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Abstract:

Project Code : MRG5980201
Project Title : Synthesis of high reactive belite cement clinker from biomass and

various calcium sources using hydrothermal method and catalyze

Investigator : Dr.Suthatip Sinyoung

Institution : Mahidol University Kanchanaburi Campus
E-mail Address : suthatip.sin@gmail.com

Project Period : 2 years 6 months

Abstract: Nowadays, the crisis environmental impacts are natural resources reduction and
global warming, due to the increment in pollutions emission. Cement industry is one major
of industries required massive natural resources and energies for production processes. Under
production processes, it also emits the relative high CO, into the atmosphere. Thus, many
researches have attempted to find the way to reduce energy and natural resources
consumptions. Among 4 major components of cement, belite (Ca,SiO4, C,S) has been
attention in term of relatively low energy requirement, compared to alite (CasSiO4, C5S). This
research aims to study the synthesis of belite cement from various biomasses and calcium
resources with the activation by hydrothermal techniques and activator. The methodology of
this study was separated as 3 parts: 1. Study the properties and kinetic constant of nano-
silica extracted from biomasses 2. Study the microstructure of belite cement that synthesized
at low temperatures and activated by hydrothermal techniques and 3. Study the effect of
calcium chloride (CaCly) on the hydration reaction of belite cement. Results showed that the
nano-silica extracted from black rice husk ash (BRHA) had highest energy activation value (Ea)
following palm oil ash (POA) and bagasse ash (BA), respectively. For belite synthesis,
however, the nano-silica extracted from POA revealed that the highest content of B-C,S
phase, and subsequent BRHA and BA. This was because the contaminated components in
POA could be stabilized the B-C,S phase, which is the desirable phase for belite cement. For
part 2, it found that the clinkerization activated by microwave technique has similar impact

with autoclave technique. Nevertheless, the microwave technique was to be uncomplicated

method and save activation time. The optimum synthesis temperature was 1200°C due to
gained the highest B-C,S phase and compressive strength in both mixture with and without
the CaCl,. Comparison calcium sources, activated calcium carbide (CaCy) has a potential
rather that calcium carbonate (CaCOs3) due to the readily calcium hydroxide (Ca(OH),) in
components of CaC,. It was immediately reacted in clikerization process. For the
improvement of belite cement strength, the CaCl, were added at the level of 1-3% by

weight, and found that the strength of belite cement was enhanced with addition of CaCl,
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levels at all samples and curing times. The optimum addition ratio was 3% by weight.
Therefore, overall results can be concluded that it is successfully to produce the belite
cement from nano-silica extracted from biomass ashes and CaC, with the activation by
microwave technique. The adverse in strength development of belite cement was eliminated
by addition of CaCl,.

Keywords: belite; biomass; calcium source; catalyze
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422 wamsieednvazlasiaiiaveadiuudingd NS1 + CC Adunsnevn 429

gaumndl 1,200 esrwaldoa fnauansiseUfAzen CaCl, sewnada XRD 7

91y 7 u

423  HANTIASITAANYULIATIAS199DITLUUALNER NST + CC NAWATIENN  4-29
gaunnil 1,200 aamwadea NnaNansisaufiisen CaCl, smewmaiia XRD 1
91y 28 U

426  wan shATzidnvuzlasiadvesBuudinagd NS1 + CCR AiduasIswal 432
gaumndl 1,200 earwalTea nanasissufizen CaCl, sewnada XRD 7
91y 73U
4-32

4.25 NANNSILATIEIANYULLATIAS19VBIRLUUANAR NS1 + CCR NEILATIZY
gauvndl 1,200 aamnaaifiud Mnauansiselfisen CaCl, mewmnaiia XRD
918 28 U

il
il
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d15UysUnW (sia)

SUii i

426  wanTlenzdnvazlasaivesduudinaiiduas s ingamngd 4-34
1,300 sseniwaLdoa saewmadia XRD (n) fiong 7 Fu (v) fleny 28 u

427 wanTlenzidnvazlasaiavesdiuudingd NS1 + CC idanasgin 4-35
gaumndl 1,300 earwalTea nauasissufizen CaCl, sewnada XRD 7
91y 73U

428 wanTlenvidnvazlasaiavesdiuudingd NS1 + CC idansgin 4-35
gaumndl 1,300 earwaldea nauasissufiseon CaCl, sewnada XRD 7
918 28 Ju

429  wanTlendnuazlasaiavesdiuudingd NS1 + CCR idunsgial 4-36
gaumndl 1,300 earwalTes nauasissufisen CaCl, sewnada XRD 7
91y 73U

430  wamFiAswndnuvarlasiaiiwesdiuudinad NS1 + CCR Aduas1en
gaumndl 1,300 earuwaidea finauasissUfAzen CaCl, fewmaiia XRD
91¢ 28 U

431 lassadieseduganinvesdinudinad NS + CC Aiduasizviiguugl  4-38
1,200 parniaiva Mlsinauansisalfiten (n) fieng 7 5u (@) fieny 28 u

432 lassadieszduganinvesdinudinad NS1 + CC Aiduaszviiguugd  4-38
1,200 parniwaidoa Anananaiseufjizen Cacl, fovaz 3 (n) fleny 7 Fu (@)
flongy 28 Yu

433 laseasieseavlaniAvesdiuudings NS1 + CCR waqm'ﬁw vilgamgll  4-39
1,200 2aA LAl T A wwauamiwgﬂim CaCl, Sogay 3 (n) 7 ms; 7 (@)
flong 28 Fu

430 Ipssadieseduganinvesdiuudinad NS + CC fiduaszviigungl  4-39
1,300 earniwaia flsinauansisalfiten (n) fieng 7 5u (@) fieny 28 u

435  lassadieseduganinvesdiuudinad NS1 + CC fiduaszviiguugd  4-40
1,300 earwaldea Ananasissufiizen Cacl, Yovaz 3 (n) flengy 7 Fu ()
flong 28 Fu

436 lassadeszduganinvesdiuudinad NS1 + CCR fidainsnzvifioamgi  d-a1
1,300 parwaldea Mnanasissufisen Cacl, Yovaz 3 (n) flengy 7 Fu (@)
flong 28 Fu

7 437
i
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d15UysUnW (sia)

SUii win

438  NSRAUINIEISULTISAvoIT L UALTAT NS1+CCR nszAuslulasian 443
daaszvifigamall 1,200 sarnisaidea

439 ASRARIAASURIISRvesdinudNesan NS1+CC nsvdusslulasn 443
daaszvifigamgll 1,300 sarnisaidea

440  AIRAUINIEISURIISATDITNUALEIAT NSI+CCR nszduselulasian 444
daaszvidigamgll 1,300 sarnisaidea

441 AIRRRINIASURIITRveITnuinasan NS2+CC nsgquielulasian 445
daaszvifigamgll 1,200 sarnisaides

4.42  ASRAUINIEISULTISATDITNUALDIAT NS2+CCR nszduselulasian 445
daaszvidigamall 1,200 sarnisaidea

4.43  nSRARIAASURIISRvesTinudNesan NS2+CC nsvduselulasn 446
daaszvidigamall 1,300 sarnisaidea

4.44  ASRAUINIEISURTISAVOIT L UALBTAT NS2+CCR nzAuslulasan 446
daaszvifigamall 1,300 aarnisaidea

4.45  ASRARIAIASULIISRvRITInuANesAn NS3+CC nvdusglulasin 448
daaszvidigamgll 1,200 sarnisaidea

4.46  MSRAUINIEISURTISAVOITUUALBTAT NS3+CCR nzAusslulasan 448
daaszvidigamall 1,200 sarnisaidea

4.47  AIRARIAASURIISAvRITnuANesAn NS3+CC nsvausglulasn 449
daaszvidigamall 1,300 sarnisaidea

448  MSRRUINIEISULTISAVOIT L UALBTAT NS3+CCR nzAusmululasan 449
daaszvifigamgll 1,300 sarnisaidea
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#15URYA319
AT win
21 dwvszneu Wesiduflastmin) vesingvuseiinlunssuiunisnde 2-2
GIRUI
22 audivesansusenouvanluyudiuudvasauaun 27
23 gumgililumsdsusladesveslouaaindaing 2-10
24 23AUTENBUNIAUATITDLIUNAY 2-16
25  tnthuarAvesunaufigamaiinneg 2-17
26 osUszneumaaliveainyudesiil LOI M wazidmusesiid LOI g9 (%) 2-18
27 esfusznoumaaiiveadundiniiy 2-19
3.1 wansdydnvaivesiogisieisuaningiuunneing 3-3
32 Geulwildlunisiiasiesi XRD 37
01 uwdsiieadiudos Wunaud uandwiduthtiu Adlumdded 4-1

4.2 29AUTENOUNIBATVDILDITIUD DY LOWNAUAT waztonUrduundunauana  4-2
haEnaIanAuUIlUTanT

43 wneuMATeNiiv Loy Wunaus uasdiundaniy 4-5

a4 fuiRwenddwademaie BET 4-9

45  Sevasuna@eusenlandase (%free lime) vasiegwyudauladdunsed  4-12
figaumafiunnsneiu

a6 wanTuATgiUTIuwlavesnediinssfusemaiaselaaaUiesed 423
18n4 (QXRD) Tnedaiaszsifigamail 1,200 °C

47 wanTieTgiviinaslavesineafinsedusomaiaeelanaufeed 424
18nd (QXRD) Tnedaiaszsifigamail 1,300 °C

48 wanTuaTgivTinaslavesnedaiinszdusomaiaeelanalfieed 424
\8n4 (QXRD) Tnedaiaszsifigamail 1,400 °C

49  wamsiensitinumaveshegwiinsyiunematalilasonieddiind 425

(QXRD) Indaaszvifigaumnd 1,200 °C

410  wamsieitinamaveseguiinsedusemaialilasowiessdiend 426
(QXRD) Indaaszvifigaumnd 1,300 °C

411 wamsiensitinamavesnegaiinsedusemaialilasowiessdidnd 427
(QXRD) lndaaszvifigaumnd 1,400 °C

412 uansansUsEnoULALmUMUwetaIsUsEneuUsINgaIINTIlATIEiae 430
wAlA XRD
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unil 1 unin
1.1 NUAZANNFIAY

Tutlagdu nansenusiedanindoundfny Lakn N15aAaBmMSNEINTETIUYIR kazn1Izlan
Souduilioswinainnistanlassuaiivniuuiliugsdu Inenuingnamnssuyudiuuituindu
RRAIMNITUNTNNLANUABINITINYAUIINGITUVIRLALNAIUTIWIUNINTUNNTTURDUNTIATEY
TagAvnaztunaun1snds lswmistunounisauds TudiuveanufeInITnaIUnuIINITNER
Jududiiaudesnisndsnudiuinain wazlutunsunisndnniinisvanUassUsuia
msuaulneanlengs (1, 2] Asiuladnisnereufnwiwuimianisannisldndsnunazandunmns
Uasuaniveulneanlenaangdawindau anfivu simuinsyuiunsuasbildndsnutesas n1sunian
WMALNUGRNEILAL I AULUNTEUINNTHER TINAINITNEI181UAUAITIIL TARDUNAUILYUTLIUA

3 kY
Wunu [3-6]

msduasmiyudimuiaiulas (CaSios, CS) wuitldsuaiuaulalutagdu iewwinaiu
nounuimnldisnsnund Yuiuwudmauladlindslunsdaassiiniulaelad lnons
dunseiyudmuiulauladldndanudssunn 1350 Alaga/Alansy luraginmsdunseiyudiuudg
wlatelad (CasSios) Tinasauuszana 1810 Alaga/Alansu [7] egslshmudymiinu fe wawlad
faudalunisiauiidsdeudelugiedu willessezariulunsiauimassnlalndifeadiu
Fauudlasuaadendaing meaztuduudlaweaidondaned wunsdununeasilidesanisany
wU9d57 [8] detudddnidelaneeruiivviauiyudwudialad o1fiwu n1sdsudse
Uszansamviiieumiyuduuiveiauaualdludagiu nsnergudnwiuuminisdunsignn
gauniien wagnsuFulsufnsenlawstulaenisldfansedqueieg iWedieimuiiaslussoguan

[ ¥ = ¥ ¥ a v av 1 ¥ Y @ ! = i3 & %4
s 8] annwanisfnendnedu Tdnddeungulauanslimiui Yudwuiuauladiivualdulunis
duasizinigumgiininiy lnevinsnseduiienszuiunsielasmesuealuinusniouin Ui
NITUIUMIRIBREAY LR WaNINTUNUITTAANANNTaNAWIUIRgAUNENNN1AINSITUTIR Y
mandnyududiulad 91y iunaudn Waee wagnnvendsainanannssuuUsTan Wi
A [9-11].

lunsimwdneainlunisvitujiservesiannuin Uadenddgyvilelade Ao auianuing
Ing El-didamony et al. (2012) lavinn1s@nwinavesingAvvuiaunluiinanegamgiilunisuas
Yududiaulad Fanuiningaunvueuilu laud wluwea@suwazunluding dnanenisan

A Y} ¢ = s s 5 ' ¢ 2 A
gamgiilunsduaseiyuduudmaulad lnglidesinunssuiumslalasmesuea [12] Wuiinsu
Aufdunludanidanunguuasiiuiiags daiuldgniunlfduiansag efiviu diflames dauss
UA3e1 wazaumisiulasuilans il [13-16] Ineunfivaunluddnmdnainaisazanelufonda

= o 1% ¢ a 3 a a =
wnndadunanasglaainnisoqmaemenduazlofeuaivaiuniigamgil 1300 aernvaides [17]
nszuIuMItinafesldndsududiuiunn dslunsadawiludanianduialegenizidiunay
a1 v uses wazidnuiulidn WWulededrdgludiudununisasegianazdanindan 990
msfnedunmuIndnaudn luduvemnavvrasaldiduasaadulunmswouunlugani
 a % [y 3 Y
ilassasegnuLasduIuaAuEnaIaveseua 5-60 wiluunsl [18, 19]

1-1
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uanannsliTanuuIaulusntiefinUseansamlunisissufitensdunziiiiean
pumpilunsduasigiunda ednslsmunmsldasiuuiasiadluluduneulawnsduros udiaud
fuidiAsailuszavsnmunndmiunisusuussujisenlemsturestumduazaounisludagtu Tng
wuhfliddenaretulduusilfldunadounanlss (Cacly) WeusuuuFeolamsduluzisunii
AostrsmmniTeuiisuduyuisudieladuazyuBuuiefauaus Ussiand 1 alu [20-26)

dhvsnevesruideifensnisduasgijudiumdiuladifenuanmsalunsiufisengs
MnFwafigunailion waziaudnenmlunisifiselewmsdulusserdudiedeonsyuiunis
lelnsmesusauaziuss Mufinsfnvinavesmsunuiueadeumsusiunseunaidolunsnuay
msluduaaldouaslud ieteannislindanlunsaaeiuaadounfveiunlliduunadoy
sonleddasvuazanuinunisuanddesfineaiueulasenles (€O, fufunailianmuided Ao
mmiﬁugmmaﬂmaa%ﬁawﬁuqamﬂmaumdq%m wiawAaLTey autAnanIgn nve s udiuug
wlad wagUszAvdnmilinturemansusilawnsduluiisdu iiedudeyalunmsuiuusanelulad
nsdanTenduiiulad ek uUTINTE LI SHARYRIRRaI NS TRYET LA lUD WA

1.2 nguszaeAvaslaInig

[
v A

TgUszasAndnvesuidelifensiauyuduudiulasnianuauisalunisiugisenas

PNTINIA WATLABLTIULNEIAIN ArunTzuIunIslalasesueatazdass lnglusuideild
TagUszasAgay 4 o laun

1.2.1 iilefnwinnuamnsolunsiinufAzeuazaaunamanivesunludanifadnainid
unaus Whrudesuazidminduuda

1.2.2 Wlefnwmavesuaaidenlunsauaznnafluduaadenlunsunuiiueaideuafueiun
AoautRvesyudaduudiulad

1.2.3 Wlefnwilassaieseiugameaveanaiuladiléfunisnsedusnenssuaunslelasines
wealngltinalineelaraluaslulasiom

1.2.4 \leufuugnandasiluszozuinvosunionlawmstuvesyuiiudivladlngldiig e

Ujnaen

1.3 YBULUAVIINITIY

nsnaaesiavualuiTedldsidunsfinwuazvesedlusefuiosl §iRing Ineveuius
YouATeiii

1.3.1 Whunaus ihvuses uaziududugmirunlfiduuva@andmsudaaseiid
anuanansalumsviuiisengdusided

1.3.2 upaiessllunsanaznnueadouailudfivdegmitnunuiueadouaiueiunlunis

duameiduiuuiiuladlumiidel
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1.3.3 wpaweuraslsngnldduiusfizenlanstdu lnewesiduvasdussivinnisinelu

AN luuddel lawn 1, 3 waz 5 % lnsuntinveyuduud

1.4 waiiandnagldsu

Usgloveditldsundnanneuiddeduil Ao erwifugiunisimuinaluladfivsendandsay
YDINTLUIUNTHAAYUT UG wazhuImnnisannisvanlaeeineaisveuleeslenainnssuinnis
WAn anuImnanisinnisiuandeslasnisannislifngivainundasssued uaznisiiiuyadn
Titureads Tnsiugruanudiinanauidetiudsoondu 3 dw iy Kl

1.4.1 ediiugruieatuantfivesidnainidunausi wmudos uandiduthiiy i
U Sn9INTURATeN AasivnaRauwamansuesianIudaz LAl Yun wazidian “a7

1.4.2 navesluBanuavuaadsnanunaiieg Tussiulassasnganiaseaudivesyudiaug
wladuardnenmsenisiiaufizenlensduluszeyi

1.4.3 nsfimundnvazlassaiiesziugania uagnisuvdssdnenmundndusinlaain

Ufnsenlawmstulussuzusnamenssuiunislalasinesioauas NsALaI s
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UNN 2 NUNIUBNEITHAZITUIVeNN YT

2.1 ngufitisadas
2.1.1 Yuduudlaiauaun

astudlugansne In1sndnunainyuiatames Buduvseyuv Ineyndsudlusalaun
astudilunautune viaiSendnegie “uedin” WulanUsrausswisidlumsadnsdada
wianAoaUd (Pyramid of Cheops) dauyilsdulaldignauyuvnilidiiusgsivasnseyaliuiuy
dieliAsnoaiafinanuudiusuazamy AsnoadeiiiteidsdiinsneadrsnBuvuilfudladides
(Coliseum) Lilasanansfuudlugausnidsliansoundeialdluth FeldfinsAndutug gunlv
(Volcanic ash) lunazideananiuyurnuaznieadunesimifiinuuiusiazannsonusienis
azangaailén Taehgunliiuiosddsenoundnie smddnuaresgiuniinfeuasshufasentu
Yurm UiiSenilfdesondt “Ufisewoslaiu (Pozzolanic reaction)”

FanmsveauBiuusiiudeialdluth (Hydrautic cement) lifautulag ud Uniaines
(James Parker) lagnisiieureuidny ffldruusznevvesdaniuayozgiuinniunvinyudismd
souldfinisAnduyudiuudlesnuaustumasousnlul a.a. 1824 Tnslawesl woandu Uoseph
Aspdin) Fron1sTaRuyuiiteuouuumuliunnumausuyusnuasiumies ualiazdonlutihay
nanewduinlaauiu wddailumaulfesnunduyude seanduiailiusasdeaiionisldu
sioly iflesandvesyuiwudiinanuldiiandetuiuilduannmiiosiufinesion (Dorset) iios
Uasauaus (Portland) 3dléFenyuriiniin “Juduuduesnuaud (Portland cement)” usiaeialsf
munamNTesuTILAUasnuaudilFnnsnanveslamdslifiviniing esannldanmgilunis
wfigly deandsldinsiaunisudeliiussansnmdedu measiBundunouruietag vl
nsuAnyuiunioianauditeuldlutiaguasuanduidenieg dutelud

2.1.1.1 AUy

s 1nannraniu denuvnelaely fo asfiamsadavieldususzauveuds
anduilaieniu uazanunsaesmdeudeialnhld Tnsenduiisersewinifuesiuszneu
vosuduind JuFendundding1nit lensedndiuud (Hydraulic cement) uanainiidsiizedusn
ma1eTe 19U FusssuYIA (Natural Cement) Fudivasmuaud (Porland Cement) uazdLaus
wly (Ordinary Cement) 1Judu (U, 2556)

2.1.1.2 msuandududvaiaiaun

nsnAmuBuniUasnuaudutsoonidu 5 duneudsolud

Sunaud 1 QAU (Quarrying)
Tunsndnyudiuilidunaunan Ae AuyuLime stone) fiungnau(Clay stone) kaziumunu
(shale) Tnefiuuasidudiliuaaden drufiupsnounasfiufuauasliieianuazorgiu lng
fngAuiililunszurumandsduuduiadu 2 Ussivmdn fe

1. Jansgyu(Calcareous materials) LUusanledvessinuaai@au(Calcium) taun fuyu
wagiiuvedn
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2. Taner3aanFea(Argillaceous material) 1usenledvessinddneu(Silicon) uag
aafillen(Aluminium) tawA Aumnded Auad vieuAuay LasAuwuI

Ul 2.1 fhegeTmgaudlilunsyuiunisnde; nfiuyu (Lime Stone) 3.9iuftnu (Shale)

Tuuedshuilfiduingiuifioanladvssunafouuaraneu Tiun fuunda wenainid s
nAnTIUAdpIMsingAueeedu ldun eonledueandn daldanfugnis sonluduesegiiflonuas
winmeliuFAze T Aaldiety uonaniiesnsBuduGypsum) tilevniasu fAgelals
YududuiainiuiululasuasiufuyudiaClinker) lutunougading nglunisne 2.1 Tiuans

drulsznau(esiduslautiniin) vesinghvuisialunssuiunsnandiuud

M1919% 2.1 ddszneu (WesWudlaeumin) veaaingiuuissinlunszuiunsnanduud(4]

dwdsenou | Audu | Ausu | Aunded | Auvsie | Auusvenles | Auus
LOI 40.38 24.68 | 7.19 0.2 15-20 5-12
SiO; 3.76 2198 | 67.29 99.2 16-22 20-25
ALOs 1.10 10.87 | 8.97 - 44-58 3-9

Fe 03 0.66 3.08 4.28 0.5 10-16 45-60
Ca0 52.46 30.12 | 7.27 - 2-4 0.5-2.5
MgO 1.23 1.95 1.97 - 0.2-1.0 1.5-7
K20 0.18 0.20 1.20 - - 0.3-0.6
Na,O 0.22 0.33 1.51 - - -

SO3 0.01 0.70 0.32 - - -

I 100.0 99.91 | 100 99.9 - -

e LOl fip Ysunauniaeydeluiliosninnisin

lngingavnldlunszuiunisudadiuudavusenaumeansimanlanguazelaveUyUueg 1y
WA @137y WulSen uanlley lasilley ez Usen fiia 3y 1uhey dengd lusiy aaeiu
Wgeeiu warlelofu Wusu FyingAuiidiusznoulssnmlatuiuegiuunasiinivesingiuusas
unas
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Junauil 2 W3eNIngAY (Raw materials preparation)

[
6

n1swdnyuduuduuisuutsoonidu 2 wuu Ao N1SHAALUUTENLAZNITHARLUULIAT
Fananssiagud 2.2 Taenswanuuuidenazgydendsnuannnimssdnuuuuiaiosandeddnny
Soulumsssmetnoonanlasaadnaunnd

1) msudnwuullen

fanAvagnantutinudnduiicmun TnsunddldRumiefuiuednalidamdnngiu
setUsvana 1:3 (USyyn wazde, 2549) nduasundiunauliazidonlundeunazideadeon
(Wash mill) thlaaudu (Slurry) fldasinluiussunssasdonudrdadiaumn aovidummnae
farutulssanudosa 35 1 50

2) MIHAARUUWY

manAnuuuLiiuIgRuutasatinasgninliunngesuasnauludaduvzan Silums

)

Nanvanunaznseyiluingaundannuidaglidumnieites
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| 1%
wuuLlen WUULI
3 a a a a 3
miu RUAUATU Andlen NUYDAN
| | |
| .
d o a s ¥ \A3BIE D
\A3RILRL TNYAUTUAU
| |
A2 o a
mAvingav
|
5 ' v a o v a =
\A3BIL R TN AUTUADY nieunazidenilen
Y B v a
gufuingdu
[
neunazideningiu . B
| ARV PR RIGET
gananingav
Y B v a
gufuingdu
| o & O
duuinlaau
gaiuingaunau
[
- o &
\A38Ldn
|
[
LALEN gudu
[ [
o a < 5 '
nieangumniyudn \A3BIE D
[ I
1% & a o
gaiuyude MmAvBU
[ [
|
v a i3
NUOUAYUYLNUR

JUN 2.2 Msudnyudiuud (U wazde, 2549)
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unaufi 3 msmﬂﬂumm (Clinkering)
mumaumﬂwﬂaammaamiwam L‘uawmdnﬂuéfﬁmummamﬁ’aLLazﬂmmwmaa%muﬁ

Tnefngaudiuluduneud 2 asgnioudigninn iWleldsuanudouiifiguugf 250-450 aaen
wardoa Wunisdidniidaszeonly anduguugiiutuedissamiaauia 600
psLeaLia i ingRudninisaaes Tuanavesiuagmiveulaeenladazgnidasenty e
qmmﬁl,ﬁmqq%uﬂizmm 1,200 asAwaidea inUFATe Lo Juansusenauupadenszgiiug
wazileslsd SeimthiidumdelnAnuiisefanysel uagiigamaiuszanal 1,450 ssmiaidoa
innsviaeuavargveunalflavaiiunuazineslsiuas Liuﬂgﬂimmumﬂu (clinker) (U3gyayn
uazdy, 2549) Taedinaidsunuasiiiatuluneuandusuil 2.3 wasiiujisemiaaddeaunisd

2.1-2.3 (Zongjin, 2011)

Clay L (600°C)
CaCOs5
Limestone
Clay
lron

3
L]

U

PROPORTIONS BY WEIGHT

ﬂ
N

_____ > SiOz + ALOs + Fez03 + H0

___ (1000°Q) —--> (a0 + CO,
— 3Ca0o - SiO;
L (1,450 C) ____> ZCaO . SIOZ
3Ca0 - AlLOs
4Ca0 - Al203 . Fe203

CALCITE

ALITE

BELITE

FERRITE

[~ “IRON 0XIDES

i L 1 L ' 1

L00 800 1200 COOLING
TEMPERATURE  (°()

2.3 ﬂ’]iL‘UaEJ‘ULL%J@\‘W]LFWWUHIULW]LN’] (Talor, 1997)

(2.1)

(2.2)

(2.3)
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Yunauil 4 n1siludavasyuda (Cooling Zone)

deywdineenainmmndudayudiasdinudougain uazgumnniozanaogasinsy
= o aa ! [ =2 < a Y
YI0RTINTANAIVRIYUMNLLNaRDANUITUNEGN (Crystal) voudnyu (U wagws, 2549)

Yunauil 5 n1suadinda (Cement milling)

Wewlayuesnanmuiuazidudiag AazgnadluunaziBenuasnaniududy tieniag
Uafseldliudiavihugisenduuniuiuly

2.1.2 @susznaundnmaaiivasudinudlainuaun
detningiivvesyudiud deldiud arseenledvesunaifon #an1 sxgiillonuazivan
suvedsfloanlasiess 8n 1wy MeO Nay,O wazk,O Hudu mimmﬁ%ﬁmﬁﬁ%mmaLﬂﬁl,l,aziwéh
fuduansusznevegludayulusuveswdnaziBonuin (i, 2529) lnansuszneuiiddniler 4
ag ey fie lnsuraileuddinn(CsS) laurallendann(C,s) lnswnaidunozglun(CsA) wasnnsy
wnaLdeoraiilumoslsi(C.AR Fsusazmaiiandilunislrmadussoznafiunniaiy wansegud
2.4 TnsnauantRvesusiasina foeasBondsll
1) lnsuea@endding (Tricalcum silicate)
lasunai@eudainavioolad dgasniauni fe 3Ca0.Si0, uaziidedodn CS 1Wu
ansusznevfilegannitanludiund Ao fevar 45-55 fsusradumdsudimun WonausuiiAnnis
resuazudeiiniglu 2-3 4alus (ugyadnual, 2554) uaglirdsdareudneilagiany 7 Yuwsn
2) lauaaleudding (Dicalcium silicate)
launaidondainavisiulad fignsniaail fie 2Ca0.Si0, uariidedein S 1Wu
asUszneuiitlegosay 15-30 Tuduud sUs19nan 9 C,S Tmateguuuy Wi oGS oGS uag BC,S
Judu Tny B-C,S whilufiadesfigaumaiiund e ¢S manfuiiinnstanidseoudisdg uly
svozeazliidsdaiilndiAssiu CS uanagud 2.4
3) IWSLLﬂaL%EJaJ%QﬁLum (Tricalcium aluminate)
lnsuraldenozgiiiunviessaiiiun flgnsmaaiife 3Ca0.ALO; uaviltedein C:A 1Ty
asuszneviiflegfenar 7-15 sUradumisuay WonaufuihaenolfAnufisenfisuusuasil
madesviuiiviule uaznsiaunidsesidamnnnely 1-2 Yu uifdssadirdoutnam
4) wnszunadeneyaiilumleslse (Tetracalcium aluminoferrite)
wnszunaenegilumeslsdviofilad fignsmaeiife 4Ca0.ALOsFe,0, uavildote
1 CAF Wuansusznaviiflegludiuuddosas 510 wazedluanmansavansuds Wenautidels
wadog9InE wasimunidsliiiufeniu GA uasiasdadadeutisiie dni1 CA
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C.AF

360 days

JUN 2.4 nsimunAdadgnves GsS, CoS, CA, CAF (Bogue, 1955)

wazLlaannasusenauny 4 alivsunamnnisdesas 90 Fnduimunquaudfuazamnin
YouuBiud Aaandanddlaasulilunisd 2.1

M13197 2.2 audRvesansusenaunanluyudiuudvasauaun (U wasdy, 2549)

wa #15Usznau
AUUR
CsS C,S GA C4/AF
. o 157 e D s 159071
nINSURNSeN o . Pviule -
(F71a19) (Tw) (W)
. 157 e 152370 L5370
ANSNRIUINAY . o . . B
() (@Uam) (1) (1)
Massyay g g #in M
AnuFeullosanufiselenstu Urunang #in 6N Urunang

2.1.3 asusznausasmualivesyudiuudlasauaun

asUsznevsesluiit dumneis ansusznoviiflogluyudwudfiuenmiloanaisszney
ndnits 4 Aldnanliidesdiu ansusznouseamarifeglusiuauiides wiaisusznovuisdad
nansENUAedudnaduIonaunIntvasfidsliudssuariudefiugs WSy wasde, 2549;
Bogue, 1955)
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2.1.3.1 Fawaslnseanlyd (SOs)

Tutunougatieesnsudnyuiuud aviituneuresnisunyuidiasmfudud (Casos.2H,0)
iietesiunisaesiiuiuly wilumwmsedhudiivuamesdudumniulagsilidiuusinadd
udashuduAnnsvenesuazuaniiald dadunainanufiosening GS fududuinliAneniie
ndf (Ettringite) feifuFsdinnsdmuauiuudameslnsoonled luuduudldlhiuiesay 3 lnsi
Famoslnseenlediosar 0.1 f1 0.5 inanIngauildvingudismd

2.1.3.2 Yuv119dsz (Free lime, CaO)

Yurndaszoraiatuidesaningiuiumanurn (Cao) mnifuludmiuiugazentu
Si05, ALO5 uay Fe,0s T viieenaiintudouTinayurmldiniAuluusinisuasenduu
Falusgniamanldanysainliindoyunnidass Inevluyufiuudesiyurndasseguszsanm
fovay 0.5 84 1.0 djurndasziinnifunesadsalidumdinadfinesuAnnsvereduazunnin
1§ Fawginssuilifonds “anuliinag (Unsoundness)”

2.1.3.3 wunfildeusanlen (MgO)

TgAvdmiundnyuduudnsaifiuunidideusuaiun (MgCOs) nauagiantios MaNaNKI9L
annefudununiieueonlsd fausdmareglusundndassuarsmsatuthlddunnmaeagiu n1s
fuwunil@eneanlyinauagorvdmaliiinninulinsinves@iuud

2.1.3.4 9anlynvasdanian (Alkali oxides)

oonludvesdanila leun KO uaz Na,0 fegluyudwudluuiuailiuin fe Uszuiw
Yoway 0.5 A 1.3 Faflunumdrdglunsaiisnasaudunndaniiieshuazinjizedvesnlad
yosdanila Sasnufiseni “UfAsedanladani (Alkali-silica reaction)” lng
UfAseddsmaliiindamladanuaa (Alkalisilica gel) FvinliAnnisuenesuazenavinlvinounie
wan313lel

2.1.3.5 Weoanaiawunanlya (P,0s)

woaladamunenled (P,0s) efloglungRuildviuBiuuiuiaunas dauunnainfiuyuuas
flegludnaqniitesnitfesas 0.1 fs 02 lngdwiinvosyudiuud arsdvildyudiuududesain
fosa1n P05 vl G55 amednliu GS uay Ca0 uonani il P,0s wnmeeIdmalfiAinAL
lsimssvasyufiane

2.1.3.6 aniiliazanglunsauazang (Insoluble residue)

Yudwuddldnulneitlunuididaievuiifstuluduseumamyudiuudildanysoiuasy
UndulgUunAuBudy Sdsiiusuundulimmndundngedsiaunsovhufiselemstulduagll
finasensiiuradl iy udiaud

2.1.4 Usznmvasyudiuuddasaiaus

ilesandvEnavesansuszneuilianunsoysunuantivesyudundiiieivanzautunis
Tl szLANA %aLLﬁQQu%Lmuﬁﬂai‘mLLauﬁaam“‘fJu 5 Uszan SeilseaiSonsad (U uas
e, 2549)
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1) Uszian@l 1 wioyudiuuduesnuaudsssunn (Ordinary Portland cement) Yudiaius
Ussumilfouldtunnlusnueounn viondnsusignaiunsy Alidesnisamnimiiieuniisssun
Feamimildlunsneadranuuniivialy wu tan e grusinvesenans auw Budu Snviadliidegs
Tuszpzianlismsunntnuazlianusauliunay

2) UszLamdl 2 YuBiuddinudas (Modified cement) iuyudiaudiliannfeulsigandn
Tnsarudouiintutudatiosnivesyufuuilesnuaudussand 1 wifdigenitvesyuiuud
Uasauauduszuanil 4 (anufeus) uazlimadndifesiuyudinudUasauaususeian 1 damne
dwiultlunisireuniaviendafusignamnsslafifinanuieutaznuniusenistnnieuves
ansaraedaialiuiunas wijuBuuiussoniildreuinatioslulsumdlne

3) Uszuandl 3 Yudiuduosnuausudaiaig (Rapid hardening Portland cement) 1y
YuBluudilisidsgdlussozusn Snadslamufeunnufiselelnsdugs insreduinm CS g9
uazALazideaganIuiuiUasauaudUssiani 1w wsnzdmiunuiidenisldanuds wu
ugoNLe EeuiifeanIsasauULs 1wy ladunounin taliiihaeuniendnsioust uazasunie
d1593U (s

4) Uszianil 4 YuiwudUssauaudninuousa (Low heat Portland cement) Yudiaus
ﬂizmwﬁiﬁmm%@umﬂﬂg‘jﬁ‘%mlmm%’uﬁﬁwmﬂL‘wswﬁﬂ%mmmaa C,S Aoude Ao lneass]
Auszanafesas 25 f1 30 wiagil CS AsutrsgerelauadeUsvanuosas 50 81 60 Yudumdvia
HFamnzdmiuldnulunisieadunouninuan wu Weunsuninniensdevuialng oswnd
AnsandRluNs g nmgiivasnounIngi

5) Uszand 5 Yudiudvasanaudnudainn (Sulfate resisting Portland cement) 191
Yuudiidumudamalige Juluuiussamiislivinnumes GA s TnevhluliiAufesas 5
9z CGA azvilfiAanisudfudamaliie duiude CA fufumtesiednimiugise
fudaualddosnieldlfiae ilinistansoudesanasaransdamnanas Yudumsdaiaiinung
dmsununsunnIniaiegluiifindenieamsazanedawmin 1y lassairslunzia Sumsia vinFenie
TERLRACIEH

2.1.5 lauaaieudding (Dicalcium silicate)

lawaa@enddinaiiansniwai As 2Ca0.Si0; Faduanisvesarsuszneundnly
YuBludlesauaud wazatuisadunsizialaunafoudainnfigungianini
n1sdaasigdialasuaai@ouddimnm Aegi9gaugd 800 f19 1,200 oAy aLlT o
uazlasaaiisUsznoume Ca?t uag Sioe” duiumeuselessuin Tnofilassaiisveanayuls
uAaeNdaLnadl 5 JULUU Ao a, oy, @'y, B WAL v UdazsUiNagesazasia o guugifivunay
il

1) -GS Laaai‘mam‘w figandn 1425 ssmuwaidva vauzdusiyuilinazdsudu o- GS

a

8180901519 -GS Aafafiguugfivies arsiudovas 34 laguininues 3Ca0.P,0;

Y

Tnodanald a-GS lufautilonsesn nieeraiudosar 2-3 lnsdmnves ALO;
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wazdonay 1.5 lngtimiinues Fe,0s wazidl 1,400 seAaaifod nieoraiiudosay 23
Tngtminues ALOs wazdevas 2.5 lnst mTnues Fe,0s waziundl 1,500 seAnvaifed
wIsorniudevay 1.5 lnsdmdnues MO uastunit 1,600 ssrnsaidod Invaisiaiifanann
Wl -GS Aahiigamaiivies

2) o- S awiaiusfigungiigandn 800 - 1,447 ssawaldoa el guugimvili
v-CS anansnasudu o-Cs 1 leidudyuidnauisgungll 630 - 680 sanwaidea
910 @GS axiUAsuLiu B-GS wazd1deanisld a -GS asdflguvgisio iy 1%
Tnedminues ALOs wiee191iy 1% lasdmiinues Fe,0s wazin1 1,300 — 1,350
paALTALTed M30019LRN 2% Inetmdnues MeO wazwdl 1,400 semgaidoa dedenalel
a- G5 pesiigamgiivies

) B-CoS aziafiosiiloifingmgiiann 790 - 900 ssmwaiTea videangamniann 650 - 450

psrgaldua uazanunsadsmdu oGS 16l 630 - 680 asmwaldea mnnittuszuy 9 0.1%
Tnethwiinues B,0s wieo1aufiu 1% lnetwiinues Cr.0s weenaiiu 1% lagthuiinues Cao. P20s
annsadesiuniain y-C.s Iiidesann y-Cs Liflaudilansednvie luviufasenduih uenand
mil,smmsuaagw,masmi'mm%ﬂaqﬂumsmaaumﬂmamﬂ B-C,S Mlu y-GoS

0) y-C;S awiafiusfionmndiann: 780 - 860 ssriwaidva drgamgdinisungsniriasnduly
Wu a-C,8 IﬂsJmmdaﬂumilﬁﬂﬂﬁﬁ%mmaawxlalmLmal,%sm%émmﬁ?uﬁmmﬂ asa s B s>y (Ludwig
and Zhang, 2015) sy eg1elsfnmiilethdeyamesuandiuazuuimislunisuuu el
Auafsiigumgiiviesvesusazinadosvaslaunaldendaing uansfansad 2.2

M19199 2.3 gauminlslunisdsunagesvatlauaadending (Talor, 1997)

gaumnlidmiu
wagae | asuwladlasedsng AUUR
(aeALaLed )

nsuTulgslvisiannaane s
GINIHHVGE

- WUSPYAY 2-3 1neUnuNUee ALO;
WATSewaY 1.5 WYUINUNUDI Fe,0s

Jadilunng 4 .
a 1425 o e v m Wagl9 1,400 esAlwaLTYd
AnufAzentasun o .
- 91alAnSoay 1.5 lnguuntinuey MgO
WaZLNI7 1,600 asANgalGed
oy 1160 - Y 1% g ndnved ALOs #SB819
780 - 860 . Ay 1% Laguninaed Fe,0s wagluni
- ~ todlaluns b
(NUgUNNNINTU y) o e 1,300 - 1,350 29AnsaLed
a’ B Y \NAUNNTEN - v y
690 - L@N 2% Lagtntinues MgO Wagluif
(1iiugaumaiangy B) 1,400 2aAwaLdya
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UUNNFIY o ye o _d
; o y we nsuTulgslvisiannaane s
Wedos | Wasuwlaslaseasng HAUUR .y
o BIIVHIVGN
( @A aLed )
Jadalunng - 9152 UUd 0.1% laguntnees B,Os
630 - 680 AnUfn5en NI01IHN 1% lagt1nnYed Cr0s
B - o NIDB1LAY 1% lagu19nuneo
(WungUNan o’y)
CaO.on5
[ 1Y) [ 1 @
- Msifuivesullined195Inis)
< 500 laiflaud® - Januanesineluifoaiuans
Y o = -
(18wangunan p) lansedn

2.1.6 Ujisenlansiu

UFAsesevinyuiwudssvinyuiudwiefiFend UjAserleinsdu Ssufatenseming
Yudiuudseniauivinildiinanuien wasiianisneduazudeinvesdmudnad g
a13UsEnoavariU AT e funaziu Sezidumvasimunquanivesdiuudinadiily
anmmarafnuazanniudeiind lnwesdusenavresdlundiintusiuffsenintuluaes
anuEAD

1) o1fansazats TwudazazaglutneliiAnlessuluaisazats uarlosuiznaudy
yliiAnansUszneulnaity

2) MaAauRAseseniveds URAsenAntulnaseiifnveseuds Tagldsndudadld
#sazany ﬂﬁﬁ%mﬂizmwfﬁaﬂdﬂ solid state reaction
UfAselamsturesfiudanfniuiaesdnune Insludisusnavendearsavans uarlutsioluas
AnUfAzensevinwends Tuudusznoufeaisusznouvaisuia WelinujAsenloinsdu
wAndneilderainufiseseld vilviianuuandnsnudadueiiliadusn Tufidasfiansan
Uffselawnsturasansussneundnusasaialuyufiuudssdl

1) Uﬁﬁ%aﬂamﬁmmLLﬂaL%am%ﬁmm (C5S way C,S)

uraiBen@dinmeinUfAsetu neliAnueadeslensenius (CaOH),) usuaadenddinalawnse
(calcium silicate hydrate (C-S-H)) ivimthidusiaszau LLaza:umiﬂWil,ﬁﬂﬂﬁﬁ%mﬁé’aaumiﬁ 2.4 -
2.5

2(3Ca0.Si0y) + 6HO ~ —> 3Ca0.25i02.3H;0 + 3Ca(OH), (2.4)
%30 2G5S + 6H,0 — CsSoHs+ 3Ca(OH), ... sUluUEe
2(2Ca0.Si0y) + 4H,0  —» 3Ca0.25i0,.3H;0 + Ca(OH), (2.5)
30 2GS + 4H0 — CsSzHs + CalOH), .. sUluUEe
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Uiz naiifudndmlnensestuanuouiiinanufizen Ae drllnsinufAsennnaziianisane
AruFounnn 3Ue 2.5 () wanseudouiivhuizerlewstuseming Gs futh dwudunouluns
yufRseuUseantfdu 3 du fio dudl 1 viniswaw S AuthasiRnamudousdieng Tasdan
anufouiiiintuszanasuazvgaluing 15 uriiusn suundiedud 2 fuFAsenietudnios
3o szEEADsUNLA (dormant peroid) Wieszezasy (uszeyiudmuduesnuaudogluann
wanaRnvatedalus Fsannsamiduuurdendersuniailuluwuuldieufinouninazudei uay
wFudngiui 3 Wunevinufitendned 2 Tneasiuluta 2-3 Slumdsinuan GS futilingg
funanisdesszeziu Tudiinsaeanudousenuiesiaiies wazdnsinisifaanudou
Wutuaufegngeandossesinais 48 $1lus Tufnnisnefaniietu ndmindduudnadas
L'%':uLL%QGfal,l,az%’uﬁwé’alélﬂu%umumqﬁﬁu%u wazUfAsevzAne anas wivjiserdenainnaly
uiintiopidionaiuuiy

levinnnswan G futh lessuveuaaiden (Ca>) uaglansonlad (OH) inTuseiTInga
vilkansazatefianmdusiiegs (pH gendt 12) Fuduufasenlelaslada (hydrolysis) fluinlu
srevusnUArIzanates eI uarfsnsdiegnaonluszeyaesuuud osnnadutuesleasy
wnaLdenuarlensenladivinlimsazatedanududuiuunty defsafinnuduiuvedlossy
TuansaranegsnenazyiliAnnsanudnes CH vazlfiodfu CS awBuiufizenegemnigidn
a¥1 TnsuFATemsintuuinmianes GS viliAa CSH douseudinyunuiuiy dewaliufizen
Fuldldentu wifisenssaadadoluviliin CSH 1ty wazased g dnsuasduTmasnnty
Tnpawdonlodedu wasiRamsBanziu dusu CS vujAsensuiludnumeadrefudu CS ud
UFATeTiARTuiInI Nz CoS ldtethonisinuiisen shliauseuufiselawnsduisioont
CsS
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{43

[ | & - -
Tun 1 Tun 2 AU 3

- _' nl CS ':._.':.'
~ /
B /
ol [ of
2 e | “hepme
;E 1) C,A nulya
" | azil
{ LK_“'_—-—_ f—
e ||
i~
< || .
| / ) '.(".J.;E,'.: uAnuil
i / \
.J_lk“."____—_'. — / | \:___ =
0 1 10 100

VIR (D)

3U#1 2.5 nsifinAuseuaINUisenseninayudmusiui

2) Ujiselawnsturaslnsuaaideuegiiun (CsA)
Ufiselawnsdures GA aziaviufiviule waznelmfnnsudwhed199inswesduudinas
AIANNSH 2.6

3Ca0.ALOs + 6H,0 — 3Ca0.ALO3.6H,0 (2.6)
%30 CsA + 6H,0 — 3GAHe L sUlUUEe

WoninliliiAnuAseneg19insa 3ald8Udu (Cas0q.2H,0) wWrldlusgninswuiunisuaduug
gutuildagyiiiseniu CA nlilAnYu ettringite UuRIve0UMA CA faaun1sh 2.7

3Ca0.ALOs + CaS04.2H,0 —  3Ca0.Al,03.3CaS04.31H,0 (2.7)
%39 C3A+ Gypsum —» ettringite . UGIIEL

UFA3o1m01 GA furiflefududu uudld 3 4u fuanduzuil 2.5 @) fuusnufizenasiinedis
S wasriliAnennilndifdnuazemedody Snsietudeddaminlossudivme n1sidaie
yvislndifiuanniuseu CA MlvuFAsenAaldenuaziisenanasednesei Tudud 2 Ujase
wfndureudistosuarldinamatedalus iolessudailayufizenuauds CA g
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UfAsedulenislnduazivasudunnadenluludalslogiiiun (calcium monosulfoaluminate,
3Ca0.Al,05.CaS04.12H;0,CACSHy, W3a CASH) Tudiudl 3 UfATenamiintuile 12 - 36 dalus
weaenluludalrlegiunszamnsaianduluiduenidndilelddamnloseudiingn deildnly
NsLAnNSANNIaUVRIENTIALNA

3) Uisenlewnstuveannszuradonogilumlosls (CAF)

UfA3enlownstures CAF adrefuufiAzenves CA udaziintinituaziinnuiouves
UFRselosniy Taeflansuszneumaneenlus (F) sgsiwiisenndneduegiiflensanled uazBudy
U FATE1M09 CGAF 1nniinsnineuiitenves GA FsufATenlanstures CAF fauiin
Tugedu Ine CAF 9evi1Ufisendu 8U4u (CaS0q.2H,0) wazuaaideulansonlas (Ca(OH),)
AoliiAneynafifsusramilewduvesdamesogiiiun (Sulphoaluminate) wazdainesineslsd
(Sulphoferrite) fsaunis7 2.8 [15]

4Ca0.A,0s.Fe;03 + CaS04.2H,0 + CalOH), —p  3CaO(Al,05.Fe;053).3CaSOq (2.8)
%30 CeAF + Gypsum + Ca(OH) , — CAHs . sUlUUED

2.1.7 Uadpiifinasaujisenlansdu

Snmmainuifsolansduiueg futladenaeuszns uasauiRves@uusinadfiudeiugn
wluegiudnsniniauifiselawmsdu dadu Tefeiifnadenaiiauffselawnsdursinaroauds
yosBiuudmasiudasauda leua

1) 918vRNAA é’mmmﬁmﬂﬁﬁ%mlatm%mzLﬁmmﬂﬁ'qﬂumau,iﬂ wazdRIINTNAUNNTEN
aﬂaaLﬁ"anmr;imlﬂwﬁwméuqmﬁﬁ%mlalm%’u

2) 09AUsENEUYRITIG ShsmaiAsuiFelawnstuvesusiazansusznoundnluyudiumg
wAnUFiselanstuunnsetu

3) ez Bonvesdiuud fumndfifnnuasiBengesiifuiiisdudatuiwnn dewalisnm
nmaiAaUfATelenstuinlusseziiia Insangegedsluiasnuesmainu §izen

4) Sasdruvesthsetiuud ludransndnsdiuihdedinudldiinansgnudosniins
Aeuiizelawnstu udazdmansenulutmdailisnnnniauiitelewmstuanas dludiuna
fisamdmhdefiuudanas vlinaressanmaiaufiselansduaivanas

v
1

5) gaunadl 895 n1siinufAselawnstuiinduioguvgiasiu lnsgaumvginaunell
Aolvilinnswisivesdiuudinegd [16]

2.2 msl#ingAvuazitoindmaunulunszuauntsndndiand
Hymiundanuvesdssmalnefiannaduidesnnnsidesgndsuiudumminiiie
Aefoansndomndsszanene e ldudendsnuludondss lnoanelssnugnamnsaly
Uspinelnefinsvenedaluegranndniadusidigidu nenirgpannssudddimaluladnisadn
Wsnanduiieansiuaueuss ssnsinineluladmardudunflddmansenudedym
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yaFuAsnndeuuasnslindsnuiiinndstugae Tasflgnamnssuiidaldindugnamnssuung
Tngjvosszmelng ity Tsanusdayudiuud Sonuindnslindnuigannmzldaamgiaen
Foutnegs BnlsdsuanudosufiaFounsranegansveulasenleding avtuudr3dldiiuiieise
ai’maumaiuﬂw%hwmmul,l,f’flsuﬂmi/in,%dwﬁ 91y nsinevezdunsdunrlmfnlundanu
wifgapdunsuidamitdslignaamse mstiemezdunidunimvndanisliffaiinuafivns
91MATY uenmieananudeantsndsuiigilunszuaunandndinuiinisildudsngavi
Fuduiazfovinisssidafiuyudafuumdwesingiuvdn AsiinmunAensnensmiesssunid
anasLazLATYAeY MeRwInden 017wy uaRvnediuetniauasides [udu fedusdnisels
wemAnTILLIMINIT I s ukaE gRunaunuIngiiuansssumAtieJunsannansenud
Andu

2.2.1 Wunavuaznisiduselevd

Hradunandamansinensudnviaviaiiinsdseenidusuumnvesdmsudsemalneg
nadanisinensvesdseinalnelul we. 2556 nuitUssmalneddnoninlunisadndiy
g9fle 25,080 Wudy (@1nuiAswgfianisinyns, 2556) laen1suand1iagiitruddenlud
Fanuinsledudlutden 1 du azldunaveguszann 200 Alandu dagtulsinsthunaudady
nawaogldveinisadnilulddudemaddunsaanliiiwedssniiamla (Biomass power plant)
vielumifadiloth (Boiler) SendranniswundgdeliAnveadstuunde unau (Ussanuiesay
20 Tnguiwiinvesunau) (Usyan waede, 2509) uiiilssanidunauiinaautifidsngugs wasdidan,
flaqun Fedinstidunavalivselmionmunivas feagnanludosoly uvenanidmusniy
nszvunmswlniunauluiiviogugiifiine furrdmadednunzamnmuardveadunauiiioty
yhlufinusnazwsnudnwazvesd Wy 3 Usziande iunaum iiunaud wagtdunauu

2.2.1.1 asaUsEnaUMLAlvaiIunay

peAUsENRUNILATvR i uAaULANIFIA13199 2.3 Fanudndunaudl Fanagauin
faUszunmdesas 90 (USnyeyn wazde, 2549) drufimdeduesnledvedlefion nsunadey
waaldon wunii@on wan Weanesa dames uazdnisgydsimdnidosainnisiun
(Loss on ignition w3 LON) Fam1udndidl LOI aguszanaiesay 2-5 Insgamgivesnisiniunay
finasior LOI isngniswnlvsiftliaysaiagvhliidmnaud LOI getu LOI egludunavdiulvg
wusneiu gainge uaziiidwnunagiilihdwesneuninanasld
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v

A19719% 2.4 esAUTENOUYNATvaRILNaU (USya wazds, 2549)

]

d15Usznau unav (%)
SiO; 86.9-97.3
KO 06-25
Na,O 0-15
Cao 02-15
MgO 0.12 -1.96
Fe20; 0-0.6
P,Os 0.2-29
SOs 01-11
Cl 0-04
AlLOs NA
LOI NA

2.2.1.2 msthinlduselovi

mythanldusglenilagnnsiuiiaail

1) dndutangusulgefuiiediiiuainusiugs dWnusss Aududilad saufstendiun
Julanugnuauiuaudmsunisugnivslunszans

2) [dudgadulunszuiunistntainds Undnfreivdmsugaduaisuaivane wsod
15807 auiudud

3) T JuingRunisnisndndan

) T Juinghvlunisndauia ndndasiainui

5 1 Judrunanvedgnoasie iesainaiuisanuneauiouldfduinnda 1000
RGRR GGG

6) T dudrunauveansnanyudiuued

2.2.1.3 unaufiugamnil

wNaUegnANNSaUARSHANEEANT (93197 2.4 lauansiniinuasdvesunauunay
s 4 = a =~ H Y = o a Ao A 4:4'
Mmudsulungamgil 100 esengadua Uiazgnudneenlulnenunavdiaaaimduidinisuile

aa X = % & D) vada a X

gaunaiiiuudy 200 esrgaldua unavasiluluduna wandvivutnisunlndnsuiavulag
Wmiinzanas dmtnvesnausssumIzanassesay 15 figaugil 300 ssrwaided n1slndasiin
wnTulpgunavazdsududndunazdiuazdminizanasdn unavazisuaaedudfaaumal
400 a3mwalded lnawnavunazidenvzivdsuluduiniageu uazunausssunvsiudeuiud
WmageuudlLafindmUsUueguminavanydelufsesay 75 Tugiell nmsiiingamgiagyin
Tihmidnanasdnlauinfigamall 500 ssreadea unavaznaredudilagassunateiduduaun
£ A a = % v & = o v a & A
P Ngaumail 600 Berwaldea wnavaznateidudmwun Fsdunalsannisdsududininives

2-16
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wNaunIsiLaMngfian 600 Wu 900 ssmwadea lidesinadouininuazdvoadiunauile
gaumail 600 asrwaLdya Liisswasen1sr ot auysal

a ol

M19197 2.5 Umtinuagdveawnauigaumgianneg (guadnualuazUIaya, 2552)

Y

gauuiilun1sien WNAY
(@9FLTaLTYE) dhwiinfivnely G

105 8.8 Waeq
200 5.5 hana
300 60 AN
400 75.6 1 thena
500 7.4 ‘fwma U173
600 77.3 -
700 77.9 2713
800 7.7 -

nsunauiennialsiiismeuazfigungiiinaglfunauifidduaziiviianisueu
uazdsiinlvslliauysaivdoogun limngiagthunliviagueslvaiu uazdesualiazidenuin
Jezanunsnthunldld nswrluifonidlifisme fausifiguvgligafiny unauilddnsdiusun
MFueugs MIwnauigamgil 800 ssmiwaidea Wunan 4 Halus Taefonauiinaudiinals
Unamniueu uazdsivnluiflianysaigafedesay 40 wnauiiimnisiiauysalasivinadan
a9 (Hwang and Wu, 1989)

2.2.2 wWnvudeeuasnislduselevy

Soofufivgramnssuiifiruddyrorsugivvesussmelnemazdudseanthmansie
selvgfusudu 2 vedlansesanUsunausida Vssmalnedfufiugndeslud 2559/2560 $1uu
10,988,489 13 Turwmiluiids193am 47 favda (ngudvinisuazansaumagramnisudesuazinma
319, 2560) Tnglunseurunsudmiviadosansiui 1 éu Lﬁamumzmummﬂsgﬂmq6] SERVLY
YuSoiviannszuIuNsNaRUTEINA) 290 Alansu (ngudaasugnanvnssuTinm, 2561) Tl
WA, 2550-2551 nudUssmalnenananSosianuaUsztas 73,31 S1ufu Lasndannnssuaunis
wAntaadvrudosndetsrunudosay 26 vesimindosudedviudosuszuin 19 iy uas
mendsnnsenrudondel iludemamannszualnihazvdevesdefleglusuveadmudes
Yoray 0.62 Vs Miinges (N5¥NT1AAMNTIL, 2550) uaniosanidnrudosTnmuaudRndsny
a4 uazddaniiigs Fefimadudunavanlivslovdediaunivans
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2.2.2.1 asfuszneumaalivainviudes

psAUsENUMNBATv ALY USDanIIAI1ST 2.4 Fenuindnwiudenil Fangann
Feneglutasdosas 65-75 waziiuuna fameslaseanlude uiiuiames LOI Aeudnsgs F9019
asdie¥enay 20-30 n1371 LOI veuidrwudesiiddoudrsgainifatusuisafuiddauaadialy
psAUsEnoUMuAivesivudeslulszmalnedil LOI gs uay LOI m winidhenudesd LOI g4
fnazddanmnindvudesid LOI i

M13197 2.6 BeAUTENOUMBANYDLINYIUBBENE LOI 61 Wzt wueeeitdl LOI & (%)
(A3 WUNNIANA LazaE, 2549)

A15UsEnay ihvudes LOI i (%) | whwudes LOI 44 (%)

SiO; 76.8 67.1

Ca0 5.44 293

MgO 0.94 0.45
FesOs 8.04 2.54

SO3 0.09 0.03
ALOs 4.40 5.69

LOI 3.28 20.36

2.2.2.2 mythanlduselen

msthanldusslevilnenmeiided

1) msthiiudeslulflumsnanaeunialagliidudunauunmuivudiuuiduusdiuvie
v

2) Mdusgedulunszurunstidaings didafefivdmiugeduansuaiueine vied
158077 uiudud

3) T duingRunisnsnandan,

4) lndnduadouwsinaindivudes

5) ihlulfidulevieusuanmauiidunse
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2.23 dunduihdiunaznsliussloni

Unduhifuduiinasvgiafiddyaiionis lnousemdlnediuiivgnundussun 1.45 &
13 waginandndusudu 4 veslanUszunm 4.08 Srudusiod viliAnnnuesnarduthiful sz
2.14 Frududel dsnn1swanu i duituiiAetuiuiiingeis 107,000 fusied ruld
Uszan 10 BAelun.a. 2556-2557 nutrituiimggnundudiiululsemdlnedintudund a.a
&uls Suandnfiutulszana 3 windu 12,37 dudused (FdnawAsesna N15inYns, 2556) ER
nnUduiduiiistunnnssuaunisude wazainmafiuifeardundulddunamaeds Taun
wwnzan Wuleluagnaneundy Ssannsolfdudomadstundoinislotilunisudanszualidi
(@unAuAsunInwsUsTInAlne, 2505) uazazindevesidofiiinainszurunisndiogluguveud
Undanisiu

2.2.3.1 aspuszneumaaiivaadiyiudes

osdUsznoumaniiveadnunduhiiunansdensadl 2.6 Sanuindiunduiiiud $8n1gemnn
feuszanmudesay 65 warsasawdudvesusuia nsgaydetmiinidosainnisiun (Loss on
ignition vi3e LOI) fi¥oay 10 FsitonAeudnegs Fsulun LOI figetliilosangamgdiflflunisull
gannmsEnaRigamgiigsasiliiAamsmlvaiiauysoiuazdsna 1 LOI fid1sas uazens
dealiimasvesrauninanadls (Tu 1msivindna waglnyial LReshlnua, 2549)

6

M19199 2.7 osAUsEnounaiiveiUdutiu (T 9 msivingna wazlngqal tiesilnus, 2549)

q

d15Usznau Enuhduthsiu (%)

SiO; 65.3

K-.O 5.7

Na,O 0.3

Cao 6.4

MgO 3.0
Fe 03 1.9

SOs 0.4
ALOs 2.5

LOI 10.0

2.2.3.2 msianldusglevd

nstharlddselesdlaenmendisd

1) W dumgadulunszuaunisiidainds tidafeRvdmiugaduaisuaiiving uiod
Sundn auiudug

2) T Judrunauvaansnanyuduud

3) mslfdmndusisuludunauneunie
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2.3 Fan1

Fanmsedanaulaeenled (SI0,) Wundn v0euds luid Sanuaiedunizszning 2.0 - 2.6
9AMaeuIval 1,710 asangaldoa ldavatsdmieazareldtonun ldazarelunse
eniiunsalalasngessn wavararslussla@dng (auadnual wasUSaay, 2552)

2.3.1 sUuuuvesdaniluiin

E‘ULLUU“U@Q%aﬂﬂuLﬁﬁLLﬂaUﬁuﬁ 2 5ULUU Ae FAnuUUBANF M (Amorphous) LaLFANTT
Huwdn (Crystalline) flswaziBendedl

1) FEnwuvedng1u (Amorphous)

ganuuveduguldannisiniigungiliguiuluazianuisdilunisiinujizen
Lﬁaamﬂﬁﬁuﬁﬁwaqﬂdmlamaﬂ%a%‘uaa (Hydroxy! silinol group) magﬂﬁaiﬁmm%wﬁq 400
DI LALT YA

2) Fnfdundn (Crystalline)

FanidundnAeudsegiuazidessenisvhufiten fattuegfugumgiiuarsyzinatly

Y 9
a

N3 wangaurgiasdanuuasuguluilundnuesaesnd (Quartz) asalaunlad (Christobalite)

wagn3AluA (Tridymite) @99siivaudnuasduiuaumainisdl (Redfesd, 2531) wanidagun 2.6

wonanddelinisdaiedlassasriawvuilussidevinsalaenalulidanisainli@dnuinnig
a v 1% a

Wasuwdasls sniiunsalalasigessn

573" a7 " 1410 °c
OLQuartz; *——= [PQuatz — [3, Tridymite —— [3Cristobatite

[ [

I3, Tridymite Cf Cristobalite

[

CL Tridynute

U 2.6 navesgauuniidensiudsuiuavesdani (Reaiesi, 2531)
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2.4 Jaauily
Janulu Wutaniiaseglunnuaulavesindde lnednanmussiaguilunslminysslewl
BHNINUNY LU ANAMINTTUAENT wnneenans Tanemans wasinenemans 1usu

2.4.1 Aflguvaedaquily

faguiluniooyniauludusyniafifivuialusedu 1- 100 unluluas (JUA 2.0)
FalagUszunaniisuldturuinndsveshia visfvuimdnnindunuvesay Useuia 1,000 i
100,000 Wi eanunsanriany viiedudaudlulaglidi Yaquiluaunsofnduewus sy
WagzlinaINNINIEinvety Yl yinfiAnduesmusssund oranuldndainlui s liszidn
vnwlinenvegluguveseynialhisa fvuleuludawnnden duoymeuly fiiaannsnsgies
uysdldannisdauaseilagnss wasduarsuueusenun iwu annismnindivonadessud
iAdeadng viesnuwivug vieannsrurun1NEn wmnaall wagdanin (@synsulnediny
LU, 1.U.4.)

2.4.2 n1sduAsIzdanuily

msdansrzsivanululaeiiill Useneuse nszuiunsanazneu nszuaunslelasivesuea
nszvunaaaUsdlnlslada uaznszuiunislsana faflswaziBeadsil

1) nszuIUNITANAzZNDUY

nszvrumMsenazneu WUTETe Instharsasarefiduanlessuvesarsiidiosnisnnaznou
SuwdulUnanivarsanaznousiudulunaudvansanasnou wwu wenlulleulansenled  vialula
ngneudmvesarsUszneveenlediiniy Fildgamailunisniouliiiu 100 esmiwailon uas
annsaudeuluussemand antuilunseafieusnaznousanuuazeuliuiis

2) nszvaunisialasmesuea

nszurunslalasmesuen Wunszuiunsfiansazarenioasuuiuassvasansneiuluni
mmﬂgmmmammﬂum%uumEfl,mmwmu Junsduasizvnuaiiveandn vsenaesiin oenlys
mﬂimmﬂm‘mLmﬂmamﬂﬂiumumiam WY NsAnaznaulagafuguniiagsEning 100 a9
waldua aufagumnlingd 71 374 ssmiwaldoa uazarmdiugei 15 winngUnaaa (dnen, 2550)
anmedumdildegiunmssnuinavesansazareviliiAansindeuiemaiiieinnsiuasua na
Tnesiuvesnnudukazguvgiianunsaanndsnudaszdmiunmsiinmlaiiaios dalsaunsaviild
afesfigumgiund Snvisdmudesiiafoiniesfiofisaoutaunsuazidenisseiings Yo
nszUILMITLRE RIS

3) nszvrunsanasdlnlslada

nszvrumslanawsdlnlslada unsduangiiduiiseniumsgramnssy Tnedndnnis
vhau fe ansiefureunangnasddlulumay eynmaasAsturinninalviiognenga wae
mMsaanefvemenansazarefiuingiauiindanugsainuianauvesdinulazoendiou s
wismitldannsmninivewivazaiedunic fefveiBimauasdinlsadad wwduniaifia
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UszAnsnmiifvasnisazate arsdssungnuudilvlussuu wasiimssnlnilaewomaalalaense &
ANNdeN gy lnAnufaselaluusnanianuiou wu wWadln wasdadinnudangulunisly
Fnsslunisnuasiinlumednsiinanaatulaiuanunizay dmsunisneadily ey
auAsEAUWIlULAR (Tanug, 2555)

4) NITUIUNISLYALIA

[~ d" d'q [ &Y d'
nszvaunslwaadunssuunmsuilaneuldlunisdunsenianuilu Inensidsuaniue
dl = 1 1 1 d‘d d‘ U
NTaunaINTendT loa druuinegluglarsuviuvaseiiivuineynialagiady 0.1-1 luaseu (WY
3uns, 2553) Wureaundanisendy wa lnensihaisazatesngg 1vinujisen arsdseneuiiniuas
[ (v d' (v} < 1 1 [~ =1 o Y a I~ a 5

agludnuagvatlea Welsaneiulusuwestliilusulouinliinluea Tunssuiunndni
nannsiduleatasiaadiadngnszuiunsyliuiiownaamginaglinandnduslugliuy
A199 ‘UQﬂiEJ’]ﬁ’]ﬂﬂJ‘VlLﬂWU‘L! i3 Ugﬂimmmum LUIUNISLALIA AD Ugﬂiawlaimilaezja A5
ANULUUAIEUILAZNITAIULUUAIELDANDTD A Imamﬂwwmﬂmﬂa ANRNUTUNTARTY FL54
Ufnzen Snsduveninuaylave IEFRRVHH

2.4.3 RANNIINTANATANN
Fanrausandnlaainnisauaninainiandiuia mearsazaneluieulansenleavinlila

da1sazanslalfoudanm (Na0.50, %38 NaSiOs) karviinisanaznoussnuludand
Uy pH vesasazaneliilatosndn 10 (quadnwel wasUIay, 2552) Faanunsaldlaianselelag
Aaosnlunsviuiiseweluil

Na,0.SiO; (aq) + 2HCL (ag) --> 2NaCl (ag) + SiO; (s) + H0 (1)
viealinsavindulunsanagnoudanild wu nsadansn shliAnugRse el

Na,0.SiO; (aq) + H2SO4 (aq) > NapSOq4 (aq) + SiO; (s) + H0 (1)

2.4.4 nsthdaquilunldusslevd
st Tanululdlslosdlnenmenisd

1) fudidnnsedng 1Wu wiheanudfidvuinuszana 90 ululns gunsaingiaia
Fnm gunsalnsiaiamaeaiviegunsaluaninalasadisgunin dusu

2) suwmalulag@inmunlukasniswnndunly wu nsvudsentudedosilmuny n1s
wansnnlaana uassasasugatn s

3) fwdmnssumans wu Jaanauily seuuliiganauly Jaquaslaswadiedesiy
Iyl Yanusznauvdonanaindaen iJusu

8) Frumdsnu wu Dutaeinfudemadelanau iiaiuaseadgios Wudu

5) MsieAnemaniiugiu MeiEnd afl wagdnm lneedenguiuazesdaminig
Iermansiugiu lunseSuieusingnisalingg fiinty 1wy auautaiuadsuudaslunsfiand
vide 1eil vosTaguilufiunnsndluanianiluszdululas 1Wud
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e muesianuluusazvila enafianuduiusuazifeidesiumansvatouvus lullagdy
Jaguilunane ¥iia a1ursairlldliinnUsslegtduasiinuan wwu nswmunduiieu
wluraaIog Scanning electron microscope (SEM), Tunneling electron microscope (TEM) #38
Atomic force microscope (AFM) Unsaiianmundundnfaaidenisai eg19lsinuanuidenieniu
ulumansluvned dulngfinsegluiosjofinmmainermans feoradeddinaluszesuiiiay
ansaiunldusglenilaasduawan (fnns uazani, 2549)

2.5 NS2UAUNITIUIASIAN
nszurunshulasn Wunilddunszurunisialasimesuea Ineindnnislvanusaunienis
wS9dlUdsansaadu Feazuanaeliainlalasmesueaniluifinainnisiianuseudigansaasu

aa o s

(SFNug, 2557)

2.5.1 lulasian

lulasvan Wunduusimanlndindifianadsening 300 MHz - 300 GHz fmue1IAauTEIg
1 m - 1 mm fedunuanuivesedululasinegluiunisseninaduinguardunsisaves
awnasuaduwsimanliin lulasowdunduwinanl i ddindssugame iannsavililinanaves
ansvyuvseviul dundumsimantiinluriseudidug ervdmaiueznourdoluanaludnumed
uansnetu wanslugui 2.7

uenanilulesiduiaunsasimaiauisonaiineldnnusugetuld deldnusld
asazanefiiumiasunieut enafingamglinainufisenludmihavaredunisliganitgaiien
vosiwhazaneiiAnanmslimnuieunuulalasiesien (Te,) 9 100 ssrwaidea GAwug, 2557)
G 10571uA (Ethanol, CHsOH) & Tep WU 79 ssmiwaiBea wildelvmmiounnasilunimug
Yamelulasianvilviligamaiiaeds 164 ssrigafoa wavlnnudugads 12 ussenia Mslgamgl
getudull ilviiSnsn1aiAnuiAzengeintu 1000 wi (Gabriel et al,, 1998)




lasanrsnrsdunsreiyudiudivladidauansalunisiujisergeandauia
UazunaldeuadnNg aaenszuaunislalnsinasusanazaals

T A R T R T

10N 0% 3g% 197 1% GBS g0 e e 1Y )
H“l‘luﬂ‘t‘lﬁ#ﬂ- (imi)
1 1 | L ]

L
3x10M12 3xigwo 3108 _%xmb 3x10% Ix10?
AT (MHz)

Luanadw

A

- ]
BLANATOH

-
BIANATOH

24ln
JAUDR Tumr!am.:u

JUN 2.7 awnasupdundivdniniuazrafiintuivesneunisluanauuusieg
(3Fwg, 2557)

2.5.2 NSINNTIUVRIBATINTNAURNTEN
aunffians A uaz B Juludiufisen (Reactant) fiszAundsnudu B (3UN 2.6) lag
agmouvIslulanavasasmantinisiadeunLuuduluianewne Wevuiuluiianeiwansay vili

a

Ain AB* luantuggnnssduiilssdundanugetuiiiuanioens uddu (Transition state, TS) waed
sefundaugatulu Ers nanfte ansgnnssfusewdau £, (Activation energy) 1ne E, = Ers -
Er Fadundauiidvuiisoganduiolfifnufisentuld donduuiiganduiidunneasyiil
A uaz B TUfATowefunatedu AB* ieszfundsuanasaziiandndsi AB wioudumiem
W& AH oonunuagiisziundinudy £, veitlulasianinld A uag B Tl (Momentum)
viondssugmefiazionvuziumnsdng (Potential barrier) Ifi3aninsliamdeunuulelnsimes

wea (BANUG, 2557)
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A+ B ——— AB* —— —»AB

WAMR | @Ay

Ufjiigen

HAMAR

-~ >
UM 2.8 WidavesUfjiseniseAundanusneg GFwug, 2557)

2.5.3 UfAseniiiintiu

lunisiinujiseaiionaiinlaasciuy fs wuuaa(kinetio LaguuUgUUNATH
(Thermodynamic) Mstitufuaniizlunnfinufizen mslviaudounvudadmunismuaunis
AnURRTeMUUaAY (Kinetic control, KO) (3U#l 2.7) At uneldanngluszdudunans vinls
a1ssisduns (Intermediate) sdululunumaiiasniniign fie imdsnunssdumianiielsindy
Handn 1 dmiunisaruauufisernuugunnain (Thermodynamic control, TC) agldnaaenu
nszduiinniu Sududosegaeldanmedieuguuse nslienudoudelulasnm vinliesnou
warluanalésundanunszfuiiastudofiadunandn 2 muuuamsuugammain

nslvimnufouselilasilindusglovinnfuuiitoiiinlad Ssfaddndanunsedud
gufleiindunandn ndanunszduiinnuduiusivainsiivesdnsinisiiaufisen (Rate constant,
K) firuaugungf nedifindsnunsydu(Ea,) faden donduiusfua k7 luifindusema
g fififisty dunsdifindsnunszsu (Eay) Senann avasandasiua k Miudsuutasegis
suusanugamgifiasunas shlsufaseuintuldorsauysallunauumaesilumdoduiu
Tnsmslianudouseiidaiu amsaietuldlunauuduunilaensliauieudaslilasi
namfeilenainufiseniinisliarudounuududulsiamnsovhliufasels (Hayes, 2002)
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1
L4}

WEI

FITUTOUAT

HRHER 1 -
Ea; <Eg

1 2

HAMAR 2

-
Wnavealffisen

JUN 2.9 Ufsefwanssiuliesnnnishinnudeunvunaduuwasnisldnaululasio
(3Fug, 2557)

2.6 NUIBIAYITY

Rafiee et al, (2012) Anwin1sifinyszAnwidnnimvesnisduasissinazdnuiauaudives
wiludananunau (veadefinutes) lnsthunavsnwlnideamdeuneliannginuauuasld
asailinerludeulufiuandieiy Wedueseiuludaniuiand deislua-aa nvildiunluda
nanAnwanvaEnIInIen I el kaglasiaineszaugania nu nslinselelaseanin 7
mnududu 1 Tuand wnlnsifoamgll 700 esruwaldoa 18031 10 srwalToasounil uasdl
Soaking time 2 $lu3 A ndurhnsduassiuluianilaeislea-aa vilwlfesazanuuianives
ulu@aniils 98.80 Bnviedafiiuiiingads 623 msamsdensu

Adam et al,, (2011) Anwinsdaasizviuludanimsinasainunaunieinlealaa tnalddniswn lne
Tunsindoudnegndldiinsdraunaudensalussn amnududu 1 Tuaand antusaiundunsieiun
Tuddnmeladeulansenles mnududu 1 lwans wdmeasensalundn anududy 3 Tuansd wie
VsuArmufunsa-madu 9 wdufvlunisusdn 2 u udrdedunenpzneu andudeeiingu
wavouwiis tovluunlugang wagianfnwdnvaemenienin il uaglassaiesedugania anua
msvageunuh wiluiniidaeseitunidnvundunsnanifiduiuaudnats 509 uilumns
fifufifageds 245 mmamnssonsy wasdeuduedngiu

Jal et al,, (2004) FnwinsdaAsIzRuluganImeIsnsanaznau F9ldaanaauasnanulaeisy
1NNI5UETANLRaLTHANTAUnIalalaTAaas NAMUITLTY 6 Uasuaa Lua1 4 T1lue LAIA1IAe
usaantessu Antudulafeulansanlen ALty 2 uasuea waAuaderaLilauduian 2
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fu ileadauduarsazaredanlaudaing seundunsndayinasiuluasazaedanlavdainn
unsevisiian anudunsa-rseglurag 7,585 eadaomiludani udnhundnwidnuarnia
Mo edl wazlassadeszdugana anuansnaaounuit uludanfiadasdeisanazneu i
PIRYMAVIIAY 50 WlaNT wagiufifad sty 560 msraussienty

El-Didamony et al,, (2012)l#@nw1fe38n15161 clinkerlization Tnenaaaslitandaduuianiuas
YUINDYNIATUANAIIAY 19U SIO,, AUOH)s, Ca(NOs), Uay CaS04-2H20 Fslénszuiunisnis
FUATILR nano-B-C25 LULABINU Nano-CsAsCS d11SUN1EUATIER B-CoS 1M38U1NUILUTANN
wazuaaLTo e uUsufiouiu waBouestinauazuAasLASUBLUALAYHANYBITAN LA
anufouiiunnsrstu uenant GACS anunsawouldntaguilu Wuuaadeulunsn uas
ozgiiflenlensonled AuBUFLUTAVS Wisufioudy walsuesBnaLazuaalduniuoiun Lay
oxgiiisueonledfagninn Sns1n13naives B-CS way C:ACS nud1 Sunsunisdaasizsla
wAaBELTANS rsuludanwasuaadenlunInglsann1sduasisioungl 1150 semwaidua
uananisafinsduaseyt CACS mnuluozgiiden lensonled uazueaidonlunsm uazBudy
USaviBinnil 1290 esmwaidua dadussduszneuiianysaluuilumsndnmlaueafoudalogiiung
Sler3suiiteude Taguuudadu

ananssad viuInalssed (2555) ladnwinsduaneilawnadenddinaainninvesdslugaamnssy
Ao Laoy viin LIIRUTH nznauanlsley wavidwnau InsuwuudSnsAnwieeniduaedis Ao
WuuuUnd wavlelnsmesueanouiiazdiluen 389 1 wnuuUnilagasuausnsidiuanssaiy
wnaLdeuoonluddedaniiu 2 de 1 vdwintuhlumniiguugd 1200 esmiwaifes vdsndy
ihluFnwuonasdanunsndunailanuilaunadendannfidunssilddaammds e fufiia
e wazUSunaaalouesnlonaase JAnnU 3.07 , 4700 AS10sURUASABNsY wag 0.17
Wasiaus muaisu Tudurinuuiusinonisnasadi 28 Ju wirtu 28 Alansuremsawuiiuns
d1u337 2 lelaswesuoad 130 osANwalTod AUAY 1 USTEINIA frefiIazalufe
Toidonlansenled noudiluin naannisduasiginuin ednluwmnigungll 750
psrwala Iinwavesdiuudlauraldondane eldanudiss e fuiiisnnzuazUsunm
waaLenaantendasy JA1NAY 2.53, 15400 A5 NWURLIASABNSY LAY 6.9 Wasteun Auanu
TuduresAIANLTsIiEn1SNASATt 28 Ju Windu 93 AlanfusensawuRung Sty 910
msAnwmuITEMsduaTsisenisnssduuulelanmesuea dewiilumn anunsauiiudneniwis
nanennLaziaivaadiuudlawaaifeudans

Pimraksa et al., (2009)l#Anwidssmsdunnziilounadendding lnelfidiassanlsslnin uiwne
HuingAvdeiu Fauusiimsdaaneidu 235 Ao msduaneiuuumnund waznisdueszilag
nsdusneitlalnsmesueadl 130 ssruwaldoa AUy 1
Alansusionsasuing Inglfiasesesldinan neudhgnszuiunsunadiudu nuinisdansies




saia

lassmsnisaaunsreviYudisdivladninuaiuisalun1svitdgnsergian dauda
uazuAaIFENLaIIN G Arenszuuntslalasimosuaaazn s

[ '
=~ =

laural@oudainalnonsedusieislelasimosuoaneunilvnadnéfianii IneBiudnldiaiudiin
Fumzuazautinidlensodninii dwalilowraldoudainailddemmannsalunisfuidssals
1nnimsdaassikuumnUng lnoidedavedlaunaldoudainaiinszdusmelslnnvesuea rou
wralwiilutu a1 9.5 wnngUrana Aissezuy 28 Ju

Georgescu et al,, (2000) l@finwan1igimunzauvenisnsggumemeaiialalasmesuea 31nia3eq
palaLAaN (Autoclave) NouUNsEUIUNSHAATLLTY Tun sduAs1AlanmaLdaudainn d9laonsnaiu
YpauwPaLdeupanlunradantaanly windu 2:1 waadasueanlasnlylaannnIsiILAaLTEUANSUBLUA
Aaa ~ a ~ P g vee Y ) 2 ~
wasdanNgaumgll 1050 samwalua uazanizluniseslinanilifnwiiimeiu 2 and fe 7
95 peFLYALTEA ALY 1 USTEINA has 195 a9rwadod AU 16 U58In1a LJutan 10
Falug wirthlwnigaumgi 700-1000 serngaida aeiiduiial 1 93lue 91nn1svadeunyind
195 9aANTaLTed AUAY 16 USTEINIA tTUnan 10 2109 a9 700 aeAwaLded az1ia ke
~ Aa ' v ~ ~ ) = ) A
LAALTUUTALNAUINNIDDLALAANT 95 DIFLYALYEE AINUFAY 1 USTEINTA LTUNIAN 10 Tl3d WAkl
dingaumgiinisenivziialauaadenddinanianuioslunngy

Jonatans et al,, (2008) laAn¥INaYINITRULLINIREDN LA (MNO) Bn1SFIATIEA
lnunadendding nieuvianseduiiondudes (Sonication) uaglfidunauiduundsdant Taslu
uATeildsnduveealausenlysredanieantes Wiy 2 del sasialutroveuds Wiy
20 0 1 upznszduseadudsnduna 1 dalus nduilumnil 800 esmwaidoa asfiidunm 2
#lus wudn deduwusndaeenlesuinnindesas 5 %Lﬁmlmmm%u%ammﬁqmmﬁ 800 941
waldua wadwfuwusnidassnledidudosas 10 aziiaueansunealad deflnnuieshsenis
AaufAzennnninudlad Ssannsoasldinmafuussniiasenlediieglunsiudneniwlung
Fuarwiladliduaifinruiedhrenisiiaufazen

Larbi et al, (2010) la@nwinsduasizinearsuueauladlagldidnass (veuduningnaiinssy)
mawmaialalasmesuea warltaisaralesinanasnenu Ae WiusiAanleau Insuwnadeulansan
Lo warlapeulansonlen Mndwinsfnwaamgiilunislelasinesuea fis 20 50 uaz 100 oeen
a PN ] ) ] ° = PN Ao ! = a
walded Nzuzaunnaeiu deundlUuAnwn1swouniingue 600 fs 1,100 aerwaidya
Weduasizineanisukeaulad wudl nsnsehumsmaiialalasmesuea lngldaisazarelnsuna
a ¢ a a a ) = a ) Y
Weulansonlyn Noamall 50 asrigai@ed 13a1 12 ilas 130 100 aerigaidua L3an 5 alus win
o [y I3 & A a a a I3 v A ~
nsdansgsiyudiafionmgl 800 esrwaldea aunsaianaweansuweaiulanl waviliaiiy
aa a 09 ¥ a ¢ v ¢
9o IN 1,000 ssrwaldva viliiaawearsuneaiuladliogauysol
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UNN 3 A5n15aIUUIY

TurmiAdeihnmsdaersiyuiiuudiuladidemuanselunsiufisegminimauss
WAALTILUNAIANGY FaBnTEUIUNTIElATIDINoakaALse Insuusnisandunueendu 3 duu
Town

o il 1 nMsAnwdnvarautd wasAnsiniwatmanivesunludanifiataainds
178

® il 2 MmsfnwguanTRAsEiuanavesyudauladduaginigamgiinlagld
nszUunslalasmeiuea

® il 3 nsfnwmaveuAaTaunasldsensTRILINSEUIUNS BNt

[

ANTINVDITIYALLDUANITABIUINULAALFIULT18ALLD YN A9

3.1 Yagaunazansaiinldlunismeaas
1) wnunautm esumnueaseianlssdinisuia Sminuaslsy
2) imudes Tiuanueyesginnlssnuniniatiulls Sminsvy3
3) ihundinisiu I Suauewa iU Sngunsenaun sty $1iR (uew)
JINIAYUNS
4) nnuea@euestun lesuanueyaTeiantsnuRdawidesdnay Yminaynsusinig
5) lalasmaesn (HCL) AR grade 35.4%
6) wAALTENAISUBULUA (CaCOs) AR grade
) Loiaulnanea (Ethylene glycol) AR grade 99.5%
8) BuRlamesivesueayaueanesedlegiu 0.04%
) TeRen@aneg (NasSiOs) AR grade
10) YgLReua1suLun (Nay,COs) anhydrous AR grade

3.2 1n3aslanazgunsaliililuntsmaans

1) ipfosdsluiinedisaziden (Analytical balance) ¥es AND §u HR-200

2) n3eaufiuazgunsaliililunismaaes 1wy Jwn (Pipette) Ga1sn (Buret) Tnines
(Beaker) nszuanma4 (Cylinder) 5280589 (Funnel) ¥1aU3N105 (Volumetric flask)
vanvs] (Erlenmeyer flask) nszuandninndu (Wash bottle) LAdasmuutuniainand
(Reflux condenser) N338YBLUe3 (Buchner funnel) N5¢A1¥NTDY Whatman Luas 42
Alvnmdurugudnats 90 fadluns “av

3) LS ANIUAT (Hotplate stirrer) ¥4 Cole-Parmer iq"u Stable Tem

1) \edesyuissanslyinnazney (Centrifuge)
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5) A3adinsziaiiiet (pH Meter)

6) ﬁa‘uuﬁﬂ (Drying oven) 984 Heraeus Instruments
7) Tnseumans

8) fheonglidanuanuiougs

9) i wlaidi B Lenton Ju AWF12/42

10) %a\lqmwﬂmﬂ (Vacuum pump) 984 PRO-instrument
11) in3esgoslulasiavives ETHOS 1

12) \n3nsolamay

13) AZUNTITOUIUIALANLUDS 200

14) 1p304 X-ray Diffractometer (XRD)

15) 1p3 04 X-ray Fluorescence (XRF)

16) wAdA Brunauer-Emmett-Teller (BET)

17) w303 Transmission electron microscope (TEM)
18) 1384 Scanning Electron Microscope (SEM)

3.3 MsnssudngAvuazdunseiyudiuuniulan
3.3.1 MsaNAUNlUGaN1INTINIA
mMsfinwuaziaunsihesdennnagramnssaznainwnsnsssnlfiieaniymins
aunauingAvlunsmanyudnddeud dganlugadagtiu esaniduislunmsuinsdanis
Aawandeunuuysanng uaztisanlymnisuaunauingainsssund lnowdunay thaudes
waziiundutiiu wudndutaanaesldidusin@anidosas 70-90 (yay$nt, 2556) Faumanzuing
thunlfifuuvadunisduaneidanuiienaunuiuiuaiuinsssuuantagduiiviunaanas
oslsfinalunuitedladidmnenisasaulumanndiie 3 vdadrediu efiuussansnnly
N19UHATeN MnITeneuninnuInNsaiagdnianiawarnsduasiendanlilleuniaseeiu
WILUAIENTEUIUNITNINATAINITOFUATIALANA18NTTUIUNT U NTEUIUNITIEALA
(Rafiee et al., 2012; Hariharan et al, 2013; Adam et al,, 2011; W¥SUNS, 2553) NSLUIUNT
lalnsimesuea (Carmona et al, 2013) nszuiun1Isinlslada (Gu et al, 2013) LagnIEUIUNIT
AnAznau (Jal et al, 2004; Noushad et al, 2012) Taswuitnszuaunisanazneuiduiside
warlidudon fulunmsideitadenmatansatauludanilagiBnsnnagneuuldlumsveass
TneswaziBealumnaansdissil
1) duimeniioumgll 650 ssrnwadoa Wuan 1 9l
2) dudildannniswanidundoueniunausasiaies hotplate stirrer fuaIsazans
1.5 M NaOH ludnsamvesuissoreavar 1y 1: 6 Gnmdwlastmiin) dguund
100 sruwaldoa 1uan 1 $alus
3) wwnenasavansveunateonin Ingldiaiesuissanslinnagnou (Centrifuge) a7niu
Y 1.0 M HCL 9unsests pH Uszangs 7



http://www.sciencedirect.com/science/article/pii/S0927775704002390
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lassmsnisaansreiYudisdivladiinuaiusalun1svitignsergean dauda
ay llﬁﬂlﬂﬂﬂllw&i\‘iﬁﬂ\?’] ﬁ’JE/ﬂ5'&'/"1./’.3Llﬂ7525?@5!14351/85‘7!!5‘7397?!5\7

1) Yuansfigumndl 50 ssmwades Wuna 12 Hlus
5) d1eireg1edatiUsimanlessuiioifanaslsd anduiilueudiouugd 80
ssrwaldua 1uan 48 4alus
6) Ynnludaniilduundielngaunans udaTeTeurunzLn s
) vhmsaszisegislulsiul
o asasumNueduguvesdanilasldinaiia X-Ray Diffractometry; XRD
® Apszviesrlsznoumeinailla X-ray Fluorescence, XRF
° ﬁﬂ@?ﬁﬂﬁﬁ?ﬁﬁ&tﬁﬂﬁﬂEﬂunaueFEnwnetheuen BET
[ J

ﬁﬂﬂﬂ%ﬂﬁﬂ@gﬂﬁﬂﬁﬁ&bﬁﬂﬁﬂ'ﬂansnﬂsgon Electron Microscopy, TEM

3.3.2 N19NITAUBUNIARENTZUIUNISIELASIMDINRA
Tngildgaaimnssunisnanyudmudldguungilunisuwnyuidadszuiu 1,450
osrnaiBea (UF, 2556) dwaliiinudesnslindanuanudouiigemnn luniAdediajuduiae
yhnsAnmnsnanyudiuudilindseouanudeuiinniiizdagtiu Tnensduasizsimailad (CS)
Geannsnfintuldfignmgis uarusudssemudedhlunmaiaujiselanstureaulad(c,s) i
Aapsreait laswAsuanlifaniiduuaeymassduulumns dufe nsthuluddniiatnnnunay
i duingdv Uszneutunisiiennszuiunistalasmesuea lun mallalulasin uazeslanay
uvaelunisnszdu lnomadalulasnluazdigliiAnnisduveseyniatioiiiudnonimlunis
nufjisen TumusuaqmmﬂaaimmamwmaL‘wmf-mmmuiwﬂuﬂgﬂiawaqwaiwﬂgﬂssJWLﬂmmmlmsa
T uay LmammsamswwmamqmmeiaﬂwaIMLWauulammmuammummmﬂm lngnsnnaell
Funoudsil
1) wisnwiludanmiiadaanidunau whrudes wasiunduiiy maufuuaunaideud
wansineiu lan waaldaunisuoius waa@enlunsy wasninueaileunslun wansfinisa
7l 3.1
ATl 3.1 uansdydnunivesiiegeieTuaningAuunnsing

Symbol Mix compositions
B1 NS1+CA
B2 NS1+CN
B3 NS1+CC
B4 NS2+CA
B5 NS2+CN
B6 NS2+CC
B7 NS3+CA
B8 NS3+CN
B9 NS3+CC
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2) usiazstegegnmsenludnndiuseninuaadeusanlendedinaulaeenled tiidu 2:1
(Fmandrnlaslun) waufuiusiainlessuludnsdiuvosudeioveunar Bu 11
(ShardrlneUiung wnidiasaraenandefeatusgrauiile Wusuu 7 49

3) luduvesmadalulasim didnmauduadoslilasiiszezing uazduuindfiunneig
fu eAnwinavessreriaazidsindlunsnszduuFazen

4) ludrweaveinoslaeay THaamgil 20043 ssrwaidoa 1urseriian 5l

5) théegaiildandunoud 4) was 5) dinimfiodueseinanladiigungiiunndiediu

3.3.3 duasziyudiuudiulad
mAfedyudulunsfnuinavesnansedulagldnszuiunslalanmesuealunisdanses
Yududiulad (C,S) Monmgiidnlneusuupanuieshlunsiiaufizelamnstuvesudumsiulad
fiduneitulasYagiifvuneyniaseduulu Ingvinausuiisugungilunisdunsiziuas
AuandRvesuduiuladnduasesitumadanismlaelsildsunisnszdu iileliladussansam

gan uazannsliwdanulumsdunssy lasseasBoslunsdaesgiiided

1) thdwsauduaindayuiigungiilugig 800 - 1,100 ssanwaldoa lagdnsinisiiy
gamiinngaungiivies lilugumnafiaigg 10 samiwaidoasie 1 w1il 1lefgunyi
Wwsne Tiasiatgaumgiifana1ndunan 60 i

2) wdnmsunlildyudemudidesnisudr shyusinoonanmiieliAnnsidusios

o

<@
TIALTII

1
=

3) g nlauaiien3ed ball mill wagAIUANNURY
o =2 2 oo 2 o &

4 yihmsAinwudendunseiludssiaudsl
*  USmauwmaleusenlensaseiiviont (Free lime)

[
a = ;%

o AasiriesAUsznoukazUsinannavadlaunalfeudainafiiatusiomaie X-Ray
Diffractometry; XRD waglusunsu TOPAS

o AanwidnunriinuiuasnavesudwudiuladfiAatusemaiia Scanning Electron
Microscopy (SEM) saufuinaila EDS

3.4 m3Ufulgfisenlamstuvaslauaadendainalaeldasisaufizen

Turuitedldinsdnumansssufasen 1iun waa@ounaslsd (CaCl: cL) unldlunns
Uiuuseufitenlamsturesyuduudiulad lnefnnavesansissfiseiiinadeufizenlansiunay
Anwantianavesyudmudiulad

3.4.1 NMIW3BARIRE N BANYINATRsasIssU s NlnasaU)iselawn sty
1) iyulaueal@euddneiilaainde 3.3.1 umauiu CaCly: CL ludnsdwsosas 1, 2 uag 3
Tngumiln nenauduibidhiwinduduudnad
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2) wieg IULUUNAENTINTFUBNVUALTUNIUALINAN 3 LWURAWAT 49 2.5 lYURluns

3) Yhmsunfigamaiivies (25-30 ssmaldea) auasUeNy 1,7,14 uay 28 Yu

0) thdwudmadiduameiluiegidnuusiuirewineg suaresdusznouvessn i s
aglustagremeinaila (Scanning Electron Microscope; SEM) saufiuwnaila Energy
Dispersive X-ray Spectrometer (EDS) 31A512AlATIATNNENVDIAI10E1M8IALA X-ray
Diffraction (XRD)

3.4.2 nswisudeguiiednuaudAidnavesyuduudilad
1) mswdsuneifazmssnnyuduuiiuladildannsdaesziluide 3.3.3
2) Sardndlunsuay nesethdeyufuudiulad wihiy 1:2.75.0.475
3) Buusningivuis (Yudln wagnane) avgniilumauly Horbart Mixer WWuiian 1 w1l
8) wdnduthmushsduded 1 awgninadly uaswaudnads Wunan 1wl 30 3undl
5) wansavaredu (slurry) aslunuundeuunn 5X5X5 g waviusenaiadin efuiseie
6) ndsnily 1 ¥u aendegvesnatnuunde udniluluseiianudumnnifesas 90
7) shegszgniilunaaeuindsafiengnisun 1,7,14 uas 28 Ju

3.5 Bnsuazinaiialunsnaseuanautivesyuduudiulan

3.5.1 nMsaAsziesalsznaumaalinewmaiia X-ray Fluorescence (XRF)
msfnwesdUsEnoumuAiifemadaoneLsdngoaisaus (XRF) aunsninsziliiads
UnaumaziBinunw uedesilodmiviinneiisn nglivdnnmsienasdgesisawudainlns
W93 (X-Ray Fluo-rescence Spectrometry) dsuiiasigvivyiiaiazUsunnvessigluaismegg
Tnsmsindnsinisiessediendiiiudnuasianzve sy Jedosesninainezneudian1nzgn
ﬂizéju Fnwarn1svinauduiuu Sequential Type Spectrometry lagltnan (Analyzer Crystal)
nsz1EANLEMIAAuTessidiond Fafiegeiiviinisiinsteilusuided ldun dedretngiv
anunilldlusuife (dunaud, ivudes uazidnduihiu) ilednwiesdusznauna
.fivasingiuiis 3 wila lnevinisddinsgifiaeivineluladTag euzndsnudanndeuuas Tag
uvinerdemaluladwszaoundnsuy3 danTeaiiliivie Bruker AXS Ju S4 Pioneer

3.5.2 N153LAT1NlAT9A319M199a01AR8wWALlA Scanning Electron Microscopy

(SEM) 32aunuinaila Energy Dispersive X-ray Spectrometer (EDS)
nsfnwlassaimnaganiauaednasiuivesines fendesganssmituudensin
(Scanning Electron Microscope; SEM) Tnanislddidnaseududonanslunisiiliidnnn dmens
Jafusdiannseusiesruuiauduwimdnlininasuuiiuiafedns Sidnaseuazannsenuiuituin
fegaudazviounduiludyyudidanseuingiin wazsuwaadudyaranmiiaeuuaniu uay
mmiﬂﬁﬂmaqﬁﬂizﬂawaaﬁmﬁﬁagjiuéfaashﬂmaiﬁm% Energy Dispersive X-ray Spectrometer
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(EDS) AnwiesAuszneumaailudsgunmuazyiui Ssiegefiaziinsevidiosinnisunansuin
Tfanunsaseurununsaues 200 aniuthiegiundoufeneuanillulinseilnemaiia SEM -
FDS Hendesqanssmididnasoutuudednsin (SEM) A48t JEOL Ju JSM - 6610 LV uazyaiias1zs
sAUsENOUNALALl (EDS) B0 Oxford Ju INCA 350 Y83n1ATTIMINTINIABsilouay Tan Ay
ANTIUAERT UNINESUNALULAENTEIDUNAITUYS

3.5.3 N19ASIVFIUVVUIABYNIARIYNADIYANTIAUDLAAATOUUUUABIH U

Transmission Electron Microscopy, (TEM)

ndosqanssmidlannseunuudesinu (TEM) Wundesganssmididnasoudilifnusetng 2
o1 wasdidnaseuidluruiuiegne Inserdunisteundanulwiludsaaandaualna e
ndsmsnnmodaanudesdidnasousonin antuagiadlumeyneiiidiussasinetuduluene
ylididnnsouliannsaindlusuiesld dafunelundomanssmitaduszuugnanie uas
figuiinanuiduuasiufie Condenser daduvaaniuseuuviaman iewmienihlvfianisvesdd
Sidnasouoglufiemafoitu FeasliAneuduvesdidneseudutu vlwldnm 2 37 lasnuide
dlfiunTugamiduanesinndunay inisusassualianasaseuhunzunsaves 200 vty
TogaAuBu (Desiccator) wdirluAiasgilasndas TEM u JEM2100 vasausiniosiiodds
Menmaniiazmalulad PNaNTAlININeNdy

3.5.4 n159As1eanwuslasas1ennulunanvasasaemaiia X-ray Diffraction

(XRD) $aunulusinsu TOPAS

nnsziansarlasaianulundnvesasmemaiaenasdanunsndu (XRD) Wu
wadaedondnnsdsnuuuazmanssiwesisding Tngldinada XRD ilefnwinavesiiedns 4
N196M38UA9819lUN1TIATIENADIUIAIBE1IUARATUIANIUAZLATIUBS 200 ka1 luwgly
asazanwesdla iovhnsladlushegns nduihlueuliuieigumgfi 105 ssmwaldea uan
24 $1la9 wazihdegsluifululogaautiu fewhldsiinsgilasimafia XRD fangivinelulad
Yan angndanudanndouuazan uninerdonaluladnszaeuindisuys Jaedesdlofilidve
Bruker AXS §u D8 Discover %apn$sd Cuka dafiiteulalunsiiaszs i

[
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A15199 3.2 Roulvnldlunisimsizst XRD

W13na3 Roulafild
Hu 26 10 - 80 991
anulod 0.02 89
anulngd 1 3ud
ANAIUANSANE 30 Alainn
nszualnin 30 daauauuus
ERAR 25 paAwaLdYa

ndnnagevdnunzlaseaseauiundndiomaia XRD Thindeyailaludiasiesiniu
lUsunsu TOPAS Lie@nunuSunuesaniinduludetng

3.5.5 msaTgiiuiademaiia Brunauer - Emmett - Teller (BET)

wafia Brunauer-Emmett-Teller (BET) ifumediaiildlun1siiasgimeniiufiin (Surface
area) U93aN37iRRINTIATILY Teadamatantsunuiinuiifiviosnsudeufalulasiou et
ludaniidanszsianniiunay uvinisusanvuialiainssousinunzunsaes 200 1¢ 1Al
Tagaa it (Desiccator) udniluiinszsilasinadia BET s fifints vinnisleseidaeines
lulpsiaunourasndu (N, Absorption; Autosorp) 903N INEIRUImNALLLATN TE0ULNAINTEUAT
wile Fuhnsiiaseilnedanluddnmendinsdianegidodutazedadiiniin 0.0639 nu
#1119 Out Gas Iau1 Sample Cell TUdail Sample Preparation Station Welannuiunazeans
semesnag fegludnegne Inesinis Out Gas gamadl 300 ssmiwaldua Tuannzgayinimdy
181 23.2 Faluaudandn Sample Cell lURnR<il Analysis Station tiloAiAs1evnfuiivanuaves
fhegnaseitnisgaduinelulnsiau fvualiaanusu P/Po S 2 fefinslulnsiou Heamgiily
MsgATUNAY 77.35 1AATU %30 -196.7 ssmiwalia ta3esazimsinAnsgaduinglulnsioy
YosfogiimuFuTiuAneaiu

3.5.6 MylnziviuaLeadeusenlediivasannsitnlfizen (Free lime)

MsheTeiUsunasesazvewpadaneanlesfivie Wunsmdndiuvetaadoneanlusi
WBREL mﬂmiv‘hﬂﬁﬁ%aﬂuﬂmﬁmL“‘ﬂw,vxlasm6] lnguastdenlunImaaauauids Franke method
AINLIATEIU ASTM C114-07 Felumasgiuivuniosay ﬁuaﬂLmaL%&Jmaaﬂlmaai”ﬂmaalm
Uszunalugaedoras 1 - 2.5 Tnethdeg19afiiiuniswann 0.5 ny Tdasluvinguausy Ity
Ethylene glycol 25 fiadans winhlumuluasosmuans (Hotplate stirrer) qmmu 60 DI ALTLE U
30 w7l thansavanedilglunsesihunszmunsesues 42 waziharsazarslulnmsadeaisazais 0.1 M
HCU Tneldeayauoanaseadlugdu 0.04% Uszua 5 neaduduiiames suasazansasuandih
Hudiden mntanhludunamiesasvenadoneenlasdass fiaunisi 3.1
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Sovazvodimaduueanlas = fHadansnigiunisiamsavadnsalalaseassn x 056 (3.1)

3.5.7 M5AAszviAIaiinIaRauAansve s ludaniainannidudasuiie

nMeesidiseuioudumedailidmsuiadnsagdsiainidednsifiutuves
gunndl Feanunsawadeianusatsrendldldfunginssuduanufousneg vestan wwu naida
wAn nsaanes uarUizeneendindu/Aindu lusmuideduludsnfatnuanideiasieg o
dunaaeun Mg AnssuduaILSouduAeaty feia3es Thermogravimetric Analysis (TGA)
wé’qmﬂﬁ?umﬁmeﬁmaamam% (Kinetic) eAn Activation Energy (E,) 91n@un15u99 Flynn-Wall-
Ozawa method Tunsvaaeusazasldiiedns dwiinuszana 6 un. ldlunaunandy Tnglunis
wldSnansintuvosgungddetu 3 8as1 éun 10 15 wag 20 esAwadoadouni neld
anmzufalulasiaunaresndiau uarluudazdnsnaginiswdusigumgifesauluis 900 aaen
waldea Wesidunsmniieusesudn axudesliiuaugaumaiiandasiia 50 ssriealdoa uddeh
90N wavALliun1svnasiiegssialy

aunsdmsuAmuIMMA E, uansfeoluidl

Log § = —0.4567 (%) +(Log (‘%) — Log F(a) — 2.315) (1)

91nauN1TN 1 dmgAnssunisilasunlaaiesainanuieuliduiusnsanuiou daualn
Flo) HAPIRFISUAIRN o Matiuen B, @13150muialaainanuata duue dunsanna anssning
log B v 1/T

3.5.8 N153AT1gIANSauNUanUdaanU)nsenlawmsdunlamaiia Isothermal

calorimetry

msmﬂ%mmmm%aumﬂﬂ;‘jﬁ%mlams%’wﬁﬂu%ﬁumauﬁ"ﬂﬂ Lardrfnyfidesmsiulunis
daasgiyuBiang Jsannsamlilagseds Heat of Solution MuANATFIL ASTM C186 usiaedls
Annalutlagtiuansnsaldiedes Isothermal Calorimetry A1asnAsgIL ASTM C1702 Tuntsmd3anm
aufeuanufizeilawmstuldiguientu Ineweded Isothermal Calorimetry ansnsavaliusiug
wazgniesnBiiu Tumsmnaeufegnsasnaudniui ndsnduasanuanufeuiiudeunag
lunuszezinan ileguifenlanstuveausiayiois
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UNY 4 NANISNARDILAZINTAINANITNAADY

4.1 d9UN 1: N1SANEIANHULANUR BaZAIAINNINRALAIEATYIUNIUTANINENAN

I2u7a

4.1.1. ANENURININITANLAZLALVBIAITIUIALAZ U IUTANNENAAINLA1TINIA
TuauATailadnwo1TIu7a 3 Useian 1own L0v1us08 WMIWNaun kazta1u18utiy Tne
WRAINUNYDUD AR UTLLNNBENISIALLDEAFINNTIN 4.1

A1519% 4.1 LAAINILIVBUNIVIUDDY LOLNAUAN waz1UNANUNTY NlElua1ddel

Raw Materials

Source

Processed

LY IUDDEY Tssauinatiulds druaviann swne | dunssuiuniswbndgungd
(Bagasse Ash, BA) Ul Famdnsvgs Use3n0d 750-800 aaraLded
LNAUA l59diSyeyia Iminuasusy HIUNTEUIUNITINT g aun g T

(Black Rice Husk Ash,

Uszanal 600-800 a9ALALTUE

BRHA)

nUnaunguy SN gunsgeavn sy 9199 | nszvaumsinldoamaiuseuna

[

(Palm Oil Fuel Ash, | (v1¥w) firvaaqe duneviiuge Janda | 800-900 aerwales
POFA) YUNT

antudta 3 Uszianlufnwauaud@nianigninuazniaaiimemaianieg lawn X-ray
Fluorescence (XRF) X-ray diffraction (XRD) Particle Size Distribution (PSD) Scanning electron
microscopy (SEM) Brunauer-Emmett-Teller (BET) way Thermogravimetric Analysis (TGA) Tngwa
nsenwuiasmaiaiiseazidondd
® n133seesdUsznaumafivaadfrutanasddnfiafnandraunausaz
Uz
iddeil dewhnisafauludanmanidianautasssion meideldinmsinmed
psdUsEnaumaaiivesdusazUssnnlngliinaiin XRF Su WOXRF PW2400 ndaaniuldiinig
anndanlusziuuluwns Inetunevlumsatnlummdsedlfdenliisnsnnazneu (precipitation
method) Lilasani@uisiienarlidudeou Samannnisimseiesiuszneunauaivendasie 3
UszLavnouainuas nasatnuwanasanseil 4.2 innanismaaesnuindeuihnsasadmudes 1
uwnaum wasinUdiniuiidandussiussneudosay 68.60, 93.70 uay 29.13 mudiy waziile
yhnnsatadanifemeiansanagneunuindanifiateldnndusasUssiamianuuiansiu ne
Auses dunaus wastdundutiniy Saanulussdusyneutonay 94.23, 94.46 uay 89.44
mudy egalsfinamegidedndusesinsinuludiuvesdnvarlassaiendnilefiansanis
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wunltuvesauieshilunisinufisevesdaninadalaaindunasUszinniia i luiiansan
Usznaunsldanussly

A15197 4.2 99AUSENBUNIWALVD LAV IUDDY LOILNAUAT WAL UNAUUTUNDUAND LALARIANA

UIUTEM
Yowazlnetivin

P QL(’,’{;‘U’]‘NSBEJ _ QLﬁgLLﬂaUﬁ’l _ :z"\'qy']a‘uﬁq 1

AT gam | RO gEn | RO gam
fiu fiu fiu

SiO; 68.60 94.23 93.70 94.46 29.13 89.44
Na,O 1.07 3.01 0.03 4.43 0.38 2.24
KO 3.92 0.43 2.55 0.90 25.41 4.21
AlLOs 3.97 2.11 0.40 0.15 1.00 3.86
Cao 7.85 0.10 0.92 0.04 11.90 0.02
Fe,O5 3.16 0.10 0.28 0.02 1.38 0.03

Cl 0.95 - - - 1.57 -

P,Os 1.71 - - - 576 -

MgO 1.69 - - - 4.02 -

TiO, 0.27 - 0.02 - 0.07 -

MnO 0.14 - - - 0.77 -

SOs 1.44 - 0.40 - 9.52 -

LOI* 5.22 - 4.40 - 3.10 -

* LOI fim Ansgeysdetimtiniiiesainnisiuivize Loss On Ignition

a % = v P P ° P s o w o
® ﬂ’]i’JLﬂi’]Zﬁiﬂi\‘lﬁi’]QNﬁﬂ‘U’eNLﬂ']‘U’maaﬁl LLLNAUAT BaslOIUIAUUINUNDUENA LAY

VAIENAUNIUYANT

1911338 TR IE T E N UL ASIAS1INANVBIO VI UD DY LATLNAUA LaLLI1UNAY
Wiluneuanin wagndaiauiluganiainnuiazUseinn ngldinaiia XRD 8%e Bruker AXS Ju D8

Discover, CuKa A311819AFY 1.5406 A 7fi133 2 theta 3uRtud 10-80 83e Lagefenanng

Heauukazn1INIsiwesssdiend selivinanenisdnisesinvesesmenluluanavesaisusenau lng
HANTIATIZVAN YL lATIATINANLAAIAIFUT 4.1
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S
o=
7]

sPOFA

2

Quartz-SiO_
Quanz-Si0
K SO

lelaﬂ;:-Si()
Quartz-Si0

Quartz-Si0

K SO

2 Theta (degrees)

UM 4.3 wamslanendnyurlaswaiiavesaiiduiigiu (POFA) uazwiluginifidunisanaee
W/nsenazNaY (sPOFA)

IARansIns s nvarlasiEdaiomaila XRD nudndse 3 Ussiandewinisatagae
Bnsanagneulsznoudelassaieiidnvusdundnvesdugiu (Crystalline) wagiilovhnisainda
nuazdltinszilassaianudy Usingiingiuninesendnagu (2 theta) 22-23 aen wawileviing
Fas1zdundeiiintudelusunsy EVA wudndiunuasenaafelasiddneve@aninie
Fanoulneonlys (91989310 JCPDs 89-1421) (Rozainee et al., 2008; Liou and Yang, 2011; Rahim
et al,, 2015) %aﬂauaﬂﬁamwmﬁuaé’mgm SuiloswnannniunsruIunslunsainge3anis
pnaznou smatiandsnaniinnudedlumshuseunntu Ssmddedinen Tulligtunuii
madanitenuduedugiunldlunuvatsyssian 1wu Yaggadu (stvan et al, 2015) wiaan
anewediued (Mohd et al, 2015) 1udu tusanddifiuinddnfidnaseildfianuansalunisi
UfnsenlanuazmunzausonsunlUlgusslow

® N133ATIENVUINDYNIALALNIINTEINLYUINDYANA
N193ATIENVUINDUNIALALNITNTEINYVDIVUINDYNIAYBUANTINIA Mimaila Laser
Particle Size Distribution Analyzer (PSD) 1 uia3aeinvuInwazn1snszatefivesdiogne lag
nsfnwilusnddeildinaiia PSD 8% MALVERN §u Mastersizer 3000 Ingnan1svinaasuandda
1997 4.3 Fanuinlesidulndil 50 (Psp) voudmudos Wunaud wasdiundutiniiu fvuin



http://www.sciencedirect.com/science/article/pii/S0169433215019261
http://www.sciencedirect.com/science/article/pii/S138718111500308X

lasanrsnrsdaunsizviyudiudiula

saia
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auMAWiU 15.37, 18.2 wag 34.07 luaseu auddu lnglinyudesiin1snssanevesuuIneyna
InalAgeiu uagludruresmurduiiunuindanvagnsnsza1evevuIneyMALAUNILAUTEAY
3 laensmUanINIINTLILIUINOUNAYDINA 3 LINLAAIRIFUT 4.4

M19197 4.3 VUINOUNIATDLIIUDDY LINUNAUA wagiUndusiu

AUUANIINIBAIN WY IUD DY WLNAUAT vU1aNNdY
Py (Um) | 2.24 2.9 7.92
UINBUNA | Pso (m) | 15.37 18.2 34.07
Poo (Hm) 56.90 61.9 70.47
8
7
% 6
25
e
8 a
e
E 3
@]
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1
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0.01 0.1 1 10 100 1000 10000
Size Classes (micron)
——BA e BRHA = = = POFA

U1 4.4 N13n3¥18MIUDIVUINBUNAVBANNYIUDY LUNAUAT kaziaTUraungTy
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4

o meAneiiuRmanenweeadifanauassuineynavesunludaniiainain
WngannaufazUsELAN
MIasRiuRLasdn vaEImMen e i Taaluddedanuilaenisaesdaendes
aNTIAULUUADINTIA (Scanning Electron Microscope; SEM) §ve JEOL U JSM-6610LV Fadu
wmadail¥luFnufiuiiiavesineds saudunsldneda EDS lunsimszrosduseneuiingu
U3 Tnnamavnaewuansiaguil 4.5 uag 4.6

UM 4.5 mmaigalginaiia SEM Ain1davene 200 11 (1) Wwueey () lWIWNaus kag (A)
wnUnaungy




lasimsnisdunsiziyudisudladidauaiusalunsinignsergeontiaaa
UazunaldeuadnNg aaenszuaunislalnsinasusanazaals

SEI 15k  f x1,500  10pm
STREC 0

Ul 4.6 mmisnesemadia SEM fifdsmens 1500 Wi (n) Wwnudes (1) éunausd uay (A) 1
Unduiufu

NMsAnwTidsens 1500 wh w1 dnuvagiiuinveadidunai 3 Ussamiidnuae
TndAvaiu Tnefdnwarbiviuey frvgvszuasidulnssegnielu dawanisdnuiludiuveaiunay
fwuinaenAdasiuATeves Chatveera, B, uay Lertwattanaruk, P. (2011) fildsgnuindnuas
v sdunaumaouinmey feumgunelueyma iy fowhnsduassilawnadonda
nansiinisualiaziden Weananumdulnssneluiasfiofiufiuiidslunisiiujasen
(Rodriguez-Camacho, 2002; Zhang and Malhotra, 1996) fiatiufoutidnTauaans 3 Ussuanluvin
msafindan meidelsihnmsuaiieanruiaiiuiiiivendudazssandeuwdieidunafiuiuiin
wagtiiuUszavsamlunsufizevesiiogis

Tudiuresiegwdanmitinuduneunisadaainidisudes unaus uazidrundude
Fnsmneznou mefAdeldinsfnwsuiaveseynialagliineda TEM 1iesannimadiadsnadl
dnenmlunisfnnaineynielussiuulumng Mnuansvaaesmuin@anifiataanididmaans
3 Uszuan Wivuedilndidssdu Tnefidusihugudnanseglugag 20 §a 50 uilumns Feilauineynia
ashiaue aenndesuNUIToves Jal et al(2004) Minsduasiesiunluganideidnisannzney
wudeiuusliganiealuumasdan lesuluddniduenedlddulidausubunsnay uasaua
dukugugnandlasiade Ao 50 uiluues fuauifivesddniignatnaindunaudngeisng

¥

anaznaw LuluamuTnguszasaniidendld AefvunadnasUszana 100 wih Jadutadeniafianng
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Tagdmanonsiinuisetiutuneunsdunneiyudinulad Tnedegavuavesunlu@dniiadin
lgandunaudn wWivusee wazitnu1duudy An1deweny (n) 50000 1411 wag (3) 100000 4¥11
WaRasagui 4.7-4.9

JUN 4.7 wan1snsIvaeuUTIRanvesuludaniiiunisduasgvimenaiianisanagnay
#imdsuene (n) 50000 W wag (1) 100000 1

a [

JUN 4.8 wan1InsTIRaUIUTNANveulugan 1 uNsHuATIEimenallaN1TANAENaY
#imdsuene (n) 50000 1 wag (1) 100000 1
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a1 [

JUN 4.9 wan1InsRasUIUTHENveulugan1THIUNSTUATIEimeInATlANITANAENBY
nfdevee (n) 50000 L1 Wag (¥) 100000 L¥in

® MsAATITHNUNRIRemATla Brunauer-Emmett-Teller (BET)
NUNRT (Surface Area) vasansiduauiinisnmamiiinnuddnenisilulduseneunis

=

firnsan dotharsiuluiandundesusiane Alaaunmamuiidomnisuionmunsgiusiun g
TuauAdeilldldnaia BET wie n1sgadurefalulnsaunioufaduiifivuiadng dee1dons
uwnuiiiuifndosnsusoufalulnsiau Tnewada Brunauer-Emmett-Teller (BET) dumadiaifld
Tumsasevimariiufiin (Surface area) Tasansfifosn1siinmei feordomadansunuiinuiii,
vognsusoufalulnsiau Tasnanisnaassuansisnsnsi 4.4

A15199 4.4 NUNRIYBLITNamemala BET

.. YU DY WLNAUAT EUndutingiu
W’]ﬁ’]a‘“’ﬂaﬁ [ a 3 v aa o a 3 v aa % a 3 v aa
ARAUAIAY | FANT | INYAUAIAU | FAN1 | InQAUAIAU FAN

WUNHI (Mm?/g) 14.79 403.9 5.157 312.4 5.095 323
YSumsgngu

5 0.0335 0.5927 0.01652 1.094 0.0087 0.7808
(cm’/g)
ungngu (A) 90.53 108.7 121.1 140.1 69.17 96.69

MnramInaaeswU IngRURuie 3 sz i dhenudes iunaud uazidiundy
ity newvinmsan aniiuding 14.79, 5.157 way 5.095 MsawAsHENSY AuEITy waziiieyi
Msafadatanndinunans 3 Ussian wuihiiudinadfiuty Tnedanfiatnandviuses dunay
i wazidUnduisiy Siudig 403.9, 312.4 uay 323 MsraAsAENL ALETU WNWIeULiEy

¥ '
=

Wuniwedananinniwsareiianudt Fannainainonyusslinuiiiggn 5eawreda
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mdtataanididuisusendiunaum ludmveinsinUiagnsuuazanIagnureaiinga
1At 3 Yszanieuuazudsainddng nudriaghunouadais 3 Ussaniuiuiasswguiin
ndsanmsada lnedunavdidauiunsgnguaean sesasndodiunduthdiuasdsudos Tu
Uspifiuresnuingngunuimdsnatinidniuuiagnsurendi 3 Ussiniivunadisdu lasdani
afmanidunaumiivuingaan liud 140.1 A (A = 10 '° 1wn3) sesasnAedanfiadnainidivu
Fosuandduihiiu lngruinswgus iy 108.7 wag 96.69 A suandu Fsludiuvemmaldiunay
fnuIndenadestuiudseees Liou and Yang (2011) filddnwnisdansiziunludanilagldidn
wnaufutrgRukeiu waewuhiliuiifneglutag 200-600 mansunsiensu Tnedanfifiudiiann
gninanldduTanaadunseldvielunisissdjisen (Rafiee et al, 2012) Aawaes (Cabrillac and
Malou, 2000) &1 (Morpurgo et al., 2010) wazlasulans i (Bakaev and Pantano, 2009) 1udu

4.1.2 N15ILASITRAIAINININAUAIENSVRITANINENALA1TIUaR18mATla
Thermogravimetric Analysis (TGA)

'
= o ¥

TuawITeilavinn1sANEIAIAIAINI9aUFARSYDITAN AN AINLANTILIANT 3 UTELANIY
wialla TGA Taun1sinsesilainnisfnwrfesasnisagideunninigamgiseningumgies ie
1000 °C Tpeldufalulnsiautazoanday onsuanbnsawananaiu w10 °C/min 15 °C/min wagy

20 °C/min 71ua1Au IneNan1sNaaenliuanaiagun 4.10-4.12

101
100 Wy udoy
S 99 4
=
WS 98
e ]
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GOF) Tng Rwp.duststiarmarunainndeussnitsteyaannisiauagdogasinnisiuan
(Tamer, 2013) n3difien Rwp. fAdilng 0 Ssuansfarnarugnifosifiudu (Bruker AXS, 2009) Tu
d1urasA GOF asfiAlndlAes 1 (Liao et al, 2015) Asiuluauidedddldtadorts 2 ufinnsan
mnugnaeseseya Tnsnamsilesziusinauavessnetafinsedusiemainoslanausead
1Bnd (QXRD) Tnedaaszvifigumaiiuansnsiuuansluansteil 4.6-0.8 dudunamsiasziuanm
wlavesfegefinszdusemaialilasimsesdidnd (QXRD) Tnedunssviigumadunnsiiaiu
uandlupsed 4.9-0.11 aiddy

MnuamIleTgiTumaiiAetuannsdanmeiriguugiunndsiu Tasvhnsnszdu
Fr0819uudanfiatnaindTiutanazuaai@euanunanneg dewmadaoelaaal (1 atm
temp.130 °C 5781301 48 hr) flouduiasiest laswud yndegrwenluganiiataaniindina
1 3 UssaniiinsdaunsigsisuiuuaaifonaiveiunnazuaniBonasludiigungf 1,200 o
wadea Wianuladina (B-C,S) gean uarsesasfio e y-CoS snunsuianuunadoulunsmi
Tauaves S i waziiloviinisduasgiingamadl 1,300 ssmwaidoa wuinwaiulas (B-C,S)
fansdiuTunaigegn uranasnimeuiidansizisnegamgil 1,200 ssrwaidea Taomaniuudliy
dnduegradiulddn Hun e y-Gs warbafiuvinamniudeogumgiduassiifingsudy
1,400 09ALTALT U TAUHANITNARDILAAIRINNTINT 4.6 6??@wxlaﬁma'nlzﬁwﬂﬁﬁ%mﬁufw Fariuds
AAIAzEdNalagnsInaunzenlea

A3 4.6 naN1TIATIRIUTINANAvRIRENINSEAuiemaTinealaAaUfeTId@dnd (QXRD)
Tnedaasienigaugll 1,200 °C

a135Usgnau 1,200 °C
(%@8@8) NS1+CC NS1+CN NS1+CCR [ NS2+CC | NS2+CN | NS2+CCR | NS3+CC | NS3+CN | NS3+CCR

a-CoS 0.282 0.435 2.929 0.331 0.8 1.298 0.44 0.408 | 0.846
B-CoS 66.491 1.488 65.978 73.147 | 0.281 55236 |[88.134 | 1.117 | 63.191
y-CaS 14.14 0.129 1.392 2163 | 0.378 | 0.855 1.192 | 0.609 | 0.343
Pseudowollastonite | 7.888 5.893 3.223 1.741 8.321 2.639 3.724 | 6.625 3.388
Wollastonite 38.108 | 2.554 1.087 | 51.633 46.877
Cristobalite low 5.815 49.633 | 4.316 0.169 | 36.886 | 1.043 2517 | 42.69 1.796
Tridymite low 3.318 1.417 1.094
Calcite 5.303 0.04 0.546 0.616 | 0.004 | 4.512 3725 | 0 4.593
Lime 0.082 0.716 11.204 | 0.087 | 0.064 | 23.566 | 0.148 | 0.197 18.554
Portlandite 0.001 0.239 7.859 1.192 | 0.217 10.851 | 0.119 | 0.484 | 7.288
Rwp. 10.21 14.24 12.35 9.89 13.34 13.99 8.96 13.69 12.1
GOF 0.62 1.08 0.75 0.6 0.96 0.89 0.55 1.01 0.77
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U

q

%

QA laeaudiessdend (QXRD)

d15Usenau 1,300 °C
(%aﬁlag) NS1+CC NS1+CN | NS1+CCR | NS2+CC | NS2+CN | NS2+CCR | NS3+CC | NS3+CN | NS3+CCR

a-C.S 0.901 0.033 2.357 0.896 | 0.105 0.888 0 0.407 | 3.242
B-CoS 47.031 2.797 66.617 47.565 | 1.097 61.711 68.026 | 0.697 67.496
y-CoS 40.294 0.054 11.844 33.106 | 0.085 6.287 7.32 0 2.463
Pseudowollastonite | 5.393 44.32 4.156 7.393 42.963 | 4.836 12272 | 42.66 3.48
Wollastonite 2.907 2072 0.041
Cristobalite low 1.504 45.695 | 3.076 1.113 46.963 | 0.44 4.275 44.224 | 0.622
Tridymite low 2.451 4.83 10.547
Calcite 0.671 0.493 2.151 1.644 0.652 3.647 3.22 0.904 2.751
Lime 0.704 0.729 5.179 0.964 0.971 14.172 0.43 0.292 11.84
Portlandite 3.718 0.522 4.62 7.318 | 0.32 8.019 4.457 | 0.269 | 8.105
Rwp. 8.22 14.15 10.42 10.21 12.15 12.03 9.12 13.49 12.11
GOF 0.85 1.05 0.66 0.65 0.95 0.78 0.54 0.99 0.76

A15197 4.8 HaNTIATIUTINalavesiieEeTinsEAumealinoslaAa UM $aEdENg (QXRD)

lngdansrenngamail 1,400 °C

d1s5Usenau 1,400 °C
(%'aﬁla:) NS1+CC NS1+CN | NS1+CCR [ NS2+CC | NS2+CN | NS2+CCR | NS3+CC | NS3+CN | NS3+CCR

o-C,S 0.241 0.298 0 4761 0.172 0.105 0.613 0.962 0.492
B—CzS 24.725 1.426 27.112 24.816 2.023 25.242 11.443 272 48.992
V—CzS 47.903 0.337 67.389 64.379 0.507 69.001 54.801 0.498 37.146
Pseudowollastonite 22.842 24.542 2.104 0.939 22.742 3.114 21.006 23.082 2.901
Wollastonite 1.124 2.024 6.93 3.072 4.193
Cristobalite low 2.875 67.636 0.257 0.128 68.158 0.107 0.31 65.104 0.273
Tridymite low 3.181 2.951 3.408
Calcite 1.209 0.574 2.615 1.352 0.404 1.715 3.456 0.294 2.4
Lime 0.16 0.678 0.467 1.651 0.819 0.867 0.104 0.652 0.975
Portlandite 0.045 0.205 0.055 1.975 0.198 0.045 1.337 0.201 2.628
RWp. 11.73 14.98 12.53 11.51 11.98 11.53 23.02 10.74 11.05
GOF 0.74 1.17 0.82 0.76 0.72 0.92 14 0.84 0.7
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Tuduresnsfinuainuamsieseiuiinauadiiatuannsduaneifigumaiuandiatu Taesh
Msnsguiegeuludanfiatnainiidanatazuaaifonanunasineg semedalulasion Tng
yinsnszdud 700 Sad Wuszeziaa 1 9ol wazthludansed lnenuimnsogisvesunludan
flafnnidifmains 3 Ussaniiviinsdaemesisuiuseadeunsvoiunuazunaidounisludi
gaunil 1,200 asewaidea T wulad (B-C,S) gean wazsasasdie wia y-C,S sniiunisuisiuiu
unaLdeslunsnitlieinaves CS i lnsnansvaaediinaliunnsstunisltinadaeslaiasy uas
Fevimsdaasgsiigumgil 1,300 saruwaidea wuinawlad (B-CS)Sansiluungsan us
UinaiiAatutionimeuiidaasgidegungd 1,200 osrneaidoa lneyIuaunadiiuualdy
diuFuagrariulddn 1 wia v-Cs wandlevhnsufinnbafutudegamniinsduamesiifiugaty
Hu 1,400 e iwaldoa lnonan1smaasinansdianisnad 4.9-4.11 danadsnanlifiauvilonse
aﬂmal‘umﬂgﬂimmm (Talor, 1997) dsdulusmAfeiislddosnisliAnmadenanlundndosii
dupmesitu dailu ;mnnsfinymuiiimsduanzidhedilasmanssduimenssuaunislelaames
1 2 inafla TnavesUsinairlaiulas (B-CS)flgamgdish lunnsnaiy uimedantslfiedocosls
nsufidedslulssiiualiseiiginiliiendusviazaieviennufoulunisnsedunaiesey
mniseuiieuiunisldnetdalulagiam

M15197 4.9 nan1sATIEiUIIaaveeg1finseumemalialulasange53d8nd (QXRD)
lnegdaasreninagamgil 1,200 °C

dnsdsznau 1,200 °C
(%aﬁla&’) NS1+CC NS1+CN | NS1+CCR | NS2+CC | NS2+CN | NS2+CCR | NS3+CC | NS3+CN | NS3+CCR

a-CzS 0.204 0.935 1.894 0.931 0.91 2.02 1.02 1.032 1.503
B-CoS 67.235 0.105 65.842 |69.482 | 0.079 | 55.831 | 77.429 | 0.895 60.237
Y-GS 12.642 0.121 3.073 13.962 | 0.094 1.642 5063 | 0.392 | 0.085
Pseudowollastonite | 6.943 6.021 2.96 4083 | 6.341 6.963 4032 | 7.301 2.851
Wollastonite 42.854 49.625 47.043
Cristobalite low 5.035 47.964 | 6.003 4.271 40.021 | 5.004 3852 | 41 1.063
Tridymite low 2.053 2.381 1.953
Calcite 7.048 0 0.603 6.721 0.008 | 0.069 9.03¢ | O 6.042
Lime 0.865 0.563 12.382 | 0.951 0.703 18.654 1 0.302 | 0.089 | 20.052
Portlandite 0.074 0.364 | 8.037 0.061 0.217 | 9.931 0.04 0.501 8.201
Rwp. 9.78 11.23 10.62 10.02 11.93 10.06 8.96 10.64 | 8.65
GOF 0.62 0.96 0.85 0.74 0.82 0.71 0.55 0.93 0.86
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A15199 4.10 nan1TARTIeiUSInasavessiegsiinszdumemnaiinlulasiindesad@dnd (QXRD)

lnedaaseninagamgil 1,300 °C

d15Usenau 1,300 °C
(%aﬁlag) NS1+CC NS1+CN | NS1+CCR | NS2+CC | NS2+CN | NS2+CCR | NS3+CC | NS3+CN | NS3+CCR

a-C.S 0.318 0.031 0.103 0.549 | 0.076 1.041 0.865 | 0.381 2.941
B-CoS 45941 2.061 59.034 46.031 | 2.041 59.054 68.041 | 0.481 61.042
v-C2S 38.795 0.104 18.074 | 34.329 | 0.095 16.942 | 11.053 | 0.073 15.041
Pseudowollastonite | 4.031 45.031 | 5.031 8.041 44941 | 3.851 8.041 42.041 | 3.48
Wollastonite 3.291 3.941 1.049
Cristobalite low 1.402 45.064 | 3.975 2.031 40 0.44 5.041 44.224 | 0.32
Tridymite low 3.021 7.872 10.418
Calcite 5.984 0.392 3.341 3.163 0.531 1.041 2.031 0.851 1.073
Lime 0.893 0.694 | 6.074 0.863 | 0.651 10.052 | 0.643 | 0.217 | 8.043
Portlandite 3.032 0.863 4.98 5.041 0.32 8.019 5.031 0924 |9
Rwp. 8.22 10.63 9.89 9,75 11.03 12.03 9.53 11.74 10.84
GOF 0.85 0.96 0.74 0.65 0.82 0.78 0.67 0.84 0.67

A15199 4.11 nan1sineiuSinauavessegsiinszdumemnaiinlulasiindesad@dnd (QXRD)

Ineduaszriigaumgi 1,400 °C

d13Usznav 1,400 °C
ChERE) NS1+CC | NST1+CN | NS1+CCR | NS24CC | NS2+CN | NS2+CCR | NS3+CC | NS3+CN | NS3+CCR

a-CoS 0.201 0.242 0.087 0.394 0.104 0.105 0.324 0.867 0.381
B-CoS 22.692 1.053 26.429 20.635 | 0.984 25.242 14.049 | 2.043 34.386
Y-GS 45.031 1.083 60.445 48.031 | 1.503 69.001 50.853 | 1.84 48
Pseudowollastonite 26.904 24.294 | 2.401 26.421 | 21.472 | 3.114 24.075 | 20.643 | 4.281
Wollastonite 2.856 4.047 3.916 5.074 3.923
Cristobalite low 4.362 64.957 | 4.023 0.128 63.96 0.107 5.049 61.643 | 3.937
Tridymite low 5.042 7.041 6.842
Calcite 0.861 0.058 3.742 1.352 0.064 1.715 0.893 0.402 1.054
Lime 0.128 0.476 2.946 1.651 0.769 0.867 0.205 0.531 1.964
Portlandite 0.032 0.304 0.083 1.975 0.198 0.045 1.054 0.204 1.802
Rwp. 9.87 10.53 10.24 11.51 10.49 11.53 10.3 10.25 10.16
GOF 0.86 0.89 0.82 0.76 0.92 0.92 1.4 0.85 0.86




lasanrsnsdunsieyudiusivladidauansalunisiujisergeandauia
Uazunaldeuuasng aaenszuaunislalnsmasuaauazaaiss

4.2.3 15052980 UANWALNIIN1EATNVB LN EIULan (B-CoS) NFILATIEHIUA8NaD Y
¢ 1 1 o/ a 4 3 Y a
9anssAdLUUEaINTIA (SEM) 32uun1sInsisiasdusznauvaamanemaia EDS

(Scanning electron microscopy with energy dispersive x-ray spectroscopy, SEM

with EDS)

Mnmsdaesziulas (8-C,5) Mmddanan 3 Ussianuasaaieuasngg Tneviins
nszdusBnszuunslalasmosueauazifigamgiiunnsieiu iednwusinauaiulad (B-C,5) 1
Aoty anramsvaaesludnvesnsinseilasead e aawasusinainasomaia XRD $aufu
Tsunsa TOPAS TuanAdedldvinnsanumdnvarveaawlas (B-CS)AnTu fremada SEM
SuRuMTIATEvesUsEnauveaademada EDS tiedunisiudumaiulasd (B-C,5) MAntu
Taonannnsdaaseinuimaiegaivhnsdaasgianuiludanfiatmandunaus ey
So8 uazd gy SwfuLeaBASUeIun wraleulunsy wavupa@euanslus Trvawlad
(B-C,S) guandigamgil 1,200 aarniwaidea

é’Qﬁ?uﬁ%%’aﬁaiﬁﬁwﬁaasmﬁﬁqmiwﬁlﬁﬁﬂmé’ﬂwmzwmsmwﬁammﬁﬂ SEM lnena
nsAnyIansiegU 4.19 Fanunnsrunguiiidnvasnanuuiiuiniesilasit uasileds EDS
wuiduansuszneulauaaiBendainasemiaiulad esanuaresnisiiassiesdusnauvessy
fgwmalla EDS nuamdudndiuseninanai@eunadani Ao 2.02 Ao 1 lnudennaodiuna
nsandnunslasiEiwesassmada XRD nuiaveswean-lawnaidendanm (0-C,S), s
lanmaldaudanm (B-C,5) sasuninuladuasinuinlawaa@eudawns (y-C5) lngdadinnnves
wiadla EDS Aolianunsaszuldinlumalavedlauna@endding (C.S) wenainszylunmsiuvesn
Waveslauaalfaudawng (C,5)

g Spectrum 1
Atomict
0 c:212
0:83.42
S 1141
Ca:23.05

(e

T T T ¥ T T T T T
2 4 [ 2 10
Full Scale 10045 cts Cursor: 0.000 ke

L% ’ 2] \ s
—_—
Y Electron Image 1

U 4.19 amegalginaila SEM ideveny 5000 iiwesinegeunluddniainainginaus
wsmAuLAaLfgAIT UBLUANdLATIEAIE U N 1,200 BeAgalTed tAgHIUNITNTEAUAIY
wadalulasiviieunisdunsien
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FIUUIINNITNARADY 2 @2 TouA @ 1 nsEnudnuwazaudd, A1AINI9aLAmansUaaIun

=

Tudanfiatinandaana uazdnd 2 msfnnanadissiuganavesjudinulaidunszifigumnd
aleeldnszuumslelasmesuea vosununsandusulugi 1 Yusn wuinnluddnfiatnainid
Fanana 3 Uszan Wun idunaud dhenudes uandidudhifu fdnenmlunmiluduinghu
G?aéfumLmu%ﬁmﬁlumiwﬁmﬁluﬁmumﬁlﬂa’lﬁmﬁ’u QU Activation Energy (E,) U99L1LNaUAE
vsvenindifnenmgeaalunisihluiugisenfan uidethinsedusenszuiunslelnsimesue
anuhnaulnusunanasie TndlAssiu ualunsdvesirasuaalfounuinunasuaaidonlunsnla
Wiz funsdaaszifigumad 1,200-1,400 ssmiwaldea iesainamiouainnsaaiefinyes
weadelunsmadwalilunessmeiuiiseneliAnmeadug Aiduasusznouves CaSio Useian
Suninninnaveslaunadoudamnn ms‘v‘hmiﬁﬂmﬁqmmﬁﬁmdﬂﬁiu (379 800-1,100 ©4A
waldea) lnsgaumplifmurauiigalunisiluduazidesiaiouthluAnwinave sy
UFAselewnsdu lunuaded fo 1,200 ssmneaidea WosnidugumndfAnusuumalad (-
C,5) gean mnuiugamgliganiniwasinanasdsudua y-Cs Sunadinaluifautilanse
anelaviuFAzensuih (Talor, 1997) Fslimnefuufitenleanstiu uadludruvesnsioudio
wadalunsnszduiiegenounisdunsgiine 2 meda ldud medelelnsmesueauasinaia
lalasianl wulsinavesTuaalad (B-C,S) luuandnatu udmeadalulasinfidunsuniansesu
fdouaziind sudansliinieseelmasuiideidelulsuiualideiiganiliiandusnihazane
ioanudeulunisnszfunatsseu faduluununisdiiunudud 3 veseided luussfu
MsfnwNavesuaaLdeNnaslsddensimuInszuIunslewmstu madidedadendietsiiiuigi
senedamiiafaanid e 3 Ussimmndufuseadeuasuauniazunaifounslud Ty
vhnsnszdulaeliinaialulasimieuinnisdunseifigamad 1,200 ssrwaldea newiunlily
n15Anwn %ammﬂ%ﬁﬂﬁwamiﬁﬂmﬁﬂaamqmﬁqﬂizﬁw%mwﬁgﬁm%qLwﬂﬁml,azqmﬁmmma
LASYYANENT

4.3 @9 3 NSANYINAYIILAALTEUAAD LSARBNITNAININTSUIUNS LLASTU

aaa

43 1uan1sanwilasadrandnvedlauaadeudainaiiiiunisuulgesujasen
lawasdy (XRD)
dlefinwindnuetlenstuiiintuvesiogsdiuudinadiidannsieviann NS1 + CC uas

Fegna NS1+CCR AlilifnansnszduUfizeussuiiivufumesafiduasnszduinadonnaslsnd

USunauuanmnenu (Seeay 1, 3 Lay 5) Tﬂaﬁwﬁaaéwaﬁﬁwmiﬂszﬁuﬂﬁﬁ%mé’aal,mﬁﬂluiﬂmmmz

é’amiwﬁﬁqmgﬁ 1200 peALgaLgd mv‘hﬂ,ﬁﬁ%mlalm%’uﬁuﬁwﬁiwmm 1,7,14 uag 28 7 NUN

fhogsdundmaidlifus s fiowafiens 1 uax 7 Yu lidiuemuuandnsnnin daiudeihnsg

Wisuifleunansinsgisegsiieng st 7 wag 28 Yu iileliifiumuuansinswesnaniosilawmsdu

fiAntu wanaasuT 4.20 wag 4.21 muddu neshegwwesdundinadflifuneadounaelsdds

Dugdefasenlamstuluauided fodusuvanivauiignimuildiuieudeufunanes

wanSassilainstuiiinlusesnaduudiuladiosavunneineiy

4-28
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() o1euw 28 u

(n) NoNeuw 7 T

10 15 20 25 30 35 40 45 50
2 Thetha

60

wn
L.}

(P = Portlandite (Ca(OH),), Cb = Cristobalite (SiO,), Cc = Calcite (CaCQ,), B = B-Ca,SiO,,
W = Pseudowollastonite (Ol-Ca,(Si;0,)))

JUN 4.20 wan1TATEinuurlaTIas Ve BUiinGgd NS1 + CC smewatla XRD

(v) Nioguw 28 u

2 Thetha

(P = Portlandite (Ca(OH),), Cb = Cristobalite (SiO,), Cc = Calcite (CaCQ,), B = B-Ca,SiO,,

W = Pseudowollastonite (0l-Ca,(Si,0y)))

JUN 4.21 namTiinswianuazlasaiaveadiuuineas NS1 + CCR meinaila XRD
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INNANITNAABIAIEINATA XRD WU11MNAI0819U5 1N a15U58nau Portlandite (Ca(OH),),
Cristobalite, B-Ca,SiOs, Calcite (CaCOs) Wag Pseudowollastonite (a-Cas(Sis0s) NANMLAULALINY
TAYFLALINNULEAIAINITIIN 4.12

M13197 4.12 4aReaNTUTENaUKAL ALY TUTENOUNIUIINGAINNTIATIEYIAEmALiA XRD

d13Usenau JCPDs 20
Portlandite (Ca(OH),) 44-1481 18°, 29°, 34°, 47°, 51° wag 54.5°
Cristobalite 39-1425 | 22°
B-Ca,SiOq 49-1673 31, 32.5°, 33° gy 41°
Calcite (CaCO») 33-0302 | 30°
Pseudowollastonite (a-Cas(SizQq) | 74-0874 | 28° Uay 46°

dlofiarsaniionglunsuy 7 furesisassinegnanuiniarugaves CalOn), laiusnsaiusnn taglu
Mae19 NS1+CCR Augevesiiafana1iuinnitfied1a NS1+CC 9139zinaannuIununaaiduy
ponleddasy (Ca0) fiusingludiodns NS1+CC ludumaunisduasgsiyudin dsmaliiunaidoy
SasziinfeuiufAzentutwiuilunssuiunislawsdu egndlsimudefiussoznalunsudy
28 Yuvestisansiingns nutlianugsvesiia CalOH), gandrflenglunisun 7 Yu Fadunauiain
UjAselainstuveslaunadonddinefifiunadousenluddasgs faunsi (1) fo Welaunaidend
ARz agvilimelussuudianmerudussgstu Tnsnaananmzammuiitiues OH 2
vhaeuszuesanUsznevsanlediiineyniaiiogis Iéin Ca - O uag Si - O usiilesanlueyme
Y095708 19T USinaueadeneanlendaszaawaziiuse Ca - O danuudusitesnitnuse Si- O 3
avaneildun shlinglussuuiinnududures Ca?* wag OH gewadtagshliinnsanadnuay
Aaffadiu Ca(OH), Turnsiientiu Si - O fleguinnfivaseyna asdamududufiunty uay H'
Mnazgngadu iliasarareinnudusafiuniniu wildinnwediagyhanesiuss Si- O ey
melueymald JuAnduseniBouddinelainsaerdouuinuinesosn vdmntduufiseding
fufluseiilos :nmsfiniglusnegnafiussfusealudn (osmotic pressure) wazuinamgniadeuse
uraBondainaleinsn viliasiusuuinaimiuanesn dwald Ca* AifloguTunamnniieguinm
meuenannsaitluiuiAzendu Sios” fmdesgmelushodsiesiduueadeudainalainsauay
Ca(OH), Wi FeujAsendsiniusellessdng uidesannelussuuiuiunm ca?* qa vils
filoppuwmioagluszuuuin MNUiserdnandavilinuiia Ca(OH), vodlawnaidendanngiuug
iwaRTieny 28 Yu gand1dl 7 u ilewSsuiiteulunmsiumuingiegns NS1+CCR Tindalainsdu
1A Ca(OH), gandneeene NS1+CC

2(:25 + 4H20 —_ C352H3 + Ca(OH)z (41)
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oglsfinuilensilensidnvazlasiaiavosalad vielaunaldoudaing fuusinadi
daaszvifigamail 1,200 ssmiwaldua Muauansisaunaidounaslsd (CaCl,) Ussnaunnsneiu (Foe
A 1, 2 way 3 fMuwaia XRD fenglunisuy 7 waz 28 Yu ldnarsmaassdagud 4.22 uag 4.23
dwiudiegna NS1+CC uay NS1+CCR anueansiu

P
P
B . P P 1Y
Cb  PCcpp BB P (1) CaCl Soeae 3

A A Mo S\ AL A A (m) CaCl, Seeay 2

-_A_ww () CaCl, Seway 1
___A_/L_..M_-»-A.__.____J;A_,\___ (n) Trauansisaufizen

10 15 20 25 30 35 40 45 50 55 60
2 Theta

P = Portlandite (Ca(OH);), Cb = Cristobalite (SiO;), B = B-CaySiOq4, W =
Pseudowollastonite (a-Cas(SizOo)))
UM 4.22 wanisiiasgddnvazlassainevesdiuudinad NST + CC Adsasneviigungd
1,200 parwaiioa Anauansiseufjisen CaCl, sewnadla XRD ety 7 u

P

P Cb P
Ce Y
wP° pp B P Pop (¥) CaCl, Sowas 3

(P) CaCl, Seway 2

(1) CaCl, Soway 1

| '\ (M) linauansisesufizen

60

wh
L.

10 15 20 25 30 35 40 45 50
2 Theta
P = Portlandite (Ca(OH);), Cb = Cristobalite (SiO,), B = B-Ca,Si0O4, W =
Pseudowollastonite (a-Cas(SizOo)))
U7 4.23 wan1sinsgsidnvarlassaiievesdiuudinad NST + CC iduaseviigungd
1,200 sarwaiioa Ananasiseufisen CaCl, semadia XRD ety 28 Yu
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P Wopb p, wP P p (9) CaClp Soway 3

(P) CaCl, Seeay 2

(1) CaCl, Soway 1

(n) Liinanansiseufizen

10 15 20 25 30 35 40 45 50 60

2 Theta

h
h

P = Portlandite (Ca(OH);), Cb = Cristobalite (SiO;), B = B-Ca,SiOq,
W = Pseudowollastonite (at-Cas(SisOo))
U7 4.24 wamshisigidnuazlasiainsvesdiuudinad NS1 + CCR AduAsgriiionmng
1,200 sarwaiioa Anauansiseufisen CaCl, sewnadla XRD fleny 7 u

P B ;
Cb wp P [3[3 Wp P p (1) CaCl, Sowaz 3

(m) CaCl, Seeay 2

(1) CaCl, Soway 1

wwwu (n) ladrasansisalfizen

10 15 20 25 30 35 40 45 50 55 60
2 Theta
P = Portlandite (Ca(OH),), Cb = Cristobalite (SiO,), B = B-Ca,SiOq,
W = Pseudowollastonite (a-Caz(SizOg))
Ul 4.25 namsieseidnuazlasiaiisesdiuudinad NST + CCR fidanszviigumgd
1,200 paFwalToa Mnauansissufizen CaCl, sewmaila XRD o1y 28 Ju
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Tunsdlvesnsdnumares CaCl, Afinasienisusuussujisenlainsiuvedlaunaidondainn
Fumdmadindainsnziiounall 1,200 osmwadea o0y 7 uay 28 Ju fwansluguil 4.24 waz
4.25 AUaIeU ‘wudﬂﬂsqa%ﬁawﬁﬂﬁqmﬂsmgﬂmaamsﬂsuﬂaw&ulﬁmﬁulaiwauami'aﬂﬁﬁ%m
TngnusyauaNuawedfia Ca(OH), bmLﬂumamﬂm%mmJgﬂimlatmﬁuw,wmumameamiaﬂgﬂia1
LLa‘“aﬂa\‘iLiJ@LW@J‘iJiiﬂmﬁﬁLi\‘i‘Ugﬂiiﬂ uenaninuinilevnmafiuszesnatumsuuasyidiss
PN avasiiAT Ca(OH), Ny L‘WSW%L@JaLWaLUIaGWHiJQﬂSEﬂﬂUquﬂa(ﬂDLﬂuaWiﬂizﬂaULLﬂaL%SN%a
nalawnsanag Ca(OH), faunsil 4.1 uagiilevnsfnaraissfiter Cacl, adulauraldoudaing
Fuudinadidainsneinigunadl 1,200 ssmwaidea Faiusun Cao ge agsinlinngluszuud
anuidusnagdtu iseiiviinalensenled (OH) Tuszuuifntunansiannisi 4.2 denaliunaides
looou (Ca*) uarlensenledlossu (OH) anwdnnesuiu Ca(OH), 1K1ty uaglusgnineg
ansavaredanmiunng agluvianeiuse Si- O uag Ca - O ‘m:uaaiumasmmmﬂgmsnmmﬂu
wradsuddinalewsmadeuusinuivesiegnafiutu sunseiusmiusuiiedeusguuRantiuan
oon Vililovaufindeagaunsnidrluufisolfidu Suflefinszezinalunsundfizenny
Aoy Waunogsaiiles Jehlimufafiinufisenleinsdugsdu

2CaClp + 2H,0 —» 2Ca(OH), + 2CL, (4.2)

1n3U7 4.25 dnwarlasiaiveslaueadenddinaduudinadidunszvidigumgil 1,300
psrLwaToaiiony 7 uay 28 fu wuin lassarendndensunngiiauieaduiidiunisdaaszii
gaunnd 1,200 asAgaded weilinuiinves Calcite %30 CaCOs wagwuiAuad B-Ca,Si0; Taaciy
Tneflony 7 $u wuszsuemmigavesiia B -Ca,Si0s ganinfiony 28 Fu wazamigevesiia Ca(OH), fnin
019 28 u wwufulddudloifinsrezinainisuufinues B -Ca,Si0q anauagiaad Ca(OM), Liisiy
Fadunamnanuiiselemsiuveslaunaionddinefidansigsiigumgil 1,300 sarivaiieoad
fU3ual B -Ca,Si0, g9 FamsiAnUFATenadefuiegsivinnsduasesiioamai 1,200 samm
\waLgye
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P (v) NengUs 28 Tu

2 Thetha

P = Portlandite (Ca(OH),), Cb = Cristobalite (SiO,), B = B-Ca,SiOq,
W = Pseudowollastonite (a-Caz(SizOg))
UM 4.26 namsaszidnvazlasiaiieve sdluudinadfidansgingamgll 1,300 aaem
wawdua fewnaila XRD () 1o1e 7 Tu (V) N9y 28 Tu

TneuFfslawnsduveslaunaidendainaiiil B-Ca,5i0q g9 Fadumiaveslaunaifeondainnd
AaufAserlewnstuldd dsfAsenfiAntunansdsaunisi 4.4 Ao elaurafoudainasi
ﬁﬁﬁ%mﬁ’uﬁw wreliiAnuaaludainalemsauay Ca(OH), Geusuiiiavasoynirszgadu H'
mmivhlmsazmedanuduiafissnniu udlbhnameiissyhaeiusy si- O fiogmelusymels
FaRauralfenddinalansnedsuuinaimesinesdluuiinaies ndmniuujasendeasdui
doiflos :nnsiinneludiegnadiussfusealufin (osmotic pressure) WATUILIUHIQNLARBUAIEY
whaLBedanalawnsn Yiliuausuuinasimihuanesn dwali Ca” fieguinanousnaiuisadi
lUihiAzendu Sio,* Mwmdeeglumesenesuiuunaidendainalainsnuay Ca(OH), duilo
Winszeznalunisunuisenavaesq Wauegedeiiies SuilinuiiafiAnujisenlainsdu
a99u warUfisendsndudeluagiedng aunseislessuluufAsevufasemen fuuasd
loeouuniunionglud§Ater UfAsendeasduan 1nUjiserdananivilinufia CaoH),
vosyudiuusiiuladfieny 28 u (Ul 4.25 (@) gsnind 7 Fu
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(9) CaCl, Seway 3

(m) CaCl, Seeay 2

mmww WM\MAJ,@W»WWW (¥) CaCl, Sovay 1

.—J\WWMW. (n) Trauansisaufizen

10 15 20 Z5 30 35 40 45 50 55 60
2 Theta

P = Portlandite (Ca(OH),), Cb = Cristobalite (SiO,), B = B-Ca,SiOq,
W = Pseudowollastonite (a-Caz(SizOg))

JUN 4.27 wan1siATizidnyaglasiasiavesdiuudinad NS1 + CC Nduasigifgumngil
1,300 aergadiud Nnanansiselisen CaCl, aewmatia XRD fi9e 7 Ju

P P Y
pp W P (1) CaCl, $puay 3

(P) CaCl, Soeay 2

() CaCl, Seway 1

——_A.A___MAW (n) Tnauansissufizen

10 15 20 25 30 35 40 45 50 55 60
2 Theta

P = Portlandite (Ca(OH),), Cb = Cristobalite (SiO,), B = B-Ca,SiOa,
W = Pseudowollastonite (a-Caz(SizOg))

sUN 4.28 wan15iAstzvianvarlaTias1svesdiuudinad NS1 + CC Nduasigvinigumngil
1,300 aepgadioa Nnanansissuisen CaCl, suwmatia XRD 91e 28 Tu
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NnNanTIATEdnuarlasiaesuiiudiuladi dinsnsiioamad 1,300 ssriwaiduad
naNan5L5aUfATen CaCl snowmadla XRD Moy 7 way 28 Yu fuandlusui 4.27 - 4.30 wu
lassasandndensunngitauiui mmlmauamsmgmm Tnefifirmes Ca(OH), sduilofinansiss
UfATeuarazanaadleiiniinuasiss§izen uasilovimsfiusseznanlunsusagiliiiaves
Ca(OH), mL‘U‘uwammusmmﬁgﬂimlmm%ummu wazrarlulUlufiemadenduiuulad@uud
iadidaiaszivigamal 1,200 ssmwaiya
P
Pp B

o Wb p. W' Pop y
(9) CaCl; So8@% 3

(m) CaCl, Soeay 2

() CaCl, Seway 1

| : | | i : 7 | | | () Tinanansissufisen

10 15 20 25 30 35 40 45 50
2 Theta

60

h
h

P = Portlandite (Ca(OH),), Cb = Cristobalite (SiO,), B = B-Ca,SiOq,
W = Pseudowollastonite (a-Caz(SizOg))

JUN 4.29 wan1siiAsiganvzlaTiasiavesdiuudinasd NS1 + CCR Nduas1gvingumgil
1,300 aergadiod Nnanansiselisen CaCl, aewmatia XRD fi9e 7 Ju
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P
b Wp Pp [313 wp P
(4) Na,Si0, 50818 3

(P) Na,SiO, 5a81a% 2

(1) Na,SiO, $881a% 1

(M ladnanansiganfizen

10 15 20 25 30 35 40 45 50
2 Theta

Lh
L.

60

JUN 4.30 wan1siAsIganvuzlaTIasavesdiuudinasd NS1 + CCR Nduas1gvingamgil
1,300 aepgadioa Nnanansissuisen CaCl, sewmatia XRD i91e 28 Tu

432 wansanunlaseairameganiavedlauaa@suddnadiiiunisuuusazen
lawnsdiu

nsmsaaeUdnuariuiuaresdusznevvessmiideglulaunadoudainafiinainnis
Ufuugeufasenlanstdudiemaiaganssaididnnsounuudesnsin (Scanning Electron
Microscope; SEM) s uLnaiin_Energy Dispersive X-ray Spectrometer (EDS) 1agvi1n15@n 11
Frudiwadiiiunsdanseifigamai 1,200 waz 1,300 ssrwaldea Alinanaisissuiitonas
nanaIsURATen CaCl, vz 1, 2 uae 3 lasthnin fleng 7 wae 28 Fu lneldonsdiegann
nsdnwdnwarlassaandniinufinves Ca(OH), g léun Fuudnadinauaisisaufizen Cacl,
Yovay 3 damsdnwilassairmisganirvesyuduudiuladiinisuiuls fizenlensduasny
Snwariiuiuaresdusznouressinvasnininudnfustlewmsdu [Hun Ca(OH), uazunaldouda
innleinsn Tnelasaadianiaganinves Ca(OH), Wundniifisusramansuuy tawdnvunmdnuas
Ty LUuur Jvwiaduin wedundnuiens dnsulassadiminaganiaveunaidendanale
wsaiivaneguuuy Adenthutldesuisautivesdiuudinadie Tassairsiiduoynimdng dsdn
inzfuegegsliidusudeu viEoUsenauseuLiiuneg ﬁLﬂwzaguJasmla,JL“fJusmﬁsJU (USeyayuazee
, 2549)




lasanrsnsdunsieyuduudivladidauaisalunisviujasergean e
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sU# 4.31 lassadneasedulaninvesdiudinasd NS1 + CC NduAs1gvinigungil 1,200 a1
waldea Nlinanansisafisen (n) fieng 7 Tu (v) oy 28 u

a

NN 4.31 15931952 AUIANIAYBTUURNEATINIUNTHUATIER QUMY 1,200 DAY

9 Y
1 )

waLdea wut fiong 7 %u (Ul 4.30 (n) Snusiiuinfisusishiuiusuuazunsdrmudundndindsy
nefuduoynia wazilong 28 Yu (U 4.31 (v)) Anwaeiuiadzuidlduduouniziudy
ouna visdmdundniduudivrunalngiuasiinnumuiuiuinnniiiony 7 $u Ssenaidunaainnis
Winsveznalunsdaansilaunai@onddinedsilimundndvuiadnas uazidesinisiingzs
arsUsznoulaemaila EDS wuansusznaufidl Ca, Si uaz O aainunaziduaisuseneuaes Ca(OH),
wazarTUsznouuey CSH

e .

. . & e i .
SEl  15kV x10,000 1um x10,000 1pm

3UN 4.32 lassainesedulaninvesdiudinasd NS1 + CC Nduns1ginigungll 1,200 aan

[y

wallea Nnauasseaufiten CaCl, Sogag 3 (n) M9y 7 Ju (v) Nieng 28 Ju

a

31n3UN 4.32 1a59a$195eAuganIavresdiudingd NS1 + CC Nduasizingamail 1,200

pamlaLgya MNaNansisauiisen CaCl, Sogay 3 WUl 101y 7 Ju (FUN 4.32 (n)) dnwagiiuil
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vowanduwiuisnaveguundnifigusliutuswnisdundnfidanuvuiwiu waziieny 28 Ju
(3U7 4.32 () wuwdnvuaanifiusslduivewsguundniiniz nguiudusisun aelundndanm

wiwanies waziilaviinisiiasziaisussneulaemailn EDS wuaisusznauilil Ca, Si uaz O AN
nivgluansusenaures Ca(OH), arsUsenoures CSH

e 3 e S o T 3 ! d .
SEI  15kV x10,000 1pm X10,000 Apm  —

3UN 4.33 1A59a31952AUlan1Avegiudingd NS1 + CCR NduAs1gvingumvgil 1,200 8aan
wallea nauassaufiten CaCl, Souag 3 (n) M9y 7 Ju (v) Nieng 28 Ju

31n3U7 4.33 lassaseseduganinvesdiuudmaniuladfiiunisdansiziiigun gl

a

1,200 psAwadvanaznanasissUiizen CaCl, fovar 3 wuin fleny 7 Ju (U7l 4.33 (n) wén
fyuningiuazAoudianuiwly é’ﬂwmsﬁuﬁaﬁ'gﬂﬁwiﬂLLﬂuauLmsﬁ’uLﬂuaymﬂ uazdiony 28 Fu
(U1 4.33 (@) wanBuilianuvunuduannnindieny 7 $u Snuaesdndvunmdnfiiussiuiueunas
Usdndidnvarnsmnndnvesansuseneu uasileinnsilasgiaisuszneulaeinaila EDS wu
asUseneudidl Ca, Si waz O AdhazduasUseneuyes CalOH), a1sUsznouves CSH

o A

SEI 15k\l- - X10,000 1pm SEI  15kV

3UT 4.34 lasaasneseauganinvesdiuudinasd NS1 + CC Ndaasizvingngil 1,300 041
waldea Nlinanansisaisen (n) ey 7 Tu (v) o1y 28 u
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cal 1 o ¢

N3UT 4.33 lassadnseivgamavesduudmanuladfiiunsdunsginaamgi 1,300

v [y 1

psmwadoa wud1 ey 7 Yu (5UT 4.3¢ () wanddnwanduiou inmefudeudianuiuiy
Snwauiafizusliuiuounasusdundundndimdsunetudueynia warilony 28 Yu (Uil
4.34 (v) &nvardiuiafizuidiviuewnefudusyaa uasusdrududundnoguuiia fanu
mnuiesndnaeuinan enafiunaanmaiiuszeznalumaieuiiselewnstu Iuiliianns
AnHANYosansUTENBY Wazillevinsisuiisuiuiigumgil 1,300 ssriwaiea wui vy
wanadeiu waziiloyimsiesgsiansuszneulnemaiia EDS wuasUszneudidl Ca, Siuay O mn

Muzduasusenauved Ca(OH), a15Usenauvad CSH

PAT.

x10,000 1um ] 10,000 1pm

3U# 4.35 laseadieseauganiaveadiuudings NS1 + CC Nduasigvigungd 1,300 aan
wallea Nnauassaufiten CaCl, Sogag 3 (n) M9y 7 Ju (v) Nieng 28 Ju

9n3U7 4.35 lassadsseiuganiavesdiuudinadve slaunaidonddina iiiunisdansz i
gamil 1200 esrmiwaifea finauansissuFAzen CaCl, Fovaz 3 wuin fieny 7 $u (3UT 4.35 () wan
imgtudunduviaiug dnvagiuivesndndsuidliuivewmeeguundniiduusiu uasfieny 28
$u (3U7 4.35 (1)) wumdndanuwgu dnwazsdniisuidivueusguinaivesdniinifudy
S9un wazdlevhmsieseiansusznoulaewaia EDS wuasUsznouiisl Ca, Si wag O Aeiuay
\Juansuszneuves Ca(OH), asuseneuves CSH




lasanrsnsdunsieyudiusivladidauansalunisiujisergeandauia
UazunaldeuadnNg aaenszuaunislalnsinasusanazaals

- o v i 7 Sy
SEI x10,000 1pm x10,000 1pm

sUM 4.36 laseasnaszauqaniavadiuusdings NS1 + CCR idaiAs1esiigumngil 1,300 o9
wallea Nnauassaufiten CaCl, Sogag 3 (n) M9y 7 Ju (v) Nieng 28 Ju

N3V 4.36 Tassaieseiuganinvesdiuudinadivoslaunadoudanadiiunsdansizs
flgaunndl 1,300 ssAwaLdoaiinauaisissufisen Cacl, ovaz 3 wuin fieny 7 Ju (5UA 4.36
() wdndvuadninienguiu Sarumuuiuressdnuin dnuugiuirvewanisuliutuen
wazvrsdmdunsanammefudueynin waziieny 28 Ju (U 4.36 (1) nandAunuIwy
ADUTNUNN é’ﬂwmxﬁuﬁuﬂuﬁ'mmagiuuwﬁaﬁﬁgﬂéwlmmuau wazilovmsinsziansusznau
Tnewadla EDS wuansuszneudia Ca, Si waz O Aniinazduansusznaures CalOH), a15Uszneu
¥99 CSH

INNANITIATIEAT A UADAAADINUIIUITEUBS S. M. Ramirez and A. Palomo (2001)
Fnsfnednvaznianienneesdiuuilasauausifiarsusznaudamlaiudunay wuin
é’ﬂwmsmqmamwsuamﬂaLs?jamlamaﬂlﬁﬁlﬂw,l,ciumwnmﬁlammzaguiimﬁ’u Snvarveadiuudd
nanassamlatusunaunnazidnvasdunsinaudeudesy wavaenndasiuauidees S. Goni et
al, (2012) Anwdnwarnsnen mvsLAaldsudainalawmsnanduuaiidne nouionssaviay
WNA9Y NUI dNYAENIaNIEAINTRILAaLTeuTaInlansed 2 dnway Ae Lunsenaunziy
Judiaidngmeludiegiauasgusnndudug vsnafiesiegns

4.3.3 WANIANYINTARIUINIEBAYDITNUAULAA

NsAnwINaveIa1TselJisen CaCl, man1simuImassnvesdiuuduasaulad
NS1+CC uaz NS1+CCR fivhnisnszduieomaialulasi uazdansigsifigumai 1,200 uay
1,300 asrniwaldoa lngnaveansimutmasdavesdogailinauansiselfiten wosnauasise
U301 CaCl, Tudnandudosas 1, 2 uay 3 Insaniin fionguy 1,7,14 uay 28 Ju uansagui
4.37-0.40 97NHANTNAADINUINANEadAYesf19E19 NS1+CC way NS1+CCR Avinnsdunszd
gamnil 1,200 osrmwaidea wazlsinan CaCl, fionguu 17,14 uag 28 Ju wiifu 9 waz 12, 11 uay
14, 13 uaz 16, 16 waz 18 Mpa mud s wazidleynsnaudiogedie CaCl, ifowas 1, 2 wax 3
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nudmnseglirfndadaiatuniesnsillildnamansgdu tnordsdniuulduinutude
srpvaTlunTUNLIN Ty wagdimanauanaisa Cacl, Tushesns Tnewudinisifin Cacl, luTunnses
az 3 Inasemsiaunfdsluszoysusniian

TudmveInsiUseuWieufIeg1e NS1+CC wag NS1+CCR Wudniaaene NS1+CCR dwwilily
Tunsiauniaaldangt NS1+ CC onmdunaunainninuaaideunslud Jesrusznaumanaiidusing
Y89 Ca(OH), FsnFoufiazyinufAseleinsiu Fsdenarenisiaurindadisiniy CC nisunaldou
AISUBLUA
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wlad NS2+CC uag NS2+CCR Avinnsnszdumemaialulasion uazdsinsgviiigumgl
1,200 waz 1,300 peAnwaldod LLaméﬁ’agﬂﬁ 4.41-4.44 IIANANITNAADINUINNINITAVDIFID 14
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ogslsAmuilevinsdunszsifiogng NS2+CC uag NS2+CCR Migamndl 1,300 serniwaldea
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grumQil 1,200 ssrnisaidea wazlainan CaCl, flo1guy 1,7,14 uag 28 fu W1y 7.8 waz 9.5, 9.5
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LARLG LA TUBLUA
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ogslsfAnanileviinisdaasigiiiegia NS3+CC waz NS3+CCR Agamgil 1,300 a3
walgeanuIAINIInauIMasuLsssavesdinudivladivuiliuanaminiSeuiisuiy
fregefivnsduasizvifigungd 1,200 seawalfoa uanadsgud 4.47-0.48 Tagnanis
NAABIABAARDINUNTAVBIAIBE19 NS1+CC, NS1+CCR, NS2+CC Uag NS2+CCR HANTNAADY
wuinAndasaveadiaegs NS3+CC uag NS3+CCR filinan CaCl, fenguu 1,7,14 uaz 28 Ju
WU 7 uag 7.5, 8.5 uaw 10, 9.5 uaz 12, 11.5 uag 13.5 Mpa anua1su wazdlevnisuausiesng
fae CaCl, fifoway 1, 2 uay 3 wudwniedsliaidsdndiutunindogailildnauanansedu
Tnehdssadunlimnniudossesnalunsuinntu uasiimanauansiss CaCl, Tusoen Tng
wuinaiiiy CaCl, luuSumudesay 3 Tinadeniswauidsluszezdunnian ludmvesnis
Wisuiiumegna NS1+CC uag NS1+CCR wuindigamgil 1,200 seriealdoa #ega NS3+CCR
fwwildulunsimuniaslands NS+ CC Tunnsgeziailunisuy

nnsnaaedugmi 3 msﬁﬂmwamamﬂaL%&Jmaalsﬂ‘siamiﬁmmﬂizmumﬂmm%’u
WUIINSANANSIIIUATEN CaCl, “L‘wmmaﬁuu,':tqaqmwmﬂmmeamimgmm ilesannisiia
asisadunisiivanuduua ¥lissmsuandives a2 way OH WinTu uaziinUTum Ca
Tiunszuy deluszuufienududureslossugunnmoasyilinnudnidu CaOH), 1650 uazdd
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Wuansisaugnsenassiudndu CaCos wnluvhugasenfufunislugesinssseynia
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uni 5 agunanisAneuasdatauauuy

5.1 agunan1ivnassy
MiAdpiigUsrasdlunsinvinansduasgiyuiiuudiuladifenuanansolunis
UAse18991InTnakazuAnBEwasne menszuiunisielasmesueauasiise lngluawidela
wisnssnduaundneendu 3 @ ldud dwil 1 msfnudnuazand® uazAndiniseatimans
yosuluBanfiadinandina dwil 2 nsAnuinuantsziugamavesyuidauladdansgii
gamgiiinlaeld nszurunislalasmesuoalumsnsydu uazdnui 3 msfnwinavesunaldennaslse
somsiannszuunslamsiu Tnsainwanmsvaaosasnsnagla il

5.1.1 m3AnwdnuwauzauUd wazAnsinieadmansvasunludanifiainaindauia
mMsfdunuiiednudnunrantd UiiTomazamsaatimanivesuludaniiiadaaini
unaus iudes uasiduduthiiy meideldvinisadadanmanndunaud Weudos uas
hihduitufenszuaunisanadn vnisienednuauiifemadameg udantuiiludnw
Amseatimaniiitemanisaluualiuanuiediveansiujizevnematia DTA uazviinsduam
Amaeulunsiinu)isevses Activation Energy (E,) yedaniatmanTaunan 3 Uszian g
NUN
o amienidnuarlasiaiisiemaiia XRD e 3 Ussiamnouviinisateadag
Bnsanagneuusznouselasiaiiiidnuvazidundnvesdug i (Crystalline) uag
idlevinnsafn@dnuazihluiinseilassaianuiusngfiagiuniaszuina (2
theta) 22-23 83 Muvtisfanan Ao lnssaravestanmiotaneulnoenles e
venisamnuduodugiu uavdmwaliaandnadarudedlunisiufigewnu
®  NMFIATIZVVUINDOYNIALAZNITNITLYVBIVUINDUNIAVBAAITINIA WUTNUBSITU
&7 50 (Pso) vosufnvudos 1unavus uasididundiy fvuineyniamiify
15.37, 18.2 uag 34.07 lulasiuns aud1du lngld191udeeiin1insganeueuuin
sumelndifestu warludureadduiifunuiddnuugnianszaigvesuun
oyMALAUNINETELANAY
o luduvesdnuariuivend iunai 3 Ussiannowhnsataddnumuslndifeatu
Tnefdnuayliuluey Angvszuaniulnssegnelu uasidlesdwdunounsarinu
Tudandemaiiamsnnagneunuh@aniiatnnd danadts 3 s Wauied
TnéiAsaru Tnefiduruguinatseglugis 20 A 50 unTuluns dsflvuneynia
atiane
® £, yosdanfiadinannidunaumiiaidngn Taedauvindu 276.8+19.2 ki/mol
Fefuganfiataanidunaviiunltlunafau§iseldadan nsdffeutuid
Pudosuaziiiurduniiy




saia

lassmsnisaunsreiyudisdivladidnuaiuisalun1svitignsergean #auda
uazuAaIFENLaIIN G Arenszuuntslalasimosuaaazn s

5.1.2 n1sAnwiauaudiszauganiavesyudiauladduasiziiiaanginilaeld

d
nszuunIslalasmasuealun1insziu
wansAnunuanTAvesyufiauazyuundivlad ivhnsdiasgingumglinn nevauny
fngAudaedaninnidunaud Weudos uagiunduingu venanduldinisunuiiunds
wAalgeuAIsUBLLAGIY upaldenlunsiazninuaaleuastud neldnssuannislelasmesuea
nuN
e msunuiuaa@ouaiueiun meouaaldenlunsy uazuaa@ouanslud lunis
Funsziguiauasyudiuudivlad nuiueadenlumsvltvngiunsdansgii
gaumQil 1,200-1,400 sriwaidea Liesainmnufouainmsaatsivesuaaifosily
windawaliiluriesansviuasedelinAnmadug Mduasusznevves Casio
Uszuamdumnninaveslauweaifedainavielad vnifsuiuueaifeunueiun
wazuma@euanslud Aflanumuizaunnnidmivgumalinsdaasieiluda
1,200-1,400 aarieaidoa Inenuindamiadnandiduiiuasdameilagly
mMnuaaLdeumiludfigumgll 1,200 ssmaidea Iialulad (B-C,S) gean Fadu
wafvinufisenléntuth vnundsesnadeunuiniodugamadanhilmawlad
(B-C,5) fanamazasudua y-Co5 6?5&L‘V\Iaéﬁ’qﬂa'nlaiﬁﬂmamﬁ’alamaﬁﬂ w3l
UFAseuh
o TuduvesnsiIsuifisuimaialunisnszdusegsdeunisdunszsin 2 wada
laun mafinlalasmesueauazimadalulasian nuitliknavesUSunananies)
Tnsamztalad (B-C,S) laumndnsiu udmadalulasnidunsunisnseduiise
waziind swdensliedeseelansuiideidslulssdudldsengsninliiemdu
mvharatevsenuseulunIInIEu

5.1.3 nsAnwnavesuaadeanaslsddaniswauinszuiunislansdu

nsAnwravenaleunaslsRsonsRnsEUunslansturesddeillidennaia
lulaslunisnszdusednaiiofnwinavesinisifide fizenlawnsiu Inonanis@nwimuii yn
fedaiiiinsiiuweadonaslsadesas 1, 2 way 3 Tnedwin Ienssumdssaiianindedied
laifn wagnneeeiinnssan CaCl, fifosas 3 Inansianniassngean Frfunsiiuueaiden
aaslsaiinlulussuuidunslumsiiauiisolawnsturesudiuudiulad daunnsnstuyudiuus
wladlaevlufmuihmsiamunidsdestanluiui 1,7, wag 14 Ju Tnsnuindoisyudumsii
MsdAs IR IENsWNLTAZANEeEunaUs wasidU iy uasunuiiuradeuniueiungie
mnweadenendlus Suwltilunsimnidesaldfnindognduy




saia

lassmsnisaunsreiyudisdivladidnuaiuisalun1svitignsergean #auda
uazuAaIFENLaIIN G Arenszuuntslalasimosuaaazn s

5.2 Yaiauauu

1) Afeiiinisinelaglfimmnluies fiRlnsmwdananidnsusiuandeiy
wrlunszuiunsnanassdadinmuasennailunssuiunsen dulunsudefigamofiieitu
funsnaaeuluesfiRniservdmaliAnasusznovvesuiiafimetudntes Lesananusou
v nifidnvurnyuldasadudaldidannninmanlufes foansund fafuisansd
nsnulaensldmsnuuunyuddilulugaamnssudiud edunuimsnisaamdanuly
syugnamnIsniledudunails

2) Tunsusaifiunsldaummidadeduy au anmnedendldnususzneulumsiionsan
fe oty slduidesnisanumusoannnsdunsasiie msnuiean mdaiauaznaolsd
Husu iosnniinadenmasivesudnsios

3) psfinsanaiulidnisdudunavd uazidududituunlfidumgdunawnuly
nszvuNMINARTuRdmSuLmasArluuTlndRstuwdsnoridadndinan dWeandunulunis
yudauazannansgnulumsuimsianismsdaunndonvosusazlseny







saia

lassmsnisaaunsreviYudisdivladninuaiuisalun1svitdgnsergian dauda
uazuAaIFENLaIIN G Arenszuuntslalasimosuaaazn s

UITUIUNY

L uSEnyudiuuduasnads 311090 un1vu, n15UININYeRdEN1TINAUNITIH [Online],

10.

11.

12.

Available:http://www.siamcitycement.com/about/environmental/ecosiam/ecosiam.as
px?lag=th[2549,@m1AL 19]

nsulsaugnaImngsy, 2538, Msidnvendslaenisiusidlundemnyuiiuudlulseine
ne, UsenyuTuudlina(uines) 31in v 1-8.

LANG LoNUN 2547, N13AANITNINGATINNTTY : ma%’@ﬂizmelmﬂqmammaﬂuaguuaﬂ
YBIN1IAIAURAFINNTIUTLUUA, IneTmiUS ey Ienssuman sumdndin 191397
Amnssudanaden Aagimnssumans uinerdomaluladnsyasundsuys nih m
YusnY NyandsIned, 2556, Lnwnau vedmaeansiinusslevi [eaulall, Available :
http://www.mtec.or.th/index.php[5 uns1AU 2558].

Office of Cane and Sugar Board, 2010, Report on total cane crushing and sugar
production 2009/2010, Thailand: Ministry of Industry.

Office of Cane and Sugar Board, 2010, Report on total cane crushing and sugar
production 2009/2010, Thailand: Ministry of Industry.

Cordeiro, G.C, Filijp, R.D.T., Fairbairt, EIM.R,, Luis, M.M.T., and Oliver, C.H., 2004,
“Influence of mechanical grind on the pozzolanic activity of residual sugarcane
bagasse ash”, proceedings of the international conference on use of recycled
materials in building and

Martirena Hernandez, J.F., Middendrof,B., Gehrke, M., and Budelmann, H., 1998, “Use
of waste of sugar industry as pozzolana in lime-pozzolana binders: Study of the
reaction”,Cement and Concrete Research, Vol. 28, No. 11,pp. 1525-1536.

Singh, N.B., Singh, V.D., and Rai, S., 2000,“Hydration of bagasse ash-blended Portland
cement”, Cement and Concrete Research, Vol. 30, No. 9, pp. 1485-1488.

Paya, J., Monzo, J., Borrachero, M.V., Diaz-Pinzon, L., and Ordonez, L.M., 2002, “Sugar-
cane bagasse ash (SCBA): studies on its properties for reusing in concrete
production”, Journal of Chemical Technology and Biotechnology, Vol. 77,No. 3, pp.
321-325.

Cordeiro, G.C., Toledo Filho, R.D., Tavares, L.M., and Fairbairn, E.M.R., 2008,
“Pozzolanic activity and filler effect of sugar cane bagasse ash in Portland cement
and lime mortars”, Cement and Concrete Composites, Vol. 30, No. 5, pp. 410-418.
Villar-Cocina, E., Frias, M., and Valencia-Morales, E., 2008, “Sugar cane wastes as
pozzolanic materials: Application of mathematical model”, ACI Materials Journal,
Vol. 105, No. 3, pp. 258-264.



http://www.mtec.or.th/index.php%5b5

saia

lassmsnisaaunsreviYudisdivladninuaiuisalun1svitdgnsergian dauda
uazuAaIFENLaIIN G Arenszuuntslalasimosuaaazn s

13. Chusilp, N., Jaturapitakkul, C., and Kiattikomol, K., 2009, “Effects of LOI of ground
bagasse ash on the compressive strength and sulfate resistance of mortars”,
Construction and Building Materials, Vol. 23, No. 12, pp. 3523-3531.

14. Chusilp, N., Jaturapitakkul, C., and Kiattikomol, K., 2009, “Utilization of bagasse ash as
a pozzolanic material in concrete”, Construction and

15. USeyayr Auadseiasy, Te 21asivinueng, 2547, Yudiuud Yegleau waz Aaunsn, A
afed 1 anpumeunInlve (@.a0.).

16.4wad LATegyas, 2540, AeunIanalulad, AounIanauasadunn, AUWASIT 3, N3anne,
9N 9-24.

17. 3 07303, 2539, Aouninwalulad, fiuvindedl 8 U dusiudnnded, v 6-16.

18. BANUG nowdy, 2557, Msduasiziianuilulagislulasimn, gudingimansuazimalulad
AMEINYIFERNT LINNEBLT LA,

19. BANUG neadiy, 2557, Msdunseiianuilulaenssuiunislalasnesues, audivermans
wazwAlulad AuINYImENT LN aeLTesln.

20. ayasal 555ula, 2558, wualdunisdseenuasiianisgaainnssulned 2557,
[E)E)uvl,aﬁ]http://vvvvvv.bangkokbiznevvs.com/blog/detail/549612.

20. Office of Cane and Sugar Board, 2010, Report on total cane crushing and sugar
production 2009/2010, Thailand: Ministry of Industry.

21. Cordeiro, G.C,, Filijp, R.D.T., Fairbairt, E.M.R., Luis, M.M.T., and Oliver, C.H., 2004,
“Influence of mechanical grind on the pozzolanic activity of residual sugarcane
bagasse ash”, Proceedings of the international conference on use of recycled
materials in building and structure, Barcelona; pp. 342.

22. Martirena Hernandez, J.F., Middendrof, B., Gehrke, M., and Budelmann, H., 1998, “Use
of waste of sugar industry as pozzolana in lime-pozzolana binders: Study of the
reaction”, Cement and Concrete Research, Vol. 28, No. 11,pp. 1525-1536.

23. Singh, N.B., Singh, V.D., and Rai, S., 2000, “Hydration of bagasse ash-blended Portland
cement”, Cement and Concrete Research, Vol. 30, No. 9, pp. 1485-1488.

24. Paya, J., Monzo, J., Borrachero, M.V., Diaz-Pinzon, L., and Ordonez, L.M., 2002, “Sugar-
cane bagasse ash (SCBA): studies on its properties for reusing in concrete
production”, Journal of Chemical Technology and Biotechnology, Vol. 77,No. 3, pp.
321-325.

25. Cordeiro, G.C., Toledo Filho, R.D., Tavares,L.M., and Fairbairn, E.M.R., 2008,
“Pozzolanic activity and filler effect of sugar cane bagasse ash in Portland cement

and lime mortars”, Cement and Concrete Composites, Vol. 30, No. 5, pp. 410-418.



http://www.bangkokbiznews.com/blog/detail/549612

26.

27.

28.

29.

30.

31.

32.

33.

saia

lassmsnisaaunsreviYudisdivladninuaiuisalun1svitdgnsergian dauda
uazuAaIFENLaIIN G Arenszuuntslalasimosuaaazn s

Villar-Cocina, E., Frias, M., and Valencia-Morales, E., 2008, “Sugar cane wastes as
pozzolanic materials: Application of mathematical model”, ACI Materials Journal,
Vol. 105, No. 3, pp. 258-264.

Chusilp, N., Jaturapitakkul, C., and Kiattikomol,K., 2009, “Effects of LOI of ground
bagasse ash on the compressive strength and sulfate resistance of mortars”,
Construction and Building Materials,Vol. 23, No. 12, pp. 3523-3531.

Chusilp, N., Jaturapitakkul, C., and Kiattikomol, K., 2009, “Utilization of bagasse ash as
a pozzolanic material in concrete”, Construction and Building Materials, Vol. 23, No.
11, pp. 3352-3358.

Singh, N.B., Singh, V.D., and Rai, S., 2000, “Hydration of bagasse ash-blended portland
cement”, Cement and Concrete Research, Vol.30, pp. 1485- 1488.

Cordeiro, G.C,, Filho, R.D.T., Tavares, L.M., Fairbairn, E.M.R., 2008, “Pozzolanic activity
and filler effect of sugar cane bagasse ash in Portland cement and lime mortars”,
Cement and Concrete Composites, Vol.30, pp. 410-418.

Catia, F., Gerhard E., Guiherme, F.B., Joao, B.F., Fernando, J.G., Ricardo, L. and Tiago
R., 2014, “An analysis of Brazilian sugarcane bagasse ash behavior under thermal
gasification”, Chemical and Biological Technologies in Agriculture, pp.1-9.
Jaturapitakkul, C. and Cheerarot, R., 2003, “Development of Bottom Ash as
Pozzolanic Material”, Journal of Materials in civil Engineering : ASCE, Vol. 15, pp. 48-
54

A5 wadaing, Wednual arseduns, Ho msiivindna wesiends Mmaasdlnyad, 2550,

“LANTENUTRINLAZEEALATSRTINMSILTIvRudwnau-UEen e d S auarsnsinig

Fuvoniriupounin’, N5UsEYaInINITIAINTSULEE WY IR pdsdl 12, 2-4 WO WNAY, A.

wwadlan, nih MAT 55-60.




lassmsnisaaunsreviYudisdivladninuaiuisalun1svitdgnsergian dauda
uazuAaIFENLaIIN G Arenszuuntslalasimosuaaazn s

A1ANUIN

NAUIFLTLNBUNS TUTEI5UaZ AR ToNANTSUSSLAUIINNTENS




Journal of Environmental Management 190 (2017) 53—60

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

Contents lists available at ScienceDirect

Journal of Environmental Management

Environmental
Management

Research article

Synthesis of belite cement from nano-silica extracted from two rice

husk ashes

@ CrossMark

Suthatip Sinyoung *”, Kittipong Kunchariyakun °, Suwimol Asavapisit ",

Kenneth ].D. MacKenzie ¢

2 Division of Engineering, Mahidol University Kanchanaburi Campus, Kanchanaburi, Thailand

b School of Engineering and Resources, Walailuk University, Nakhonsithammarat, Thailand

€ School of Energy, Environment and Materials, King Mongkut's University of Technology Thonburi, Bangkok, Thailand
4 MacDiarmid Institute for Advanced Materials and Nanotechnology, School of Chemical and Physical Science, Victoria University of Wellington, Wellington,

New Zealand

ARTICLE INFO ABSTRACT

Article history:

Received 13 September 2016
Received in revised form

14 November 2016
Accepted 6 December 2016

Nano-silicas extracted from a pure rice husk ash calcined in the laboratory (RHA) and ash from an impure
industrial rice husk waste (BRHA), were used to form belite cement by firing with two different calcium
sources (calcium carbonate and calcium nitrate). The nano-silica extracted from RHA was highly reactive
due to its high pore volume and low activation energy of dehydration. The formation of belite cement
from both nano-silicas was studied by firing with two different calcium sources, Ca(NO3); and CaCOs at

800—1100 °C. Both nano-silicas formed the principal phase in belite cement (larnite or B-CS) at tem-

peratures as low as 800 °C, especially with calcium nitrate as the calcium source. Thus, highly impure

Keywords: . . . . N .
Na};o_smca BRHA is shown to be very suitable as a starting material for the low-temperature production of belite
Belite cement, especially in conjunction with calcium nitrate as the calcium source.

Rice husk ash
Cement

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Portland cement clinker manufacture requires a large amount of
energy (3100 MJ/ton clinker) and produces large amounts of CO,
(Hendriks et al., 2004; Norchem, 2011). Some of the strategies that
have been developed to solve these problems include the use of
alternative fuels and supplementary cementitious materials (Bentz
et al,, 2011; Chen et al, 2010; Matschei et al., 2007; Mineral
Products Association (MPA), 2012; OECD/IEA and the World
Business Council for Sustainable Development, 2009). Recently,
the synthesis of belite cement (CaySiO4 or C,S) has received
attention as a means of saving energy and raw materials. The
theoretical of energy necessary to produce belite is about 1350 kJ/
kg, whereas alite (Ca3SiOs or C3S) requires approximately 1810 kJ/
kg (Kurdowski et al., 1997). However, a major disadvantage of belite
cement is its low reactivity and very poor strength in the early ages
of hydration due to its high thermodynamic stability and dense

* Corresponding author.
** Co-Corresponding author.
E-mail addresses: suthatip.sin@mahidol.ac.th (S. Sinyoung), suwimol.asa@
kmutt.ac.th (S. Asavapisit).
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0301-4797/© 2016 Elsevier Ltd. All rights reserved.

structure which hinders its attack by water (Diamond and Lopez-
Flores, 1981).

Numerous methods and raw materials have been proposed to
produce highly reactive belite cement at low temperature. Hydro-
thermal methods have often been considered for preparing highly
reactive belite cement from low-cost raw materials such as rice
husk ash, aerosols and fly ash (Pimraksa et al., 2009; Singh, 2006;
Singh et al., 2002). El-Didamony et al. (2012) reported the use of
nano-materials such as nano-calcium and nano-silica, and
compared these with conventional raw materials (calcium car-
bonate and quartz) to produce belite cement by a non-
hydrothermal method. They showed that smaller particle size of
the starting material reduced the calcination temperature
compared with the conventional process.

Nano-silica is known to have high porosity and surface area,
making it widely useful as fillers, pharmaceuticals, catalysts,
chromatography, and fiber-cement composites (Bakaev and
Pantano, 2009; Cabrillac and Malou, 2000; Ge et al, 2008;
Morpurgo et al,, 2010; Hamzeh et al., 2013). Traditionally, nano-
silica is produced from sodium silicate, a product of reacting
quartz sand and sodium carbonate at 1300 °C (Affandi et al., 2009).
This process requires a large amount of energy. Thus, nano-silica
produced from biomass waste such as rice husk ash has many
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economic and environmental advantages. Recent studies have
shown that rice husk ash (RHA) can be used as a precursor for the
preparation of nano-silica with a porous structure and a particle
diameter of 5—60 nm (Liou, 2004; Liou and Yang, 2011). However,
the RHA from which this nano-silica was prepared was calcined in
the laboratory, and did not contain the impurities such as K,0, CaO,
MgO, etc. (Houston, 1972) that occur in industrial rice husk ashes
(designated BRHA) which are black in color due to the presence of a
high carbon content. Since these impurities might affect the purity
and reactivity of the extracted nano-silica. Some researchers focus
on the application of BRHA on cement and concrete technology
(Chatveera and Lertwattanaruk, 2009, 2011, 2014). However, the
aim of the present research is to compare the reactivity of nano-
silica extracted from pure RHA prepared in the laboratory with
black rice husk ash (BRHA) and investigate their suitability for
producing belite cement by reaction with (Ca(NOs),;) and (CaCO3).
The effect of the surface area and reactivity of the two calcium
sources was also studied to provide important information for the
improvement of belite cement synthesis from waste materials.

2. Experimental
2.1. Extraction of nano-silica from RHA and BRHA

Rice husk (RH) and black rice husk ash (BRHA) were obtained
from the Thanakij Rice Mill, Thailand. Rice husk ash (RHA) was
produced in the laboratory by calcining rice husks in air at 650 °C
for 1 h. Commercially-produced black rice husk ash (BRHA) was
pretreated with hot HCl and washed with distilled water. Both the
RHA and pretreated BRHA were then used as precursors to extract
nano-silica by the precipitation method as follows: the RHA pre-
cursors were added to 1.5 M NaOH solution in a solid/liquid ratio
(S:L) of 1:6, with constant stirring and heating at 100 °C for 1 h. The
resulting sodium silicate solution was then centrifuged to remove
any solid residue and filtered several times to obtain a clear and
colorless solution. This sodium silicate solution was adjusted to pH
7 + 0.1 by the addition of 1.0M HCL and the resulting aquagels were
cured at 50 °C for 12 h, centrifuged with distilled water to remove
salts and dried at 80 °C for 48 h. The dried solids were ground and
screened to pass a 200 sieve mesh to obtain the nano-silica grains.

The compositions of the nano-silicas extracted from RHA and
BRHA were investigated by X-ray fluorescence using a Philips model
WDXRF PW2400 spectrometer. The crystalline phases of all the
samples were characterized by X-ray diffraction using a Miniflex
diffractometer with Cu Ko radiation (A = 1.5406 A) at a voltage of
40 kV and 40 mA and a step size of 0.02° 20, scanning rate of 3°/min,
from 10° to 90° 26. In view of the nanometric size of these silicas, they
were investigated by transmission electron microscopy (TEM) using a
JEM2100 microscope at an accelerating voltage of 80 kV. The samples
were prepared by ultrasonically dispersing 0.2 g in ethanol, placing a
drop of the suspension on a copper grid and coating with a carbon
film. The surface area and porosity were measured by the BET method
using a Quantachrome autosorb automated gas sorption analyzer, on
5 replicates of the N3 adsorption isotherms. The thermal decompo-
sition kinetics of both nano-silicas were determined by thermogra-
vimetric analysis (Pyris 1 TGA, Perkin Elmer, USA) at heating rates of
10, 15 and 20 °C/min under N, and O, atmospheres. At each heating
rate, the samples were first heated to 110 °C, held at 110 °C for 10 min,
then heated to 900 °C and held at this temperature for 10 min before
cooling. The activation energy of the thermal decomposition was
determined by the Ozawa method (Ozawa, 1965, 1970).

2.2. Preparation of belite cement

Belite cement was prepared from the nano-silicas extracted

Table 1
Compositions of the belite cement mixes.
Sample Mixtures (g)
Nano-silica Ca(NOs), CaCOs3
RHA BRHA
R1 16.3 - 83.7 -
R2 315 - - 68.5
B1 - 16.3 83.7 -
B2 — 315 - 68.5

from RHA and BHRA (section 2.1) by reaction with laboratory grade
Ca(NO3); and CaCOs at a Ca/Si ratio of 2:1, (Table 1). The dry in-
gredients were mechanically mixed for 5 min, placed in an alumina
crucible and fired in air for 60 min at 800, 900, 1000 and 1100 °C.
The resulting belite cements were analyzed by XRD for crystalline
belite using a step size 0.02°, scan rate of 3° per min and scan range
of 10°—60° 26. Free lime was determined by the chemical method
as follow ASTM C(C114-07 (American Society for testing and
Materials, 2007).

3. Results and discussion
3.1. Characteristics of nano-silica extracted from RHA and BRHA

3.1.1. Physical and chemical properties

Table 2 presents the chemical compositions of raw rice husk
ashes RHA and BRHA and the nano-silicas extracted them. SiO; is
the major component of both nano-silicas, but the LOI of raw BRHA
is relatively high compared with RHA, which was determined as
followed ASTM C311 (American Society for testing and Materials,
2012), due to the presence of carbon impurities resulting from
incomplete firing; these impurities are removed by the nano-silica
extraction process which also removes KO and CaO and carbon
(Table 2) (Kamath and Proctor, 1998; Liou and Yang, 2011). This
result is consistent with Monshizadeh et al. (2011), who reported
that the LOI is removed by extraction with NaOH.

The XRD patterns (Fig. S1) show that the SiO, (20 = 22°) in raw
RHA is amorphous, whereas in raw BRHA it occurs as cristobalite
(JCPDS file number 82-1403) resulting from burning the rice husk
at high temperature (900—1000 °C). However, this crystalline silica
becomes amorphous after alkaline extraction.

The crystalline size of the nano-silicas extracted from both
siliceous materials, determined by TEM analysis, were 20—50 nm

Table 2
Chemical composition of nano-silica extracted from RHA and BRHA.
Compound % weight
RHA BRHA
Raw Nano-silica Raw Nano-silica
Sio, 92.80 97.10 93.70 98.90
Na,0 0.08 2.26 0.03 0.63
K;0 3.35 0.21 2.55 0.13
Aly03 0.15 0.06 0.40 0.15
Cao 0.70 0.08 0.92 0.06
Fe,03 0.17 0.02 0.28 0.02
Cl - 0.19 — 0.01
TiO - — 0.02 —
SO5 — — 0.40 —
MgO 0.79 - — —
P,05 1.07 — — —
Lor 244 - 4.40 -

LOI": Loss on ignition, which was determined as followed ASTM C311 (American
Society for testing and Materials, 2012).
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Table 3
Surface area, porous properties and thermal decomposition activation energy at
different values of o of nano-silica extracted from RHA and BRHA.

Parameter Extracted nano-silica
RHA BRHA

Surface area (m?/g) 211.3 3124
Total pore volume (cc/g) 1.114 1.094
Average pore diameter (A") 210.8 140.1
Activation energy (kJ/mol)

a=1% 138.8 256.0

o =2% 1353 272.0

o =3% 135.6 302.3
Average 136.6 + 1.6 276 + 19.2

(Fig. S2), and possessed high surface areas (211.3 and 312.4 m?/g for
RHA and BRHA, respectively). Liou and Yang (2011) indicated that
the surface area of nano-silica extracted by the dissolution-
precipitation method is related to the pore size and pore volume.
Thus, the relatively low surface area of the nano-silica extracted
from RHA can be related to the larger pore size and high pore
volume, compared to the nano-silica extracted from BRHA
(Table 3). Pore volume reduction in the nano-silica extracted from
BRHA may result from pore blocking by impurities which adhere to
the interior of the gel matrix after gelation (Hun Yun et al., 2003;
Liou and Yang, 2011) and are not washed out from the gels. Previ-
ous research has revealed that the surface area of nano-silica
extracted from RHA is 200—650 m?/g depending on the extrac-
tion method, type of acid treatment, sodium silicate concentration,
gelation pH, aging time and temperature (Le et al., 2013; Liou and
Yang, 2011; Witoon et al., 2008).
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3.1.2. Thermal decomposition kinetics

The thermal behavior of nano-silicas extracted from RHA and
BRHA was investigated by TGA, as shown in Fig. 1. The initial weight
loss at <150 °C of all the samples is due to desorption of physically
bound water (Liou and Yang, 2011; Witoon et al., 2008). At higher
temperature, a further weight loss occurs at 631—653 °C in RHA and
683—691 °C in BRHA, due to the loss of more tightly bound hy-
droxyl water with the conversion of amorphous nano-silica to
crystalline cristobalite. Previous researchers have reported that
cristobalite can form from some amorphous silica materials such as
diatomaceous earth at temperatures <800 °C (International Agency
for Research on Cancer (IARC), 1997; Wahl et al., 1961).

TGA analyses at various heating rates (f) were used to deter-
mine the kinetics of thermal decomposition of the nano-silicas and
the activation energy of the process, as follows:

The degree of reaction o at a constant heating rate f can be
written

Fla) = Oa%— %‘O/Texp(;—?)dr (M

Where A is pre-exponential factor or constant in Arrhenius
equation

a is the extent of reaction

B is dT/dt

T is the absolute temperature

R is the universal gas constant
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Fig. 1. TGA curves and plots of log B versus 1/T; (a) and (b) nano-silica extracted from RHA, (c) and (d) nano-silica extracted from BRHA.
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Fig. 2. Free lime contents at various firing temperatures.

Applying Doyle's approximation (Doyle, 1961) to Eq. (1), Ozawa
(1965, 1970) derived an equation for the activation energy Ea:

Log B = —0.4567(%) (Log( Ea ) — Log f(a) — 2.315)
(2)

According to Eq. (1), if the reaction mechanism is independent
of the heating rate, f(a.) should be a constant, giving the further
approximation:

B: p-CaySiOs, (a)
G: - Ca;SiOs, L

L: CaO,
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—— e

. ]

Log B = —0.4567 (}ET) + Constant (3)

Eq. (3) can be used to determine the activation energy by plot-
ting (Log B) versus 1/T, as shown in Fig. 1b and d. Here, Ty is taken as
the temperature at which the weight loss corresponding to the
thermal conversion process of nano-silica to cristobalite begins,
and values of the weight losses corresponding to 1, 2 and 3% con-
version were used to calculate the activation energies for each case.
The resulting plots (Fig. 1b, d) are satisfactorily linear (R*> = 0.97),
and show that the activation energies are independent of the de-
gree of conversion for both RHA and BRHA. However, the mean
activation energies for the two nano-silicas are significantly
different (136.6 + 1.6 kJ/mol for RHA and 276.8 + 19.2 kJ/mol for
BRHA, Table 3). Previously reported activation energies for the
thermal degradation of rice husk with or without pretreatment,
determined by TGA, are in the range 120—165 kJ/mol (Carmona
et al,, 2013), similar to the present value for nano-silica extracted
from RHA. The much higher activation energies determined here
for nano-silica extracted from BRHA are probably related to its
relatively high surface area and the blocking of the pores by im-
purities, requiring a higher activation energy for both the conver-
sion of the nano-silica and the decomposition of the impurities.
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Fig. 3. XRD patterns of belite cement prepared from nano-silica extracted from RHA
with (a) Ca(NOs), and (b) CaCOs.

(b)

Fig. 4. XRD patterns of belite cement prepared from nano-silica extracted from BRHA

with (a) Ca(NOs); and (b) CaCOs.
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3.2. Formation of belite cement from the nano-silicas

3.2.1. Free lime

Free lime is defined as the residual calcium oxide in the system,
which can be related to the concentration of the final products or
the concentration of the CaO from the decomposition of the cal-
cium source. The concentration of free lime as a function of firing
temperature (Fig. 2) shows in the case of mix R1 a decrease with
increasing temperature, reflecting the low decomposition tem-
perature of calcium nitrate (563 °C) (Ettarh and Galwey, 1996), as
shown in Eq. (4).

Ca(NO3); — CaO +NO, +NO+0; (4)

The availability of CaO at this low temperature increases the rate
of reaction with highly reactive nano-silica to produce dicalcium
silicate (Eq. (5)).
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By contrast, the free lime content of R2 increases with increasing
temperature up to 1000 °C and decreases thereafter. The decom-
position of calcium carbonate to CaO begins at 700 °C (Taylor, 1997),
and is complete at 1000 °C. Consequently, the reaction between
CaO0 and nano-silica is slow at lower temperatures (800—1000 °C),
as reflected in the high concentration of unreacted CaO even at
increasing temperature. Since the necessary amount of CaO
required to form the clinker phases C3S and C,S is >57% wt. CaO
(Taylor, 1997), only at 1100 °C sufficient unreacted CaO is present to
form the final product (dicalcium silicate) resulting in the observed
decrease of free lime.

In the case of the reaction of nano-silica extracted from BRHA
with calcium nitrate (sample B1), the free lime content followed a
similar trend to sample R1, remaining constant from 800 °C. By
contrast, the free lime content of sample B2 containing calcium
carbonate followed a similar trend to sample R2. It appears that the
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Fig. 5. Weight fractions of the various phases formed in belite cements prepared from CaCOs and nano-silica extracted from RHA and BRHA. (a) CaCOs, (b) B-C5S, (c) v-C5S, (d) a-

G,S, (e) lime, (f) portlandite.
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relatively higher free lime content of B2 compared with R2 results
from the lower reactivity of nano-silica extracted from BRHA, as
revealed by the TGA results. However, at the higher firing tem-
perature of 1100 °C, the free lime contents of B2 and R2 have
become similar. The activation energy of the nano-silica extracted
from BRHA is more than double that of the nano-silica extracted
from RHA (section 3.1.2), indicating a low reaction rate of the nano-
silica extracted from BRHA at low firing temperatures
(800—1000 °C); this is particularly apparent in sample B2 con-
taining calcium carbonate. Firing at higher temperatures (1100 °C)
increases the rate of reaction (Atkins and de Paua, 2006), resulting
in similar free lime values of samples R2 and B2 (Fig. 2).

3.2.2. X-ray diffraction (XRD)

3.2.2.1. Formation of crystalline phases. The mineralogical compo-
sitions of the final clinker products formed at various temperatures
were determined by XRD analyses (Fig. 3a—b). It is noteworthy that
in the case of nano-silica extracted from RHA, the formation of f-
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dicalcium silicate, larnite (JCPDS file number 33-0302) was
observed at 800 °C in mix R1 (Fig. 3a). Other phases present at this
temperature are CaO (JCPDS file number 37-1497), y-dicalcium
silicate (JCPDS file number 49-1672) and a-dicalcium silicate (JCPDS
file number 23-1042). Increasing the firing temperature has no
effect on these phases. By contrast, the major phase observed in
sample R2 fired at 800 °C is unreacted calcite (JCPDS file number
05-0586) (Fig. 3b). At higher temperatures, the calcite is replaced
by CaO and the reaction products larnite, y-dicalcium silicate and a.-
dicalcium silicate.

Theory indicates that crystal growth is facilitated in solution, or
in this case the molten state. Previous research indicates that the
presence of many unsaturated bonds in materials, in this case the
nano-silica and calcium nitrate, results in a thermodynamically
unstable system (Qing et al., 2007). Thus, if the surface-to-volume
ratio of the nano-material is much greater than in the bulk mate-
rial, the melting temperature should be depressed, speeding up the
reaction kinetics at lower temperatures. Furthermore, the slow
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Fig. 6. Weight fractions of the various phases formed in belite cements prepared from Ca(NOs), and nano-silica extracted from RHA and BRHA. (a) B-C,S, (b) v-GC5S, (c) a- G,S, (d)

lime, (e) portlandite.
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decomposition reaction of calcium carbonate reflects its relatively
high activation energy Ea (167.5—-3768 kJ/mol depending on the
experimental conditions) (Halikia et al., 2001) compared with the
decomposition of calcium nitrate (229 + 10 kJ/mol) (Ettarh and
Galwey, 1996). This is consistent with the free lime analyses.

Reaction of the nano-silica extracted from BRHA (mixes B1 and
B2) gives rise to a similar variety of phases as those formed at
different temperatures in mixes R1 and R2; these include calcite,
CaO, larnite, <y-dicalcium silicate and a-dicalcium silicate
(Fig. 4a—b). The larnite peak at 20 = 34° in the sample fired at
800 °C, is of lower intensity in sample B2 than in sample R2
(Fig. 4b). This reflects the higher impurity content and lower
reactivity of the nano-silica extracted from BRHA requiring more
energy to produce larnite than from the nano-silica extracted from
RHA. However, at higher firing temperatures, the larnite peak in-
tensity became similar to that of mix R2. Where calcium nitrate is
the Ca source the firing temperature has little or no effect on the
phase formation in sample B1 compared with sample R1, sug-
gesting that nano-silica extracted from BRHA could constitute a
useful starting material for belite cement production.

3.2.2.2. Quantitative analysis of the crystalline phases.
Quantitative analysis of the crystalline phases was carried out on
the X-ray data using the computer program TOPAS 2.1 which im-
plements a wide variety of instrumental, profile and structural
parameters and a robust convergence procedure to fit the data from
complex multiphase crystalline systems. The goodness-of-fit is
indicated by the weight-profile Rwp, which is deemed to be satis-
factory at values < 15. The Ry values of all the fits to the present
sample data (12.09—14.95) indicate good agreement between the
experimental and computed X-ray diffractograms.

The results, shown in Fig. 5a—f, indicate that in the mix of CaCO3
and nano-silica extracted from RHA (sample R2), the highest
weight fraction at 800 °C is CaCOs, followed by portlandite, CaO, -
G5S, cristobalite, y- CoS and a- C,S. At 900 °C, less CaCOs is present,
having been transformed into other products (f-C3S, CaO or por-
tlandite which results from atmospheric re-hydration). The weight
fraction of B-C,S increases with the increasing burning tempera-
ture, except at 1000 °C (Fig. 5b). By comparison with sample R2,
sample B2 forms less $-C,S at 800 °C, but by 1100 °C it has formed
more B-C,S than sample R2. The reactivity of both nano-silicas from
RHA and BRHA with calcium nitrate is even more pronounced, with
about 84 wt% B-C,S formed in both nano-silicas at 800 °C, and by
1100 °C, B-C,S formation in the BRHA-derived nano-silica system
has exceeded that in RHA nano-silica (Fig. 6).

These results indicate that nano-silica derived from impure in-
dustrial waste BRHA is a very suitable source material for the low-
temperature formation of belite cement, especially when used in
conjunction with calcium nitrate as the Ca source, in which case the
reaction could be carried out at temperatures as low as 800 °C.
Although the present experiments were carried out with
laboratory-grade Ca(NOs3)y, a possible waste source of this starting
material might be from acid digestion of mollusk shells or egg
shells from the fishing or food manufacturing industries.

4. Conclusions

Nano-silicas extracted from a pure rice husk ash calcined in the
laboratory (RHA) and ash from impure industrial rice husk
w3.2.2.1aste (BRHA), were used to form belite cement by firing with
two different calcium sources (calcium carbonate and calcium ni-
trate). The nano-silica extracted from RHA was highly reactive due
to its high pore volume and low activation energy of dehydration.
Extraction of nano-silica from BRHA transformed the crystalline
impurities (principally cristobalite) to amorphous SiO, with a high

surface area, the activation energy of dehydration was relatively
high compared with RHA. However, the nano-silica extracted from
both ashes was sufficiently reactive to form belite cement, since the
principal phase (larnite or B-C,S) was formed at temperatures as
low as 800 °C, especially with calcium nitrate as the calcium source.
Thus, highly impure BRHA is very suitable as a starting material to
convert to nano-silica with good reactivity for the low-temperature
production of belite cement, especially in conjunction with calcium
nitrate as the calcium source. It is the management of waste
generated from agriculture and adds value to the waste more
efficiently.
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In situ X-ray diffraction of belite cement prepared from different nano-silica and

calcium sources

Kittipong Kunchariyakun, Suwimol Asavapisit , Suthatip Sinyong

a School of Engineering and Resources, Walailuk University, Nakhonsithammarat, Thailand
b School of Energy, Environment and Materials, King Mongkut's University of Technology Thonburi, Thailand
¢ Division of Engineering, Mahidol University Kanchanaburi Campus, Kanchanaburi, Thailand

1. Introduction

Silica is well known as an abundance in agriculture wastes, such as rice husk ash,
bagasse ash and palm oil fly ash. These wastes were mostly disposed of in landfill, which
may cause a major environmental sustainable issue. From this reason, these wastes were used
in various application such ah for ceramic product [1], clay brick [2, 3] and additive in
cement and concrete [4-9]. Extraction of nano-silica from agriculture wastes has been
considered for many years, which has more potential in various applications. The
precipitation method is mostly and powerful technique used for extraction of nano-silica from
these wastes due to low easily process and low energy requirement. However, it has been
reported that the yields of nano-silica extracted by such method were dependence on a kind
of agriculture waste because of the components in its own [10].

Recently, the nanotechnology in cement and concrete has been more attention in term
of good enhancement on their properties, such as compressive strength, durability and
workability, due to 4 major effects: size effect, surface effect, quantum effect and interface
effect [11-13]. Among various nano-materials, nano-silica has been widely observed due to it
is a major component in cement and concrete, and has directly affected on cement and
concrete properties. Previous researches recommended that the use of nano-silica in cement
and concrete phases could improve the mechanical and microstructure properties, as well as
has higher pozzolanic reactivity than silica fume [14-17]. Due to its high reactivity and fine
particles, this makes the scientific idea to use of nano-silica as raw material for belite
(dicalcium silicate) cement production.

The forced by economic and environment in cement production leads to create a new
novel for solving such problems. Belite cement is one method for this due to its low energy
requirement (approximately 1350 kj kg®)[18] and low CO, emission, comparing to
tricalcium silicate phase. However, the major adverse of belite cement is slow reaction and a
little strength development at early age of hydration. There are several researches in belite

cement that prepared from various methods to improve its properties, such as, gel and spray
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drying technique [19], use of very reactive calcium and silica sources [20, 21], and pretreated
by hydrothermal technique [22-24]. In our research, belite cement was successfully prepared
by nano-silica extracted from both synthesis and real rice husk ashes at temperature as low as
800°C, especially combined with calcium nitrate. Using traditional calcium source (calcium
carbonate, CaCO3), however, found low proportion of larnite (>50%) even through 1100°C
[21]. This indicated that the belite cement prepared from traditional calcium source or high
molecule calcium should be firing above 1100°C. The achievement and drawback of our
work could be opened the door for further investigation.

Thus, this study aims to investigate the preparation of belite cement from different
nano-silica sources that extracted from industrial wastes, i.e. black rice husk ash (BRHA),
bagasse ash (BA) and palm oil fly ash (POFA), by reaction with calcium carbonate (CaCOs3)
and calcium carbide (CaC,) residue. The mechanisms of belite formation from differnet
nano-silica and calcium sources at high temperatures are determined and discussed by an in-

situ X-ray diffraction.

2. Methodology
2.1 Preparation and characterization of nano-silica

Black rice husk ash (BRHA), bagasse ash and palm oil fly ash (POFA) were obtained
from Thanakit rice mill, Banpong Sugar Co., Ltd., Chumporn Palm Oil Industry,
respectively. These residues were pretreated with hot HCI and washed with distilled water.
Pretreated residues were soaked in 1.5 M NaOH solution with a solid/liquid ratio of 1:6,
subsequent constant stirred and heated at 100°C for 1 hour. After that, the solid solutions
were centrifuged to remove any solid residue and filtered several times to obtain a clear and
colorless solution. The solutions obtained were adjusted to pH 7.0+0.1 by addition of 1.0 M
HCI, then cured at 50°C for 12 hour. Aquagels that obtained from curing were centrifuged
with distilled water to remove salts and dried at 80°C for 48 h. Dried solids were ground and
screened through sieve No. 200 to obtain the nano-silica powders.

The chemical compositions of both raw and extracted powder samples that
characterized by X-ray florescence (XRF; a Philips model WDXRF PW2400 spectrometer),
are pronounced in Table 1. The crystalline phases of all samples were investigated by by X-
ray diffraction using a Miniflex diffractometer with Cu Ka radiation (A=1.5406 A) at a
voltage of 40 kV and 40 mA and a step size of 0.02° 20, scanning rate of 3°/ min, from 10° -

90° 20. The surface area and porosity were measured by the BET method using a
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Quantachrome autosorb automated gas sorption analyzer, on 5 replicates of the N, adsorption
isotherms, as shown in Table 1.

2.2 Synthesis of belite cement

Belite cement in this study was synthesized with Ca/Si ratio of 2:1. The calcium
sources are laboratory grade calcium carbonate (CaCOs;, CC) and calcium carbide (CaCy,
CCR) residues that obtained from xxx. The mineralogical property of CCR consists of
calcium aluminium oxide carbonate sulfide hydrate (CasAl,Og(CO3)0.67(SO3)0.33-11H,0),
quartz, CaCOg3 and portlandite, as illustrated in Fig. 1. While, the nano-silica extracted from
three difference sources are used as silica sources, which the mixture and symbols are
summarized in Table 2. The solid ingredients were mechanically mixed for 5 min and then
pretreated by autoclaved with a constant temperature of 200+3°C for 5 h. The pretreated
samples were then firing in electric furnace at temperatures of 1200, 1300 and 1400°C for 1
hour. After firing, the samples were ground to pass sieve No. 200 and then determined by
XRD using a step size 0.02°, scan rate of 3° per min and scan range of 10° to 60° 20,
including free lime as follow ASTM C 114-07 [25]. In addition, X-ray data that obtained
from XRD technique was used to determine the quantitative of crystalline phases using

computer program TOPAS 2.1.

Table 1 Characterizations of raw and extracted silica.

BRHA BA POFA
Details
Raw | Extracted | Raw | Extracted | Raw | Extracted
SiO; 93.70 94.46 68.60 94.23 29.13 89.44
Na,O 0.03 4.43 1.07 3.01 0.38 2.24
K0 2.55 0.90 3.92 0.43 25.41 4.21
Al,O3 0.40 0.15 3.97 211 1.00 3.86
CaO 0.92 0.04 7.85 0.10 11.90 0.02
Fe 03 0.28 0.02 3.16 0.10 1.38 0.03
Cl - - 0.95 - 7.57 -
P,0s - - 1.71 - 5.76 -
MgO - - 1.69 - 4.02 -
TiO, 0.02 - 0.27 - 0.07 -
MnO - - 0.14 - 0.77 -
SO; 0.04 - 1.44 - 9.52 -
LOI* 4.40 - 5.22 - 3.10 -
Surface area (S, m’/g) 5.157 3124 14.79 403.9 5.095 323
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Total Pogs]?‘,’/;')“me M 1001652 | 1.004 | 00335 | 05927 | 0.0087 | 0.7808
V7S (10° cm) 0320 | 0350 | 0227 | 0147 | 0171 | 0242

Remark: *Loss of Ignition.

Table 2 Mixtures in this study.

Symbols Details
NSC1 CC+sBRHA
NSC2 CC+sBA
NSC3 CC+sPOFA
NSR1 CCR+sBRHA
NSR2 CCR+sBA
NSR3 CCR+sPOFA

Remark: sBRHA, sBA and sPOFA are nano-silica extracted from BRHA, BA and POA,

respectively.

P = Portlandite

Ca=CaCO;

A Q = Quartz

A = Calcium aluminium oxide carbonate sulfide
hydrate, 3Ca0-Al,05-0.33CaS05-0.67CaCO;-111,0
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3. Results

Fig. 1 XRD pattern of CaC, residue.

3.1 Mineralogical and physical properties of raw and extracted silica
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Mineralogical property of raw and extracted silica from 3 sources in this study are
illustrated in Fig.2. Raw BRHA shows a cristobalite as a main peak (Fig. 2a), whereas quartz
is apparently pronounced in raw BA and POFA (Fig. 2b-c). Subsequent phases are K,SO, for
raw BRHA and POFA, and CaCO; for raw BA, which probably associated with potassium-
rich field-spars or fertilizers or the collective method. The difference in silica polymorphs
were depending on the operation temperatures, as well as rate of temperature increased and
cooled down [26]. After extraction process, the amorphous silica appeared at ~23° 26 instead
crystalline silica for all residues. The purity of nano-silica extracted from different sources
were approximately 89-94% (Table 1).

The surface area of nano-silica extracted from 3 residues were in range of 312-404
m?/g, and total pore volume of 0.5927-1.094 cm®/g, as given in Table 1. The difference in
surface area and total pore volume of nano-silica were occurred from their impurities, which
adheres in gel matrix [21, 27]. From these results, total pore volume/surface area (V/S) ratios
of nano-silica were calculated as 0.350, 0.147 and 0.242 (10° cm), for BRHA, BA and
POFA, respectively. Sinyoung et.al. (2017) [21] revealed that the proportion between pore
volume and surface area of nano-silica might responds to its reactivity. The high V/S ratio

represented relatively high reactivity, comparing low V/S ratio.
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Fig. 2 XRD patterns of raw and extracted silica. (a) BRHA, (b) BA and (c) POFA.

3.2 Phases evolution

Phases evolution in this study were investigated by XRD, as represented in Fig. 3-5.
In all mixtures, relative high intensity of larnite or B-C,S (JCPDS file NO. 33-0302) was
observed at the first firing temperature (1200°C), as represented in Fig. 2. The following
peaks consist of CaCO; (JCPDS file NO. 05-0586), CaO (JCPDS file NO. 37-1497),
cristobalite (JCPDS file NO. 39-1425) and calcium silicate or Ca,SiO4 in form of
orthorhombic (JCPDS file NO. 49-1672). The crystallographic parameters of such Ca,SiO4
(C2S) have a cell parameters of 0.50821 (a), 1.12237 (b) and 0.67638 (c) and a space group of
Pbnm, in which that pronounced as y-polymorph [28]. As increased firing temperature to
1300°C (Fig. 3), the pseudowollastonite was revealed and apparently increased as the firing
proceeded (Fig. 4). At 1400°C, the peaks of larnite (B-C,S), y-C.S, cristobalite were remained
in all mixtures, whereas disappeared or slightly intensity for CaCO3; and CaO peaks, as given
in Fig. 4.

For these results, it should be noted that the competition of phases evolution between
B and y-C,S at ~32° and 32.5° 20 from 1200°C to 1400°C. Relative low intensity of y-C,S
has been found at 1200°C. As firing temperature reached to 1400°C, y-phases was become to
predominate over the p-phase. The transformation in cement chemistry  to y depends on
many factors, such as cooling rate, and the contents of calcium and silica. One of the most
important factors came from the fineness B crystal. The previous researches reported that 3
crystal smaller than 5 um is stabilizing this phase when firing below 1150°C, even without
stabilizers [29, 30]. However, at higher firing temperature and cooled slowly, then the

mixture of B and y is obtained [31]. In the nano-materials, it has been reported that
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nanoparticles favor the formation of small-sized crystal [32]. Thus, using nano-silica might
affected to the formation of small B-C,S crystal, consequently could be stabilized at this
phase, especially at 1200°C. As the firing above 1200°C, a monoclinic structure of 3-C,S was
recrystallized and transformed to rhombic structure of olivine type (y-phase).

During [-phase recrystallized to y-phase, pseudowollastonite was also formed,
especially the mixture of CaCOs. This indicated that f-C,S not only transformed to y-phase,
but also might decomposed to pseudowollastonite at high temperature (>1200°C). El-
Diamony et. al. (2012) [20] also noted that wollastonite (CaSiOs) is formed from the reaction
of 2 moles of B-C,S to form some C3S and wollastonite at the firing temperature of 1250°C.
In nature, the ideal composition of wollastonite has a 48.3% CaO and 51.7% SiO,, and forms
as 3 phases; p-CaSiOs3, wollastonite-2M and a-wollastonite or preseudowollastonite. Among
wollastonite polymorphs, o-phase (pseudowollastonite) is strongly stable at temperature
above 1125+10°C [33, 34]. As the firing temperature proceeded (>1200°C) of this study, the
decomposition of some B-C,S, including the low content of remaining CaO, lead to form

pseudowollastonite.

L =Larnite, B-C,S o]
C=Ca0 1200°C
Cs = Cristobalite
S = Ca,Si0,
Ca=CaCO;
C
L
C
Lo L
L L Ca NSR3
NSR2

15 20 25 30 35 40 45 50 55 60
20

Fig. 3 XRD patterns of belite cement at temperature of 1200°C.
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Cs = Cristobalite
S = Ca,Si0,
W = Pseudowollastonite L c
Ca=CaCO; L
L L C
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NSC3
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Cs L NSC1

=

15 20 25 30 35 40 45 50 5
20

w
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Fig. 4 XRD patterns of belite cement at temperature of 1300°C.

L =Larnite, B-C,S °
Cs = Cristobalite 1400 C
S = Ca,8i0,

W = Pseudowollastonite

15 20 25 30 35 40 45 50 55 60
20

Fig. 5 XRD patterns of belite cement at temperature of 1400°C.

3.3 Formation of belite cement from different nano-silica sources
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In order to understand the effect of different nano-silica sources on belite formation,
the XRD patterns from various firing temperature and mixtures were used to calculate the
weight fraction of phases by TOPAS 2.1 program, and are plotted in Fig. 6. The weight
fraction of B-C,S of all mixtures present over 50% as the initial firing temperature (1200°C),
and consequent continueusly decreases with the increasing temperature (Fig 6a). At 1400°C,
v-C2S becomes a predomenant, containing over 50% (Fig. 6b). While, pseudowollastonite
shows relative low wieght fraction (>10%) at all firing temperatures, except the mixtures of
CaCOs; at 1400°C (Fig. 6C). In addition, CaO and CaCOj3 (except CaCOj3 from the mixtures
of CaCy) also decrease as the further firing temperature similar 3-C,S, as given in Fig. 6d-e.
These finding agreed with the XRD patterns results.

From Fig. 6a, the B-C,S in the mixtures of nano-silica extracted from POFA, except
NSC3 at 1400°C, has relatively high weight fraction at all firing temperatures. The changed
in weight fractions of B-C,S at various firing temperatures corresponding to y-phase
increments (Fig. 6b). It is well known that 3-C,S is unstable at high temperature, but could be
stabilized by various techniques, i.e. prepared by small crystal size, rapid cooling and
addition of stabilizers, for example, Cr,03, B,03, Na,O and K,O [31, 35]. Previous research
noted that the small amounts of 0.3% Na,O and 0.3% K,O were sufficient for stabilizing the
C,S in B phase [36]. As chemical compositions (Table 1), it represented that nano-silica
extracted from POFA has relative low purity of silica than the other residues, and also
contains some impurities, i.e. 2.24% Na,O, 4.21% K,O and 3.86% Al,O;. Thus, these
impurities could retard the transformation of B-phase to y-phase as the firing temperature
proceeded. The mixture that easily transformed from [ to y phase is nano-silica extracted
from BA mixtures, due to its properties were low impurities and coarser particle size.

In the decomposition of CaCO; (the mixtures of CaCQ3), it found that the weight
fraction of CaCO3; from nano-silica extracted from BRHA still high even though the firing
temperature reached to 1300°C (Fig. 6d). This was because the very fine particle of silica
coated on the surface of CaCOs3, subsequently acted as the barrier for CO, diffusion and
increased the activation energy [37]. As the finest particle of nano-silica extracted from
BRHA, the coating might become denser than the rest, resulting to slowed the decomposition
of CaCOg3. However, the finest particle of nano-silica extracted from BRHA has beneficial on
rapidly consumed CaO to produce the cement products, especially at 1200°C, as represented

in the mixture of CaC, (Fig. 6d).
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Regarding Fig. 6c, the formation of pseudowollastonite found slightly changed at all
mixtures and firing temperatures, except at the mixtures of CaCOj3 for 1400°C. This indicated
that the different nano-silica sources have no effect on the formation of pseudowollastonite,
but depends on the calcium sources. The effect of calcium sources on the formation of 3 and

v-C2S and pseudowollastonite, including the remaining CaO and CaCOs, therefore, were

discussing in the next section.
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As this part, the mixtures of NSC1 and NSR1 were used to explain the effect of
calcium sources on the formation of belite cement, as illustrated in Fig. 7 and 8. Results
found that B-C,S and y-C,S of both mixtures has gradually decreased and increased with the
firing temperatures, respectively. The remarkable at 1300°C represented the higher weight
fraction of B-C,S in NSR1 mixture, and also corresponded to y-C,S development. Due to
CaC,  contained calcium  aluminium  oxide  carbonate  sulfide hydrate,
3Ca0-Al;03:0.33CaS03:0.67CaC03-11H,0, and then could decomposed and obtained
[SO4]*. The most known are the substitution of silicate anions in C,S matrix by various
anions components, including [SO4]* [ref]. The presence of such minor components could be
stabilized C,S in B-phase [ref]. However, the stabilization also decomposed and recrystallized
to y-phase at 1400°C, similar NSC1 mixture.

The theoretical C,S is formed from CaO and SiO, at the ratio of 2:1. In traditional
process, CaO is obtained from the decomposition of CaCOs, liked the NSC1 mixture.
Nevertheless, portlandite or Ca(OH), was the most component in the CaC, residue. This is
well known that portlandite has easier decomposed rather than CaCO3, which lead to remain
more CaO in the system at 1200°C (Fig. 8). In addition, the slow decomposition of CaCOs is
also causing the formation of pseudowollastonite at the late stage (1400°C), as given in Fig.
7. Normally, pseudowollastonite is formed at CaO:SiO, of 1:1 and became stable at over
1300°C [ref]. Therefore, under 1300°C, the reaction was not fully complete, the B and y-C,S
were obtained. As the firing temperature increased, the rest CaCO3; was decomposed and

resulting to suitable formed the pseudowollastonite phase (Fig.7) [ref].
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4, Conclusion

This study focused on the mechanism of belite formation from different nano-silica

and calcium sources, which was studied by in-situ X-ray diffraction. From overall results, the

conclusion can be drawn:

The starting surface areas and impurities contents of raw materials has affected to the
surface area and pore volume and purity of nano-silica, respectively.

The synthesized C,S at high temperature revealed the recrystalline and transformation
from P to y-phase.

The impurities in nano-silica extracted from POFA could stabilize the C,S in B-phase
and subsequently help to delayed the transformation to y-phase.

The very fine particles of nano-silica extracted from BRHA could be covered the
CaCO;3 particles, which slowed the decomposition of CaCOs.

CaC,; residue exhibited to be as excellent material for preparation of belite cement.
The slow decomposition of CaCO; was directly effect on the formation of

pseudowollastonite at 1400°C.
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