid of this product was low com-
pared to that of alumino-silicate compound obtained from the
temperature curing. The high strength losses of this geopolymer
in 3% H,SO,4 immersion were thus detected. This caused an adverse
effect on the leaching of calcium and resulted in the physical and
chemical damages. C-S-H could react with H,SO, and formed
CaS0, and amorphous silica gel [33]. At heat curing of 35 °C,
Al—O—Si network was not as durable compared to the sample with
high heat curing of 65 °C. In addition, the C-S-H product from this
geopolymeric system was more sustainable than that from
cement-based materials. This is in line with the previous work
which indicates that the cement-based materials started to dis-
solve at first week of 3% H,SO, immersion [14]. The geopolymer
matrix is generally more durable than the cement-based matrix.

3.3.2. Resistance to salt solution

In this test, the attack of 5% MgSO, (Fig. 5) on sample was min-
imal. In fact, the compressive strength of mortar immersed in
MgSO,4 was on the average a little higher than that immersed in
water. In high-calcium fly ash geopolymer, 5% MgSO, increased
the strength of composite. The good resistance to MgS0O,4 was due
to the reaction between MgSO, and Ca(OH), from composite,
resulting in Mg(OH), which deposited mainly in the pores of com-
posite. Filling the pores with this product resulted in a strong and
stable composite, particularly for samples with heat curing of 65 °C

and 35 °C. C-S-H phase and aluminol site (Al—OH) in the heat cur-
ing composites were strong and resistant to MgSO,4 attack resulting
in low void ratio and high compressive strength [14].

In the case of exposure to harmful solution or environment, it is
thus advisable to use an adequately high temperature curing. For
normal case, the use of moderate temperate of 35 °C, as can be cap-
tured from the hot climate for 72 h, or room temperature curing
are sufficient. This reduces the cost and increases the performances
of the high-calcium fly ash geopolymers.

High-calcium fly ash geopolymer met the minimum compres-
sive strength requirement of 20.7 MPa (red line reference) for pav-
ing brick according to ASTM C902 [20]. The application of this
material for pedestrian pathways was discussed in the next
section.

3.4. Application of the product as pedestrian pathways

Geopolymer bricks were produced using the outdoor heat expo-
sure (OHE). Size of specimen was 6.5 x 14 x 4 cm>. Specimens
were then covered with the black plastic boxes providing average
daytime temperature of inside boxes was 38 °C, and 30 °C at night.
Specimens were paved the path for the pedestrian pathways as
shown in Fig. 6. According to ASTM (902 (Standard Specification
for Pedestrian and Light Traffic Paving Brick) [20], these geopoly-
mer bricks were classified as Type IlI-Brick subjected to low abra-
sion which would be used in such places as floors or patios in
single-family homes. Minimum requirement of compressive
strength (average of 5 bricks) is 20.7 MPa. Geopolymer bricks are
durable, versatile and strong. Compressive strength of brick was
up to 30 MPa, however, high acid cleaner is not recommended to
treat any stains on brickwork. With an environment heat exposure,
geopolymer bricks can be alternative choice to replace the fireclay
bricks, which consume high heat treatment for firing.
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Fig. 6. Demonstrated pedestrian pathways from geopolymer bricks.

4. Conclusion

Curing of high-calcium fly ash geopolymer can be achieved with
moderate temperature of 35 °C for 3 days. This temperature is
achievable in the hot climate. Test results also indicated that the
reactions of high calcium fly ash geopolymer involved the activa-
tion and forming of a new Si—O—Al network of product, and the
reaction between calcium and silica in alkaline condition resulting
in C-S-H. Heat curings at 65 °C (for 24 h) and 35 °C (for 72 h)
resulted in both alumino-silicate compounds (geopolymer) and
C-S-H. The high temperature 65 °C curing for 24 h enhanced the
early strength of geopolymer. The moderate temperature 35 °C
curing for 72 h produced geopolymer with high later age strength
and reasonable early age strength. For normal usage, the heat cur-
ing of 65 °C could thus be replaced with the low temperature heat
curing (35 °C). For room temperature curing at 25 °C, the products
were mainly C-S-H compound and high-strength geopolymer was
also obtained.

For immersion in severe acid environment of 3% H,SO,, the
strengths of all samples were reduced. The samples cured at room
temperature were most affected. The predominant C-S-H product
was very susceptible to acid attack. For heat-cured samples, the
strengths were also reduced but to a lesser extent as the matrix
also contained alumino-silicate compounds which were more
resistant to acid attack than the ambient cured samples. This is
be revealed that hot-weather could be sustainable energy applying
to the geopolymer curing.
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HIGHLIGHTS

« Covering of cement pipe with geopolymeric material.

« 3% H,S0O4 with pH = 0.3, represents the worst condition in the wastewater system.

« pH and Ca?" content of immersion solutions were measured.

« Covering with geopolymer could protect a cement-based material from aggressive solutions.
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Cement pipes have been used to transfer the domestic sewage and industrial wastewater due to its cost
effectiveness. However, they faced the acid attack problem owing mainly to the high content of calcium
compounds in the composite. Coating of cement pipes is one of the methods to protect the cement pipe
surface from acid attack. An alumino-silicate geopolymer provides excellent mechanical properties and

resistance to severe environments. Therefore, this research proposed the covering of cement-based mate-
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rials with geopolymer. The covered specimens were immersed in deionized water (pH =6.1), 0.005%
H,S04 (pH =3), 5% MgS0,4 (pH = 7.7) and 3% H,SO4 (pH = 0.3, representing the worst condition in the
wastewater system). The pH and Ca?" content of immersion solutions were measured. In addition,
mechanical and chemical properties of geopolymeric-covering material were tested after the immersion
in solutions for 30 and 90 days.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Cement pipes have been widely used as transportation facilities
to transfer the domestic sewage and industrial wastewater due to
its cost effectiveness. However, these cement pipes are not resis-
tant to acid since calcium compounds in the cement system can
be dissolved in acidic environment resulting in increased porosity
and deterioration. Several methods are used to control the concrete
degradation in wastewater facilities. Vitrified clay pipe has been
proposed due to its resistance to acids, alkalines, septic sewage,
scour and erosion [1]. Vitrification process is achieved using very
high temperature resulting in the fusing of particle grains and a
vitreous surface. The product has low porosity and high hardness,
similarly to the glazed ceramic tile. However, this process is suit-
able for pipes less than 300 mm in diameter, and its production

* Corresponding author.
E-mail address: ubolluk@buu.ac.th (U. Rattanasak).

http://dx.doi.org/10.1016/j.conbuildmat.2016.03.023
0950-0618/© 2016 Elsevier Ltd. All rights reserved.

cost is high [2]. Coating or covering is another methods adopted
currently to overcome this problem [1]. Bonding strength and
chemical resistance of coating material play an important role in
performance of coating.

Geopolymer is an alumino-silicate composite and is sometimes
called “low-temperature ceramic”. The reaction is usually acti-
vated with moderate heat at curing temperature up to 90 °C to
achieve the required hardening and strength in short period of
time. Pulverized coal combustion (PCC) fly ash is a good source
material for the synthesis of geopolymer due to its high glassy
phase content and pozzolanic property. This composite provides
high strength, excellent mechanical properties and good resistance
to severe environments. Researches have been done on geopoly-
mer for use as concrete coating materials in marine environment
[3] and for thermal application [4,5]. This geopolymer was also
found to have excellent anti-corrosion and fire resistant properties.

Due to the good acid resistance of geopolymer [6], covering
with geopolymer is, therefore, a good potential to cope with
acid attack of cement pipes as well as to extend the methods of
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utilization of geopolymer. This research thus proposed the charac-
terization of geopolymeric coating material under acid condition.
3% sulfuric acid solution representing the worst condition in the
wastewater system [1] was selected for test in this work. In addi-
tion, 0.005% H,SO4 (pH = 3) was also used to represent the practical
untreated industrial wastewater.

2. Experimental procedure
2.1. Materials

PCC fly ash from Mae Moh power plant in northern Thailand was used as a
source material for geopolymer preparation. The pulverized lignite coal was used
as a feedstock of combustion unit with temperature of 1200 °C. Chemical composi-
tions of PCC fly ash as determined by X-ray fluorescence (XRF, Philips PW-2404) are
shown in Table 1. This fly ash consisted of quartz (SiO,), aluminium oxide (Al,O3),
lime (CaO) and hematite (Fe,03) as major oxide components. High CaO content of
16.4% was obtained due to low grade lignite coal. The median particle size (D50)
of fly ash as measured by particle size analyzer (Malvern Mastersizer S) was
19 pum. NaOH pellets were dissolved in deionized (DI) water to prepare 10 M NaOH
solution. Sodium silicate solution or water glass (Na,0-SiO-, 30 %wt SiO, and 9 %wt
Na,0) was also used as alkali activator. Fine river sand (passing through sieve No.
30) with specific gravity of 2.7 and fineness modulus of 1.9 was used to prepare
geopolymer mortar for physical test.

2.2. Specimen preparation and test program

2.2.1. Cement mortar preparation

Cement mortar with water-to-cement ratio of 0.55 and sand-to-cement ratio of
2 was used as substrate. The specimen was 15 mm in diameter and 100 mm in
height. In addition, 40 x 90 x 20-mm cement mortar prisms were prepared for
bond strength test in accordance with ASTM C321. After demolding at the age of
1 day, the specimens were cured in water until the age of 28 days and then air-
dried for 24 h before the application of geopolymeric-covering and testing.

2.2.2. Geopolymer mortar preparation

Geopolymer mortar was prepared as covering material as follows. Water glass-
to-NaOH solution mass ratio of 2 was used in addition with sand-to-fly ash mass
ratio of 2. Mix proportion of geopolymer paste consisted of 60 %wt fly ash, 27 %
wt water glass and 13 %wt 10 M NaOH solution. Fly ash was thoroughly mixed with
sand to obtain a uniform starting material. Then, alkali activator (NaOH solution
and water glass) was added and mixed for 1 min by mixer to obtain geopolymer
mortar. The fresh geopolymer mortar was then placed in a cylindrical plastic con-
tainer. Subsequently, the prepared cement mortar cylinders were dipped in the
fresh geopolymer mortar to obtain the geopolymeric covering of specimens. From
trial covering, this method gave a uniform geopolymer mortar thickness of
4.0 £ 0.3 mm. The covered specimens were left in a 25 °C and 50% R.H. chamber
for 2 h, cured at 65 °C for 24 h. and left to cool down to room temperature. Har-
dened specimens were immersed in deionized water (assigned as DI), 0.005%
H,S0,4 (assigned as OH), 3% H,SO,4 (assigned as 3H) and 5% MgSO, (assigned as 5M)
solutions with the corresponding pH values of 6.1, 3.0, 0.3 and 7.7, respectively.
The volume of solutions was 125 ml in 300-ml plastic glass and was kept constant.
The test set-up is diagrammatically shown in Fig. 1a.

The pH and Ca?* content of solutions were monitored using pH and calcium ion
meters at the testing ages of 30 and 90 days. Geopolymeric-covering specimens
were tested for hardness using durometer type D (shore D). The coverings were also
ground and characterized with X-ray diffraction (XRD, PANalytical/Expert, Cu-Ko
radiation) and Fourier transform infrared spectroscopic (FT-IR, Perkin Elmer system
2000, KBr pellet, 1 cm™! resolution) analyses at the age of 90 days.

In addition, bond strength of geopolymer mortar and cement mortar was tested
following the method adapted from ASTM C321-00 [7]. Cross-cement mortar with
geopolymer material in between for testing of bond is shown in Fig. 1b. The pre-
pared specimens were cured at 65 °C for 24 h and then kept in 25 °C and 50% R.
H. chamber. Bond strength test was performed at the ages of 30 and 90 days. The
results were reported as an average of five samples.

4mm
(a)
H 15 mm
25mm
20mm
| |
) |
| '
| |
1 '
| |
| |
' 1
60 mm i !
' |
| '
| '
I
(b)

geopolymer

/ AN

N

Cross-cement mortar

Fig. 1. Test set-up. (a) Geopolymeric-covering specimen in immersion solution. (b)
Cross-cement mortar mounted on special fixture.

3. Result and discussion
3.1. pH and Ca®* content of immersion solutions

Acid can easily leach out the calcium ion (Ca* ion) from cement
mortar owing to the high content of free lime and Ca(OH), . The
results of Ca%* jon content of immersion solutions of geopoly-
meric—covering specimens at 30 and 90 days are shown in Fig. 2.
Ca* ion contents of all fresh solutions were 0 ppm (mg/1). When
the geopolymer surface of specimens came into contact with the
immersion solutions, calcium ions started to leach out due mainly
to the high calcium content of source material. The contents of Ca*
ions in immersion solutions at 30 days were 0, 0, 7 and 8 ppm in D],
OH, 3H and 5M solutions, respectively. There was no leaching out
of Ca?* jons after 30-day immersion in DI water and low acid con-
tent solution (OH). However, the high acid (3H) and salt (3 M) solu-
tions provided high Ca?* ion content. In other words, the leaching
of calcium ion was very large with the immersion of geopoly-
meric-covering specimens in 3% H,SO,4 and 5% MgSO,4 solutions.
The presence of calcium oxide in the fly ash helped accelerate
the setting and hardening of geopolymer [8]. Calcium compound
reacted with silica and resulted in the formation of calcium silicate

Table 1

Chemical compositions and LOI of fly ash.
Compositions (%) SiO, Al,03 Ca0 Fe,03 SO3 MgO K,0 Na,0 LOI
Fly ash 36.1 25.0 16.4 12.0 33 2.2 2.6 1.6 0.8




958 P. Chindaprasirt, U. Rattanasak / Construction and Building Materials 112 (2016) 956-961

40
[ 30 days
I =1 O90days
’é‘ 30 +
g | I
= L
2 20+
[= L
o
8 L
& L
- L
o 10+
oL — e N gy i
DI water 0.005% 3 %H,SO, 5% MgSO,
H,SO,

Immersion solutions

Fig. 2. Ca®" ion content of immersion solutions at 30 and 90 days.

compound which coexisted with the sodium aluminosilicate
hydrate (NASH) [9]. Although the calcium silicate compound helps
with the strength development of the geopolymer, it is susceptible
to the attack by aggressive solutions.

For immersion of 90 days, the Ca®* ion content increased appre-
ciably to 34 and 26 ppm with the immersion in 3H and 3M solu-
tion, respectively. For the DI and OH solution, the Ca?" ion
contents slightly increased to 1 ppm. The low leaching in DI and
OH solution were due to the formation of thin water layer on the
surface of geopolymer mortar as same as in case of concrete [1].
This indicated that the leaching of Ca?* ion after the immersion
of specimens for 30 days was minimal for the no or low acid con-
tent solutions. The increase in the amount of Ca®* ions up to
immersion of 90 days in 3H solution suggested that the high acid-
ity environment was still conducive for the leaching of the calcium
products after immersion for 30 days. In addition to acid environ-
ment, sulfate solution also destructively affected the stability of
calcium compounds in geopolymer. Mg?* and SO3~ ions from
MgS0, solution could react with Ca(OH), and Ca0-SiO, compounds
in geopolymer resulting in formation of gypsum and deterioration
of covering material [6,10].

For non-covering cement mortar, the Ca®* ion content at 30-day
immersion were 7, 13, 265 and 16 ppm for DI, OH, 3H and 5M solu-
tions, respectively. Increase in Ca?* ion content in 3H solution was
detected at 90-day immersion of 470 ppm. Cement mortar speci-
mens were unstable and starting to dissolve at first week of acid
immersion. High concentration of acidic solution could attack the
calcium compounds i.e. calcium silicate, calcium aluminate, and
calcium alumino-ferrite hydrates, which decomposed to amor-
phous hydrogel [11].

The results of pH values of immersion solutions are presented in
Fig. 3. For DI and 5M solution, the initial pH values were 6.1 and 7.7
which were close to the neutral value of 7.0. Since geopolymer is
an alkali-activated composite, therefore, its leachate is a base
(pH > 7). When geopolymeric-covering specimens were immersed
in DI water and 5M solution, hydroxyl group (OH™) from geopoly-
mer was released resulting in basic solution. The pH of DI water
was 11.6 which was higher than 9.4 of 5M solution. This is proba-
bly because the released OH™ reacted with Mg?* from MgSO, solu-
tion resulting in solid Mg(OH), and consequently low free OH™ ion
in solution

For the acidic OH and 3H solutions, the initial pH values of
immersion solutions were 3.0 and 0.3, respectively and after
immersion of geopolymeric-covering specimens for 30 days, the
pH values of immersion solutions increased to 10.7 and 2.8, respec-
tively. For the low acidic OH solution, the increase in pH value

| Fresh solution
30 days
0 90 days

17

3% H,S0,

0.005% 5 % MgSO,

H,SO,

DI water

Immersion solutions

Fig. 3. pH of immersion solutions at 30 and 90 days.

indicated that the solution was a base with 30-day immersion
and thus the leaching out of Ca?* at this stage should be minimal.
At pH value lower than 12.6, portlandite is starting dissolution
[11]. For the high acidic 3H solution, the pH at 30-day immersion
was still low at 2.8. This indicated that the solution was still harm-
ful to the geopolymeric-covering specimens. At low pH value, the
H* ions from acid could aggressively attack the alumino-silicate
network of geopolymer at oxy-alumino bridge and resulted in
the breakdown of bond and led to weak material [6,10-13].

After 90 days of immersion, the pH values of solutions were not
different from those at 30-day immersion. pH values of cement-
based mortar immersed in sodium sulfate solution was also
reported by other researcher [14]. Increase in pH was due to the
formation of basic compound i.e. Ca(OH), during the progress of
immersion and Ca?" leaching.

3.2. Characterizations of composites

3.2.1. Hardness

Hardness of geopolymeric-covering material was tested by
durameter hardness (Shore D), which is for hard material testing,
and the results are shown in Fig. 4. This hardness test is based
on depth of indentation by a standard indenter. The shore hardness
values of specimens at 30-day immersion were 45, 53, 44 and 55
for DI water, OH, 3H and 5M solutions indicating all specimens
could still be considered as a hard material. Immersion of
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Fig. 4. Hardness of geopolymeric-covering material at 30 and 90 days.
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Fig. 5. Bond strength of cross-cement mortar prisms and geopolymer mortar joint
at 30 and 90 days.

specimens in MgS0O, solution gave the hardest surface owing to the
formation of Mg(OH), on geopolymer surface [12]. For immersion
in 3% H,SO4, the hardness dropped to 44 indicating the increasing
attack of sulfuric acid. This hardness number, however, corre-
sponded to the medium hardness material [15].

Increase in immersion time to 90 days, the hardness value of
specimens immersed in 3H solution was not significantly changed
and could be classified as medium material. The penetration of
aggressive solution into geopolymeric-covering material led to
the reduction of surface hardness. To overcome this problem, an
improvement of water permeability and increase in thickness are
recommended.

For cement mortar, hardness could not be measured in case of
immersion in 3H solution due to the surface dissolution and unsta-
ble specimens. Surface stability was destroyed starting from first
week of acid immersion.

3.2.2. Bond strength

The results of bond strength test of cross-cement mortar prisms
with joint geopolymer mortar are shown in Fig. 5. The bond
strength at curing ages of 30 and 90 days were 201 and 187 kPa,
respectively. This result met a minimum bond strength require-

ment between the masonry bricks and mortar joint of 140 kPa
[16]. It has been reported that water content and shrinkage
affected the bond strength of composite [17]. The strength of
geopolymer mortar could reduce with curing age as a result of
shrinkage [18]. Thus the slight drop in bond strength with curing
age was probably due to the high water content and subsequent
shrinkage. To obtain low shrinkage and good bond strength cement
grouts, water-cement ratio less than 0.35 is recommended [17].
This condition, however, caused low workability and not particu-
larly suitable for covering application. Even with a small reduction
in bond strength at 90 days curing, the bond strength of geopoly-
mer and cement mortars easily satisfied the minimal requirement.

3.2.3. Fourier transform infrared spectroscopy (FT-IR)

The results of FT-IR spectra recorded between wavenumber
4000-400 cm ™! of fly ash and geopolymer mortars immersed in
solutions for 90 days are shown in Fig. 6. Bond vibration and peak
shift at a specific wavenumber of Si-O and Al-O in geopolymer
were compared with that of original fly ash. For fly ash, the signif-
icant bands consisted of O-H stretching and O-H bending bands of
water molecule at 3450 cm™! and 1600 cm™!, respectively. For
geopolymer, Si—-O-Al stretching mode was more prominent than
that of Si-O-Si bending mode and could be detected at 980-
1050 cm™! [6,19].

After immersion for 90 days, geopolymer mortars showed dom-
inant O-H bands at 3450 cm™! and 1600 cm~! owing to the alkali
solutions used for preparation of geopolymer. The FTIR spectra of
samples in DI, OH and 5M solutions were similar indicating that
the immersion in these solutions did not significantly change the
chemical structure of geopolymer. Shift of Si-O stretching band
was found to a lower wavenumber of 1000 cm™! as a result of
the chemical bond change in materials [6]. In addition, the shift
of this stretching mode to lower wavenumber indicated the change
in number of tetrahedral aluminium atoms in alumino-silicate
material [20].

However, the FT-IR spectrum of geopolymer immersed in 3H
solution was different. Dominant peaks of Al-O were found at
600-650 cm™!, peaks of O-H stretching and C=0 band were also
observed at 3400-3600 cm™~! and 1300 cm™!, respectively. Owing
to the low pH of 3H solution, this could destroy the chemical bond
in geopolymer. H" ion from acid could decompose the Si-O-Al net-
work resulting in Si-OH and Al-OH, and hindered the formation of

5 % MgSO, immersion

3 % H,SO,4 immersion

0.005 % H,SO, immersion

DI water immersion

PCC fly ash

stretching

Sk

bending

4000 3600 3200 2800

2400

2000 1600 1200 800 400

Wavenumber (cm™)

Fig. 6. FT-IR spectra of fly ash and geopolymeric-covering materials immersed in solutions for 90 days.
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new geopolymeric Si-O bonding. The polarity of the O-H bond was
increased [21] and the peak of O-H stretching was therefore found.
Peak of C=0 band was due to carbonation of specimen presence in
the interlayer of composite [6,22]. In addition, an asymmetry in
tetrahedral sites of Al substitution due to acid attack could result
in the two peaks of Al-O at 600-650 cm~! [23]. The attack of acid
on geopolymer resulted in the change of chemical bonding of
geopolymer.

3.2.4. X-ray diffraction (XRD)

In this research, XRD technique was also performed on the fly
ash and geopolymeric-covering materials immersed in solutions
for 90 days in order to identify and analyze the minerals in mate-
rials. The XRD patterns are shown in Fig. 7.

Fly ash contained quartz (SiO,), Al,03, hematite (Fe,03) and
various forms of calcium compounds (calcite, CaCOs; anhydrite,
CaS0g; and lime; CaO) conforming to the XRF result. After the syn-
thesis of geopolymer, some minerals remained in the composite
and new products were formed. After immersion in solutions,
there were changes in the content of the amorphous and crys-
talline products. For samples immersed in DI and 5M solutions,
the XRD results were similar with the presence of amorphous
phase as indicated by the broad hump around 25-35° 26 and crys-
talline peaks of quartz, hematite, calcite, anhydrite, AIH303, tober-
morite and kyanite. The crystalline quartz, hematite, calcite and
anhydrite were the remnant of original crystalline phases in fly
ash and the amount was reduced with the geopolymerization.
The Al,05 phase transformed to kyanite and some of SiO, trans-
formed to tobermorite with CaO phase totally disappeared. For
the samples immersed in OH solution, the crystalline phases were
similar to those immersed in DI and 5M solutions. However, the
amorphous phase was much reduced as indicated by the very
small broad hump compared with those immersed in DI and 5M
solutions. The results indicated that immersion of specimen in a
very low concentration of acid (0.005% H,SO,), the attack on the

A SiO,(Quartz) ® Ca;H,0,,Si, (Tobermorite)
E  ALO, A ALQSi (Kyanite)

® CaCO, (Calcite) 3 CaH,0,S (Gypsum)

O  Fe,0, (Hematite) m AHO,

% CaSO, (Anhydrite) g

O CaO (Lime) <>

3

3% H,SO,
imm.

5 % MgSQ, imm. A
0.005 % H,SO,imm.

DI water immersion

2Theta (deg)

Fig. 7. XRD patterns of fly ash and geopolymeric-covering materials immersed in
solutions for 90 days.

glassy phase in geopolymers was evident. The results conformed
with the reduction in hardness of the specimens immersed in OH
solution comparing with those in DI and 5M solutions.

For the specimen immersed in 3H solution, a number of promi-
nent crystalline peaks of gypsum, AlH303; and Al,O3; with some
anhydrite were observed and the amorphous phase disappeared.
Gypsum (CaH40¢S or CaSO4-2H,0) at 11.63, 20.73, 23.39, 29.12,
31.12 and 33.37° 26 and anhydrite were formed from the reaction
between calcium (from composite) and sulfate ion (from H,SO4
acid). H" from acid ionization (pH of solution was lower than 2)
also attacked the alumino-silicate network and leached out the cal-
cium ion. Consequently, gypsum and anhydrite were formed and
deposited on the surface and in voids of geopolymer. The presence
of aluminium hydroxide (AIH505 or Al(OH);) at 37.25, 40.69 and
47.88° 20 indicated the destruction of Al-O-Si bridge in almino-
silicate network by acid. This behavior resulted in the lowering
of the hardness of geopolymeric-covering materials.

The covering of concrete with geopolymer mortar could reduce
the attack of aggressive solutions. With very mild 0.005% H,SO4
and quite strong 5% MgS0, solutions, the covering with 4 mm thick
geopolymer mortar provided sufficient protection within the per-
iod of 90 days immersion. It is likely that slightly more damage
could result for a longer period of immersion, this needs further
investigation. For very aggressive solution of 3% H,SO,4 the
geopolymeric-covering material could help to protect the compos-
ite for a reasonable time frame, i.e. the results of hardness test still
confirmed that the surface of specimen was still hard for the
immersion period of 30days. However, the longer period of
immersion of 90 days resulted in a significant attack on the speci-
men with reduction in the amorphous gel of geopolymeric sample
and associated large reduction in surface hardness.

3.2.5. Acid penetration

Geopolymeric-covering specimens were subjected to acid envi-
ronment (3H solution). The depths of acid penetration were mea-
sured with the stereo microscope on the prepared cross-sections
of immersed specimens in acid solution. The results of 30 and
90 days of acid immersion are shown in Fig. 8. The depths of acid
penetration at 30 and 90 days were 1.7 and 2.9 mm, respectively.
This prolonged the time for the acid to get to the cement pipe. Fur-
thermore, the deterioration of geopolymer was relatively small
comparing to that of cement mortar, and thus resulted in the sta-
bility of material. Low calcium leachate of the material was also
detected. In case of cement concrete, rate of acid deterioration
was proportional to the square root of time [24]. In addition, the
permeability of composite affected the dissolution and stability
by acid attack. Geopolymer was a dense alumino-silcate compound

Fig. 8. Depth of acid penetration of cross-sections of specimen after immersion in
3% H,S0,4 for 30 and 90 days.
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Fig. 9. Interfacial zone of geopolymer-cement mortar.

and thus is a good acid resistant material. Acid attack can be
further reduced with the use of low water content in mixture,
and low calcium fly ash in order to reduce the silicate hydrates
(C-S-H) formation [24]. However, the high calcium fly ash gives
a more reasonable setting and strength at ambient temperature
comparing to the low calcium fly ash [9]. Fig. 9 shows the interfa-
cial zone of geopolymer-cement mortar. No visible gaps could be
observed and the interfacial zone was dense indicating the good
bonding between the two materials.

4. Conclusion

Application of geopolymeric-covering material could protect
the cement-based materials from aggressive solutions. For immer-
sion in solutions of low acid concentration (0.005% H,SO,4, pH = 3)
and of DI water (pH = 6.1), low amount of Ca%* ions were leached
out to the immersion solution. The main products of high calcium
fly ash geopolymer consisted of alumino-silicate compounds and
calcium silicate hydrates which were resistant to these immersion
solutions. However, immersion in high acid concentration (3%
H,SO,4, pH=0.3), the geopolymeric-covering material was
attacked resulting in high Ca?* ion leaching. After immersion for
30 days, the specimen was still intact with hard surface. However,
the hardness of geopolymer surface was reduced to low hardness
with immersion for 90 days. Gypsum was formed and H* from acid
ionization attacked the alumino-silicate network resulting in the
breaking of Al-O-Si bonds. Thus, for aggressive solution and/or
long period of immersions, an improvement in water tightness
with low water content and increase in thickness of covering mate-
rial are recommended.
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