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Abstract

Ordinary Portland cement (OPC) is widely used for construction works in human
society. However, OPC has negative environment impacts because the production of
OPC requires high energy consumption and emits high quantities of carbon dioxide gas,
which is the main cause of the global warming. Geopolymer has been the subject of
intense study as the OPC replacement material, because geopolymer is an environmental
friendly material and can be synthesized from variety kinds of waste materials. Water
treatment sludge (WTS) is a waste from water treatment process in production of tap
water. WTS is a problem of big city around the world. The effective way to solve the
problem of WTS is re-used or processed it to be usable products. Rice husk ash (RHA) is
the agricultural waste. RHA is a source of reactive silica, and can be used to control the
properties of geopolymer. The aim if this thesis is to develop a geopolymer by using WTS
and RHA as a precursors. The mixture of sodium hydroxide (NaOH) and sodium silicate
(Na,SiO,) is used as the alkali activator. The results of this research show that the density
of the WTS-RHA geopolymer is approximately 3 times lower than that of OPC. The strength
of the WTS-RHA geopolymer meets the minimum requirement of OPC. The optimum
condition for calcined WTS is 600 °C for 4 hours. Strength of geopolymer is increased,
while the setting time of geopolymer is reduced with increasing the sodium hydroxide
concentration, the ratio of sodium silicate to sodium hydroxide and the curing
temperature. The optimum condition for replacement WTS by RHA is 30% and 40% RHA
replacement for the cured geopolymer at room temperature and 60 °C, respectively. By
increasing the amount of RHA replacement with curing at room temperature, density of
geopolymer is reduced. The increasing of the RHA replacement leads to delay of the
setting time. This research opens an opportunity to apply the WTS-RHA geopolymer for
using in variety kinds of engineering applications, especially lightweight construction

materials.
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1.1 anuddguaziunvasiiym

dusvnfunilsludadeiifianusndusenissndudin sansldmulunandidou
uazAAgaaInNTsl MinantUszdlifiemedeaudesnisiadudsdiiarudniuegig
Selumseniudin nilduduneunisuaniiuszinde nmsvhiauanuiaihsssunalila e
nszUruNsFananazyiliiAamnfunznewlusiuiuinn Tssmaniussuunausiaininiu
pvnewAnTuatedususeduav (@A aoudne, 2552, Fuus ¥1d, 2007, Liiuma
AMgYaUILe, 2003) mﬂaumsﬂauma'wﬁlﬁlﬁgﬂﬁﬂlﬂiﬁi’ﬂ%ﬁmsﬂwﬁuﬁﬂé’ua%ﬁaﬁaumﬂums
f1am Tsswamhuszununasisdondealdanglunsidavanedruumsied (afisyey apudY
, 2552, Fiius 47, 2007, dinwa neyaunsie, 2003) wuanensuddymikasuinisdanis
yoadomanietedifu fo msmmnahniniusgnouman Tl AaUsY o] meideiite
Lﬁlmuaﬁﬂﬁmﬂaummauﬂszmﬁshumﬁagjﬁaa%u way Uszauanudsaiiiossyaunis
Wi 1e99n Ui seTinuInaansnnnaus noudse U ULl dee 198 AR Ly Ans
nndunzneudssUnluladudiunanlunisvidgdmsuauneadng (fiuwa nYaude,
2003, 318 Founws, 2009) Mgl I ud unaNveINTHLD DV aRUT U (ReRnas gns
aAus, 2007, ay3ny Jusutiusi, 2008, n1Andl ndules, 2008) war Mt Gudunis
yadunaulundnuaesEn Ussinnalauwas (n1y Asnedlnlsa, 2007, S. Sangsuk, et
al, 2010) FiunisifiuALvaINaIEkaEA SR N AR nouUsEU T sa lulY

1 =® A

a ) a [ ¢l [ ] ! LY = a H ' U
nanunandneinilyani Jeianudndunenisdnnisvedsainnsnaniiussuiegededu
wilslukumensnanfie msianfuszneulszUnivelddutanmaunuyuiiuud Ja.duian
Piyaruaziinuieinisasiudagiu

Wunau (Rice husk ash) fie nanranasel@ainnisiiwnau (Rice husk) Fuduves

Y v & a v < a
denanannmsineas wnavgnldidudemadslulsediny lsdiihuuadnuaznismndguay

| =~ % 1% ay v & aa ) .
a1 Wawnaugniunielaaniizaiva iwnauilaazidudaniedugiu (G. Sua-iam, and
N. Makul, 2014, N. Anwar, et al., 2007) waziloNa15UND9ANNEINITTIUS LUV

a ~

wnauuwmznuIluusazlinisinuasnssuivendatilunaieginiaialan esnd



Wusmsndnveslszunsiuvatenuiivinlan nisuantnvidandadiuSuiauyiaa wutnn
nanlaluUsemelng Wel 2011 HUSunaasds 32 dusiu (United Nations FAO, 2012) vl

USunauwnauildainnsddniuinguiu Jagdunuiniuwnavdsunasnnlilagnadiluly

1 Fssennlinaneilulymasnndouniddyuaziinanudemeliduiuingniiluiia 61

A A

wnwnavgninluldlunupeuniavsefandunneliiinyac AUAsINsRLIUNaUILILA
14U (G. Sua-iam, and N. Makul, 2014)

[ A

Vasauaudduud Aedagivszanuileveaudadinedugninluldlumuneasnsiigg

q

£ a

U fin ey auy waslou WWudu nisndnlesauauadiuudiifunugs Tondiamuuin
Mangnine1nssssuvi uaziinisudesineiseunsean (Greenhouse gas) MNNTLUIUNTT
wmdeanddsuandeuyiuiamn (R Khan, et al., 2012) Faduanvnresaniizlaniou

¥ v £ a

(Global warming) Uasauausduudialuianildduiinsiedwindon Jaguuielinsidy

wazimuiannawnuyudiuud Wenidyniainan Jaguianiaiiduluiaulouasd
= [ 1 1% I [ I~ a 4

nsenwiuegnienere fagdlenediues (Geopolymer)

[

Newediwes Aofanmaunuyudmudvionds annsaduaszsildlnendeufazen
symINaITavatsdutuvesdanilalansenlun (Alkali hydroxide) uay/wse damlailddng
(Alkaline silicate) fiuansusznauergiilu@aing (Aluminosilicate) (P. Duxson,et al., 2007)
alnguniudrasfianunfuveuds Quanuifvatuiasidonarsusznovesrgiiludding
aanairadlenedwes) Aenedweslantiameyudiuud udlindwnlunisudnioandn
wazlasnannisudesiwansusulaeenles (J. L. Provis, and J. S. J. van Deventer, 2009)

lassasavesilonadiuesiagnikunaiulasiasimiaail Inewuwudndiusening
Si sia Al Lo

Si:Al = 1 138n Tndleezian (Poly-sialate)

Si:AlL= 2 1380 Indlwezianlaasnly (Poly-sialate-siloxo)

Si:Al = 3 1580 Iwdlwezianlaluasnly (Poly-sialate-disiloxo)

wag SiAlLw1nndn 3 Sen lwezianded (Sialate link) (J. Davidovits, 1994)

n1sduATIEndlenadiues arUsenaunie 2 asAUsEnaundn Laua a1savany
Fanlatiliviufizen (Alkaline activated solution) way wi3lewsdwes (Geopolymer
powden Tagwsilonadiues arunsadaasieildainingiuiifidani (S0, wazezgiiun
(ALO,) WJussAUsENOUMEN fa@ﬁsl%ﬁuasiml,wémw Taun aenswndn (Arc furnace slag)

Judagnldfifiy annseldduaszinduianilenedwesdmsuldnigumglias (TW. Cheng,

Y

and J.P. Chiu, 2003) 1dnaee (Fly ash) lUundananassls (By product) wanveslselniiau



[ '
A o =

#u Jaguidnenimnauinlunisldiumaunin (G. Sua-iam, and N. Makul, 2014, ASTM
C618, 2011) wazAUVIILKHT (Meta-kaolin) YanodmgIu FlFarnnismnfurnitelauif
gauniUTENId 800 2aMIYaLTYa (K. Ganesan, 2007) ¥1843913a1bun15n86a (Setting
time) wagiauAuautAnianavesiagilonediues lnslaniznisifindidefunssda
(Compressive strength) ﬁqqsﬁu (M.D. Safiuddin, and J.S. West, 2010, S. Abhilash, 2011)
vennidiimnuidululdgeiilonedimefazaunsoduaseildnniungnoulseundadu
vouds (Waste) 1nnszuaumanaminyszh
ﬁqﬁ?ul,ﬁaL*fJumiLLf’flﬁuﬁﬁgmsuaqL?mmﬂmimﬂmiwﬁmfwﬂizmaéwé’ﬁ@u ATl
eflgauszasdiilofiauntagilowediues @sdndutagmaunuyudiuud) lngldfungnou

UszUnduimgiunanuazldiduwnauiiieusulyeaudflenavesianilonediues

L

1.2 IngUszasAnIsIvY
1. ieduasgitanvaununudisudlagldninfungneulssunduaadasiy
2. evnanneimangaudmiumsduasesinmaumuyLTiudanmaRunzney
szl

3. Wemdnuazvesasazae i zandmIuldviATefuramauuy e

/
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USNAd2sUnIsULazZIIUIeNNgI1U94

2.1 Ilanwsdluas

Flonediues (Geopolymer) fio Jaanaunuyudiuudvilanils a1u1sadunseila

o A

nUiserseninedagiianserqiludbing (Aluminosilicate) LUueasAUsENBY UATEATS

q

azanudamlail (Alkaline activator solution) @dlpevluAeansazatenausennameuls

v v A

s @ = aa o a aaa Yo Ao wa I3 s I3
ﬂiaﬂl“m ﬂUI‘UL@EIQJ"?IﬁLﬂ@ ‘VIENfﬂﬁLﬂ@ﬂaﬂiﬁn“\]g‘l@?ﬂﬂﬂmﬁﬂ“umﬂaWSﬂU%LNumﬂaimLL'ﬁUW

q

'
U =

(Ordinary Portland cement, OPC) Flawnedwasgnimduianiidnenim audfvesdloned

WasWNNTANAUNSIEY @1unsalinawnulasawauatiudle (J. L. Provis, and J. S. J.

van Deventer, 2009)

211 msAunullanaaines

Newedwesgnininsimansdalidudiudeaiiany deanyura (Lime)

wasTuusUasawaun (B. Singh, I. G, M. Gupta, and S.K. Bhattacharyya, 2015) Tud 1950

V. Glukhovsky (1989) 1#eSunedanisivasutvasmsssalinenvesiiugilinateidy

Flolast (Zeolite) inINNsRofYesiungneufiguvniiuazAuiu dnvazdsnarniy

s

funuuresiiuus Tnaidenezgiilu-saneivi§zendusanilasl (Alkaline) Iwouddainm
(Soil silicates) Aoulud 1972 Fninerransy1nSaad J. Davidovits (1988d) ledede
oxgfilu-Gaine iduasgsidiggamgisuarldinardud enediues uagldrin
ndleozian (Poly-sialate) tdudonisiaiivesdlenediues (J. Davidovits, 1988b,
J. Davidovits, 1988c, J. Davidovits, and M. Davidovics, 1991) 131 &awna (Silicate) gaun
mm%ﬁﬂau—aaﬂiﬁ-azqﬁmm (Silicon-oxo-aluminate) (S.E. Wallah, and B.V. Rangan, 2006)
TutligiuiivanedeiléiFonuaztsuendnumzvastant léun daanla-vous-esnin (Alkali-
bonded-ceramics) lalasias1in (Hydroceramics) dannla-uoasitin-giuua (Alkali-
activated -cements) uazdusauniinwadiues (Inorganic polymer) (P. Duxson WagAag,

2007)



2.1.2  audinaluvasilonadiues
Flonedwesiluianiilulinsroduwinden Hamnsaldingauivainuansulddansziidu

Flonedwasly uenanmisldussmergiludainnansssuvidlunisduasisvidlonadiues

a «

frenusoliingauiiduvesdeainanainnssy waz n1sinuns Wy wWaee (Fly ash) agnsu
NMIanEn (Blast furnace slag) Wi (Glass waste) waz U (Ash) iudu Tlewed
wesTlaudfimadmnssuilanaunatsusenisal wu ﬁﬂ’J’]@JLLGﬁQLLiﬂwﬁ’NﬁuﬁQQ (High early
strength) AsnARas (Low shrinkage) nunusienisidenuds-azarevesin (Freeze-thaw
resistance) nununodatwa (Sulfate resistance) NuNIUABNITANNTOU (Corrosion
resistance) NMuUNURONIA (Acid resistance) nunumalil (Fire resistance) wagldilindunsie
ANUGNT815enI9A19nUNIa58 (Alkali-aggregate reaction) (S.E. Wallah, and B.V.
Rangan, 2006) \Yusu uonanialenedmesfilausilunsunsndus nanie loseuues
Tangniingndudsnsindouiileag melulassaiimvesilonofiues (J.5.G. van Jaarsveld,
J.S.J. van Deventer, and L. Lorenzer, 1995, CANMET Canada, 1988) auﬁaﬁaﬂéngﬂﬁﬂﬂ
Usegnildlunisdudlansidufiviugnaivnssy (J.G.S. van Jaarsveld, and J.S.J. van
Deventer, 1996, J. Davidovits, 1994)
2.1.3  mskiudlenaduasluaiulAingsy

Tagtumsihianilenedwesunussendldlumuiamnssudsluwnsvaiauin

1 duluneidunsinernasldaulunisimanssy Tng J. Davidovits (1999) laduwunnisldy

o

al a 4 ¥/ dglj a a [ 14 I a a [ a
QWUR]IEJWE)@LlIEJiC‘]73JI?15<133’1<1WU§’1UGUEJQQIE)WEJGL@J@i Toun 3 ABUNIA FAANNTITN YL

o (% k' %

fudunnmsed Tanpeulndnviiaiing 9 Jandmiunisasiuasesiu Wudu dwanslugun

2.1 fail



-5i-0-51-0-5I-0-5i-0-5i-0- A
—J\l a w Fire Resistant &
| = Heat Resistant
- FIBER COMPOSITES
-8i-0-81-0-S-0-§-0-Si-0- &)
20:1<Si:Al <351 ©
o
I I 1 CJ
-5i-0-A1-0-Si-0- 8 _
Sealants Tooling For
= - FOR INDUSTRY AERONAUTICS
E 200°C<USE<B00°C | SPF ALUMINUM
(F, Si05) -1
ol
SitAl >3:1 E
| |
'.éiO'A"D‘g"D' bt - Heat Resistant
o FIRE PROTECTION COMPOSITES
—Si— o= Fiber Glass Cﬂ-ﬂ'lpﬂ E“.E. Z00°C<USE<1000°C
: 7]
? ] - Tooling For
, > FOUNDRY ) AERONAUTICS
Si:Al 3:1 o L TITANTUM PROC.
L — e —
L | I
-Si-0-Al-0-5i ——— —
(-pHO-M-0-5-0) J Low CO2 Radicactive & |
= CEMENTS & Toxic Waste
Si:Al 2:1 g . CONCRETES [ENCAPSULATION |
— =
-5i0ALOY =
! ' & | [ BRICKS | (CERAMICS | ( FIRE PROTECTION |
- ) arl ) J | _FIF 5
Si:Al 1:1
~ L LOw HIGH
| < géopolymére | TECHNOLOGY g TECHNOLOGY

JUN 2.1 wamamsldnuilenediwesmusilndnsidiudineussozgiiiley

(J. Davidovits, 1999)

n15ldaruilenedwoesluuiainssuiiuianla Taud uideves
S. Horpibulsuk wazamy (2015) ladunsigidloneaiuesainiunzneulss U nauiaoy
AunzneulssUnauduud was Aumderlunznou (Silty clay) Rauduud wWionisldamulu
druvedlassasnslamoazniu (Bearing units) 3nn1snageuldinunuinlonsdmesainiu
nznaulsznauinassiliengnslinuisuuniwinfumiorusenounandismd Je9i
TAungnoulssUninauddnlunisldnuiinninnisiluilsnay

C. Siripattanapong kagAng (2015) lanandgilenadiuasuiaiuiainiu
nznouszUnagiiiasy lunsldausnannuin Aungnouvszunduianmadonimion

Tunsldnunazaiagaabvifungneudssiile



K.H. Mo, U.J. Alengaram Wag M.Z. Jumaat (2016) ANWINgANIsUUD4
Flonedweslnglddunudnsaguiionisneadna wu nilsdnsagy Auasniud sy na
=3 A o & a o & = a s & v i e A g
a1nfuaIed 53U way AuneunIndusaguanTlonediues lusu wudtludidendy
JunIIBIINNITLIIRBUNIATanadLuBsion1sassulninlununease wavaiunsaldiu
ABUNIndlonadlueslaagvUasnfanunanuInsgIuaIna

2.1.4  AULANAISENINeR lanaRasnuduAUasnLaun

o

Faudvasanaus fe Tandeunaurdanialonauiuiindnianisudas

A a =) =

lﬁmﬂmimwdaumammﬁuymmzﬁumumuma@umuqummﬁ 1,400-1,600 841

'
o w 1

WwaLTed FLUUAUDSALAUALTDIAUTENaUMILALINA1AeY 4 adulann tnTuAaLTauTa

<

&l

\AR (Tricalcium silicate, 3Ca0.Si0,) tawaatdeu@aLnm (Dicalcium silicate, 2Ca0.Si0,)
lasunatBouezaiiiun (Tricalcium aluminate, 3Ca0.ALOs) LazlnTELARLTENDYgTIlY
Woslsa (Tetrecalcium aluminoferrite, 4Ca0.ALOs. Fe,05) ATTULANAI9TE NI LUURA
Uosnuauduariloneduweifesdusznoumaniiuazuiizonadl lnstumdveinuaudaziin
nMadsuulamslassaiiaziinnuudusdasnsvhuiisendui luvaeiitlonedwes
\Ananmsiansezgiludaing viujisentuansazaiesanilatl dedanlalensenladay
aaneussuazUaeslosaunianexgiludding uaziinsyszauiuselniduluanagnld
Tnedanrlaloseuuivaunavszrlulassadieindleezianuaziinnisaetirlusening
AnufAsewall (S.E. Wallah, and B.V. Rangan, 2006) g‘d‘ﬁ 2.2 fladeflonaninsudeives
Uosauausduudlagufiisen lewmstuvesra@en-gainanaailuiaadou-ladaine-ls
1n3n wazuaadoslansenles Ca(OH), Hwnilouaninsudsiivesilonedweslasluiana
Inuwvadoulyezianlyasnlonaisidulassisluanagnldvesnunadenlvesianleaon

& (J. Davidovits, 1999)



Ca-Mono-zilicate K-Oligo-(sialate-siloxa)

Q\.:.H OH OH OH
catt () =0 = .
Si O H e o A | O 5 I
0’

] 1 |
OH I 0I-®)H

0—Sf< Cat+ (P} polycondensation

0]
Hydration ) L

@ 0
ca++0\5| SI-O @

A Cat+

Ca-Di-silicate-hydrate K-Poly(sialate-siloxo)

JUT 2.2 uansUiseneiviadmudlawmstudsouiieuiveinilenefivelsiady
(J. Davidovits, 1999)

ndy a o v = = a a 5§ o s
‘LlEJﬂﬁ]']ﬂUIUQWU’J’R]EJMﬁ?EN?UIﬂLLﬁﬂQﬂ’]iLUiEJ‘UL‘VIEJ‘U‘i]IEJWEJaLlIEJS nu Uain

wauadiuud nundlenefwesiluiamdendsrarurinezgiluddiing Ngnnszdulaeda

Y 9

a

alatl (. Davidovits, 1994) fsandisudvesauaudnilenodmesldfununsudndinia
wazanuzandnldlnglitagitegmusssuminauiulmfonlensenled (NaOH) wazih (.
Davidovits, 1988c, J.W. Smith, and D.C. Comrie, 1988) Lﬁfai’a@%"lawaama% Tgalunns
Aeit3and1 dariumuniudensaiidndt (J. Davidovits, 1987, D.C. Comrie, and J.
Davidovits, 1988, J. Davidovits, et al., 1990) FlonaaLuesdeilnassunsasn (Compressive
strength) geuaziin151ae (Shrinkage) nnsudesiitosnin (P.G. Malone, T. Kirkpatrick,
and C.A. Randall, 1986, J. Davidovits, 1988b) fimnunumusealnuseuLazlnifni 993
Tewedluesazasmdssuusadniianuiougsis 600 pernwaldos vazfituudvasnuausdos
L?iauamwaﬁ 300 aerwaL@ed (J. Davidovits, 1994, J. Davidovits, 1988b) 21AN15NAaB4
994 J. Davidovits (1988b) lés1esuindlensdimesanunsanemldetnasiniiigamgiives
wazldmassuusedalugie 20 wnzunanna ndaann ¢ drlususauay 70-100 wazlianna
w110 28 Yu uazaruudussdnduavesiunueny 28 fu iRatusearing 2 fuusnvesnis
Uil (D.C. Comrie, J.H. Paterson, and D.J. Ritchey, 1988) ﬁﬂﬁuﬁiawaaL&J’e)ﬁ\‘u,‘f]u’fa@mﬁ%

Anvaulailasnniuseans nmlunisidaunaziduiinssedsiinasy (J.L. Provis, 2014)
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2.1.5  Ujisendlenatueslawduuaznislifindeiuusidavasilonadiues
UfA3enilonediuelsiedu (Geopolymerization) Ais UfATewALi7iTan
avalilugainmihufiserivansavaiedanila-Indadns (Alkali-polysilicate) vinlmfiniuse
awesn (Polymeric) S-O-Al Tulaseade TnevialUlnddawne (Polysilicate) fio Tovieuda
1o (Sodium silicate, Na,SiO,) %50 Tnunaidoudaing (Potassium silicate, K,Si0,) fildan
geamMnIsuAiivie Kaananasslaannsudnlansimleslsdineou
nalnnsiAnufizendlenediuelsiutunandlusuil 2.3 (P. Duxson, et al,

2007) wadlenediesgnuaumeansazaneiinelitinufizen lnvdaailalosaunazlansen

'
a =

Falooswasidnaaieiuszveseraliluddnanidlaseasliduszdeu ozgliwnuazdfinnd
a = 1 v & 1 a aa v = <
gnaangaziinaunavulml waznedilunavedasiivevaiilugdinadassswazau suily
lassadrsuvvanslauazudei lnsdrdutunsunisiinufisessd (1) daalaidnaans
lassasrseynaiuvesunatergilugding (2) 1Suinnisaisauganazdnlaseasnadu
Tl (3) BuAensmuuiuuazdaEeslaasns (@) anmsinedassadisuunlng uay (5)

AANITAIUBUULUUTNEADULA LT UL AZTAIIL LT 967

Aluminosilicate Source

- Dissolution
Maq) | €= H,0
OH(-aq)

Aluminate & Silicate

Speciation
Equilibrium

D
)
)
3

Reorganization

Polymerization
and Hardening

JUN 2.3 uananuuiasensyuiunsiiaugisendlenediuelsiwdu
(P. Duxson, et al., 2007)
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mmu%amemmstwa"mimgsmLﬁa"i’aa?ﬂawa%L@J@%Lﬁmmﬂmsl,%mia
sEnINedIundn (Crystalline) Audiuadagiu (Amorphous) (P.G. Malone, T. Kirkpatrick
C.A. Randall, 1988b) launszuiunisilenediuelsigduasviilviianyndn
(Polycrystalline) fisusfuegrsmuuiunasilaudinsnannifinuludlolas (H. Xu, J.S.J.
Van Deventer, 2000) ?fﬂuﬂizmumﬁiawaéLualim%’uﬁ?uazgﬁﬁauiaaau Al AR
sondlauueulessu O Ifwnauna dwaliiszauinedlnunaiBoslossu K* uasluifon
leoeu Na* dadnudndulunistieusuaunalseq (J.G.S. van Jaarsveld, and J.S.J. van
Deventer, 1996)

YoN9 Nt J.G.S. van Jaarsveld uay J.SJ. van Deventer (1996) las1891u
idsfiunnsesznitimisiinlonedwesuazdlolad Aoaruiduduvesarsiadu uaz
Fleladinaninluszuulalasmesuoauuula (Closed hydrothermal systems) &4#i1491n
mainilonodiues Mdlonsergiludfing gnuaudemsavaisdaailall UfiSenazindud
anmzUnfuaraziesnateduilenedwesianuudslunaliui (K. Komnitsas and D.
Zaharaki, 2007) fndunssdavestuauilonodmefgnitanngaiudsiosay 70 Tussoznan
4 %bﬂmuiﬂsummiusﬁqﬁa (J. Davidovits, 1994, A. Palomo, A. Marcias, M.T. Blanco, and
F. Puertas, 1992) nszuiun1silonedwelsisduaziiniuiiefisnsndiu Sio, do MO o
Tura9 4.0 3 6.6 sl 1 ile M Aesmdanlalumsazaneddinafiazanetnld vuziiorgdlud
Ainnoenled szsesilovglifloniimienazansls uarsnsdrudanausoezgiidlon agszming
5.594 6.5 a8 1 (J. Davidovits, 1988c, J. Davidovits, M. Davidovics, and N. Davidovits,
1994)

2.1.6 lassadvasilonadiues

lassainsvesdlonadiuesusenausiey Ganeu-oanle-oxgiiun (S.E. Wallah,
and B.V. Rangan, 2006) Tiieusefudulassinoa i dnvarlnsiadisdnanlisiseini
wululassairsvosdlelas lngniiniied (Tetrahedra) vesianeutarergiifonlfiiouse
u wazwusluseneueandiau (J. Davidovits, 1994) gasinilvesdlonediues wandluaunis

il (2.0)

Mn (-(SiOZ)Z'ALOZ)n . WHzo (24)

e~ [

oy z Ao wIuluanaves SO, Wu 1 vive 2 vive 3

=

M #a Tesauuinitinaud 1 wu K vse Na* Wusu



12

317

n Ao I1udrunilegrvesluianagnly (Degree of polycondensation)

(J. Davidovits, 1999, K. Komnitsas, and D. Zaharaki, 2007)

J. Davidovits (1994) laduunlassadaiugiuvesilonedwes lauwuamiy
dadiusening Si sio Al lawn (1) Si:AlL = 1 158 In@lwezian Poly(sialate) (2) Si:Al = 2 138n

Indlgazianleaanle Poly(sialate-siloxo) (3) Si:Al = 3 158n Indlvesianlalyasnly

Poly(sialate-disiloxo) uag (4) Si:Al > 3 3un luoziandsd (Sialate link) fauuudrandugud

2.4 (J. Davidovits, 1999, S.E. Wallah and B.V. Rangan, 2006)

Poly(sialate)
siAl=1  (-8i-0-Al-0-)
Poly{(sialate-siloxo)
siAl=2  (-Si-O-Al-0-Si-0-)
Poly(sialate-disiloxo)
sial=3  (-Si-0-Al-0-Si-0-Si-0-)
Sialate link
sial=3  (-Si-0-5i-0-5i-0-

-Al-O-

-S50-0-Si-0-5i-0-)

ﬂ\ {I'J ]
S O S () S -0 -

rd 1

9 i

HM"P
o= K

o o

- 1
D,

gﬂﬁ 2.4 uanalaseasrunivedlagazian (J. Davidovits, 1999, S.E. Wallah and B.V. Rangan,

2006)

Tne SiAl = 2 fifesrusenauwiloutulndlyesianlvasnle Ao -Si-O-Si-O-
Al-O- 3on TuTulwaenlalsozian (Mono-siloxo-sialate) uag SiAl = 3 filpsRUsenoumilou

ndlwezianlaloasnle § 4 WUUAD WUULEY 1 WUU BUUTNG 2 UV kaswuUNnNay 1 Uy

(J. Davidovits, 1999)
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dm5U Si:AL NN 3 LARINNMSLTBUsasEuINsaelavedlnd lwazLan

v A

nIolwadanem laglsazrianded Si-O-Al vinutimduaswiuldeusaseuninanslguas

Inalyariannsalnadawnm éﬁ’ummﬂugﬂﬁ 2.5 adl (J. Davidovits, 1999)

Si-0-5i-0-5i-0-5i-0-
5i0-AHO-S5i-0-AlO- CIZ'
o 0-A10
A]—G—S\i—D—ﬁll—D—Si—D— II!.'
Si-D—Si-D—SIi-D-Si-G-

JUN 2.5 wanasegdlassasangnideusielaslsezianied (J. Davidovits, 1999)

lassaislwezianusznaumienssanthvesdineunarezgiiilonigeusieriu

Tnsuvstueandiausiuiu lessuviniiamnsadildegiivesindulassadaiieviminuiy

a

aunauszylinvezgiifion Awanslugud 2.6 (www.geopolymer.org) laun leuidealasau

Y

(Na*) Tnuvadenlonau (K*) wraweulesou (Ca**) wuntiuulosou (Mg™) wuissulonou

(Ba**) wanlsnileulooau (NH,Y) lalasitoslonau (H,0") WWudu (J. Davidovits, 1999)

JUN 2.6 uansmisiinUsuaunalszqy A0, Mg Na* Tulassainsluesian

(www.geopolymer.org)

aﬂaisdm@aazqﬁiu%mmimEJ%”LU%Lﬁmﬁumﬂimaa%ﬁal%sLamﬁﬁé’ﬂwms
Hung LLUUﬁuaqaqﬁuagjﬁ’wmmaqmelaaaﬂuﬂszﬁﬁme"l,aaaul,iﬁu Na* 30 Ca* 9zLiin
Tassafanuuamasusmann ldud (1) vialaalas (Sodalite type) i3on lalna-lalvozian
(Cyclodisialate) wag (2) slaWauled (Philipsite type) 13un lalaa-la(lvozvian-loasnle)

(Cyclo-di(sialate-siloxo)) uanlesau K agilulasasrmnivasy loun ¥da wnadlas



14

(Kalsilite type) 13un lalpalasleegian (Cyclotrisialate) (J. Davidovits, 1999) ﬁﬂLLamﬁugﬂ

N 2.7 fadl

I/
+1/ Al
Na+ Na/Al_ O/ \O
. | 0O e 1/ K+t~ I
-Si-0-Al-O- I Wade) -Sj Si-
(') "-‘(') -SII-O-SII [ ! !
I O 0 ,Si_ c'l).. ?-n
-Al-O-Si-O- o 10 -Al Al-
Na* —f?&}(—?-$1 K+/\O\ /0/ Kt
5
Na-disialate  (Na,K)-di(sialate-siloxo) K-trisialate

gﬂﬁ 2.7 wanasagakuUNBdwagtan (J. Davidovits, 1999)

217 UaswdnefidemanenislimasiunsednvasIlenadwes
ns@nudadediaidimadonisliiidssussisnvesilonediued nuin
autifves Flenedweituagfuamndudunesuiinmesarsararsloioslensonles
Ysunalwiioudding n1siunedlonsdiues samgiuaziiartunisundlonsdiues (T.W.
Cheng, and J.P. Chiu, 2003) Falusuadeilasuuntadefidmanoausivesdlonodmed 14
auiaderisgiell (1) arududunesarsazarslaiioulonsenles (Sodium hydroxide,
NaOH) (2) 8ms1druseunIngasazanslansulansanlandalameudacns (Sodium silicate,
Na,SiOs) (3) 8M5181UTENININITLanedluasnod1sazans (4) dns1dIUSERINTanoUAe
ovglifion waw (5) omnilunsvsFunuilonediues
2.1.7.1 anudiuduvas NaOH
unumvpdlapenlansenles (NaOH) lunisiinujisen Slowedue
lsiwdu Ao vimihilaaneuseluanavesansusznevergiludainaudiunndadulossy
panuhuisendlonedwalswdu (Usgyayn Junuseasy wavane 2005) lgihsulansen
lysdaduvaun Weegluanuransazansazaansounndlilefoleseu Na* uazlenson
ladlonau (OH) 167 dslansenladlossuagymihiiduiiswiaizen Tnodduiulansend
avRIUMAITANALAYRYYiLUA Lﬁmﬁuimaqafw wagaaelassaielanUdeyargiiiunuazaa

el dudase wihiives Na* sstielunisusuaunauszques A, Tnawnluagiulaseasng
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nysdnthvesezgiidon dauanslusuil 2.8 (KJ.D. Mackenzie, and M. Welter, 2014)
Tuifexlansenludiinnuanunsnfiazaaslassaiiadesdainauazezgiiusliiduda seld
Anilnuna@eslansenles (P. Duxson, et al, 2007) mnlaudeslensonladinnnuidudy
guazdsnaliUienTlenodelsieduinlddtu Wunalinalunsnesustu wasdiids

Suwsednvesilenediuesgaiuciy

\O |
n P O /
\ oo\ ‘ ) [ 0
si_ AL O .~ °. o-si ’
\ ~
N O/ \o/ 0\ >A| Al” 0] elg AI\
0. -0~ o” Vo MNat S ~
RN Na*t c\)HZO 2 -»:go S AN /0 Na+0
- O O a \ Si H0 HsO ~ 7
~ Si~ H20 ' H0  Hu0 wot® O H:0 + ! 2 Si
z Na Hz0
’ 0 OH OH o 0 |
o Hh,0 N o OH * \ HO  +h,0 o
Na S| Al Al LAl Na = |
I~ A
O\H y o\ /O O o o.. /O WO SI\O'-
/Al: /SI\ Na"’ /Sl\ b Si Si -
0" o0 o ‘o_ o 0 0 ™ “ TN
H I -
/S'\ H0 tro Si HO HO o Al O N+Hs-0\ Al O\ 0O —
0 o Na d \O Hz0 Na Ha0 \ . Oa OT-I \OH A7
/ | HO A 2 " |
/ Na 00—
HzO H.O

JUN 2.8 uandlaseingvedlndlsezianvaziiaufiserdlenadivelswdu (KJ.D. Mackenzie,
and M. Welter, 2014)

venanuuleisulansenlerdudunieulunisdunsiziiloned

I3 - i 1Y) ¢ = | = 1%
wes unfaatunguuesdanilalensenledilieainleieulansenlyniisnagniign mldle
418 wazdinuniadi egrglsiaunisldaulsisuleasonledniinaududuazdodld

4 A a o o a ¢ A = =

wseslleiavlunisduameidlenediues WalSsuisuaiuaiunsalunisazaigves
lyieulansenlenigumnil 25 ssrnwaldea Fegedielovay 53.3 avanauviosevay 30 7
gaunil 0 s LalBea Fxnuindiauuansteiusnaawsugiglugua 2.9 U. L. Provis,
and J. S. J. van Deventer, 2009) @9A3N3 019 UNANA UL D19dIMNaRDN1THILATILIIR Lo WD

wasluaniAnuLEy
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A = H,0
B = NaOH.7H,0
80F C = NaOH-5H,0 G
| D = NaOH-4H,0
E = NaOH-3.5H,0 v
5oL F = NaOH.2H,0 H+M
G = NaOH-H,0
~ H = NaOH
O M = Melt
S a0t ¢
b
= F
= G+M
§ o [-————————————=f--—- i ———————————— 25°C
o
= E+M
2 //\/( G+H
___________________ DQC
F+G
E+F
o
+
PRt i A G20 ) I IO T W
0 20 40 60 80

NaOH (wt%)

JUN 2.9 uanausuniimavesdiunausyninludeslansenlaauazii (. L. Provis, and J. S.
J. van Deventer, 2009)

a

atinfia ¥1330U war USugyr Iumiussiasy (2005) lad@nwinis

]

Huameidlonedwoianidrass nuiifleansazanelnfeulansonlediinududugadu
szdanalislenediuesimadssunsedaiivdu T.W. Cheng way J.P. Chiu (2003) Wuinaay
Wuduresansazatvsanilal duiusiuszeziatlun1sneds @auuRn1IIn1enIN Lazauth
nenavesilonedieifiduaneinnagniumin Usyan Sunussiass uasame (2005) 16
Anwinisudinraselsdniudngluasazarslamenlansenlan nuinnisazateues Si
way Al luidaesduegifunrnduduredadeilansonlssd uaznanfudedluasazans 8
syegalunsuaITazatsinasanITazateved Al N1NAIINITAZAI8UOY Si BTUNS LawD
2% uaz Wdes w1d (2011) AnwinmsiiRlenedwesfiwssunidaselselniudung UL
muiuamazﬁﬁauwiaeﬂuﬁfjﬂma WUINsWNsnNTnvesraslss wasdulssansnisunsndy

vasmanlsntuilonafiweiiiianad eanududuvesansazaly NaOH @l D. Hardjito
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and B.V. Rangan (2005) niuiarududuvedladon lensenludfigsiudmalidlonediues
fduareinndassiidsiuusdngeiu
2.1.7.2 dasndauszninlufvudainadelyfelansenlan

Toioudainn (Nasioy) uarsazarefifidanouazarslaiu
perUsznou Massaiuuuiuaissdeasinsanaznoutiann (P.W. Brown, 1990) UNUW
vaslufendaing Tuufiseilenedwelsedude vmhiilufussaudaneulosounas
ozgiiflonlonauluujisoilenedmelnaduieliiAndulasialnilvesianiidanm
wafes lofoulesounazddneuazarsldinuluasazansladendainaimii Masladoy

levaunnansaraslaifendainnasyisusvaunauss ity AlO, fegui 2.10

o
AL
\o

)

Nat\>
/
@)

JUN 2.10 wanensuSuaunauszglasadtmsdvivetergiunlaglufeslosauy

Fanouazatulaloagluguves@ainnasviminnussarulassass
T,mEJLﬂumiLLUﬂﬁuaaﬂ%muémﬁuazq:ﬁLuml,az%émmﬁagﬁmﬁm WunisTmsealaseasig
a < A aa 1 [~ I a a éj aa
Anduravesergilu@dnawazaivwiuluaigld USinanuinduresddneuazaislaly
miazmEﬂszjﬁsm%mmw‘imﬁﬁﬁ{]’mL‘%&Jﬂmaa%’wﬂ'@“LﬁLﬁ@Lﬂaﬁumazgﬁiu%ammlﬁﬁﬁu
nsIasealasEseindmaliiloneduesiinalassadanuuedugiu Jalasadieazll
WasuluJunuundnusiazniiuszaziaiuiy (P. Duxson, et al., 2007) ninfiganaiduwus

YY) |

fudns1duveslufeudainmseluneulansantan e lulaI01mINons1dIUVe LA EUT

a 1 I

anadeluinedlansenlendargademnmunzan rdwalvliisendenediuelsiwduiin
UFRselERTY e lunsdesiifiiu alassadieuuy eduguldinntudunals
Arndasunssdnvesdlonediuefgetuse

WHUQINETUITVRITEUY Na,O-Si0,-H,0 ﬁqmwgﬁﬁaﬂugﬂﬁ 2.11
(J.G. Vall, 1952) uansudnaivaiifinnuddgiigadmiunsdunsgidlowedmes liun
wa A loifendainaiindnidudiunay fUsmasanluasazaiss fosdusznounuuia

@nes wazwe B iulnsaansazatelelfeudainaiuunnuuinluldanntd diuaisazansy
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lgLRgudaLnaNwssunesrUsenauluee C avluwiliugansiiananluaisazatey uag

loifenddinan D Tunillifansazaieavininunilngs

H,0

Na,O Si0,

JUN 2.11 wanaununimesu13ueessuy Na,0-Si0,-H,0 ﬁqmmﬁﬁm (J.G. Vail, 1952)

U

1%
N v av !

wanantUnIdeuIngudalassnunavedefuLddinaneaudives
Towedwesld TW. Cheng waz J.P. Chiu (2003) nuitwianfildlunsudivesdlonediues
fdnaszRanaenfunan davusiunasifiulaiienddinn A LG, Gastaldini way
Anlz (2007) wumoundnildansazanslafendanaiiovuffzewas iy 28 Ju lina

NswnsNBuruvasnaslsilossutisefgaaiisuiulupeudamawazlnunaguudaing D.

aa

Hardjito and B.V. Rangan (2005) wuindnsidiulasininveduineudainanelaifvulons

N AN AV UAINA LA LONDRLUDTNFUATIERIINLA1ADUIAAITULTIDNAITY

Y Y
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2.1.7.3 dn1dausznitensdlonafinasuazansazang
unumvesnsilonsdmesluufiserdlonedwelsigtudeiuunas
vosergiilonnazdanoudadusidusznaundnvesansusenevezgiludaing madanse
SNenediuaslnevhlumndndiuseninamsdlonediuesuazarsazaredaguiuld ans
axangarlifismesansviiufizerdlenediwelsieduiunsilowodiuesesnawide iunals

AANBAUDSTUNAISULTIDAAT TUNIIRTINULINAINDATIEIUTEMINHII O NDRLUDS AL AT

'
N 1o

avanedla1mn UsunaweawadaisarateNiunnludiunauazainalialaneduasidnaitunig

[
Y = o v w v

AefuIuTu Massuusedauazanuaunsatunisidauvesilonsfiueidgnivunlay
gnsdnazautivesiannlddunsiendlonadiues alnia 350U way USygy Jum
Uszialy (2005) ladnwinisdauasizvdlenefiuesanniinasy nuinilevu1nresaunInanad
rdmalvialonadiuaiimAsTuLsaiuay
2.1.7.4 snsdiuseninedanaudaazgiiiilon
aa a aaa I a v A o
unumvesdaneularergiilenluuisedlenediwelsiwdune vih

wihfluesdusznaundnveslassasadlensdiues dnsdiussnindanaunsosgiiiloy

(%
a a a1 =

duiusiuviinvetindloesian IneviluudrsndrudanaunsozgiillouliAingeuazdanali

Y

NonoduosarduudlUur9AINNaISULSIOANLTY wazltiantunisnasiuulu

£
=

E. Nimwinya waganug (2016) wuindnsidiudaniressgiiunfigedu

£V LaNeaL a5 LA luN1SNBAILILTIUL LTBIANNIRTINITAIULLUUTBILATIASI9TRATA

=

n-0zgfiun 1AnTwsInvlin@an1-88n1 uaznuindefiudnsdndaniseezgliuuaziiiy

v
f 0 @ W v =

gaungilunsunimangauinlialewefwesinassunsadngeu P. Chindaprasirt uaz

9 Y

AtNE (2012) Anwinaveslsuial SO, way ALO; ABLIATUNISABAIVDIIlaNadLlasnI

NRBEUARLTENEY NUINTBNUTUN SIO, 38 ALO; lnalviliailunisneivesdle

a s

NOALUBTANAITILANANAINS N WLV Lonediuasinenily MillouSunues ALO; LN

=]

zdinaliialun1snof12e93aneallaSINNIULANISHAN SI0, FxNAlUANTUUIIAINIS
1 o a a 1
nasvesilonsdiues
2.1.7.5 gungiilun1suy
unumvesgauinindulunsunlulfizendlenedwelsiutuse
Sednsnsiinuiserdlenedwelsiedu Tneniluudrgamginisuuiiasduinlvilensd
6 1

oy g X v o a ¢ < o | v <
LNDINDAILALIIVU Iﬂiﬁaﬁfl\?‘ﬂiawaaLllai"ﬂglfduLLUU@ﬂﬂJEWUﬂQNﬁimﬂﬂjfl@JLLsUﬂLLﬁ\ﬂU'jgﬂgﬁ

FUAUFINTINTUNTNRUN TR ITINAALATIETMUUNYNENUIEIY wazaziiunaladniou

Y 9

a

\iiadlonediesiuiidnsdiutanousosraiiiilougs
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T.W. Cheng wag J.P. Chiu (2003) wuiianfildlunisudaiives

sa o ¢

Flonediwesfiduasisiainagniuman duiusiuaumgilunisuy S. Songpiriyakij (2005)

WuingaumiimsuniasduanunsaiiuAassunsednluszeziusiy Laslianlunsuuiuiudy

I o W w

fnalunisiiudimadalvnuilenedwesnduasiznainiiasy wavaumainislunaslid

=

HARBAINNIOAYDIALaNDAINBS E. Nimwinya lagauy (2016) Wulnn1sUuLinunail 60

9 Y

a a

DIANTATYE BIULTIDNTINITAIUBUUVBIATIAS v TnRANT-0xaTun wasvindani-3an 1a

Y

'
a

Fandnsunfigaungiivies uaznuinfevniigamgiviewuwazguugll 60 asrnwadea o

9 Y 9

WodaIliMATULTISAgIanNdn1dINTANFeazgiuT 4.5 WA 5.9 AudRY

2.2 Wunau

221 unasflinvaadunau

Wwnau (Rice husk ash) Ae wannanasslaannIswILnay (Rice husk)

delfifudemddunueig wy sudilulssddn wsluinlulssliihoundn wids wee
Weu L uAY ﬁaqﬁﬂisﬂauwé’ﬂL{‘Ju%maé’mgmﬁﬁﬁuﬁﬁ’sgﬂ (V. Kannan, and K.
Ganesan, 2014, F.R. Carlos, R.M. Sagraario, and B.V.M. Terasa, 2006) Taginwnauly
amazmuamqmmﬁﬁmdﬂ 800 parAwALGEa (G.A. Habeeb, and H.B. Mahmud, 2010,
S.D. Nagrale, H. Hajare, and P.R. Modak, 2012) @1u1sadndunaululdiduianleslean
unawnunslivesnuaunduudlugnainnssunaunsnla (S. Rukzon, and P. Chindaprasirt,
2010)

2.2.2  aspUsEnaumaaiivaddunausiannge

LEWNAUARAINNITINILNAY Lutldaessiinmugamgilunsien Tngn1simn

a

flgumgiiginin 800 esrwadea liunavilldazildviuazisanviiandnuinninfesas
90 ves@sAUsEneUMaAll nstidunaulursgamail 500-800 seriwaldea LiwnaUT
Igaedidan d8dnedagulueiussnoundnegUszunaiosay 85-90 1093AUsZNOUNI
Al (S.D. Nagrale, H. Hajare, and P.R. Modak, 2012) mﬂmiﬁuﬂ’?ﬁwudﬂmmmﬁqmmgﬁﬁw
N1 700 aﬂmLenaL%mﬂé’lﬁﬂL,Lﬂau?wﬁ’wﬁhGiam'il,ﬁmﬂﬁﬁ%mLﬂﬁ (A.A. Ramezanianpour,

Aaaa (7

2014) idunaumnfidaniedugrudussiussnevaz biranisiiaufnseaiiuinningn
Aaaa = s aa A4 I3 a =2
wnavynndgannaniluesduszneu FannluesdusznaurenaulinaINNIInATLsIe
91139098ud7 Wesnddrsusiumiiuiduleetunid Fnatelulasadanuduswes
= o a ¢ I3 ad v o d' =3 4 s
Whendn 1nansinsizesAuszneumaailivediunieiasesanasdrigeaisaisus (X-
Ray Fluorescence, XRF) wudnatunaunldlusuideiliiafnigafadesas 89.17 voq

3 a
29AUTENDUNILAL
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2.23  anudunusszuitadunaunasdanUalyay

Januealsa1u (Pozzolan) Ae Yanildnaufudinudvesauaud 1iloan
USinaduddesauaudlunmanasunia msliidunauuiangUoslsaruiiouivusge
audfvesnounin wu Wawiauwdwssazautilunisldau anduvuaiduuiidy
Usglovidedsuandeulagiiunisldusslovifagiduvesde uazannislaos
ansueulaoanles (AA Ramezanianpour, 2014) W¥unaudaidanidussdusznouniad

a =

fdutanUorlsaudsdiamuasBeaifiufiiagenn mafnuiiseedlsauendiunay
Juogiu Usnnidant Sgaienandant sunm uasiiuiiiavesounie Wunavazgaduiiig
dau‘ﬁaaﬂumuwau Fevrefins g unsisnvesnounsnld (G. Sua-iam, and N. Makul,
2014) V. Kannan uag K Ganesan (2014) lé@nwnnisdunszinoundnilddiunausinidd
LNBULAZAUTINT WUIINITaRnuTuudlesanauasieianUagleaiu Launtunaunas
FIUNANYDILAMNAUAUALVIIHT THAIUNUNIUNINAIINTIETUUAUD S ALAUALNE 9981
WeT LaransaIuTan1iaNuduRuSlAgNSIRUNISNUNIURDNTA
2.2.4  HaYRINSIANLAIUNAUABENURYDIABUNTA
mmwumummﬂauﬂ%gﬂﬁ@um%ﬂﬂEJmﬁLamL{mmau LOLAAUAINTSE
USuugeantivnaaiiuaznenmueineunsn syniadknauswindniananuaunsalunis
U598UN1AYILAAUTUINTTNTUVDIBIUUARING AN TLNINTURNIUY Lo wnauIeUTuls

[ o

nsBaineseninstiuuduay Taguau vinliideneuniavumuiu suniaiiazideave ud
wnavvhuiizendudanlaludiuudmadiiindusanladdng anlenianagvinliAnniy
Fovennisvinufitevesdanlafivdeseiudrunandfinavesreunisluniends n1s
FuiunaveynirazidenludiunanvesnounataeiiunsBanie fuvesdiunaud swalv
dasunsdnuardsfunssswesneuniniiingstu Ysinaidunauiinnduihlidusaud
ArFasnstgedufioninsBadmesdiunay msldidunausdsmalfldinatlunsnedh
U (AA. Ramezanianpour, 2014) uazAnIsyufavasaauninanaziiindudiodutiunn
%u (D. Hardjito and B.V. Rangan, 2005)

AA. lkpong wag D.C. Okpala (1992) wuitaeunIafildidunaunauny
Fumddauannsolunmsldnuldlussduiotuasuninnnduud dunaudifidunau
Foemsnanntuniniu ALG. Gastaldini wagaas (2007) wuiinounIaildidunaunauny
Fuuddosay 20 Tngtmiin avanUSinamsunindusuuedlosauldinn V. Saraswathy,

wag H. Song (2007) WUIIABUNIANLTLAMNAUNALNUT LU UAGILLALAIIUNUNIURDA TR
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niouvesansararslufounasled ManaunuBiuuddedunavilisnguasBeatu an
NININTUHIULAZAANISAANTOUABUNIALA
225 Usnumandadunauuasdymdnuieuadeuvaadiunau
whautdundananaseldainnisinuns lnsaglaunausosas 20-22 993
hnndriuden unaudseneudewaglaatesas 50 Anfiufesay 25-30 uazdan¥esay
15-20 Tngtiwidn eunavgniun waglaawazaniuagmelumdeliuadan idunaudu
nannanaosldnniswiunay Tnsegldidunaudosar 25 Tagvinuesunaufiun (S.D.
Nagrale, H. Hajare, and P.R. Modak, 2012, A.A. Ramezanianpour, 2014) ﬁaiaﬂaﬂuﬁsﬂ
AU luUTINaEata 7.649 drusiusiel (G.A. Habeeb, and H.B. Mahmud, 2010) unay
USunannnisldnanedulymaanadeuiiddy LL@8ﬂ'@ﬂ’g’mL%Sﬁ?ﬂiﬁﬁuﬁﬁgﬂﬁﬂﬂﬁyﬂ
Hosnldldgminluldon dudunavgninlldlununeuninuietan mudesnisiad
wnavagnualy (G. Sua-iam, and N. Makul, 2014) lutlaguiannunegienulunisiidiunay

LY Ao

ulduseloviilugusingg esanuhunauiduianiifidnenmuazasd@lunisldanda
JanauiuseiuaaiaLe AnlnenuaziAndesviainsilasin (AA, Ramezanianpour,
2014) HuTanfunuifiaunselindnduianeunsludiielfiaiuusduiagniosdiodaies
fin (RV. Krishnarao, and Y.R. Mahajan, 1996) ansnsalddansizvidamenuuigrsguield
Tugmamnssumoufianmes (KM. Omatola, and A.D. Onojah, 2009) a@nsaldnds wmanuuy
Qmquaﬁm%’ﬂ%ﬂuﬁudwmauﬁ (S. Sugita, 1993) I¥uAnusuawIvIIaIU L TesRnd
i wasnuauseugs (P. Owens, 1999) waglflugnanunssudgnuln anunsoldada
WNABHANLAZALENTLUUALA (K.M. Omatola, and A.D. Onojah, 2009)

G. Sua-iam wag N. Makul (2014) lpaSurgnistdiaunaunaunuiannas
(Aggregate) Layn1slUiananenaunuUasALaUATINUAYTZIAM 1 nunUsuadasuay
Sunaufifisdy avanfdsiuusadauanfiuaudoanisiivedaunan nanaunudiuud
sheiinaseiifesay 60 aglamdsiunsedn 40-50 wngiaana msnauvuTagHandisndce

Wnunausewar 25 alaneuniniifimaasunsegaiianansaldnuls nsnaunuiyisanduyuy

TunsuanpounInuazantymdaindeos

2.3 ausznaudszun
2.3.1 ﬁﬁﬂ‘d@\‘lﬁﬂﬁl&’ﬂﬂﬂ'ﬂi&’ﬂq

AunznaulseUn (Water treatment sludge) Ao wdnnanaeslansavads

LY = [

nN1seERNUsEUN FainuseUndutlatenilanddunazianusndurisrenianiisounay

o

(% (% (%
o a 1 o

AagnaImnssy taglun1sudnunuseUnitunaulunsinuiAuaInunasuisssueIa
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Wunsruunsvililaazeinlagmsviliiaviuazideniazatveglutduiiiu anngnou
ARNTEINTIE Bunsedng wazvasudiuviuasefiiau asildlunisnnnzneu (Coagulation

agent) 19U @158u (Alum) gnldietndminilesgiliy uazwediuesdunsed (N. Waijarean,

Y

S. Asavapisit, and K. Sombatsompop, 2014) n1suszuruasualsuiuugsinnvaunaiedu

sz dlannsgiu lnefilssundnirvuinlngnatouns Tsseundaudiviswudu
Tsanundnuyssuiilngigaluede Ussneulsmenssuiumandnuiussurtauysaliuy
oA seuuguinfy sEUUTeaIsal TEUUNSANAYNOY S¥UUNIINTEIU SeUUtelsn

£

v = 5 S ' H < £% (7 = v A
wagszuvaanuinla way i%UUQUﬁQuWLLGZQU‘U’]EJ‘L!’] Wunu ﬂ\‘lLLﬁﬂ\ﬂUEUW 2.12 99U

whiudmsza amﬂgmfm'ua’ma Aazaliz1h 1A
| [
SEUUFUNAY

. oo asdy Aaatu Luan
Haa:} "LH.I'I'] FINEAUTL 1LY iﬂﬂil‘ﬁﬂﬁ'ﬂil].ﬂﬁf ﬂ"lilﬂﬂﬁ'l.lf]

RV .

g ®| —

U FER FEUY SEU
magdialsa InTadn MIANRENDL a1l

LE: Elﬁﬂm

ER T TR sEUUgUIEin

JUN 2.12 uanaianszuiunsuantlsedivedlsmaniiuiaay n1suseliuaTaie
B35 fu1a1 uazAnz 2010)

JTUUEUUIAY (Raw water system) 1JudUABULINUBINTEUIUNITNER

[
o o al

dszUnsurunaaiguinaudiua Sandaunusiil diAvainudiidnsze1azgnandes

Y

HupaesUszUl YSuussqmuninmusssund iutunesuwsnveanisusulssnanindl e

oY

Wglsenundn ihAudesiunzunsmeuiasazinsiasiden iedesiuldliiauivuayan

F199L UGN TEUIUNTWER
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dinihAugnaudslunuvietndu asingseuudtpansiail (Chemical feeding
system) Fadunszuiunisdreansiaiiiiousuugenuninui Taeyuana (Ca(OH),) azgnifiu
asluieUsuiiuaaudunsnnie Aassugniitiiiedisauandsunaamsie aglasin

wazdadltinvuadnluiin

ndninatsadiengnauluUsuaivunzanual diauaslnansgds

y Y
a IS

anmzneu Tunsdinifuiannuguanin saednsduastisanaznau fde nadianinslad
(Polyelectrolyte) iiotfinuszaniamn1sannzneoy fdutanpveadsarinisniut el
asuviuassduiaty warduisusududansnouiifivualgduiidudnuntu iy
pzneumnasgiuaawesds Inefifufidiuans axfiniesnann Geaneamenoumaiiagfiud
FomnaznoufiuSinanfinunty %gmzmaﬁaaaﬂlﬂé’ﬂﬁaﬁ’ﬂmﬂau sllnilaazeniva
dhgsasuthduuusioly

‘fwﬁmuﬂﬁzmumsmmﬂauué”msl‘waL%ﬂgjﬁzwmﬁﬂﬁaﬂﬁﬂ (Filtration
system) a1y Alssundniiuinay WWseuunisnsesiuussuunisnsenda fensinns

38911 75,000-100,000 gnuiafiunsaadusats Tunszuiun1Insesl agH1uaIsNTes 2

[
¢ 1

¥in 2nTuauLeuns leddiunse lneinansesifiiuvenseslesiuliliaisnseman

Y

Yupanluiui wWensigauruld a1snsaanaiiazidnuandsnunnIuledasdl n15a199in
ANNUALDIALSYNINNITANNTDUY LABNISHUANFUSDUTURLREITNSDILARBUAILFEAENU

(% ]
¥ o % 14 A

ngneuardsanUsniiinegazngaoon nduisldisudeuieiamingnounardsanusn

sanlugszuumainnzneusialy
ihannsnsesslmadhgssuunissndelsaneludaiviila lnedueasiu

diesinidelsn musnnsgutifuvesesdniseundielan visassonafimadisurninibnios

= o & i H @ Y ! Yy 1 dgvo A S a v
WeUSumnulunsasiiswes desdunisianseussuuiduvisnldanieaiussudneie
nuhuszdesgnandngsyuugudaiuarguineinlaeanniauaninsrguinandaivi

(% v
1 1 o 1 o

TanuglusAdanvunatng dadsznlanriguitguivatenis danseangegluiudg
Iusn9e1ee)
232  asnusznaumaaiilaemivvashunznaulszi
(3 v A a 14 I aa a

paAUsenoundninulufiunznoudszun laun F8n1uazezgiiug
(N. Waijarean, S. Asavapisit, and K. Sombatsompop, 2014) ﬁumzﬂauﬂizmﬁﬁum%‘ﬂ’?ﬁ]q
agSeay 12-14 lagumin diuunfensaluliu usvndniinu fe Talali aend waalyd
lalalud wazdsillud danedugiuediovay 35 vasesausznaumwall (N.H. Rodriguez

warANE, 2010) 1NNNFIATILVBIAUTENBUNIWANLUBIAUYDIRURLNBUUTEUIAIELATDI X-
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Ray Fluorescence (XRF) wuiﬁuﬁu’qaawﬁmﬁﬂ%mmmiﬂizﬂawaﬁamLLazazqﬁm o
Az 58.99 uaz 24.64 mudu Feivinailndifssiuinuluiuvn Jelanmduldldunn
fiungnoulszazanmsaianlddaasziiduiaomaunuyudismdls
233 Jyméudunadonvesdunznaulseln
TsssAnthunany nsUssiiuasvians ﬁﬁumﬂamﬁwﬁuﬁwﬁﬂé’qmiwﬁmqq
819 300 AusioTulugguas wazUszaa 700 susieduluggru (S. Horpibulsuk, et al., 2015)
Hosnanudiaamslinuiussifiaenagestuiunulssrnsiiiugeduegienags fu
pgnaulszUrsuunnmaiaiietagmlunisiidn fungneutszungminluienau Seda
Wueldanglunisiidanatediuumsed (@R @oudie, 2009, F¥ius 918, 2007,
disma nngyaunsty, 2003) MahAuazneulszlaldlumsndnssfinuagdgdunadon
wanmiloannnisilanau (KY. Chiang, et al., 2009) wagladn1s@nwinisuinunzneaul sz
Tliuselomilunuiagneasns ieanvesdeliviniugudlaehluldiduiagnauvesile
WoaLue3 (S. Horpibulsuk, et al,, 2015)
2.3.4  nsldusslevianfunznauyszun
meAduiilelduszlevinagiiayadlifunznouUszUriinleglinnnin
wazdszavenudnfaifisssyduniavingu wu mahAungneuyssululd dudusaslums

o a o

MBgdMsUIUNeasIa (fiuna nMauTy, 2003, ey Fownas, 2009) A5l
drunanveInseLlomssaAuTiuud @afined gnsgAus, 2007, ausnd Juaultium,
2008, nnagil ndulws, 2008) way msilulfidudrunisvesdrunanlundnsusiosin
USLLANALAULIT (A1 Asnadlwlsasd, 2007, S. Sangsuk, S. Khunthon, and S. Nilpairach,
2010) N. Waijarean wagaa (2014) liAnwnislifungneulszuiileduunasesergiiun
wardanilunsdunsiziilonediues aum:ﬂauﬂﬁzmﬁé’mm’gu%émﬁaazgﬁmL%auﬁu
7l 1.78 wargnihlwuaaleidune 1 $3lus nubdusrwildannnasuasledfungney

Uszdnil 800 aarmuaaided innuulansasiign

2.4  9UIENNYITD9
2.4.1 ANSEIATIZIRLONDALUDSTIINAUVIILKA

AUV (Metakaolin) A9 NaNARNLARINNTISINILAR bUAUYIY (Kaolin)

'
a a U = (2 ¥

Mamaiias Auvrinnduiagifanududeulaeliannsmisealedfueniigamgi 500-
800 83ANLYALTYE TUAUAIUUTENTUALANINHANVRIAUVTT (K.J.D. MacKenzie, et al.

q

1985, J. Rocha, and J. Klinowski, 1990, M.L. Granizo, and M.T. Blanco, 1998, E. Badogia

nnis, et al., 2005, M.L. Granizo, et al., 2007) Iassas1avasfuv1enianulididuseidou
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Lﬁaw'1ﬂmsﬂa'aaﬂszﬂ,a@iaﬂ%aaam}Wﬂ%uiﬂiaa%ﬁasuaqawm LLazﬂﬁﬁ%mmiﬁqﬁwaaﬂmn
Tuanavsduaiunsadounduld (). Rocha et al. 1990) Auvnwniduvosdainauay
ozgiiun Millnoefutuvesianeudy ¢ uarlaoofiuduvesergliflomdu ¢ 5 uaz 6 (.
L. Provis, and J. S. J. van Deventer, 2009) J. Ambroise wazAte (1994) WUINNITLANAY
peludrunanvesdiuuidisifinanuudusadainavesdunuld JA. Kostuch uaz
ABly (1993) wudinmsiinAuy I ludrunauvesgiuuiansauSuUTsaudRvesnounsn
favann1sadsninazinasluiuey P, Duxson (2007) wuirAurrmniinuddrylunis
fapreitlonedweslumsldiuiuasiaia nuafou wazaulelanesind venaini
ounA FotuddnARS Ay Ui Sumuswias (2005) WUIMSEIALI gAML 600
psmwalla wanzdmunmawieuiurawiielinauiuiiiasslunnndsuilonediues
wniign uazUiinamesiuraiiannsolivauiudiaeslfunaafedesas 30 Taevuin
TW. Cheng waz J.P. Chiu (2003) wuinUsunadildlunisiiuiuanimndamnuduiusdenan
nsnefvesilonediued autinisnenm wavandinisnavesilowodiuesfidunziann
PEN3LMAN V. Medri Wag A. Ruffin (2012) ansnsawiendlenedwes Tngldfiuvmimil 750
psmwaldoa ioldiduiudeunaueymaves SiC wuihdanedugiuiiaveseynin Sic
unAnufizelunszuiunisnisinilenedmasaie
2.4.2 mydanszidlonadiuesainazniuniagaman

pznfunngunan Aondananaesldiainnisaquvin etuluruedivaon
azanewmanlunings aznfumaqunandaduiagelansid 8801 exgfiun iugu man
ponlas wuni@eueenles way wusniasenlen WussAusenouniaall T.W. Cheng
uag J.P. Chiu (2003) leldngn3uwman wielddunsziianilowodiued fanmsovulva
$ougs 1,100 ssreaiiea lnefidndurestunuiinnudeutosndt 350 ssmieaidoa lng
1§ usuiifiindsdagsda 79 MPa Y. Pontikes uazaty (2013) wutilassaiisoyninuos
penfuiidl Fe uay Al gd iafudusiluanAndpniredugiuinnty dsdenalvidlonediues
fdauazianazniudananiaiuudusegs ). Xie uazany (2009) wuimsdansiziile
WoAWSINAIUNANITNINNENTUINAN Linaes waz Aurnwnludadiu 3:3:1 MPa Tiaw
udaussgedia 31.6 MPa uaz Slewediesfinseulddansafuinlavemingy Pb Cu Cr
waz Ni L3ludale H. Runttia uwazamz (2016) laduasnziilonediwesainazniumanuas
Aurnien lnoduuuBouiinidadaminlessu lnelefnfizordlenediuelsiedu lafes

lopauneglulassaiasgnunuiinisuuisedlessy
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2.4.3  nsaaAIIERIlanadmesINIiNaDY
Wnany Aendananasslaainnszurunisanliirvelselnilauiuiie
Mnnswnvivesdwiu fuunaidnasstumiamlundeutuoinmadouiiosgiiun 4ann
wianeenlen waz uradenesnles Wuesrussneundnmaadl adaia 91351 wag Uswa

JuMUTEIEsg (2005) wulinassanlssliiwinnzausaldduasizidlonediwes lagld

LAY 15 AL 1UNDFNATILYIILONDALDI LA UNNDUNNINBILALNAZDUNISITULIION

9 Y

(%
v v v o

[ 1 Qll U Al a o‘d‘ Y | [ 6 o 1 v v
NA9INULT 28 Tu wundlenediuesiladalnaansmasiunssonnsusldaunsald vula
TUauiis 95 wngUraa1a A. Bhowmick Wag S. Ghosh (2012) Anwndauusaneg Nilkase
auiRvesdlonediuesimssuaniiiasslsawan iy nuitnisusuesruseneuvesdngdiy
WWnaeuRenIy Fanmelifsneanlyn waztinoliiasy giilvdlenedmesinisinasg
winziun1slda uaznundadiunlvdlonediuesinnnuudusgs fAedadiuszninad

1 I [ 1 aa 1 a & < [ 1 1 901 1 4 1
apgsianselu 2 dndruddnelafvueenlunidu 1.5 wardadiuseninuiseiinassey
5¥9319 0.37 19 0.40 H.Y. Leong (2016) Wuandlenedimesinanainianassunassnsiindian

[ 1

f&e¥uusedn 55 wnglaaia sanindlenediwefindnainiiiassuvasunanalaudiiaf
A FULSITAZIDT 62 luNzUanIa WAZHATDIAIILLANAIIVINNUNITNTEAILMIVEIBUNTA
paAUsENOUNILAN audAniegusie wazdgninedugiu dnadeA1inaasunsedn
S. Onutai LazAmy (2016) laduasizrdlowedmesainidiasslnaldlulasiandiniu

Y v

p¥adou wuiilasaadefidisnguvasilenodimossiintulfidold mmduduveslndenls
nsonludgs uazldsuauieuarnimeululasinitldridsla 850 Yad edunelainnisd
Juruitlefeulansonladfarudutugieldsugnmglifistuesnesiui awvlfAmiuse
avgiiluadinnludlonadiueslaluiian 1 uri N. Ranjbar wazany (2016) loAnwdlened
wesnananiiiass wuimsislulasafalvluestieinunauanisalunBemgulay
ANuwmilevesIleneiiues
24.4 msdapsziidlanedimaianiandug

Z. Chen wagAtiy (2016) wuintiddldanmsnezanusadansigiiu
Nonedweiormadrldlasfianunuiniudn Msiesgilassaiisouniauansin
AeufAsenilenedwelswtulasnisnszdudiedanila wasnuigaiandniiinty
Usznaumglaifey avaiiun waz F8n1 M. Cyr, R. Idir uag T. Poinot (2012) WuiniA¥In
wiannsadnldduingivlunisndnilenedweslalaglidnduseddasazanelafenda
inelugiumas M. Kyncl (2008) Iednwasdululdlunsiiaznouergiiuiuazinan s

nnsiuadnazaant1ny TUlgg Tunszuiun1sinTnun NSNARTIUG LAZNISINEAS
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wudnuenandseleguainnisiinunyneuldldaunas SwivanUsuiuveddsuasyae
Untlosdawandanldsne N.U. Amin uazanz (2016) wui3lenedwesaunsadainsizian
vinyIuges wavAuv1ila tagldriideiunsednasgn 2,487 PSI (17.1 MPa) dleld
dasndu iimiingudesseduun 36 de 64 Anifisumindusasdudanidosraiiui 2.5
J. He wazmuy (2013) nuin3lonediuesaulsadaunsngvilaainisadauazidnay Anmw
LTSS AIANAIUUTRTARRBNISETU warAumleIvesTlenedwesasuysiuny
Snsnddunaudeisadn matnfiuuiuasfinamdsiuusedauagaauanguusasyin
Tanuudetanas TA. Kua wazans (2016) wuiininnundiduvesdeainnissenium
annsonaNiungnIumaAnLaziiaesLazanansaiUi e fuamsarae v Touanledeud
ananazlafoylansenlomduilanefiwesils Inenisuauninniwniunensumanlvaud®

PRNINASHANNULD1ADE



uni 3

VeRLarITNITNAGDY

A5 HUNTISIAY

3.1 aunsaln1vmaaag

A A 5 =l = ) | a ¢ Y]
Lﬂi@ﬂﬂi@LLa3QUﬂ3MWImUﬂW3LW§8NW’J@87Q N1FIATIER LLASNIINAFDU @QLL?'WQGLU

AN5197 3.1

M15197 3.1 uansaunsalnldlunismaaas

aunsal KHEn WUU/U
X-ray fluorescence (XRF) Horiba XGT-5200
X-ray diffractometer (XRD) Bruker D2
Scanning electron microscope (SEM) Joel JSM-6010LV
lon sputtering device Joel JFC-1110E
Laser particle size analyzer (LPA) Horiba LA-950V2
Differential thermal analyzer (DTA) Perkin Elmer DTA7
Uniaxial press Carver 2702
Drying oven Binder ED240
Laboratory test sieve Retsch # 325 MESH
Precision wafering diamond saw Buehler ISOMET 1000
Furnace Nabertherm LH 30/13
Gilmore needle ASTM C266 Humboldt H-3150

o

3.2 Jaquazdisiall

o

9

Januwara1s.eLN L luN1SNAaDILEAIUAISI9N 3.2
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M13197 3.2 wanedanuazansiaiinldlunisveaag

YeauazaIILAY BWER UM / 1IN
Sodium hydroxide Merck ACS, Reag. Ph Eur
Sodium silicate Merck Extra pure
solution
Water treatment Tswanthunaau nsUssluaswans -
sludge
Rice husk ash Yong-sa-nguan rice mill Co.,ltd. -

3.2.1 lafeulansenludviiadia (Sodium hydroxide pellets)
lgiieulansonloduiiodn ansinll NaOH 1dnsa ACS, Reag. Ph Eur vlu
TnReulensonludiifiauuiavitiosnimdoniiusosar 100 Tnstwiin uievundnie
Potassium laiAngesay 0.02 Tnevimiin (Toyaanusum Merck & Co., Inc.)
3.2.2 laneudainnuiingisazane (Sodium silicate solution)
lyieugainnvilnaisazaty gasiail Na,Sio; asAusenaunandsenaumie
TeRgueenles Na,0 7.5-8.5 Tnatmin @801 (Si0,) fosay 27.0 Tnetmin wazdh (H,0)

Jeway 65.0 lagumtin (Toyaann US¥M Merck & Co., Inc.)

3.3 AN9VNLLUUNTIINNADN
331 MINeasInaud 1

Wumsmeasinsdaasizidlenedwesainfunzneudssuilnednwaniiy
Ffnaneaudhivesilonedwes laua anmemswinralstfunznoulssdn anududuves
a1savaeleifeulaasenlen onsrdrulaineudainaselanedlansenlan onsidiunadiu
aznoulszUisoasazate dawdnisgazBealunised 3.3 wasinssvunaniizlunis
NPana fal

1) ANSNAARIANIILIUNITLHILAR Y ANNUALTAINULTUTUVD
a1savaeluiisulansenlemdy 10 1uans snsrd@uleifeuddinanelaneulansenlan
1.5 Tnedmiin nsidrunsiunzneulsziursdeansazareidu 1.0 Tagtmidn wazy
Funuilgamgiives

2) NMsNARaRIANUNTUYBIEnsaranalanedlansanlen Aruald W

wAalsuAunznauUsEUl 600 perwaLTed WU 4 97lu9 onsiarulaReudainmselunauls
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asenlaridu 1.5 Tnedmin snsrdunsiunzneulssuireansavarodu 1.0 Tnodmin
wazUnFunuitgumgivies

3) nsneaesenTd@lReNdaInanelaedlansenlan Auuali W
wealetiunzneulszln 600 ssmwalded Uiy 4 $alus it uvesansazanslaioule
asonlefidu 10 Tuand snsdrunsiunzneulszuideansazatay 1.0 Tnovwin wasdy
Funuilgamgiives

4) NINARDITATIAIUNIAUNZNEUUSTUIRBAITAZANY AMRUALAKILAR
Tetiunznauuszin 600 ssrwaed uiy 4 Halus anududuvesansazatslnioulons
anladilu 10 Tuand snsrarulaioudainaseluieulensenlasilu 1.5 Tngthwn wazdy

Fuaungumgivios

A15199 3.3 LaAIAUSIUNISNAABIRaUN 1

WTS calcination NaOH Na,SiO; to NaOH | WTS to Solution
concentration (M) ratio ratio
500 °C 600 °C
- 2 Falag 5 0.5 0.8
a4lue | 44l 10 1.0 1.0
6 Falua | 6l 15 15 1.2
8 4l 20

3.3.2  N1SYNABINIUN 2

< ~ a % & v a \ = a ¢ A

Wunisnaasaienusunaniwnauidusiuludiunaunsdlonediuasiie
USulgsaudivesdlenediuesidunsisnaniunznou wazfinwinavesgungiilunisuy
' a & o a Ql' al o [ QQIJ
AaNodUDs AILanIS18aLLR8AlEN1S197 3.4 wWaTdNISAINUAAN1ILIUNITNABDI FITRNN
wAalrUAUAZNaUUSEUY 600 B9 LTATIE WU 2 TAkUe ANULTUYeYaIsaranelameuls
asonteaidu 10 Tuas dnsrdrulaifoudainasolaneulansonlemidu 1.5 1ne

Pnin gnsdunsfunznaulszUseasazateidu 1.0 Taguindn
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A15199 3.4 LEAIRLUSTIUNITNAABINBUN 2

RHA content (%) Curing temperature ( °C)
0 Qaunilviad
15 60
30
40
50

3.4  35015VAa0D9

Tuauided ﬂ?ll’]iﬂLLﬁﬂQgUﬁU@@ULLaSa%ﬂ’ﬁ‘ﬂﬁaaﬂ ﬁﬂLLﬁ@ﬂIUEUﬁ 3.1

)
auaznoullszi NaOH 1Inau

j ( ?ﬂiag’dTEJNazSiO3 1

DUUWI 100 °C 24 %11, v
t WauaIsazaly }%
J
‘ PUAITAZAG 24 ¥, ’
AAVUIA #325 Mesh

WAL lowoawes M AAVUIA #325 Mesh ]

v

P
suusﬂﬂfmm ’

y
VUFUITU

2 ~ a 4
‘ yuaul lonoaes ]

v

y
‘ NATDUBUIIU

a 4
WnsIzvinazagll

AHAN1TNADDY

’EU 31 LLﬁﬂﬂ%UWBULLavﬁﬁﬂﬂﬁwﬂaaﬂ
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JURBUNNTNAADINALITNITNAaRIas U IRITasalul
3.4.1 n1swTeUNIRlanedwasanfunznaulseun
1) funznauyseU1nlaunnlsaNanunUseUIunnIn n1sUsEUIuAS
2 v a A a8 Yy aaa & X a an v % 2 = '
w3 Wufeufuiiniun1sIaumeIsiawmesinga edaunladeutauwllgngssanuuin

PELATEIUA IATUUIALANIIERDNITANILAZAZATLN

2 Audildaggninludunaniuin drednsdiutuden 0.8-1.2 Tag
vt dudune 6-12 dalug

3) NIOMNAUKUAZUATY #325 Mesh Wleusnnansenazdunieing
paNINNAL

4) auﬁwﬁué’ammauﬁqmwgﬁ 100 eaALgalYed WU 12
Flusauuiiaaiin

5) unRuLsmelnsslnih answnuiiotludnvun

6) ARTUINAUAILATUATI #325 Mesh

7 wnAaleuaungneuUsesuinieal1usan 500 way 600 81

wasted Laeluianlunisminy 2-8 9alug

3.4.2 NISHTUUNIALAUTANIAINLALNAY

1) Bdunauludnsdetnazenn iedrwenunauiu Ay Ay ua A9
Um‘ﬁauﬁlm

2 vssgdunauiidraudaldlu Ball mil uatisld 6 $alus oanuunn

3) ARTUIALILNAUMIBASILATY # 325 Mesh

4) amﬁmﬂauﬁ’mmauﬁqmmﬁ 100 aerlgawdod uudsyuie 12

1319 ULIAIETN
3.4.3 nswssNdIsTaralgdanilal

a1sazangdanlauildvinugizenlunisdunsgiilonedues Avansazaiy

'
a

Awseulaannnisuanaisavarslaifeulansenlan (NaOH) way laReudans (Na,Sios) &

1% v
[

JUNDUNTLATIUAIT

1) 11 NaOH aiiaudialniunaufuinnduiisld 15-30 undl wn3eulsd
Anududuseg dieil 5 10 15 uay 20 Tuans

2) 1na1sazaney NaOH lUniunauiua1sazane Na,SiO; u1u 30 U1l
TudnsndIu Na,Sios : NaOH 1 0.5 1.0 uag 1.5 Taeimiin

3) Unansazareal) 24 $7lus nautnluldau
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344  mstuguaznsuailewsdiues

1) naunadlanedtuesineldfunrnoulssunasidtwnausJu
dunan Tnednimtingoesededinnsedniifiruazidon 0.001 ndu Tnedaimdn 140-
150 n¥uste 1 fegns IRiUSINaudunauludunaudosas 0 15 30 40 way 50 Inethuin

2) winsSlenedwesadlulnssdmsununauans thansazanefindeuls
ynwanfunailenedwed munanliiluieieaiu Inslddndiunsilonediuadse
ansavanesanilad 0.8 1.0 way 1.2 Tnesimiin

3) %ugﬂ%umuiwamiLauﬁaumauaﬂuLL‘UUMa'aQﬂmwiﬁsuum
50x50x50 FIAALIAT ANLATFIL ASTM C109/C109M (2012) Fegudi 3.2

9 3owodwesiuzuudrazgninluvuil gungives uaz/vie 60

= < [y =) [y U = Y
DIANLYALTYE LUUIAN 7 U LAY/YTD 28 U LL@%‘UU‘WﬂL’Jﬁﬂ‘Uﬂ’]iﬂE}@?

gﬂﬁ 3.2 h@ns Cubic molds 50x50 mm. U%ﬁmgwﬁm Reco ‘:j‘u C-010.

3.5  ASNAEUENUR

funznaulszUn BuNaU wazdunuIlowedles LNNAADUANYTLALAMANTR
#199) il

1) N1TATILIVUINRATNITNTLANAIVBIBYNIA VIAURZNaUUTEUT Uag L0
wnau lnenisuadeunluwaila Laser particle size analysis (LPA)

2) nsasunlandsninudeurssiungnaulssuisiomaia Differential

Thermal Analysis (DTA)
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3) narlunisnedvesilenadwesingldfaduasiafad nuu1nsgIu ASTM

C266 (2013)

a) MsiAsEtanemaila X-Ray Fluorescence (XRF)

5) MTIATIEIAUTENBUNILALAEWATA X-Ray Diffraction (XRD)

6)  mMyleTzdinyazIUTNeunIalagnsanegUmendesganssmidiannseu
WUUEBINTIA Scanning electron microscope (SEM)

7) NMINAFBUANULTILTIVBIIlonadiues 1ngn1sNAaDUAIRIAITULTIOAAIYN
11MT91U ASTM C109/C109M (2012)

8) NSNAGDUAILMUILUUYD IR loNORILDS

3.5.1 mﬁmmzﬁwmLtaznﬂsnﬁzmaﬁwmaqmﬂ
NMSMIVUIALALNNTNTLANYIUNIAVBIHIAIDENE BIAENANANTNTEIIUAY

AMAeULYRILal agldideu-toauawasidunnasnidaua

wa3osile : Laser scattering particle size distribution analyzer (LPA) 4
wandluguil 3.3
HHER : HORIBA
U LA-950V2

sl

g‘dﬁl 3.3 UAANLASY Laser scattering particle size distribution analyzer (LPA)

FBM1snedau
1) wssuneiegelagduUsua 1 nsy
2) WWunasiegaslulutasdnwazilaunsw el uAI e

3) AuANNINAFRULAgABNINeS
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4) JUiinuan1snnasd walrtnluimsieisall
3.5.2  n1saAseinsilasunlaadeninusau
ANFIATIZNAENISURLULUANTIANUSDUVDINIAURENBUUSEUN TR fe
[ d‘ U 1 d{l 2] ¥ 1 d'tv YN 1
wann1s Malasawdaimanavesiegiaiialasunusou Anialafed1n1snauazag
Y] ~ a @ '
NAIULNDLURYULUAIN N EVDIRIBENY
\Asesile : Differential thermal analyzer (DTA) ﬁﬂLLaﬂﬂugﬂﬁ 3.4
@Nﬁm - Perkin Elmer

U : DTAY

ool

=N

-
=]
| B o) i

gﬂﬁ 3.4 uAALAIEY Differential thermal analyzer (DTA)

WNINAERY

1) wissuRadIeEelagduUTIM 1 NSy

2) WBursiogsaslulusedldnsiognsnelunes

3 esvRunsnageulagivuagaumgilummegeulutig 25 fe 1,190

DIANLYALTYE LAZORTINITIAAIUSOU 10 DIANTALYEAFHDUT
4) JuiinnanIsnaaswatluinsevaaly

3.5.3  N1NAEULIATlUN1SNBA2

nsnegeunattunsnefvesilonadiues nefasuosinfad nuuInsgI

1
a o

ASTM €266 (2013) Windmsuianatiunisisunedmiumin 113.4 3y durugudnalaniy

Y

2.12 §adwuns waziludnnaduganisnadiiuivin 453.6 nfu tdurugudnans 1.06
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fiadiuns Wnenanlunisnediszgniuiindevasluiasliaun sanaduaulnlusesdy

2unaula
IWNsnRaey
1) SaAanlunisiSunesh snduleSunesdu
2) Yhgununsasiwiuang
3) Muduasuuiatunuukaylaesile
4) Tuiinnandieduldanunsanafatunuliidusesfiunanld
5) i’mmnaﬂumi?:uquiaﬁa amsﬁuﬁjﬁuqmaﬁﬁu yhanded 2-a
6) Juiinuan1snease waniluimsizvsely

3.5.4  n153ATIERUsENaUNNLAY
a ¢ s a 9 Y Ao o g w
N153ATIERsAYTENaUNINALl ordundnnisnSeddndlunseny Vil
faghainnsUdeslineu NANUE1IRFURNIEAIVRITINkAALYTN
\A30sdle : X-ray fluorescence (XRF) fauansluguil 3.5

ANER : HORIBA

qU 1 XGT-5200
o
g
He 1
— . ~
i
] L .

'gﬂﬁ 3.5 WAAAATON X-ray fluorescence (XRF)

WNINAFRY

1) duesiegsastugunsallansdiaagna (Sample holder) Tifiugas
2 theunsalldussnegndldidninnduiaies XrF

3 euRuNsYRdeUlnuARNNIMES

4) Juiinnan1sneasd et ludwsizvisell
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3.5.5 n15ATIzviaeRdsEnaunand
MIIATITYRIRUTENRUM NG DIRENANANSANTIREIUNVRISIASNG (X-ray
diffraction, XRD) Iaassdidndiinnsideauuilonsgnudundn n1sideaiuulugiagunn

n3gnu lugliuuaneimvasaswiazyin

a

\A384ile : X-ray diffractometer (XRD) ﬁ’QLLaQQTugUﬁ 3.6

€

Wa# : BRUKER

oall.  @3°

U:D2

E‘U‘ﬁl 3.6 WAAAATON X-ray diffractometer (XRD)

WNINAEeU

1) Wurasegnaslugevinavesgunsallansiegslifintes

2 ldudunszannarasrsimagislugunsalldiegidliuiuiasisey

3) - hgunsalldfednalszneudiyandarihidiaiewm i

9 hasiendesduizneumana laslissazdenanneildluns
mmaauéﬁ’aﬁ Generator tension=30 KV, Generator current=10 mA, Start angle = 5 degree,
End angle = 80 degree, Time per step = 0.2 s, Step size = 0.01 degree

3.5.6 N1TAATIEVANYAEIUIIN

NIATIERaNvaEUTe ilaensaien niiendesgansiaudiannseu

LUUABINTIA (Scanning electron microscope, SEM) fawanslunindt 3.7 ngorfundnnis

¥
v A a

BUAUNURIVOITUIL BiannsouasTioudItinBiannsounfugii

o a

Uaesdrdannsouliay

¥

a

i
o & o L= o a o &
Q%QﬂUWQJWLLUa\?LUU wny?mLLﬁﬂﬂiu%aﬂWWLLﬁ%ﬁ"lll’]ﬁﬂ‘UUV]ﬂLLﬁ%uquU’JLﬂiﬂgﬁlﬂ NUNIVD
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9
v
a

Y] v a & o My A ad a g v & = v ° &
9 Qgﬁquqiﬂﬁg‘ﬂauaLaﬂ@s@umqg\l‘waﬂﬂqiu'lﬂLN@NWUN?L‘UUIWVW PNUUWRNBINTINTITRIUNU
Rk

Numensesmulessulany (lon sputtering device) fauanslusi 3.8

w3sdle : NdeIganssAIBIANATOULUUABINT A

%mﬁm : Joel
3

U : JSM-6010LV

gﬂﬁ 3.7 LARNASDY Scanning electron microscope (SEM)

A = A
LAY Lﬂﬁ@qaqU\l@@@u‘La‘mg
ANER : Joel

U4 : JFC-1110E

g‘Uﬁ 3.8 L@AILATOY lon sputtering device
WBNsnaaay

1) W3gUAIg19RnNa U TALATUIAUSEUI 5 X 5 LURLUAT Lagwin

FUNUUANURINADINTIATIEN wazwSaumla819rdang 1nelseaauunuA1sUsULaLLAE
Tinsduiuvgaeeaniy
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2) thetslundsiuviudatunulaglfimuasueuinsewinaduay
AUl

3) muﬁa%umuﬁwmém lon sputtering device

4) thiunuiauld Wdiedes SEM

5) AIUANNINAFRULALABNTIADS

6) Juiinuan1snease warthluimsizvsely

3.5.7 N15INNIAI5UKSTIONVDITUIU
ASNAFDUAMULTILTIVBIRaNALNDT LAsNAaDUAIEITULIISAUDIT U

AIUNINTFIU ASTM C109/C109M (2012)

A/NINAFOU
1) W3eUASes Uniaxial press Tnaeseiunsunaunas kel
JeaeRnUUTENNN 10 [WURLLAS
2) T3 unudeInsnaEoUrg UL SIS DN RURLEN D
AREEEER
3) Sntuauegnad Jl S unsdaTiiutuuna
9 ifetuauuen Widuiindrihdssuusssngegaiisnld
5) UM UL SameaunNsT 3.1
o oW o P
MassuLsen = - (3.1)

5o P uag A e Ardsiunsedn Ausengean uaz fufisunssvestunuluming audd
3.5.8  N1INATIUAMNNUILUY

NSNAFBUAIUVUILUUYBIFIDENN FLANLUNNTNAFDUANNINTFIU ASTM
C373-88 (1994)

W/NINAFBUANUAU LY

1) Fuerdlenedwesfinunisunluoulugeuldauiu gumgd 100
prnwalded uiu 12 Halus wdrdehludaimtnuds (W)

2 hdunussdluhnduiifiensuuindu o udnilidlunsiogn
A% (Desiccator) Tngliivhutununasaia fmﬂﬁ?uslf?j'm'%'m@quigggﬁmmﬁaldmm
aoonantusmiduig 1 9l

3) eneg1eluten 2 Wvihnstaminweiuasslu (We)



a1
4 degiluden 2 ludamdndudaludy (Ws) ngldringuinnlv
NUALANTAUNAIULAUARIDDN kAITIVINN1TTIUIMTN 91ntutnaflaluAiulneA1IAg
ALY
5) NSATLINMIANUNUILU LA USUUFNTUYD 0819 98aUN 15T

3.2 Ay 3.3 M1Ua19u

| WDX p(
AUNRUILUY = (3.2)

Ws_Wss

a WSX WD
USUIUINTU = x 100 (3.3)

Ws - Wss
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NaN1SNAasIkazanUsIgna

a

4.1  wNanN1sIASITRRIAUSENaUNIBALivasRunznaudssUazIAwNAaY

a [ ]

aa I3 s aa o v 9y & v 1Y)
PANLAT DY llu’]LUU@QﬂUiSﬂ@‘U‘WW\TLﬂﬂJ‘Vla']ﬂﬁy}ﬁ']‘ﬂi‘UIGULﬂuaqﬁﬁmmu&LUﬂ'ﬁ‘W@Nuq

Y

Jutagilonediuas 910015797 4.1 wanswan1sAinwasnusznaunisaiivesiunsnou

.1

Uizmu,azLi’f’nmauﬁwL%ﬂ%LséwQaaLiamuﬁ (X-ray fluorescence, XRF) HANITVIAADILLEARS

aaa

TiiuAusgneulssddanuarezgliundussdusznounantulsunuiosas 58.99 uay

=

24.64 Tpgu1uiln auaidu avlnatAgedunnuluigiasy (C. Suksiripattanapong, et al.,
2015) WeRasaidisuifisuiuesAalsznouniaaiiveshiulalodu (Kaolin) wuinfungnou
UsgUdvsinagdnuazevafiunlulSunadilndifesiviualedu wansliiiuindungnou

UszUduimgauianunsadmildduasemduianilenedweslidudeiuiunledu

4

QU a

nsUTulssaudivesiloneduwesinunisiiinensidiudineuseergiiuumunzaud
awliianniaan 1 duesdusznoundn nan1sfinuesnusznaunIaaiued WWILNauaINAITIe
= Y & 1w G U a av A a < s iAaa [ s
7 4.1 wandbviviuinawnauduingiuilidesgiunlussdusenou uadddnuduasd
Usgneunantuluagsisiosas 89.17 lnemntdn nadnanaliiiuitaunsaldddnudu
rgAuiieliuTudnsdudaneudesvaiiviluy BednTdudinandwalaenswaaudfvesd

TowaAlues wu narlumsned wazanuudusswasianilenedwes Wudu

] a ¢ ¢ = v  a & ¢ ¢ ¢
M990 4.1 LLZWNNaﬂ"li’JLﬂi']%'i/ii’]\‘lﬂﬂ’igﬂBUVI'NLﬂSHJ'eN'JGIQﬂUIﬂEJLaﬂ%LiﬂW@J@aLiﬂL‘Iﬁu@l

Ay sdUsznaumaadl (Fovazlagvimiin)

ALO, | SiOs | K0 | Na,© | Ca0 | MeO | Fe,0, | TiO, | Etc.
AuLalodu* 33.08 | 5891 | 2.02 | 352 | 0.12 | 1.03 | 0.68 | 0.62 | 0.02
fupznaudseUn | 24.64 | 58.99 | 1.54 | 4.08 | 0.69 | 1.14 | 6.63 | 0.88 | 1.41
WNay 0.00 | 89.17 | 112 | 7.29 | 0.61 | 1.22 | 0.41 | 0.03 | 0.15

*fedRualodn 91NV Sigma-Aldrich



43

4.2  wansAnEIENUALBNAINTaUTasAUnENauYTEUn
N1TIATIENAIUTOUTIDYRUS (Differential thermal analysis, DTA) vasfiunnau
Usghwandliiudanisuasuudadasiaiwesiunznoutszun a drsgamaiing 4 e
Wisuifsusuiualeduudinudt Snuarnaivdsuuladasaisvesiuiaesidnve
Ademdafufauandlusuil 4.1 Inevsgumgiififinnudifyfetasitinujisedlanstu
(Dehydration) 1eRuiAnnsgaydetiilulassadne (Chemical combined water) 2gsil#
Tassadsfufanisasundasanlassadraaloduludluiduungialedu (Metakaolin)
daalinuaissveslassaiisiuanaswnunzaudonisiinu)isendlonefiuesiswdu 49
gangifidanalvdunznoudszUninnsiasunvasdand1ifotaa 500 89 600 oae
warea lusazfinualeduaziinniaasuntaduriiseungd 525 s 675 ssrwaidoa

[
[V RY)

iUl UN1INAaINT A NBUNA DN LT LUNISIHIAUAENaUUSEUIN 500 hag 600 DIAN

9 Y

AL d

Water treatment sludge

Kaolin

Temperature difference (UC)

T I I MU ) NU S S E ISR B
0 200 400 600 .. 800 1000 1200

Temperature ( C)

PN a ¢ a % a a I a a a
E‘U‘V] 4.1 ﬂi’]WLLﬁWQNaﬂqijLﬁquﬁLsﬁﬁﬂqulﬁ@‘UL’UiﬁlULV]EJU531/]'3']@@'1«!LﬁiaaULLagﬂumgﬂ@u

UsU1AI8iAT09ATIENANTOUTIOYILS

4.3 MINTEYVUINDUNIAVIIRIAUNZNUUTEU AL UNAY
mamsi’ﬂmiﬂizmmmmaqmmaaﬁumﬂauﬂszmLLazLﬁwLmaué}"s&JLﬂ%ﬁmmm

aunA (Particle size analyzer) LLamﬂu'gUﬁ 4.2 WUIIN1INITALIUIAVDIOUNIARUAZNBY

UszUazinwnaviialndifeaiuy SummLé’umu@uéﬂmqLaﬁamaaﬁumﬂauﬂszm Lay

LLNAUTAMINAU 13.20 kaz 13.70 TUlASIUAS ANUAINU AIENISIYRZLATIAAYUINTLYINAY
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lunswleningdvu dwalinisnszatsruineyniavesiungnaulseukasionauivuini
IndiAeeiu dnwazdinanuanddiiiuii lunsveassdeuduiusszninwuneuniauas
nsinufisendlenediwesisduanunsadneeniile Ugisedlenedweslswtunintiuae

v v fw

wiusivanRvesingaukazanglunsduaseiviniu

10 F7 T T TTTT T T T TTTTT T TTTT T T TTTTTT

— WTS
wreeeanees RHA

Volume (%)

)
T

0 Lt L N A, R L
0.1 1 10 100 1000

Particle size (nm})

JUT 4.2 UanIn13NIEANLIUINBUNIATDINIAURENaUUTEUY (WTS) Uagianinau (RHA)

4.4  wanFAATIRVIIAUTENIUNIWEYRsRUAZNUUSTU LAz WG
n1531As1sseafUsTnauUNIGNadIsIAse RS ngLs oAU salaflines (X-ray
diffractometer, XRD) 915U7 4.3 uanslifiuinfunzneutszsenoulumeusnend
(Quartz, SIO,) wazusdalalin (Muscovite, KALSi;O10(OH),) kaanNanI1snaasslidanunse
nsranuiintowusielodlud sedenadianvmnanusialodludiivsiueglufungnouussnd
yuneymAldninlusERuAsaases Jsvilvliaunsansianuieinieadnesdanusisals
fiwes odndlsinuainuanFimsIsinuseudeyiusuanmangIuNsTogvadusinled
ludlufumzneutszdn (Faedurglute 4.2) Wesnujisedlewnsiuivasgungi 525

= < o ] a ¢ ) Aaa ‘:l' ] ¢
03 675 LﬂuaﬂwmzLam%mLLiLﬁI@ﬁlU@ SUEUSVILQ'WLLﬂaUﬂJsﬁ'aﬂ']V]EJ'EJSLUEUGUENLLﬁﬂ'ﬁ@W%LLagﬂ

Y

salaunlad (Cristobalite, Si0,) WusaAUsenaunan
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JUT 4.3 uansguuuumsidenuuresisdiand (XRD pattern) veansAunznaulssUl (WTS)
waztoknau (RHA) Tag C, M way Q wanssavansasalaunlad dalalid way

ADNY MUAIRU

4.5 nsaATzanegUssvasiunznaulssULazidLnay
N5ATelaseasegania (Microstructure) vesfiunznaulszluazitLnausnley
N&9I9aNsIAUBLANATBULUUEDINTIA (Scanning electron microscopy, SEM) LLﬁﬂﬂiugﬂ‘ﬁl
4.4 ngUuansliiiuiiivuneymaveshiung newlsyasiunauivunalndifsafuds
aonadasiunanisnaassildedumdliluide 4.3 Wedeseifadnunzsuine nuimedy
nzneulszUnazinunaviisusreiliiasinane (regular shape) Farnuliasiiauevos

suTsilliidanasioaudivesdlonediues (E. Nimwinya, et al., 2016)

1 8
B *

JUT 4.4 uansguanesenulaniaved (a) nafungnauUseUn wae (b) NLIWNAUIINNGDS

Y Y

aNIIAUBIANATOULUUERINTIA

9
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4.6  WAvRIAN1IENTHILAR LY URUAznauUsEURRaNURvaRlanwadiles

lumsfnwinavesanizmsiiunaletdfungneulssreautivesdlonediwes 1o
muANFuUsBuTTnadeautRvesilonedmeslrnsilasmuuannuitutureslufondaing
7l 10 land muausadlafendainaseludeslensenladil 1.5 amugusnTEIUNIAL
pznaulsyUremsavansil 1.0 wagyniegnagnuafigaumniivies iunan 7 fu

MnnsnaResUIINSLealsiAuRgneul T U g ifigatuuarldiaaly
nswuaaleiiuutuardanalildsdalninivantuduanddusud 4.5 uagainnis
naaomuINsiELAaleRunzneuUsznd 600 ssmwaidea Tiidslnihganitnisian
wealeii 500 psmiwaLdoa Ineldmadliiiiiutusesay 30 e 33

913U 4.6 uanamavesanzNsLAallAunzneul s Ide AT uLT IS aTesd
Towedwed wuimswnuaaledfunzneulszndl 600 esrwaldoa w4 $2lug vilwle
Funuilonediwe i dsuusidnganinarldszornalumamuasledfisniininms
wwAaleifigamgil 500 ssrwailea wiu 8 $alus Tuvaildndanulunsimuaaledilsl
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waalaiiinnnwe awhliAuAnUiisedlawsiu dwaliAnnsudsuwlamdasaiiees
Auanelodlusivdeuliiduunsialeduldauysaiunidu egralsfinunismuealesin
pzneulszUnionmgll 600 esmwaldea Wua 4 uas 6 alus axlvidlenediesfifiinds
SunssdalndiAssty WesnAunznoulssuiaeaianisiudsuulamlassaiieldly
swiuiilaunneeiu mawuealeifuwiuluiafunsiudemdanulaeasslon]
wandliiuinanneiungailunswiunalsdiunznoulszurenanuaalediigamnd
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JUN 4.6 uansAnmassuwsednvesilonaduasiliamunalaufunznaulszunngamgiivag

Y

LAY

'
a

sUN

Y

lanedwes Waigamiiuaziaaitunisiiiiaalennungnowdse Ul nuingduauiloned

4.7 wananaresannelunsnkAa lwdaunenaulseUnea lunsnafIved

wasldnalunsneduiivdy Insdieingamgdlumsiniuaaleiain 500 s wadeadu
600 aerLaATEE rdwralriiarlunisnesivesdlenefiuesiiuduiavay 53 4 57 dnwae
manaaainlunanndndiuvennaunzialoduiiinguloiivg amgiuagiiailunig
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T T T T

600°C O Initial setting
O Final setting
500°C  ® Initial setting
® Final setting

Setting time (hour)

o o ] "
]

0.0 1 1 Il L
2 4 6 8
Calcination time (hour)

JUN 4.7 uansalunisnedivesdlenadwesilowuaaluifiungnaulseungaumgiuas

LIAIM9NU

PNWANMINAFBINUINganglikazalunsuealedfungnauseU lldinase
N13AIVANAILULUUTDILONORLUDS ﬁQLLamiugUﬂ' 4.8 LAYANNSNARBINUIITUILT
Iawaamai‘ﬁ'é’ﬂmeﬁmﬂaumﬂauﬂszmﬁmﬁwmLLﬂuﬁﬁﬁﬂdwgu%Lmuﬁﬁalﬂﬁﬁmqa
fl4 3.15 nSuslegnuiAilauRiuns (ASTM C138/C138M, 2013a) iosarnvdsmsiiauiizen
%T,a‘waéLmalilfziﬁff’uLLé’a%Lﬁmgwqusﬁuma’tu%mm (P. Duxson, et al., 2007, V. Saraswathy,
and H. Song, 2007, P. Rovnanik, 2010, I. Balczar, et al., 2015, M.L. Gualtieri,

Y

et al,, 2016) dualiia loNoABSNAULATILIATAIUNULULAT Yinlra lanwediuasiiuimin

o

AU TAunuBdutesnIUasalauATUAUSEINA 3 W1 Fudutefdnsunisuanian

q

1ALUNEMSUNUNDES (E. Nimwinya, et al., 2016)
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47 WavdIAl1utTuduvasdansazatelgfeulansonlanfaauldfiveg

= a -4

AlowoaLues
Tuns@nwinavesmnuuduresasazansloisulansanlannaauifvesdlonad

wos lnuaudiwlsduninadeaudiivesilanediwesliniilneniuauniskiiea s

menaulsyU1i 600 aarwaldua Wil 4 9Ilue muANdnsdlnReuTanaselyelans

'
1 )

anlea 1.5 AIUANBATIEINNIAUAENaUUIEU saaTazaneN 1.0 WAz YNAIREINYNUNT
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[ LY
QmWﬂN‘VIBQLUuL’Ja’] 73U

Y

N3UN 4.9 uwanspnuduiusseninanududuvesasavansludeulansenlaiiu

o v w [

Maefuusednvasilonadiues ngunuanududuvesasaraelafelansonlednuin

a (Y]

TudawalvdlenadiuesndunsgrianaungnaulssUdnaesunsedngdu Wewinnsld
ansavanelafeulansenledninududugagdmalitunounsuandivesinghvevaiilud
dinaduloseuvetezglifiounasddnoudinlianysaliiniu Masiulsdnganvesiloned
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ANMUFUNUSTEUINPNUTLTUYRIasazansluheulansenlennaiatlun1snas
vasdlanediues wandlugun 4.10 narlunisnedivesdlenediwesiivuilunduaaiiold

a1sazalafsulansenlennlnnududuiinty Weos ANt luretansavane gy

£%
=

denalvinszuiunisuandivesingiuilulossuvasezgiifienwasddnowialaliauniu
(USeyeyn Jumuseiasy uazae 2005) wagyibndusunaleosuvedlaieudinninilunig

\Wewrelosouvatevgiiouwar@inouiiuuiniu dwaliujisedlenedwelswduiala

al

TN wagvihliinailunsnedivesdlenedwesanas atlunisnefimsifigavesd

TowaduasAa 52 U WisldAnuudy 10 wag 15 luas
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JUT 4.10 wanaanlunisnesivesilonedweinduasieilaenisidlaneulansonlenid

AU TUAITU

'
a

FUN

Y

vosFlenediued angunuinlleldmsaraelafsulansonleaniaududusiieiulidma

4.11 WAAINAYDIANUIUTUYBIANTATaNslULAsUlansonlanABAINUAUILLY
AOANUNUILUUYDITLONDALUDS AIUNUILUUYDIALDNDRLUDSNFIATIZNIINAUAL N DU
Uszundanaglugie 1.07 89 1.27 nFusegnuiAilaufiuns 8991n31A1AUMUILILYeY
Fuuavasakauanianuruiwiy 3.15 nfudegnuianiaufiiuns (ASTM C138/C138M,

2013a)
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Geopolymer is an environmentally friendly cementing agent and is an alternative to Ordinary Portland
Cement (OPC). Calcined Water Treatrnent Sludge {WTS) and Rice Husk Ash (RHA) blends are used as a
sustainable precursor for developing a lightweight geopolymer binder in this research. The alkali
activator is a mixture of sodium hydroxide (NaOH) and sodium silicate (NazSi0z). The effects of the
510,/A1;03 ratie, which reflects the characteristics of chemical compositions of WTS and RHA, and the
heat-curing temperature (at room temperature and 60 *C) on density, setting time and Unconfined
Compressive Strength (UCS) are investigated. [t is evident from this study that the density of WTS—RHA
geopolymers at various SiC»/Al>O5 ratios and temperatures is essencially the same and is approximately
3 times lower than that of OPC (of 3.15 glcmg) The Si0,fAl,0; ratio and temperature significantly affect
the setting time and UCS. A higher $i02/Al03 ratio results in longer initial and final setting times as the
condensation rate between silicate and aluminate species is faster than that between silicate and sil-
icate species. The optimum SiO2/Al 0 ratie providing the highest strength is found at approximately
4.9 and 5.9 for reom temperature and 60 °C curing conditions. At these optimum SiO»/Al>O5 ratios, the
UCSs of geopalymers meet the minimum requirement for OPC of 19 MPa. This rescarch will enable WTS
and RHA traditionally destined for landfills to he used in a sustainable manner as a precursor in
geopolymer hinders. This sustainably, in terms of economic and environmental perspectives, is also
analyzed and discussed in this paper.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

contributing to the global warming. Geopolymers have recently
been investigated by several researchers as an alternative

Ordinary Portland Cement (OPC) is widely used for censtructicn
works human society. However, OPC has negative environment
impacts because the production of OPC requires high energy con-
sumption and emits high quantities of carbon dioxide gas (Gartner,
2004; Habert et al, 2011; Turner and Collins, 2013}, thereby

* Corresponding author. School of Civil Engineering, Suranaree University of
Technelogy, 111 University Avenue, Muang District, Nahon Ratchasima 30000,
Thailand.
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(A. Poowancumy),

http:ffdx.doi.org/10.1016/j jcle pro.2016.01.060
0959-6526/C 2016 Elsevier Ltd. All rights reserved.

cementing agent to OPC (Chindaprasirt and Chalee, 2014; Sun et al.,
2013).

A geopolymer is an inorganic polymer technology (Cheng and
Chiu, 2003; He et al, 2012; Komnitsas and Zaharaki, 2007:
Lemougna et al, 2013) and is synthesized by the aluminosilicate
compound materials with alkali hydroxide and/or alkali silicate (He
et al, 2012; Zhang, 2013). Geopolymers have been the subject of
intense study because they are an environmentally friendly
cementing agent, with low energy consumption and low toxicity,
are stable at high temperature and have high durability (Pacheco-
Torgal et al,, 2012). Previous studies (Sukmak et al., 2013a, 2013,
2015) have investigated the strength and durability of clay—fly
ash geopolymers as masonry bearing vnits. The durability against
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sulfate attack of clay—fly ash geopolymers is superior to that of
clay—cement; ie., there is no major change in the microstructure
and pH of clay—fly ash geopclymers when exposed to sulfate
solutions.

Geopolymers can be synthesized from a variety of silica and
alumina rich materials (Gouny et al.,, 2012; Palamo et al., 2007),
such as clay or kaolin (Buchwald and Kaps, 2002), fly ash, and
bottom ash (Davidovits, 1999). Fly ash derived from coal-fired
electricity generation provides the greatest opportunity for com-
mercial utilization of this technology due to the plentiful world-
wide raw material supply (Mohapatra and Rao, 2001; Van Jaarsveld
et al., 1998). High quality fly ash is a highly desirable commaodity in
the construction industry. The recycled waste silica and alumina
rich materials are thus of interest for sustainability research and
practice.

Water Treatment Sludge (WTS) is a waste by-product from the
water treatment process in the production of tap water and
drinking water as it is extracted from raw water by coagulation
technigques (Keeley et al., 2012). The increasing demand of treated
water has resulted in increasing quantities of sludge by-products
generated annually (Rodriguez et al,, 2010; Teixeira et al, 2011).
Environmentalists have proposed effective ways to solve the
problem of WTS by re-using or processing it into usable products
(Ryncl, 2008; Mery et al., 2014). The important chemical compo-
sitions of WTS are Al;0; and Si0, {Suksiripattanapong et al,
2015D), which are the essential components of the geopolymer
structure.,

At the Metropolitan Waterworks Authority (MWA) of Thailand,
the WTS is generated with the maximum capacity of 300 tons per
day in the dry season and approximately 700 tons per day in the
wet seasen. With continuous increases in water demand due to a
rapidly grewing population, the quantity of WTS is subsequently
and perpetually increasing and has been mainly disposed of in
landfills, There has been a recent initiative by MWA to study the
usage of WTS as construction and building materials according to
the zero-waste directive. WTS has been suceessfully used as ag-
gregates to manufacture sustainable geopolymer bearing units
(Horpibulsuk et al., 2015; Suksiripattanapong et al, 2015b) and
geopelymer lightweight blocks (Suksitipattanapong et al., 2015a).
The liquid alkali activator was a mixture of Nag$i03 and NaOH and
the precursor was a high calcium fly ash. In addition to aggregates,
silica- and alumina-rich WTS can be also used as precursors after
being calcined.

Waijarean et al. (2014) showed that the calcined WTS could be
used as a precursor, but the strength was low due to an unsuitable
Si0;/Al;05 ratio. Khater et al. (2012) reported that the strength
development of a geopolymer matrix depended on the type of
precursor and the Si0O;/Al; 05 ratio. The quality of the calcined WTS
as a precurser can be improved by the modification of the intrinsic
Si03/Al;03 ratio. A cost-cffective means is blending caleined WTS
with a Si0;{Al;05 rich waste matcral. Rice Husk Ash (RHA) is
considered to be a potential waste material of a biomass power
generation and the rice drying process. Typically, RHA is composed
of 5i0; by more than 80 wt?% (Sua-lam and Makul, 2015). It is a
reactive silica material (Billong et al., 2011; Bui et al,, 2012} that is
abundant in rice producing countries, including Thailand, This
blended precurser (WTS and RHA) is a sustainable alternative to
quality fly ash.

The present paper aims to develop a geopolymer binder using
calcined WTS and RHA blends as a sustainable precursor, The effect
of WTS/RHA ratios and heat-curing conditions {room temperature
and 60 "C) on the density, setting time, and Unconfined Compres-
sive Strength (UCS) of the WTS—RHA geopolymer are exarnined
and analyzed. This research will enable WTS and RHA traditionally
destined for landfills to be used in a sustainable manner as a
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precursor in geopolymer binders, which is significant from engi-
neering, economical and environmental perspectives,

2. Materials and methods

The schematic of the WTS/RHA geopolymer producing process
is illustrated in Fig. 1. The details are as follows:

2.1. Precursor preparation

WTS was obtained from the Bangkhen water treatment plant of
the Bangkok metropolis, Thailand. To remeve the impurities in the
WTS, the WTS was mixed with water at a WTS/water ratio of
approximately 0.8—1.2 by mass and then the WTS slurry was
passed through a sieve (number 325) and oven-dried at 100 °C for
24 h. The dried WTS was milled by an electric mortar and passed
through a sieve (number 325) before being calcined at 600 °C for
2 h to obtain the calcined WTS powder. RHA was obtained from the
Korat Yong-sa-nguan Company Limited, Thailand. The RHA was wet
milled by a ball mill for 6 h and then dried at 100 “C for 24 h before
being passed through a sieve (number 325).

2.2. Sample preparation

Sodium hydroxide (NaOH) pellets and distilled water were
mixed to cbtain a concentration of 10 M, then allowed to cool down
at a room temperature (27-30 °C), NaOH solution was mixed with
sodium silicate (NazSi03) solution to prepare the alkali activator
sclution. NagSiOs; consists of Na,0 = 8.0%, SiQ; = 27.0% and
H;0 = 65.0%. The ratio of Nay$i03 solution to NaGH solution was
fixed at 1.5 by weight. The mixed solution was stered for 24 h prier
to usage.

The calcined WTS powder and RHA powder were mixed at
various WTS/RHA ratios of 100:0, 85:15, 70:30, 60:40 and 50:50.
The mixed powder was then mixed with an alkali activator solution
by a mertar at a solid to liquid ratio of 1.0. The geopelymer paste
was poured into a 50 mm x 50 mm » 50 mm steel mold and
compacted, as described in ASTM C109 (2002}, The geopolymer
samples along with the molds were then sealed with vinyl sheet to
prevent moisture evaporation during curing either at the ambient
room temperature (2730 °C) or 60 "C, Both room temperature-
cured and 60 “C-cured samples were dismantled and immedi-
ately wrapped within vinyl sheet after 24 h, The room temperature
cured samples were next cured for an additional 6 days (7 days of
curing) whereas the 60 °C-cured samples were cured in the oven at
60 °C for an additional 6 days. The density and UCS of all of the
geopolymer samples were measured after 7 days of curing. The
carefully broken and small samples of 7-day cured (both room
temperature and 60 °C) geopolymers with WTS/RHA ratios of 50:50
were taken for SEM analysis to investigate the role of heat curing on
the density and UCS of calcined WTS—RHA secpolymers.

2.3. Characterization techniques

The chemical compositions, morphologies, and particle size
distributions of the WTS, RHA and calcined WTS—RHA geo-
polymers were evaluated by X-ray fluorescence (XRF, HORIBA XGT-
5200), scanning electron microscopy (SEM, JOEL JSM-6010LV), and
laser particle size analysis {Horiba, LA-950), respectively. The
densities of WTS and RHA were measured by a pycnometer
following ASTM D854-14 (2014). The setting time of the geo-
polymer pastes was examined according to ASTM C266 (2013), The
density and UCS of the 7 days cured geopelymer were measured
following ASTM C138 (2009) and ASTM C109 (2002), respectively.
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Fig. 1. A schematic of the WTS/RHA geopolymer processing,

3. Results and discussion

The chemical compositions of the WTS powder and RHA
powder are shown in Table 1. The major components of WTS are
Si0; (58.99 wtX) and AlxO5 (24.64 wt%), which are similar to
those of fly ash (Suksiripattanapong et al., 2015a, 2015b). RHA
mainly consists of Si0; (89.17 wt%), with no Al,0s. The degree of
the geopolymerization reaction is predeminantly dependent
upon the Si0,fAl,O3 ratio. The suitable $iO,/Al;0; ratic of
metakaclin geopolymer was found to be approximately 3—4
(Silva and Sagoe-Crentsil, 2008; Chindaprasirt et al, 2012),
whereas the Si03/AlLOs ratio for calcned WTS was only
approximately 2. Ideally, the replacement material for the WTS
(as primary material), which already contains both Si0; and
Al303 but is net in a suitable ratio, is a home-5i03 material. RHA,
which is the silica-rich material, is thus more suitable as a
replacement material than fly ash in practice. The particle size
distributions of calcined WTS and RHA are similar, as shown in
Fig. 2. The median particle sizes of calcined WTS and RHA are

Table 1
Chemical compesitiens and density of WTS and RHA.

13.2 pm and 13.7 pm, respectively. Both calcined WTS and RHA
particles are irregular in shape, as illustrated in Fig. 3. As such,
the effect of the particles on the density, setting time and UCS of
developed geopolymers is insignificant.

The 7-day density of geopolymers is significantly lower than
that of OPC (Fig. 4). The density of OPC is approximately 3.15 gfem®
{ASTM (€138, 2009; ASTM C185, 2008; ASTM C595/C595M, 2013),
whereas the density of the geopolymers is between 0.96 and
1.38 gjem®, which is 3 times lower than that of OPC. This low
density is an advantage of the geopolymer over OPC, which can be
used for development of lightweight non-bearing and bearing
structurcs. The geopolymer has a lower density because RHA is a
lightweight material with high porosity (Songpiriyaky et al., 2010),
and the geopolymer comprises several micro-pores after the
genpolymerization process (Rovnanik, 2010). For a particular
curing temperature, the density decreases with increasing RHA
replacement as the specific gravity of RHA is lower than that of
WTS (Table 1). For a particular WTS/RHA ratie, the density of the
geopolymer binder increases with increasing heat temperature.

Raw materials Chemical compositions {wt %)

Density (gfem®)

AlLOs S, K.0 Na,0 cao Mgo Fe,0, Tio, Etc.
WTS 24,64 58,99 154 4,08 0,69 114 663 0,88 141 2,61
RHA 0 89.17 112 729 0.51 122 0.41 0.03 0.15 215
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Fig. 2. Particle size distribution of calcined WTS and RHA powders.

The initial and final setting times of geopolymer pastes are the
parameters contrelling the workability of concrete geopolymers.
Fig. 5 shows the effect of the WTS/RHA ratio and heat curing on the
setting time. It is evident that both the WTS/RHA ratio and the
heating temperature mainly control the setting time. To

Fig. 3. SEM micrographs of (a) RHA and {b) calcined WTS,
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Fig. 4. Density of geopolymer after curing at coom temperature or 60 °C for 7 days.

understand the role of the WTS/RHA ratio, it is preferable to express
the relationship in terms of the Si0,/Al;O3 ratio, as it has been
demonstrated to be the primary factor (Waijarcan ct al, 2014).
Table 2 presents Si02/Al,03 ratios for various WTS/RHA ratios,
which were calculated from the chemical compositions of the RHA
and WTS (Table 1), as well as the Na;SiOz concentrations.

A higher 5i02/Al;03 ratio results in a longer setting time; i.e., the
initial setting time is 2.5 h for calcined WTS-geopolymer paste
(WTS/RHA = 100:0 and SiO,/Al,03 ratic = 3.1) for room tempera-
ture curing, whereas it is 13.5 h for material with a WTS/RHA ratio
of 50:50 (Si0,/Al,03 ratio = 7.3). The hardening of the geopolymer
results from the condensation of aluminate and silicate species
during the geopolymerization process (Rattanasak and
Chindaprasirt, 2009; Silva and Sagoe-Crentsil, 2008). The conden-
sation rate between silicate and aluminate species is faster than
that between silicate and silicate species (Chindaprasirt et al.,
2012). As such, the increase of the Si0O,/Al>0O3 ratio caused by the
decrease in the WTS/RHA ratio leads to the delay of the setting
time, which is in agreement with previous studies (Chindaprasirt
et al,, 2012; Rashad, 2013). The initial setting time increases with
increasing RHA replacement as a logarithmic function. Heat curing
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2 Initial setting | © Room temperature - cured . 7
0 60 °C-cured
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= 60 °C-cured
=2 .
=
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o | . .
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Fig. 5. Initial and final setting times of geopolymer after curing at room temperature
or 60 ~C for 7 days.
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Table 2
Calculation of Si0z/AlO; ration in different replacement of RHA.
Compositions (weight %) S105/Al;05 ratio
RHA WIS
0 100 11
15 35 38
30 70 49
40 60 58
50 50 73

accelerates the geopolymerization reaction, as demonstrated by the
dramatic reduction in the initial setting time when the curing
temperature increases from room temperature to 60 °C for a given
WTS/RHA ratio.

The Si0,/Al;05 ratio also controls the UCS develepment of the
geopolymer. Fig, 6 shows the relationship between the UCS and the
WTS/RHA ratio. For a particular curing teniperature, the UCS of the
geopolymer increases with increasing RHA replacement up to an
optimum value. An addition of RHA within the optimum value
enriches the §i in the matrix and develops strong Si—0—Si bonds
(Songpirivakij et al., 2010) in a class of sialate-link (Chindaprasirt
et al., 2012). Beyond this optimum value, the UCS decreases with
increasing RHA replacement and tends toward zero at 100% RHA
replacement (WTS/RHA = 0:100). The optimum Si0,/Al;C5 ratic is
found to be at approximately 30% and 40% RHA replacement for the
cured samples at reom temperature and 60 “C, respectively. The
maximuim UCS for curing at room temperature and 66 “Cis found at
Si0z/Al,0z ratios of 4.9 and 5.9, respectively (30% and 40% RHA
replacement, respectively). However, Silva and Sagoe-Crentsil
(2008) showed that the optimum Si0,fAl;04 ratio was found at
approximately 3.0—3.8 for metakaolin-geopolymer, The difference
in the optimum Si02/Al; Q5 ratio is possibly hecause the silica and
alumina in metakaolin are mainly in the amorphous phase. The
maximum 7-day UCS of the geopolymer paste cured at room
temperature is found to be 16 MPa, which is close to the minimum
requirement for OPC of 19 MPa (ASTM (150, 2003). The 60 °C
curing does not play a significant role in the UCS development
when the RHA replacement ratio is lower than 30% (5i0>/Al05
ratio < 4.9). In other words, heat curing is not economical and is
environmentally unfriendly for $i0,/Aly03 ratio < 4.9,

Fig. 7a and b shows SEM images of 7-day cured WTS—RHA
geopolymers (WTS/RHA = 50:30) at room temperature and 60 *C,
respectively. The 60 °C-cured sample (Fig. 7b) shows a denser
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Fig. 6. Compressive strength of 7-day cured geopolymer,
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Fig. 7. SEM images of RHA-WTS geapolymer (WTS/RHA — 50:50) cured at (a) room
temperature and (b 50 €.

matrix than the room temperature-cured sample (Fig. 7a) because
the heat curing accelerates the pgeopolymerization process
(Pangdaeng et al., 2014). The observed higher porosity of the room
temperature-cured sample is associated with the lower density as
reported in Fig, 4, In addition to the looser structure, a large amount
of non-reacted WTS and RHA particles in the cementitious matrix
of the room temperature-cured sample is also observed. This im-
plies that the higher heat curing results in more geopolymerization
products (Sodium Alumine Silicate Hydrate, NASH) and, hence, a
WTS—RHA geopolymer with a denser structure and greater
strength (Fig. 6).

The results fram this study show that calcined WTS and RHA
blends can be used as a sustainable precursor for the development
of geopolymer binders whose 7-day UCS meets the minimum
strength requirement for OPC and whose density is three times
lower than that of OPC. The $i05/Al;0; ratio, reflecting the effect of
chemical compositions of both WTS and RHA, is used as a primary
pacameter for investigating the setting and UCS development of
the WTS—RHA geopolymers for the curing times tested. This
proposed methodelogy is based on sound principles and is
possibly applicable to other WTS materials from different sources.
The methodology can be further refined with the analysis of more
test data generated for this specific purpose. Based on this
research, the Si0;/Al;04 ratios of 4.9 and 5.9 are suggested for the
development of WTS—RHA geopolymers at room temperature and
60 °C curing, respectively. The targeted WTS/RHA ratio
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correspending to these Si0;fAl,0s5 ratios is simply calculated by
using the chemical formula.

With continucus increases in water demand, the quantity of
WTS is rising at an everincreasing rate and has been mainly
disposed of in landfills. This causes social, environmental and
economic problems. The MWA spends more than 10,000 US dollars
daily (3.6 million US dollars annually) for haulage cost to the landfill
{not including the landfill cost). In other words, the MWA spends 33
US dollars/1 ton of WTS. The preduction of geopolymer binder
using WTS as a primary precursor is thus considered to be a sus-
tainable alternative. The total electricity consumed to produce 1 ton
of WTS/RHA geopolymers (including preparation of materials and
calcining) is approximately 520 and 540 kwh for geopolymers
cured at room temperature and GO “C, respectively. The electrical
costs are 65 and 68 US dollars for the geopolymers cured at room
temperature and 60 °C, respectively, which are double higher than
the cost of hauling WTS to a landfill. However, this higher pro-
duction cest can be recovered by selling the geopolymers. The
carbon footprints tor the production of WTS/RHA geopolymers
cured at room temperature and 60 “C are 364 and 378 kg CO»/ton
{estimated by using a conversion factor of 0.7 kg CO3/kWHh (Keijzer
et al, 2015)), respectively, whereas the carbon footprint for OPC
production is 900 kg COy/ton {Mohammed et al,, 2012) at approx-
imately 1500 °C combustion (Madlool et al., 2011). The outcome of
this research is thus significant from engineering, economical and
envirenmental perspectives.

4. Conclusions

The viability of using recycled Water Treatment Sludge (WTS)
and Rice Husk Ash (RHA) blend as a sustainable precurser to syn-
thesize lightweight geopolymers is investigated in this research.
The alkali activater selution is a mixture of sodium hydroxide and
sodium silicate. Due to the formation of micro-pores after the
geopolymerization process and the lightweight nature of RHA, the
density of the geopolymers is 3 times lower than that of Ordinary
Portland Cement (OPC), which is useful as a binder to develop
lightweight construction structures. The initial and final setting
times and strength are strongly controlled by the SiO;/Al 05 ratic, A
higher Si0,/Al, 03 ratio results in high initial and final setting times
as the condensation rate hetween silicate and aluminate species is
faster than that between silicate and silicate species. The maximum
UCS of the WTS—RHA geopalymer is found at Si02/Al; 05 ratio of 4.9
and 5.9 at room temperature and 60 *C curing, respectively. The 7-
day UCS of the WTS—RHA geopolymer at room temperature and at
a Si03/Al>0y ratio of 4.9 is close to the minimum requirement of
OPC. Heat curing at GO “C can improve the UCS of this WTS—RHA
geopolymer when Si03{Al; 05 ratios are greater than 4.9 but bas an
insignificant impact at $i0,fAl,03 ratios less than 4.9, The carbon
footprint for the production of WTS—RHA geopolymer is 2.4 times
lower than that tor OPC.
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Development of Room Temperature
Curing Geopolymer from Calcined
Water-Treatment-Sludge and Rice
Husk Ash

Anurat Poowancum, Ekkasit Nimwinya and Suksun Horpibulsuk

Abstract Geopolymer is an environmental friendly material, and is expected to use
as the cement replacement materials. Because. the geopolymer production does not
emit carbon dioxide gas, and is a low energy consuming process. Moreover, geo-
polymer can be synthesized from variety kinds of waste materials. The present work,
the room temperature curing geopolymer has been developed by using the calcined
water-treatment-sludge (WTS) and the rice husk ash (RHA) as the precursors.
Mixture of sodium hydroxide solution and sodium silicate solution was used as an
alkali activator solution. The results show that the RHA promotes strength of the
WTS-geopolymer. By adding RHA 30 wi%, strength of geopolymer is close to the
minimum required strength of the ordinary Portland cement (OPC). In addition,
density of WTS-RHA geopolymer is 3 times lower than that of the OPC. Knowledge
in the present work opens an opportunity to apply geopolymer for using in variety
kinds of engineering applications, especially the lightweight construction materials.

1 Introduction

The ordinary Portland cement (OPC) is widely used for constructing work in
civilization of human society. However, OPC is an environmental unfriendly
material. Because, the producing process of OPC requires high energy consumption
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and emit high quantities of carbon dioxide gas [1]. The latter is cause of the global
warming problem, and is the important reason that induces numerous researchers
study on the geopolymer for using as the cement replacement materials [2].

Geopolymer is an inorganic pelymer technology [3], and is synthesized by the
aluminosilicate compound materials with alkali hydroxide and/or alkali silicate [4].
Nowadays, geopolymer has been the subject of intense study, because it is an
environmental friendly material, does not emit carbon dioxide gas, low energy
consumption, low toxicity, and stable at high temperature [5]. Moreover, geo-
polymer can be synthesized from variety kinds of waste materials.

Water treatment sludge (WTS) is a waste from the water treatment process in
production of tap water and drinking water, is extracted from raw water by coag-
ulation technique [6]. WTS is a problem of big city around the world [7].
Environmentalist proposes the effective way to solve the problem of WTS is re-
used or processed it to be the usable products [8]. The important chemical com-
positions of WTS are Al-O; and SiO, [9], which are the essential components of
the geopolvmer structure. However. geopolymer is synthesized from WTS has low
strength [10]. Khater et al. [11] reperted that the strength development of geo-
pelymer matrix depended on types of precursor and the SiQ5/Al,O5 ratio [11]. The
strength of WTS-geopolymer can be improved by the modification of the SiO5/
Al>O5 ratio. Rice husk ash (RHA) is the waste from the biomass power generation
and the rice drying process. It is a source of reactive silica. which is abundant in the
rice producing countries, including Thailand. By using abundance wastes, i.e.,
WTS and RHS as the precursor, the sustainable materials for replacement cement
can be obtained.

The aim of this work is to develop the room temperature curing geopolymer by
using the calcined WTS and RHA as a sustainable precursor. Effect of WTS/RHA
Tatios on density, setting time, and compressive strength are examined.

2 Experimental Procedure

WTS was obtained from Bangkhen water treatiment plant at Bangkok metropolis,
Thailand. To remove impurities, WTS was washed by mixed with water at a WTS/
water ratio of about 1.2 by mass, then passed through sieve number 325 mesh, and
dried at 100 °C for 24 h. The dried WTS was milled by electric mortar and passed
through sieve number 325 mesh, after that was calcined at 600 °C for 2 h to obtain
the calcined WTS powder. RHA was obtained from Korat Yong-sa-nguan
Company, Thailand. The RHA was wet milled by ball mill for 6 h. then dried at
100 °C for 24 h before being passed through sieve number 325 mesh. Sodium
hydroxide (NaOH) pellets and distilled water were mixed to obtain a concentration
of 10 M, then mixed with sodium silicate (Na>Si03) solution to prepare alkali
activator solution. Na»SiO; consists of Na>O = 8.0 %. S10, = 27.0 % and
H-O = 65.0 %. The ratio of Na,Si0; solution to NaOH solution was fixed at 1.5 by
weight. The mixed solution was stored of 24 h prior to use. The calcined WTS
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Fig. 1 The thermal behavior [T ' T
of WTS [
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powder and RHA powder were mixed at various WTS/RHA ratios of 100:0, 85:15,
70:30, 60:40 and 50:50 by weight. The mixed powder was then mixed with an
alkali activator solution by a mortar at a solid to liquid ratio ot 1.0. The geopolymer
paste was poured into a 50 mm x 50 mm % 50 mm steel mold and compacted as
described in ASTM C109 [12]. The molded samples were sealed with a ilm to
prevent moisture evaporation during curing at room temperature (27-30 °C).
Density and compressive strengths were measured after 7 days of curing. Chemical
compositions of WTS and RHA was evaluated by X-ray fluorescence (XRF,
HORIBA, XGT-5200). The thermal behavior of WTS was investigated by a dif-
ferential thermal analysis (DTA, Perkin Elmer, DTA 7). The measurements were
made with heating rate ot 10 °C/min. The result of DTA in Fig. 1 presented that
dehydroxylation occurred at approximately 550 °C. Theretore, WTS was calcined
at 600 °C. Density of WTS and RHA was measured by a pycnometer following
ASTM D854 [13]. Setting time of geopelymer pastes was examined according to
ASTM (C266 [14]. Density and compressive strength of the cured geopolymers
were measured following to ASTM C138 [15] and ASTM C109 [12], respectively.

3 Results and Discussion

Chemical compositions of WTS and RHA are shown in Table 1. The main com-
ponents of WTS 15 Si10; (58.99 wi%) and Al,O3 (24.64 wi9%). RHA mainly consists
of Si05 (89.17 wt%), Al>,O5; does not be detected.

Initial and final setting times of geopolymer pastes are the parameters controlling
the workability of the concrete geopolymer. Setting time of WTS-RHA geopolymer
is increased with increasing of the RHA contents, as shown in Fig. 2. The initial
setting time is 2.5 h for the WTS-geopolymer paste while it is 13.5 h for RHA
replacement ratio of 50 wt%. It is clearly note that the initial setting time increases
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Table 1 Chemical compositions and density of WTS and RHA

Raw Chemical compositions (wt%) Density
materials [ Al,O, |$i0, |K.O |NaxO | CaO | MgO | Fe-Os | TiO, |Ete. | (&/em™)
WTS 24.64 | 5899 | 1.54 |4.08 0.69 | 1.14 6.63 0.88 | 141 |2.61
RHA 0 89.17 |1.12 | 7.29 0.61 | 1.22 041 0.03 |0.15 [2.15

Fig. 2 Initial and final setting T T T
times of geopolymer after 30 ' [[= Final setting
curing for 7 days B [nitial setting

Setting time (Hour)

0 10 20 30 40 50
Rice husk ash content (wit%a)

as the increasing in silica content. To understand the role of RHA on the setting
time of WTS-RHA geopolymer, it is preferable to express in term of SiQO-/Al.O4
ratio as it has been proved as a prime factor [10]. Table 2 presents Si0O2/Al>O5 ratios
for various RHA/WTS ratios, which was calculated from the chemical composi-
tions in RHA and WTS (Table 1} as well as in Na,SiO5;. The hardening of geo-
polymer is a result from the condensation of aluminate and silicate species during
geopolymerization process [16]. The condensation rate between silicate and alu-
minate species is faster than that between silicate and silicate species [16]. As such,
the increase of SiO,/Al,O5 ratio caused by increasing of RHA content leads to the
delay of setting time, which is in agreement with the previous studies [16].
Figure 3 shows the relationship between strength and RHA replacement. The
strength of geopolymer paste is increased with increasing of RHA replacement up

Table 2 Calculation of Si0-/ Compositions (wt%) S8i0,/Al, (4 ratio
Al>0O5 ration in different BHA WTS
replacement of RHA z
0 100 3.1
15 85 3.8
30 70 4.9
40 60 5.9
50 50 7.3
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to 30 wt% which is regarded as the critical replacement. At the critical replacement
of RHA, the maximum strength of geopolymer paste is 16 MPa, which is slightly
lower than that of the minimum requirement of OPC (19 MPa) [17].

Beyond the critical replacement. the strength decreases and tends toward zero at
100 wi% RHA replacement. This indicates that only the silica rich material (no
presence of Al>Os3) is not suitable used as a geopolymer precursor. Silica and
alumina ratio plays a significant role on the strength development of geopolymer
paste. The maximum strength of WTS-RHA geopolymer found at the SiO;/Al,O4
ratic o' 4.9 (30 wt% RHA replacement). However, Silva et al. [16] showed that the
optimum Si05/Al,O5 ratio was found at approximately 3.0-3.8. The difference in
the optimum S105/Al>O5 ratio is possibly due to different types of the precursor.

Density after 7 days of the cured geopolymer is remarkable lower than that of the
OPC, as shown in Fig. 4. Density of the OPC is approximately 3.15 g/ecm?® [18],

Fig. 4 Density of T T T T T
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while density of geopolymer in the present work is in between 0.96 to 1.19 g/cmg’.
The density tends to decreases with increasing RHA replacement due to the specific
gravity of RHA is lower than that of WTS, as shown in Table 1. Compared to
density of the OPC, the density of geopolymer paste is 3 times lower than that of
OPC. The lower density is an advantage of the geopolymer binder over the OPC,
which can be used for lightweight non-bearing and bearing structures.

4 Conclusions

In this work, the room temperature curing geopolymer has been developed.
Geopolymers were synthesized by using the calcined water-treatment-sludge
(WTS) as well as the rice-husk-ash (RHA) as the precursors, and the mixture of
sodium hydroxide solution and sodium silicate solution as an alkali activator
solution. The RHA promotes strength of WTS-geopolvmer. By adding RHA 30 wt
%, strength of geopolymer is significantly increased. and is close to the minimum
requirement of the ordinary Portland cement (OPC). Setting times and strength of
WTS-RHA geopolymer are strongly controlled by Si0O./Al>,O5 ratio. The higher
Si05/Al,O5 ratio results in delay of setting times, because the condensation rate
between silicate and aluminate species is faster than that between silicate and
silicate species. The highest strength is obtained at the S5i0,/Al,0Q5 ratic of 4.9, The
density of WTS-RHA geopolymer is 3 times lower than that of the OPC, which is
useful as a binder to develop the lightweight structures.
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