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ABSTRACT

This thesis studied the possibility of using calcium carbonate (CaCO;) from
chicken eggshell waste as a starting material for synthesizing calcium-based
electroceramic powders via conventional solid state reaction. Five systems of
calcium-based; CaNb,Og, CagNb,Oy, CaZrO;, CaWQ, and CaCus;Ti O;, were selected in
this thesis. Influence of the synthesis parameters such as calcination temperature
and calcination time on the phase formation were investicated. The thermal
behavior of raw materials mixture were studied by thermogravimetric analysis (TGA).
Phase formation were investigated as a function of calcination conditions by Fourier
transform infrared spectroscopy (FTIR), Raman spectroscopy and X-ray diffractometer
(XRD). The morphology and microstructure were characterized via scanning electron
microscope (SEM). The non-isothermal kinetic was examined by the Ozawa methods,
and the dielectric properties of ceramic were investigated.

From the X-ray fluorescence (XRF) results displayed that chicken eggshell
consists more than 96.0% of CaCO; by weight, which is pure enough for synthesizing
electroceramic materials and peaks of the XRD pattern of eggshell powders matched
very well with those of calcite CaCO; JCPDS file No. 85-1180. The results show that
calcination temperature and dwell time play an important role in the phase
formation of five systems. Increasing calcination temperature and dwell time lead to
the increase in the phase pure formation. The single phase of CaNb,O4 and CagNb,Oq
formed completely at the calcination temperature of 1000°C with a dwell time of
4 h. The calcination conditions for CaZrO,, CaWQ,, and CaCusTi;O,, are 900°C, 600°C,
and 800°C for 4 h, respectively. This study indicated that CaCO; from chicken
eggshell waste is an alternative starting material for synthesizing calcium-based
electroceramic powders.
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2.1.4 dgruusznauvesianluauisandadutudingg

2.14.1
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2.145
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dngsrunuannideslesanivdeniidulundadtudifusnsusuuresiiud
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ladums [14]
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Suguro et al. [15] oailunwidedn ui¥m QP. Corporation Tudszimagyuld
wWaenldduomsdniuasdeluuiim 70% voudidonlimdefislunisnda Suguro et al
[15], Schaafsma [16] na1291 Waenlaus (eggshell powder) fiUsinapa@unyszuinios
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wazBorudentignua wazdaeth iewsnifeviuFensen Mntuwiuiaudenly was
undnedslfunsesiden agliudonlane videuradananniUdenty (eggshell calcium) @
sgiunaiisassnafesay 37.7 [16, 17] Tulsemeanszoining Sn139ndnsinsiAeady
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[18] fhegratudiel am. 2003 [4] ﬁmiﬂizawém%aﬁaﬁiﬂumimeﬁ"ammusuuaz
wWaenldeenaniu lnesidnuamduiddvonar dewdonldgndsniunndevesivar diu
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,1‘ 2 UL 1) - ,_\L\}ll\\_k\

900°C 1

1200°C

(@) (a)

800°C

* aee e

.

———1 T e e
20 25 30 35 40 45 50 55 60 20 25 30 35 40 45 50 55 60

20(Degree) 20 (Degree)
5UN 2.5 sUnuumsideiiuuvesssdienduedlansendazni lninrendini s iaamgl
800 - 1350 sarnwaldeailunan 1 Falus [24]
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2.3 upaleunsualun (Calcium carbonate; CaCO,)

unasumsusiuniiansiatl fe Caco, Wuusndoglaevlulusssuvid Tnonuineg
TuuSinm 5% venhminveaudonlan uwralouasualunUsznausie waaldsuoenles
(calcium oxide; CaO) Soway 56 wavasusulaeanlen (carbon dioxide; CO,) Saway 44
Snwaznranearwmdunsdendliazanedn [5, 6] udawisaavatetnld e iy
mivaulaeonles wpraduumivaiunlneiluilasewed1awdn 3 wuusefu é’fﬂgﬂﬁ 2.6 lay
yilafileganniignldun 1. wralwd (calcite) Taewdu Caco, Mlassaiwdnidunuusenlud
As8U (rhombohedral) 2. azanlnlud (aragonite) 1Ju Caco, Aflassadrawdndu
aelnsseudn (orthorhombic) war 3. 1wmelsé (vaterite) Wy CaCO, Aillassadiandnidu
wuuisnezinuen (hexagonal) Sdlassadramdnuuuilifunuuiinutieniign Tnslassadnendn
W 3 afefauiRnsmenwiiunnsafuiensei 2.2

Vaterite
UM 2.6 LandlAssas 1 mENvamAATENAITUBULA (CaCOs,) [AnkUadann 25]

NI wa = 3
AT 2.2 LAASFNURININNIYATNUDILARILUAITUBLUS  [5, 6]

auUANIINIEAIN Calcite Aragonite Vaterite
Solubility product (K,)) 3.36 x 10° 6x 10° 1x10"
Density (g/cm’) 271 293 254
Hardness (Mohs scale) 3 3.5-4 3
Refractive index 1.58 1.63 1.65

Coordination number 6 9 6
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2.3.1 Ufisemsaanefivasunai@enaisuan (CaCo,) [26]

Ufisemsaaneiivesiuyurseunaideuasusiun (CaCo,) meanusouazlvuia
asuaulaeanlen (CO,) wavurrvseuraduteanted (Ca0) Uiunldlugnainnssunis
wanudnigaiyurniudunamdn UiAsoseninsdulurieunaiosmiueiuniunse
Auzfurionsafulszddstieglununsn ssinUfAzeeiidulnaioudainln (Caso,) n3o
uaaldedluwse (Ca(NOy),) wazuiamsuoulnoanlan (CO,) AeaNnS Ug’jﬁ%mﬁﬂumm@
nilsivinlitguiu suungadn fneras udeutassroareiivindrefuyuniefiudoulin
nsdnnseu

UfAsensaanefvesiiuyusieninuseu
ANuTou

CaCOx(s) ~<X Ca0(s) + CO,(e) (2.1)

UfATeseninansatumsueLus
CaCOs(s) + H,SO4aq) —>  CaSO4(s) + COLg) + H,O) (2.2)
CaCOs(s) + 2HNOs(@ag)  —>  CalNO3)y(s) + CO,(g) + H20(D) (2.3)

2.3.2 mslduszleviunaonmsvaiun [27]
wradeuarfusiungnlfiduingivlugnaivnisuvais 9 Ussan 1esannd
auanFnuslitazBenliing TnonsaziBoavesunadennsvosiimimaiosnaafivazlsl
Wuie uaﬂmmﬁ@mauﬁ’aﬁmwﬁu 9 WU AU (brightness) mi@m%’uﬁﬂﬁu (oil
absorption) fliBeUslevirogeaMNITHUISUTHAIN 1U 9AFNVINTTUNTEANY QAANMNTTH
wanaRnuazens anamnssud Wusu

nmsiueagsunsuaualUlduselonilugnavnssusing 9 laun
- ARAMNIIUNTEMBUATTRNTYAY dSUNTEM UYL NTEATveIsnuLaY

EN

a

sunszauildludninny nssmwaneenas nsvaulsiden nszanvdedafiu
vt sastanssaundesussiaisiong q

- gpawngsud dwiudenamnsy AlTlununeatsermsuasaflilununnuss

- QRANVINTIUNANERN WU Madien wanaRnuaelnuazaelnsdn e iig We
waeiild Usepinid Wiawanafin nanafndennssulusosud nulagudesosud 911
Lilasomuaznivudldornns sauieuruidumanafinfildlunisni suwng 1wy
idendsagy deundle

- guanvngsaens iy endlunazensuensneus warsodnseueus seavin saude
e UEUTUA LS8 FUA

- geamnTTdu 9 Wu 91 sdnd o enditu nednvien USuuseun nuesiuuas
AN
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v a = L3 L% LY b4 1 = a a o a
dnsiulauaal@eumsusunvating Jagduedludnidesar 10 el HuSenndn
waaLdaun SuaustuUszme w9 518 ludruauiiduuiemannd19@ 2 51 Jyad
Aa1ATINUTEINA 2,000 uU v lnsuralenasusiun diulvgnantuliesluldsyine
= 3 1 o v o I o a s
IMUAAZENATUBABETIUTEINA 1000 - 8000 U/ VsTUAUANAIN AITUUTANS
LASIUINVDIBUNA [2, 3]
Wafia1sande nsldaukeatdeunisuatualuana nnssuesiind miva

a « a

didnmsedindudiiu nunlugeavnssugsfindidnvsedndlinslduaatdaunisvaiumiu
TagRuderudmsunisduasisiwsiintuamaiesiln o7 lulasianladidnnin
CaNb,05 CagNb,0, JanlaBidnvisn een9iu CaZrO, CaCusTigO;, waziannIauas Cawo,

Wy

a & A da = < '3 [
2.4 LanNNIasuniLAaLgeuLUuaInusEnaunan
ddnnsawsinduwsiintugailasunisimunduaniie g s inma tuwans
auiAnlnihlaaeuesninuasldnuaud@sogg mardulumdidnnsein 391n91uide
I a & a aa a I I3 v 1 Y 1
nudrdkaalnsiesiinniuaadeulussausenaunanieguainvatedi [28, 29] L¥u
Llpsnlladidinnin CaNb,0, CagNb,0, Tanladiany3n 8e19du CaZrOs CaCusTigO;, WaY
Faomauas Cawo, Wusiu

2.4.1 upaeululaiun (CaNb,O4 waz CasNb,Oy)

LmaLe'?jsmluiaLumﬁuifa@vl,miml,m”m5Lﬁﬂm%ﬂ%ﬁwﬁq Taefl CaNb,0, fillAseadis
nanuwuueelnsaudnlasdiLaniignis1diimes a = 14.925 b= 5.752 wag c = 5.204 A
[29, 30] "Lé"%’ummauhasmqmﬁaqmﬂﬂamﬁ’alméLﬁﬂﬁ%ﬂéf’]ﬂﬂﬂmwmmm'u 1AgLANIAT
O*f = 21500 uazdidn Tf = 13.3 anansavszgndliidutaglulesnladdnnin Belunindu
CaNb,Oq Fuansisnifiuensaudinlauananlafnuazuaninisiasnasdinky (Blue
Luminescence) ﬁqmmﬁﬁaq wazumadedlulalundn 1 S¥uUAe CaNb,O, HlAseas1anan
wuuliluedin [31] Wnefluanfisnis1dimed a = 9.813 b = 5.534 way c = 17.344 A 39
53UU CagNb,0, Wuszuuneaeululowaiidiliiresldsunisinewrnindn nsduasisan
CaNb,0, oz CagNb,0, TagthaluaninsowIsuldainufazenaniuzveandslaenisein
UA581581m319 CaCOs5 wag Nb,Os Iﬁmm%fauﬁqmmﬁ 900 - 1000 ®9AwaLTYa [30, 31]

- MsduAIIER CalNb,Og taeisufAsenan 1 uzesudesenIng CaCo; haz Nb,Os
yhmsusmasdunat 12 $lulnediesdlauduinans thumaildnwnuaaledfigung s
1000 ssmwaldos Wunm 4 Mluswashnsiiiumssnuaslsiudundntuguidufiouas
pnFumesiigumall 1330 - 1400 asmwadea Wunan 2 $alus nuhaunsadansievild
waugvsanraguuunsiasnuuisdiendlugui 2.7 uassmudninidiegumgilunisim
Fuwesiiugeiudmaliinures CaNb,0, Tnwalvaumaludedigui 2.8 (32]
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(131)
(201) (c;gg)o) 0z
252)(133
i (14(3)02)(060)221 (22?1) (3(1261) (331)( 141(20"()3
(1) 21y 1 o0y B ( (&3%31)(13?2)41)(1?025)2) (260) 072)
1400°C
1370°C
39-13%2
L L 1w L bl ||] R
T T T T T T L T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 1
20 25 30 35 40 45 50 55 60

20 (degree)
JUM 2.7 sUsuunsideuussdiendues CaNb,O, MduaT1eilnesUfAse1aa 1 usve Ul

MENAINIENTWRDI NN 1370 1400 waz 1420 ssAwadeailuiian
2 97l [32]

JUN 2.8 dugnuine1ves CaNb,0, NduATI2laeIURATH1A0 UEVRILTS ATENTINI TN
Fuwesngamall 1330 1350 1370 war 1400 ssrmwadeaidunan 2 4alus [32]
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- MSEUATIY CaNb,O4 IneiSlalasinaneaseninves Ca(NO3),- 4H20 e NbCls
Tnevinsazansusnfuluenuealasnistuniuiunat 30 unit anduiuaisazane
NbCls asluansazans CalNO,),4H,0 91ntuUSy pH vosa1sazatsnaudiealsazaty
NH,OH ndaaniiuilsansdeuiigamgl 200 ssmwaidos iWunan 2 - 24 $alua i
annsadanseilfinauiarsues CaNb,O, éina 24 dalusmnuaessuuvunisideaiuy
Sadendluguit 2.9 Jsaenrdesiudyguineivemandndindouldiingl 24 $alusaglsid
wiawanUaeumdoogudfsguil 2.10 [33)

Intensity (arb. unit)

JCPDS# 71-2406
I | | | | I A 7| T 1W
BT 0T Vg B gl daeblet =
10 15 20 25 30 35 40 45 50 35 60
20 (Cuko)

SUM 2.9 ‘g‘dLLUUﬂ’]iL?;’EJ’JLUu%J\i?iLEJﬂGi?GUEN CaNb,0; (a) #ups1eilae iU a0 1 U=V 1LY
mevdamswnuaalsiigamgdl 1250 esmwaldea Wunan 2 Hiluuazdans e
TneFlelasmeneaiionmail 200 esmwaidea Wunan (b) 2 Falus (@ 6 Falua
(d) 12 Falus (e) 24 Falas [33]

SUT 2.10 ug1uine1vo9 CaNb,0; dainsizvilaeislalasmensaiigungd 200
parnwalded Wual @) 2 9l (b) 6 Hlua (o) 12 F3lus (d) 24 Falus [33]
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- MSEUATIEA CaNb,Og Laeian1sMNAENBUTINTENINE Nb,Os Wag CaCl,-2H,0
wazthaswaniinnazneuldluiniunaledfiganl 400 - 1000 ssmwalda Wuian 6 Falua
wuhaNIawELmaUIaYsves CaNb,0; liflgamgi 750 ssawaldea fsgunuunis
Aeauuidiondlusuil 211 Tns Calb,0; fwlesliilasiairaduselssoutnlnelnefiuan
fwn1513wes a = 15.023 b = 5.71 uag ¢ = 5.24 A [34]

é‘ Cuk,
El
&
= = .
g ; "
c T = | el
== g 8 ‘ | % “\
I i~ - § 1l
i L e —i—!
i \ / T [ A fl |
| W/ i\ | ‘J Il \
el L.M-,.,Mw o e o o il .r_MNJJ N b
n 1 i 1 i 1
20 30 40 50

20, degrees

JUN 2.11 JULUUNsRgIULSEeNgues CaNb,0s MduATIENlAEIENTANAZNEY AN
mswwaaleiigamall 750 ssrmwadeaidunan 6l [34]

- MSAUATIEA CagNb,0, TneAsURASea Uz 0T 1581319 CaCO; Ay Nb,Os
Mmmsuaradlaeasnuaa1siduian 15-20 wadl andudinawaunlatugviludaudy
AR lEITgnMR 1000 aeAadea watlI3unaiNanmgll 1600 aeA1aLTyd
< Y] t:’ll a a | [ I3
Juan 24 $3lue anneagduuumsdeavuiinseulugud 2.12 wudtaiuisadunsies
CagNb,0, Iiazillassasranandululunadn lnguanisn1s10imes Ae a = 9.81590(10)
b=553628(5) hay c = 17.35016(16) A F3518a2108nV09NaN1TANYILATIAS1INEN

2871988 UAMBNATNA Reitveld WAMIAINIS1IN 2.3 [31]

5000 R RS RN WA RN LR LR R R 1200 TP S RARRERERE
4000 [ _

3000
.E‘ :
2000 |
.'E ,
1000 |
0

-1000 .“iu..J....‘....l-w 1AL NI S OI\I.‘III‘\II\I:I‘III\III(IJIJ,),II,L

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160

26 (20)

JUN 2.12 UnuUnIsiaguulonsouves CaNob,0y NduAT1EWlagISUSATean UL
Yvoauds [31]
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A1519% 2.3 wananananisAnwilassadiandnass CaNb,0, a813aziBandiawmaila
Reitveld [31]
Unit cell a = 9.81590(10) A
(space group P2,/c, 14) b = 553628(5) A
c =17.35016(16) A
B=125501(1)°
Volume=767.60(1) &

R, (profile) 0.0296
Ry (weighted profile) 0.036
0.0229
RzF (Bragg) 1.269
Reduced xz 79
Total refined variables 3
Minimum 20 165
Maximum 20 1743
No. of reflections Pseudo-Voight (GSAS type 3)
Profile function 221,- 247, 148
Gaussian U, V, W 0,74/ AN
Cauchy X, Y Chebyschev polynomial
Backeround function (12 coefficients)

2.4.2 upaWsupaUasinniun (CaCu,Ti0,,; CCTO)

LLﬂaL%EJmaULUaﬂwmLumﬂumfliﬂﬁgﬂﬁuwﬂuﬂ 2000 [35,36] Tngigsiiinind
Massasrwmdndunuumtn msfnwidremnaila Neutron diffraction wu3nil space group
A Im3 Tuanfamsfiweswiniu a = b = c = 7.391 A [35] a1na1sTaladlannsnnuin
ws3in CCTO Teasiiladidnudngann € = 10" uazAlaBidnnin@ifalalidufuaiiud
quienad 10 MHz Beldninidu CCTO [36] Swansdisvaviamswasundadladidnnsni
sluthsgamnfifinina (100-600 K) wenaniudmuimdniAeaves CCTO Hunansaiasd
laddinvisnasiia 350,000 8neae [35, 36] Slefasanaud@ladidnnsnves CCTO Wisuiu
BT wuindueiigenin fedu cCTo Feldfummualauazgnin luussgndldaudiuguio
sy shdutieaazgunsahiundsnuanuvuiniugslugunsaididnnseinduiunvie
mMsduased CCTO annsavnlivannnansdmneian1sin3sam wailnardsnisins UL Uy
UfRzenanuzveds IngisideuldfenswIsunvuufaserantuzvesudadunisin
a3Reiu CaC0, CUO uag TIO, sawsInfum NS uwdariin s figumgivssan a
900 - 1200 ssrnwaded wiwdidunaiuiu 2-48 4alus [35, 36] favldnamdn CCTO
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- MsduAsIEd CCTO TaeABUffsenanuzaaiudssenine CaCO; CuO way TiO,
o &) & ~ 3 [ Y & o -
nsuamandunan 24 Mludasiviuneainlossududinars 3nTudIHsRauAlywn

¢l a =~ & o o a ¢
waalguigamall 1000 ssrwadaduia 3 TluuavinHaNIUN SN WAR bt HaY
fususzanu fis PVA udwihnsdntuguitewnuimesngnmgil 1025 - 1125 sswmiwaldea
<) 1Y) & v ei ! a a s
Dunan 3 4l Mnuaieuussdendlugun 2.13 agnudimnaungilun1 sk dulnes
uanaaves CCTO Wuwlandnuaznu Cu,0 WuwaseslulSunundesuin Teaonndans
fudygruinerveadawsndnluzun 2.14 anglasmiuldiinngamgilunismiduinesay
Wuiavas CCTO Wuwlandn @) uanwavas Cu,0 Yzlued (ddou) Jullogumngiilu
MIENTumesfiugwnTuves CCTO Aflvuatngunumulumeuiu [37]

1125°C/3h g
o
s\ L /A5 § »
5 - N = © < QA =
I~ j SARE—Y 33§
A =4 I Wi,
> [1100°c/an
w
_‘d‘:_.‘l A » JL LL "
£ [1075°C/3h
2
= LA | ) .
& |1050°C/3h
& Qb JEETEL
1025°C/3h
L} A ﬂ Jt ]
1 | 1 | 1 | 1 | 1 | 1 | 1
10 20 30 40 50 60 70 80

260 (deg)
JUM 2.13 gUuuumsiieauusidionduas CCTO NduAs1elagU]Asend0 uzoauds
MendInsEnduneinenmgll 1025 - 1125 ssmwadeadunal 3 il [37]

JUM 2.14 Fugnivenvewwss CCTO Nduas1eilagUfAsenadn 1 usvoudan e naani s
FunesNgaumall 1025 - 1125 ssrwaleaunan 3 93lus [37]
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. A15d0ASIE CCTO #reialua-taalnefia1sdeduie Ca(NOs), 4 H,0
Cu(NO3),-3H,0 tag Ti(OC;H;), %qﬁ%’umaﬂuﬂixmumié’amiwﬁﬁagﬂﬁ 2.15 [38] nMenay
msenuaalsveamandniigamail 450 - 950 ssrnwaldea utian 3 $alus anananis
Aenuuvesisdiendnuin Silinumayes CCTO gamnfl 450 ssawaifoauay 550 o
waidea nuifisanlares CuO wag CaTio, Wity WegamaTlumswiuaaledifingetwdu
650 asrniadEanUaves CCTO Wntuuddsdiaulanyaounanoy danauignives
CCTO Wntunsrdniivnuaalevid 800 ssrniwalauaniogngilunissnuaaledifing sl
\u 850 esrmnwalluauaz 900 sarmwaldea Adinsnu CCTO Wuandnuwazusingina
LLUaﬂUaauﬁuLﬁﬂﬁaaﬁagﬂﬁ 2.16 [38]

[ Calcium nitrate ] Copper hitrate

( Titanium Tetra Isopropoxide D

cetyl acetone

I
Ethanol _Isopropyl alcohol >

Acetic and Citric ]
acid

C Stirring at 90°C )
Al
C Drying at 110°C )
¥
C Calcination D

>

Ul 2.15 nszuaumsdansizs CCTO muislea-aa [38)

+(CaCu,)Ti,0,, #75-2188 ,#CuO, ¥CaTiO,
§ =
~ 3 5g8gc8 8 5 s
@z | 538 T Fecd
() | | ) 850°C
(e) . . . 800°C
* Pt A . Nl
(d) . . 650°C
LI : N N .
© 550°C
(b) * s 450°C
N
(a) precursor
T T d T T T T T Y T T T
20 30 40 50 60 70 80

5UN 2.16 JULUUNSIREIULSEeNdYes CCTO NduATIelagIT19a-198 AMENEINITIHA
waalwiiigamall 450 - 950 esnwaldealunan 3 4lus [38)
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2.4.3 upal@eueann (Cawo,)
= o & o a SN ea o o & o % Y '
whawenvisawaluianedunsdnd1Andailuussynaldlunane drugunis

=

Usggndldlusungingsuniedunisiiosuas (luminescent behavior) Tiduansiiiss
UAse16199 aunsalnsiadaduiiunsed (Scintillation counter) tawas 1Wufinsa9in
aduuazduloufaiuasdalngiiuaisud (Photoluminescence) [39] n1sdaiasngs
an5UsEnou Cawo, @snsavhldmannnansianiisn1sin3euniaAiinayianisins nuuy
UFAsenanusveds mawsudeufisenaniuseudsaninsaniouldlnensinan s
#u CaCOs Wag WO, snHaufumusng1adin udwhnisinfigamgl 600 ssAwaldoaidy

nan 3 - 6 Tilaefansalawsiin Cawo, mufeens [39, 40]

- MsduAsIzi Cawo, MeIBURITURATe@a1uzvedasening CaCO, wag WO,
wealwiiflgamall 600 ssmiwadaiune 3 Halus Mnuemadeavuidendluzud 2.17
wuhfinfiiaduriaueaenadesiu Cawo, Wdnnsgiunaneay 41-1431 daillaseasng
HankuUwnsElnuea tneluaniien1s1imes Ao a=b = 5234 A waz c = 11.374 A lag
FygruimevessnIoalfidnwmgnarsmasuniznguiy fvuineyninegi 1 - 2
lulasiwng fsgufl 2.18 Senudnindlelddundanunszdud 240 urluns Cawo, 1
duawilaaansameuasiinnueindu 470 - 480 ulung Ssegluguveauasdiinfegy
7l 2.19 [41]

1500

1000

500

Intensity (arb. units)

10 20 30 a0 50 60
26 (9)

JUM 2.17 sUnuumsienuuivdiendues Cawo, fduaseilneisujisenaniuzvesuds
Mendinsenuealyifioamall 600 sarwal@eaiuvan 3 $alus [41]

a l“ A
JUN 2.18 duguinenves Cawo, NuAT1eilngisUNATeNan1usy0IuTe AMENTINITIN
wealetfigamgl 600 ssmwadeadual 3 9l [41]

4 -~
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Intensity (arb.units)

: T T T T T T T T T T 1
00 3 40 450 50 S0 60
Wavelength (nm)
JUN 2.19 awnmsuvigeeisawudves Cawo, duaszilaeIsuiisenan usveails Aemnes

mawwealziigamnll 600 ssmwadaduna 3 4alus [41]

- MsduAsIE Cawo, mgdsnsieluialinea laelda1sasauy An Na,WO,2H,0
uaz CalNO,); 4H;0 Faldarlumsdunsiviuandieiu fie 1 5 15 way 30 wndl 3103UMUY
ﬂ’]iLa’EJ’JLUU?JQﬁL@ﬂG?jWU’NmiﬂiﬂaQLﬂi’]”ﬁL@LWﬁUiﬁ%ﬁ‘U’eN CaWo, VIﬂL’JmG'Ni“LJW 2.20 [42]

& T Yobserved — Yohs WYcaI
~ A Ycal]culutc ‘ Bragg peaks
=
1 g2 \\3 Ga8a |ieale
30 min Jk AN v Egljé
e = g waa g e o dan b snv el — et - Sty
ol
"
5 15 ﬂ
W IL T 1R e i | O LY
= sk R e e O
=
: |
=
) fmm - 3 A‘ & Ji%“"t‘f‘“‘)}““wﬂ‘”
|
1
| | Ll (][]
10 20 30 40 50 60

20 (degrees)

5UN 2.20 sULuUNsRgIuLsElendues Cawo, Nduasgimgisn1sleluiaiinea lagly
nanlumsdauasiziuandiaiu [42]

Faudnin Cawo, fiduasizsilalundaziianlialArnunin9ve99e9319521I09
WOUWFI91U (energy gap) slﬂé’l,ﬁmﬁ'uﬁqgﬂﬁ 2.21 LLazLﬁalé’%’Uwé’wuﬂiwjuﬁ 235
unluing Cawo, Mduasesildainsomeuasinuenaay 420 unluuns deoglugy
yosuawdihfeguil 2.22
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—CaW0Oy / sono 1 min — CaWOy4 / sono 5 min
—Linear fit of CaWOy /sono 1 min —— Linear fit of CaWOy /sono 5 min
-+ - -Extrapolation of linear fit - -+ -Extrapolation of linear fit
(o] Ly |
= _ ; =
& Eg=3.33 ¢V = Eg =3.36 eV
B [}
S e
15 2.0 2.5 3.0 35 L5 20 25 3.0 35
hv (eV) hv (eV)
——CaWOy / sono 15 min —— CaW0Oy / sono 30 min
—Linear fit of CﬂW()4 / sono 15 min — Linear fit of CaWO4 / sono 30 min|
~ - -Extrapolation of linear fit — - -Extrapolation of linear fit
_—
= L
5 Eg=3.32eV
3 Eg=334eV 5 g=33ze
S ~
-
L5 20 25 30 33 520 25 30\, 35
hv (V) hv (eV)

SUN 2.21 A1A1UNI1990998991958NTIINDUNGI9Y (energy gap) ¥Bd CaWo,

1
NEuAs1EMIeIsNsluAtieea Wweldnailunsdunsigrkanmneny [42]

Intensity (a.u.)

300 400 500 600 700
Wavelength (nm)

sUN 2.22 awnesvigeaisauduas Cawo, Nduasevimedsnisieluiainea lagldiaan
Tumsdaasieiuansnaniu [42]

2.4.4 upal@euaslawn (CazrO,)

weadpneslawniuiagladidnniniurluussynaldludingiadu (sensor) Ly
FIms29duINTY finsradusandiau wazdesadulalsiawludu [43] Fansdansizi
CaZrO; anansnihlanainyaedsnion1swieunualinazdsnswi s uuUjisenaaiuy

3 & = v aaa 3 o aaa !

vaads Inevnluamnsawssnlaainufisenaniusveudelaen1sinufisensening CaCo,
wag ZrO, innaufiumudnsd udwihmsiimiuieuiigamgil 1250 - 1500 asmiwaidea
Wuvan 2 - 10 ks [44]
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- MsAUATIEA CaZrO; M TBURITUAT@auzveTesening CaCO, wag Zr0,
Ttanudouftgumgfi 1400 ssmwadeaduna 6 Halu nransdsnvuivdiendlusud
2.23 wuhiinfiintudenadesiu Cazro, Indinmsgumneian 76-2401 defilaseadawdn
wuvoslssoudn lnsfiuaniiensliwes A a = 55912 Ab = 8.0171 A uay c = 5.7616 A
WavaInKa UV-vis 183nd CaZrO, Idaassilaaninsamuinmanuniewewesin1sening

WOUNAIU (energy gap) lAinAU 5.53 eV G'quﬂ‘ﬁ' 2.24 [45]

CaZrO3

(101),(020)
(121)
(202),(040)

{103),(310)
(222),(141)

A (301),(113)
123),(042)

(240),(321)
(242),(014)
(034),(161)

PDF#76-2401

Relative Intensity a.u.

oy Ll 10 Y obcals | T T
10 20 30 40 50 6 70 80

20 deg.
JUN 2.23 JURUUNSREIUUSENGYaY CazZrO; TduessilneIsUinse an1usauiy

AMeraINITNINaaml 1400 sarwaldeaduna 6 4alus [45]

(a.h.v)?

E__=553eV

(gap) \

5.0 ' 5.T‘I I 5?2 ' 5.i3 ' 514 I 5?5 ' 5?6 I 5!7 I 5.I8 I 5!9 ' 6.0
Photon Energy eV
JUN 2.24 AAUNTUDIYRIINNTENTNUAUNG AU (energy gap) U84 CaZrO, NFATIYY

lne3BUsenaniusreta mendin1swnigamall 1400 ssrnga@eaiduiiag
6 Wlus [45]
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. nsduAsied Cazro, #aeitlalasimeusa Tneldasiadu Ao CaCl2H,0
ZrOCl,-8H,0 wag NaOH %aqquﬁﬁiﬁiﬂumzmumﬂdmmamaa fe 140 suAlwaLded
Hunan 160 it anduthuesdniléineniigamg 700 - 1200 ssanwa@saiduina
1 dalas MngUuuumM A nvuidendnuiliannsoduns siinavianiues Cazro, 14
yNgamnIlunNSENAENUINETES Cag; 577050, 55 ANFIELENBRITUT 2.25 [46]

*
Cazrdl, ~ & CaZrQ, 160 min 1000C
* (o] hd
Cay 152004501 8 ,‘:* . — CaZro, 160 min 00C
e 5 CazrC, 160 min 800C
S A CaZrO, 160 min 700C
- | ‘ CaZrO, 160 min
*
-
; I —~ =~
3 ~ —~
d | o o
s Il 8 *3*§ 8= -
1 Qo QN O ~H ~ &
S 1\ Qs N = \*/ — T AN N Q
% >3/ // IS F S
< | Ml A T | A *’N'y/\;’*%‘;
= TN | SN WAk A
] | ) /
e A
b wl
T T T : T T T
10 20 30 40 20 50 60 70 80

sUN 2.25 gUuvunIsiaeuusediendves Cazro, daiAszvinieislalasinevea
ngaumailumsiinuanseiy [46]

nnuitefifedemundiimahweadouaifvawunaniudenliuindndu
winindviugranvnssudidnnsetindias uanilefiansanddemalunisldussleviiiuden
T3 durendomdens frtuiduuannudafiozinaenldmldduundinaigeoy
A UBLUA (CaCOs) I‘umzmummﬁmL%iwﬁﬂ%ugawawaé’h 91948 CaNb,Og CayNb,O,
CaZrO; CaWO, uag CaCusTigOy, %aamﬁmﬁmgamsuaﬁa@mﬁaﬁﬂﬁﬂumuﬂizﬂaﬂu
gUnsnddnuEniindfifmagatuld Fanssurumandndunssuumsitlidudeu ladosnis
riestloviogunsaliundsdudunisifiudldanglunisdn

2.5 nszurumsussgnalduaal@eunisuaiunainiudanlaiinaiUuasaedulu

= a < a Y ad aaa < . .

ﬂ"limﬁﬁlllataﬂVIiE)L‘?ﬁ']%Jﬂﬂ’JEJ’JﬁUQﬂiEJ"IﬁfI"I‘L!S‘UENLL‘U\? (solid state reaction)

TunszuaumsUszgnalduaal@euaisuasiunainidenlyiiioiluatsasdulunis

A ag A aday vo a = = Yo a & =

wissuddnnIawslin 3Nlesuaudeunn fe nswielaeldingAutluns (powder) ¥
MIwsELaINISHAun eI EinAws utulin ud Ay Reaudiies 1 dniluegrsuin
TS eURAIININEN WS BLegMA1eTBA8 U LYW N1SANAENBUSIIU (co-precipitation)
lalaswmesuea (hydrothermal) 33UASe1d@01uza09uds (solid state reaction) loataa
(sol-gel) Wudiu FslusAdedaziarsanmswivulaeUAseraa1uzvoauds (solid state
reaction) Hewiniluismawseniilidudou wisulaluusuiaiuindenss arssefuduy
ansUseneveanleavisensuaumvadansdadisnaign wiisingdlideds fe nuwsiling
wissiladrNUTansAouT W We euiu MW uneel
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TunswssumeisUfAsenaa uzvowds wuwendu 2 Tuneu s NITUIUNITUA
wauseanua (ball-milling) wazn1sifinUfisenanusvauds

2.5.1 ATEUIUNSTUARENAIBZNUA (ball-milling)

nszUINNsUANaNFIEgnUA (ball-milling) Wunsuanalaeldusinalunisuanay
waslussriamsuanauiarlifinaudsuulamand Sifiseniaudsuntaminienin
whitu nssviumsiléumnudeugdunainldifieaniuiseymensiads iatseunia
wefitigngursodaudanuaesiilegiululiuanoon ansadanldlunisuaueyniauamig
yiafulidudeiulunien 4 fumsamuinvesoynma Tasordemsnyuaomiiound
Snvnzunssnszuonnans Shfielflunsetadunis lundieuntasldansiidosnisua
wagnuaLazanstslumsvaeauluiinaiivnzauivruiasssnsioun Tagluvnuezdinge
uavsugnuaiussgegsuluazdedimsiadouiiadiedussnus D feguil 2.26

SUN 2.26 LaninsUANaNRIEgNUA [47]

anumaziinisiedoufionndums B Juluaufisfiumis A wdannasnnszunniy
oumeafuaazlinudndty funsininedouiifunnduiluies 9 vinldoynia
yesansivunananiominnsnssumnvegnua madeadstuinmiiouafugnun luved
manssunnuarnsdsadmarivinlioynadnasidehldAsdaievulfiduiy Wy Judu
yosgnuavioniivwamiioun fian1sdnnieungaoenudeiynumardarunsadostuld
Tnsmsidenlignuaiisinumngauadlivsiouniiviianianiianunsafdnoenldfigumg i
W nilouawanadn usy

2.5.2 m3aufiizendaiuzuauds (solid state reaction)
mafnUfAteranugreutaiumsifauiisenfiinsaaesvessvinujAzeia
Wuvowdsdalmituie Tnemslimuseuunasisiuifanius durewdaiioviliifn
miﬁmEJ&f’JM%E)Lﬁ@Uﬁﬁ%EﬂLL’ﬁSLﬁfﬂLﬂu%@QLL‘ﬁﬁ%ﬁﬂiﬁﬂsﬁum Fennszuaumsiidn nswaaled
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(calcination) ansdsduindunsAsetsaiu Ingafunsungseinaiuvedlessudunisdie

()] /-

NNSAAVBULATDINITUNS LUTURDUN SN TURDS

=y o L=t o
Nﬂﬂﬂm"nﬂ\lﬂ‘ﬂ1ﬂﬂ1ﬁﬂ1
=y @ O oy T o Sy -4
HANT Nﬂlﬂﬂﬂ1‘iﬂ1ﬂ§]ﬂ‘jﬂ1ﬂ1ﬂﬁ’3u mmﬂgmmauyﬁm

(V)

JUM 2.27 wanawuuinaesdnvasmaiaufisetaniugua i e (n) nawaniuegnou
mM3iauisen (v) Imsiuisenieduuisdiusag (a) Wedfiseniinadns
auysal [AanUasn; 47]

Tngnisaans it uazgnarvaudas Jadonsaaunamans dreqdadadenis
Jaunaenansuesnisaatsfiiueragnaruauavilsluauresnszuau nnseluidde
(1) UfSeniiuin (2) matemanudeuluSsiumifaUuifsouwes (3) munsvasuianie
M5B uaniuifiRnUARs s g lumudesgnguludusmsqueans Yadedrdyiidanina
romaifnUiAsenmainvesudeseninseunianse eadriiUfase duiivatsesns Wy
sTTNAMARiivew I UfAS e lasREnie YUIAYDBUAIALAZNIINTEI18VBIBUYNA
YUIAVDININE ANAIALDVDININEN VST MR gamgiuaznatlumainy §ATen Taed
é’mﬂmslﬁmﬂﬁﬁ%m%amamﬁasﬂmWum(?\’aﬁwﬁﬁ%mLﬁmﬁu 1{0991n 388N 19909N 1 TUNS
mﬂ?zTuLLazé’mflmiLﬁmﬂﬁﬁ%awmﬁu%mﬁaqmmﬁﬁm%u Tunsdififufafnduluseninenis
MUfAseussemeziinasenasuaativemsiinUfisenlusgwnn uonaINTAI
alhlaneUeIA THANATANARD T TN TUNS WA ¥R IR NAT B UR TN

2.5.3 M39AK9 (powder pressing)
[ @ ad = a ada £% 2 o v & o Y o
nsgpraduIENsuUes inflimnuaseadsiuiunstusilaneas dnldiunis
JuslwsinUssnvdadaeifumidniunulasaiwaslsanndy 9 wWu Jaanuln 1w
Infldlunudidnmseiinduazauudman Bmstuguilunisdinagsiniddiunaua sy
Uszanu (binder) dagyihmihillunsvdedulvinagsiiinafousmdauiuluudiiun 31nduda
dwuuiiamlagldanudiu lnen1sdainfagliduauniisnsutes dndudesdinisua
sgievuavguazvadnludasndunimingan lifinsiaeuguan5veanaesiin

saunnulunsonnalany
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m3darserauudldidu 3 szuudes fie
253.1 Samuunuifie (uniaxia) neazgndaluaifiumilnousefiunainfianiaion
Funuagldsuiantioutuseslundfiud n1s8atugvuuuindnldianis
Funuiiguidlddudourinty wisasnissdegs megn

I

§h

) an

S VRGROIAT l

iijiiiii
[ sl
L]

SUt 2.28 uanstunsumssntuguuuuSmuunuiFen [Fauasan; 48]
(n) wagsEngniRsaslulifiuinaznags1lngnnadalagusidnann
FInemuUY
(4) Funuidetuzuudigniuseninanuaifailasdaduang

2532 dauvuleloauniin (isostatic 38 hydrostatic) Wlw318NATgNUTIYLY
mMaugNveges waglesuruiulaesauluynfiemanliiiuveslva 354
asalindntununzanududeulounnninisusn wildaauiukasiisiad
Wi

\A A 4

Taraeng

=5
HIHAN

AR R
t1t4¢

1114

4 anudulansean

sUN 2.29 uansnisenuwuuleluaunin [FauUadann; 48]

2533 dnvunizsou (hot pressing) nssarIuazn1slimusaudzyinlutiatigIfu
HgT1InzgndatiLliuioamgiige AWdwmunzAus1iniiiona
YouvaINgumMiiannn q Wity dmiullensinstuanuniiainunuiiiy
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guarliianisvenevensy AT mgelidediavanedszns 1daan
wnn Wesndeddarlunmsliniudeunnuifiniuazselmbudniod
FuNuESs wiiuidsaumaavengnsidnudu

2.5.4 ASETUAUNSENTUNBS  (sintering) [49]
mnmmﬁﬂ (sintering) ﬁaﬂi”mumimqmm%’auﬁﬁﬂﬁaummﬁmmia%’wqﬁuﬁvﬁ’u
DE9AUNR ‘vmmu uintulusziueraen nsiiaRuszideurafudinaivlfszuuiianiy
LL‘ZNLLN?{Q‘U‘ULL@UNWNQ’]H&@&Q uaﬂmﬂummﬁmmmﬂmwmil,mmuﬂuwmammimf\]m‘
WiumaaimawauﬂWﬂmLimuLLaummmmmLLuumﬂﬂJu Imamﬂamimmﬁuaaamﬂi #NaY
wL%amaammﬂmLaaLﬂmﬂmmuimlﬂm&lﬂu Tagfin1sas19iusy mszNLLiaiumNaumwas

a

G\ﬂﬂu‘UUlI’WIﬂGUUG]EJuVl’eJEJi“"Vi’J’Nﬂ’]iLU@EJU’&JWW‘UU\W‘LWINW‘L!ﬂ’]i‘EJ‘Lli‘U l‘UL‘U‘UIﬂNﬁi’] 3ganm

‘1/1‘U‘§“’ﬂ’&]‘Uﬂ’lEJﬂ’]iEJﬂLﬂ’]“’ﬂu‘U’eJ\‘iLﬂium’N ﬂa’J‘L!LLG]LiJua’JUMUQ“U’e]\‘ISUHG]EJUﬂ’]iLN’]N‘L!ﬂVNﬁ‘Ll
ﬂ’]iLN’]%ULWB?UUQSUSSWJUW}S 3 ?J’NV]ﬁ’]ﬂig laun

P97t 1 Mswnningansudy (initial sintering) UsznoudienisdmSeadlntves
a1N1A (rearrangement of particles) kagfiANISHAULAYVBIUTLINTENTI LA
avoumeviens (neck) wamsdsguil 2.30 (v) Tnsmsiiulndiinannisung
mswudautle mslvawuunaainydensivanddn dusunfiuseneudae
puMANSINaNREimsvaiviensuiuiuAat unfeutunisifivlnvene
Flrnuuansweseulferinomely

i‘lJ 2.30 ﬂ'?ﬁ‘WGlJ‘Ll’Wﬂﬂi%@ﬂiﬂix‘]ﬁ'ﬁﬂﬂﬁ]aﬂWﬂVILﬂﬂﬁ]"lﬂﬂ"l’iLN’]NUﬂLlfUUEm’]u BRI,

Y

(n) suMANsdaiuegULaINe (V) mMstendngaadudu () mamindngie
na14 (1) Mswndnyaaving [49]
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MIWIHTNTNaN9 (intermediate sintering) \utsfivurnvosnoiulndy
uarUinamesarimyuluiunuzsuanates g esaneyniady
danlnddafnfuinndedu vlit uauindnisueiasegrsdaa 1Sud
nsukazvsunTURnTunSanfuTin siadouivesdamand vinliAading
Fulavesnsuiansuiu duneuiasdduluiFos qegsdeidoslunned
Yesinvesgnguazimianindeudetu (maingnyule) uazardugn
quﬂisuu‘l‘umwLmaswwmmumﬂwﬂmmmaaﬂlﬂasnmwmﬂ (Wangnyu
Tn) Mavadhrestunuaniatuinnaalunmsenaingsnansl dguil 2.30
(@)

mawnaiingasaniine (final state sintering) (udrafisnyulutusuidula
FipwmazAesq gnidelivualuanntunuegising Tagedenalnnisuns
Y9391NAIININTLOBNINALLLIVOUNTY W mgnoanUaIniivestusu
JeaphliAnn suduiniuiuainiudnisadndes vuinveansuds
dstulunssndntrsgevieiifegui 230 () edrlsfmudinmsidvlnves
nsutudafulureunsufiasedouiiindigngu dwmalisnunsndilueg
Tunsu dewnsuiulaselUagiligngugnuensenainveuinsy deatlvan
Tomamsgnidneeniuld dniudsansiinisarvaunisifivinvennsuidu
ogsiievi s dngngudululfnniiga



UNN 3
ad o =Y s o
AN UUITIUIY
Tuunilagnandsneandonvesansiall gunsal indeaile nszuIunITAIe Lay
mMsasnaeuendnvaliamyvemnan TnsazSudustunounswiounaddenldiitelddu
anssadulunsdauassinmEn wasnsdansisinamaEnlusyuy CaNb,0, CasNb,0, CaZrO,
CaWO, uag CaCusTiyOp, Ma835U AT a0 1uza0 L ndunsraaavlaseadiandn

mswagula audivnanienin audinisenuseu audRladianysn uazdyg1uine1vegns
HanSedla lneiisigazdeanmudiusialuil

3.1 asadildlunmeass

311 luleweuesnles (Nb,Os) AMMUTANE 99.9 % wAalasuTem Advanced
Materials Uszmaanigauisn

312 woiladsueanlad (2r0,) A1NUTANS 99.9 % wanlasuIsn Advanced
Materials UsgwAanigomng

313 faaauennled (WO,) AuuTans 99.98 % ndalasuisy Advanced
Materials Useineanigeissn,

314 eeuesoanled (CuO) AuU3avs > 99.9 % nanlagui®m Sigma-Aldrich
Usgnadu

315 lndesllasenled (TI0,) AuuIqns 99.9 % wanlasu3dn Advanced
Materials Useineanigeisisn

316 lofiauoanesed (ethyl alcohol) mNLUTanS 95 % wanlneuTHm Usmalne

3.1.7 Indhilaueanssed (PVA) naslagusen Fluka Usemeaingasiaus

3.1.8  aygii

3.19 AU

3110 HIndu

3.2 gunsaiuaziaSasiianlilunsmaass
3.2.1  wwenaraannieunUn
322  glusadnssusus
323  gnuawesiailly (ZrO,) Ywindur I uAuENa1s 2 5 uag 10 Tadwns
324 wUnIune
325 nszawesd (foil)
3.2.6  WOUANEIIWNAERN
327 doudnansausulad (spatula)
328 ANNU (forceps)
329 dnnesuuin 1000 Nagans



3.2.10
3.2.11
3212
3213
3.2.14
3.2.15
3.2.16
3.2.17
3.2.18
3.2.19
3.2.20
3.2.21
3.2.22

3.2.23

3.2.24

3.2.25

3.2.26
3.2.27

3.2.28

3.2.29

3.2.30

3.2.31

3232

3.2.33

3.2.34

3.2.35

30

Jnnesvuia 500 Taddns

Jnnesvuia 100 faddns

Jnnesuun 50 Nadans

nszuanioialeanosed

AZUNTINTDS

wyiskslmandusunIuans (magnetic bar)

ATNUAE1S (agate mortar)

geaUnaaRndmiuldans

NIEANENTIBLUOT 600 1000 waz 1200

oy

oee¥giiil (alumina crucible) WiawrnUn
LLﬁﬁmw‘Tamﬁm%’ué’msﬁugﬂmmmé’wim@uéﬂma 10 Hadlums
wkEuliAuSeu (hot plate) wionfnaNa1sLUULILMAN (magnetic
stirrer)

i3sungaenaLasuuUUngessadinua (ballbmilling)
\3osdnszuulalasan

\n3eeaRdneaninuaziBen 0.0001 n¥u nAnlAsUSEW Fisher Scientific
UsemAdangy

w3nsdansledn warlaguSen Flisht Usswiradnmasuaus

FoUaTaaMQL 200 peFgALTYA HAMLABUSEN Fisher Scientific Usyine
DINQY

wninlnihgamgil 1200 ssrwaidod nanlaguIen Nabertherm Uszine
oIl

\A3oatonwisdwgoetsatsudaiunlnsdines (Xray Fluorescence
Spectrometer) NAALAEUIEN Bruker Ju SRS 3400
wseameslunsndunineuilawed (Thermogravimetric Analyzer) nanlae
U Perkin Elmer §u Pyris 1

F3emIIdeUNI S oINS Eend (Xray diffractometer) nanlasusm
Philips 3 X'Pert MPD

Lﬂ%ﬁ]ﬁﬁdL%EJ%Vli’luﬁWa%uauWiﬂLifﬂﬁL‘LJ nlnsiitnas (FT-IR spectrometer) W&
lagusEn Perkin Elmer 31 Spectrum GX

w3 uaUnlnsdmes (Raman spectrometer) nanlagusem Thermo
Scientific 34 DXR Smart Raman

NADIYaNIIAUBIANATEULUUABINTIA (Scanning electron microscope) AN
lpgusEn Zeiss 3u EVO MAL0

P399 LCR meter nanlauiem Agilent Ju 4284A
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3.3 nszuiunsssunsdanldannaantaarduansasdulunisdaunsizi

AGh
331
332

333
334
335

33.6
3.3.7

3338

yheuaveraFenldfmeniiendu 2 seuuazdaiialiaven
yhewazeawdenliseiefiausanesoduaziludingeuduiian 24 §alus
dieeulyiuiis

thidenlifiuisnuamensnunans

Fuvdenlafiiunsuadiuan 50 nduasuunszmulesd
midenlvadumananainiiussggnuawesladieguazifuiofiausanesed
adlvauwvhugnuawesladeifiellussislunisvdedu Uarlkainuassiu
shemunaiusieietosiunssdu

thuaananainyinmsuagessegnua (ball-miling) Wunan 24 Hlas
thuananadniiiunsustessugnua (ball-milling) 158 uFe8ud N1nT84
Ingldnzunsansaddininesouin 1000 taddnsuatldiefiaieanasoddiegn
UPAUGALRA
lawismimdnasludnnesuazihlusemeieiiaweansgeduuniuliniiuiou
yhmsthununaeanatwaziilueulius
thraidenlifiumseunianuafeasnuamsiaz iuldgedy

-

2n# 3.1 uansninudenta (N) NMBNAINTYNANUEEDIA (V) AMUNSINTUARILATAUAETS

reuthluuadesmegnua (ball-milling) (A) Mendan1suagesnmegnua (ball-
illing) tWutan 24 Flus

3.4 NSTUIUNISLASEUNINANTUSZUU CaNb,O, Ca,Nb,O, CaZrO, CaWO, uas
CaCu;Tis04,

MNISWSEUNe CaNb,Og CayNb,Oy CaZrO; CaWo, kazCaCu;Ti,O;, tnaldunas
weadsumsuausanidenlsivienlsindunazansasdusug deldud Nb,0s Zro, WO,
waE CuO TiO, TnewIuunnanveansaollil daunseddl 3.1 - 3.5



CaCO4(s) + Nb,Os(s) —>  CaNb,Os) + CO,(g) (3.1)
4CaCO4(s) + Nb,Og(s) —>  CagNb,Ogs) + 4COL(g) (3.2)
CaCOs4(s) + ZrOy(s) —>  CaZrO4(s) + COLg) (3.3)
CaCOx(s) + WO4(s) —>  CaWO,(s) + COyg) (3.4)
CaCOs4(s) + 3CuO(s) + 4TiOy(s) —> CaCusTizOyx(s) + COL(g) (3.5)

341
342

343
344

345

34.6

3.4.7
34.8

32

Fiansdadumudndiuiidosnsasuunsemuesd
wansadluriananainfiussggnuawesladisguazifsiofiausanegedadly
auvhmqﬂuwnaﬁmﬁaLﬁal,i‘;luémiwsluﬂ’]wda?{u Upslvainiasiuargmny
matueliiatlostunssidy

thuananainyinmsuagessegnua (ball-miling) Wunan 18 Falas
thuananadnilriiumsungesmegnua (ball-milling) 138uFesud u1n584
lngldmzunsensadlddninesuuin 1000 faddnsuazldiafialaanagadaiegn
UAIUALEA
Tawisusimanastudnnesuasthlssmeefiawsanegeavuiiulinlnusou
Fmstuniusasanar wazihlveulmwiadunat 24 d2lu
ﬁ']mwamﬁmumsauLLﬁammé’mﬂiﬂummmaﬂﬁiuﬁ’maaﬁuﬂmﬂﬁaﬁw
mmﬂmmLmalsziu%smnmammﬂuﬂmmLma”lfzjumﬂsuama TGA
mmmaﬂﬂmmﬂmiLmLmavlﬁzmmm’;ﬁ]aaumamﬂuﬂmmmwumEm a@Lend
defudumsifaauians

3.5 ASZUIUNSLAIALYIIAN
Mnswseneanlnediaaniwsedlanuguaien1son (pressing) THguaull

[ < 1 - 1 1 L a a
anwaztlukaunay (disc) VUIAFUNIUAUENAIN 10 UARLIAT

351

352

353

354

Fanardnfiwdodliuszmna 1.2 n3u nanduinalafiausanesed (PVA) A
datudosay 5 lnsmindeduiuszany (Binder) Tinainzfuléftu ua
Haulii AumeAsNUAENS
yhmsdaluwsifanilangimeiniessalussuulalasanimemiadiu 2 fuilunan
2 wiikazanuay 3 sudunan 1 widl

dioldTunuitsntuguuds (green body) tnandmiesludisegiutuaznay
Fununsegiuiftetieliinslvadouresaufoudngiusuing fulunn
Armauazneieogiuntiaiin
thénsegliufizsstunuidsuiosudidmifievnnsundunes Taowu

%
Al

7l
gamndl 500 asrnwaldeaduna 2 FilulaelidnsinsTu-asvesgunglife

2 ssmwaldeaseunyl erfdn PVA sanld anduiingunailiasduauia
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d‘ v a I3 [~ o'J a v dy
NADINITEITUMDS WAZRLTLTUIAN 4 TIUIlReRdRS1N1STU-8 998
Ao 5 asrwayanauIn

3.6 aTvEeUasAUsEnaUvRIsMglundenl v lnenalialangisdwgoaLss

wuaUnlnsalal (X-ray Fluorescence Spectroscopy; XRF)

thrawdenlaiwiealdluimmsssiesevesiusznevvessinaislunsudenlylng
wedaenuisdvigesisawusannlnsaled dwdnmsveaedn XRF Ao 1Wesedlandugugd
(primary x-ray photon) anvasnssd@ondyaudivuaismegazdunalidianaseusslugn
(K-shel) v83aznountaluarssiedimansanainezaoulujuvednlndidnnsen
(photoelectron) liAnteriituluididnaseutiu Saiaansievmonazliiaios evnou
wndudannsfiaestulasmaiuasussiundinuredidnaseuasuenid 1 unuiidesing
fanann dslunisidsusgiundanuvesdianaseustiinig vanddesssdidndyiond
(secondary x-ray photon) %ﬂﬂiﬂﬂgﬂ’ﬁaﬁﬁ’ﬁﬂﬂ’iﬂ “Ngpaisalgus” (fluorescence) Weieau
vosfadiBndniogifivantdoseeninasiiduandatudufuanuunniiswessed undey
Gusuvesdidnnsewisueniiiinmsuasussiundsnuivssiundsinuyearesineiiinen
Y@dndugund SediBndniegiMAnainusngnisainigeeisawudazidusedidnd iy
endnuakanizvassnutazaiia dnfunada XRE Sddlun1sngaaiiasiziniesiusznay
Yosa3megsld wisgslsimumedia XRF azlilaninsadiesizisn 11 519UsNU0IA1519
50

MR 3.2 ipTeseneisdngeaisawufaUnlnsines (X-ray Fluorescence Spectrometer)
U SRS 3400
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3.7 ASIAHOUNORNTTUNNINIIAINSBUVD A5 LaeNATALNES IUNSIALUNGN

aunla®d (Thermogravimetric Analysis; TGA)

thansuauiléndaannisuanasluyinnsasadeungAinssumemesmus eure4ans
Tnowadameslunsiumineunladaitemndiseamailunissnunaled lnsmaia TA Uy
weiaflifenzienuaiosvomsiegadieldduanudou Tnsnisfadininussans
fhegraiiasundadiuusiaziigamiseniesdsitneibgs Tunisiasziasfedig
asfhegazgnsu LAt adndaTeusefuintesdaziBuadidaiulasdents
Wasuuasgs Inefviamunazegluwnftainsamueugunaliuazussenniald vssene
meluenvandunfades 1wy ulssay vieufanfrnudedly Wy 81n1e w3e sendiay
Tnsihninveshegsiiuasunansintuiigungiian snesan susiazviin Tngdiniing
melutuinnanmssane madesaas wiemainUiAseeg Ssieyanisiiesievias
griufindumesluunsufinaninisudsuwanimiinueshesnawarguvg i Selusuided
LATIVARUNGANTIUNIMANLToUTasan sadludaamiivies - 900 asrnlwaldua Loy
f8msnstu-awetungiife 10 ssmuwaiTuarounii

AW 3.3 n3eaneslunsniwninountawes (Thermogravimetric Analyzer) Ju Pyris 1

3.8 asvdaulnanwalanzlaawmaian1siaeuusedLand (X-ray Diffraction

Spectroscopy; XRD)
thussdnildannnsenuaslsdlihmansaseuiendnvaifemaianisdeanuy
¥9459310n4 FaifudFilivinarear3f10619 (non-destructive method) lngldudnnis
Aoy (diffraction) vasisdiondiinnnsenuniitndnaesansiaogefiyudiaqfu nans
IinseddiliazgninluIeuiisufugiudeyauinsgiu JCPDS (oint committee on
powder diffraction standard) tieszyinaiaesdusznouresalsiegne lagunAndnayil
SwarmsBonveesnoudiudy 9 FednwarmsSoshiazuanm siululundnudazyia
dlesadiendnnnssmunnazyinliAnmansnds (scattering) vosisdlondanyaszuruinanil



35

Tnaidulumunguosiusn (Bragg’s law) Gsazaninsamszezissznineszuiuls lngoide
quns 3.6

2dsing = nA (3.6)
ho) d D TTELWINIEUINTEUIUVBINEAN h k|
0 fo suilAnninmadenuuidiend
n Ao wdwwileg (n= 1,2 3,.)
A e emugmeduvessdendiildarnthnewndianUszina
1.54056 sanson (A)
Tnersulsildnsafanmand vsunuisedisdd fe
gamailunsiase 25 pariwaLgya
431 20 Sudu-Auan 10°-70°
RTINITNTIVIN 0.02°/1 U

AWl 3.4 We3psiendisdinumsndy (X-ray Diffractometer) §u X'Pert MPD

3.9 N1IATIFBULBNANEALANIEAELNATAYITEINIIUaNTUDUNILTA

=
dwnlasalal (FT-IR Spectroscopy)
Uamanildanmsenuealadluitnisasirasumnyilandulanizveal saie
wadlaniSgsnsuanesudursisaadnlnsalal laenisianiseandusednedlugig
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dunsiseiieglurisiavndu (wave number) Usgunas 4000-400 cm (middle infrared)
leluanavesansiegiganausdsunsusadluashlsiusdluluanaiinn sdunazas
sy viliAamsdsuameduiana msillmanaazgandussddursnsaldduauivos
Ya@dunssadeshfuniinisduvedmanavesanstug TsansudasyiavzdArnaui
maqm'ﬁé"uﬁﬁﬁLW’]mmmmm@hqﬁ’ulﬂﬁﬂﬁmmmﬁ']LWﬂﬁﬂﬁuwiﬂuﬂﬁsiLﬂﬁwzﬁugﬁaﬁsﬁwm
asld nsuansmaiildannnisiasizdeiemedaiuanuduauduiugszninianau
(wave number) fuilesidunisdesiiunas (% transmittance) 393897 infrared
spectrum  ¥1n15n519doulasd InanEnTildannn1swaabel u i n suaRaNfUn
Tnunadealuslus (KBr) lushsndau 1:10 9w sdadieiniesdalalasaniinnusu
5 sudunan 1 nilielrladudiaune Fawe KBr faudfameiimindinvesnanildiy
fA1uluseuas wawuldaildnansnaassildduiiivosifunisdesiiuuas
(% transmittance) figs Mntuidnfidaldluldluusiusasiusogsuuulsenunoutng
130 FT-IR Spectrometer

MR 3.5 aTeaisesnsuanesudunsusaaunlasiiines (FT-IR spectrometer) Ju

Spectrum GX

3.10 N529dULINA NEAlkaNIZAramAdAs 1N ILaUntasal Al (Raman

Spectroscopy)
a < a aa =3 Qll [} 4 = [ [
WAdATINUTUENITUTIN Tl luN19ASI9d0ULBNANWAIUDIATS TI91RENANNIS
a a I | a -1 = a a =~
nsziauasvadluanaiegluyinavaduuseinn 100 - 3500 cm - Fauadiingziiteanu el
) = A A A A o ) & a v a
NI U 9ANNY1RAUAsULUa U e U UANUE1IAR UL UAUYDILAINANATENU
iliAnludya sy dmsunuitedvedasmnulunmsvege ulonanwalyeananany
Tannswwealadlaeldiateastunisia Ae Ar @9lunisinazdiaisiiag1sussunn
0.5 N$UINPAINMELATaPAEINAINSUATISIUNY NBULILTILATIRTIIATIERT 1LY
(Raman Spectrometer) fauandlugy 3.6 Weyinsinsiely
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AT 3.6 1ATRsTINuaUNlesiikes (Raman spectrometer) 35U DXR Smart Raman

3.11 ASIVABUANEALLNIIH UFIUINYIRIBNAD99aNTIAUBLANATIURUUH B

N319 (Scanning electron microscope; SEM)
a dy V=2 = o 1 =) QI nll a 4%’ dll

wellatiagldAnwdadnuarsusiuazuninveseunavsedudanUao uiiindu Lite

uneduetenuduiusszninatadelunszuiunisias suunna1 9 U linanoNINan g
a % a a ) | oaAA o ] v .

wisld leeisuannnswivuiesaianwasdundmiduani suaiuass (suspension) Loy
inllavanemeefiaweanasaa (ethyl alcohol) waai1AINare1ARI8IATBI0anS 1 Laila
(ultrasonic) Usesna 5-30 w191 8UAIARIBEI9ENTLINEAIDON IINTUINIHUNBILAY
(copper tapes) UnunuliANLSaU Woununesnssuseulmimes 193 sulivenans g
NANLHUNDILAIUSZING 1-2 voanazislililofianoanogoasslneaunun 91U ULILNY
neLAsRnasuLLiNegilleu (stub) uwiihlUndeuimihvewunumenasm usgnsinglyd
watnalnnesse (sputtering) Wuran 30 Funiinazirluasivdeudnvasnisdugiuing,
1% 1% fa 1 [
MmENaeRanIIAUBanaTauLUUdeINTIA (SEM) dauandlugy 3.7

A 3.7 NdDIgaNsIMIBIANATEUKUUABINT 1A (Scanning electron microscope) 34 EVO
MA10
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vy a < a a

3.12 psvdavaNUAlAaNNS NN

3 TaAan NEBNdLInG () wasAdiUsznaunisagydenialadiannin (tano)
Yo inile Weuiunsiasuulasgamgivazanud Ingdiiesifiniidesnisnaaouun
TRl ULAZVUNUAUTIADINTNAILAT03AATT (grinder—polisher) Taglunszaunsngiues
600 uaz 1000 sudwiu Wildwsfinfinnuruivseana 1 Taduns ieuazo1ngsiin
Maudwnersesdansleindunan 30 wiil euldnnuruiigamall 100 esawadeailuy
wan 1 Falus dluinamamun Wuiiugudnatsiazvunndide 31ndudiunin gyl
(electrode) Tagldn1iRuailawn maRmtvesesdinnsaesnny (aesyilailiidouusiin

a o = a =~ I3 N v o &
YousEn) wazthllmfgamall 750 ssrnwalvaiiuinaiuiu 20 w1 AednsInT Y-
angamall 5 ssrwaldyanaul ielinIRuLRAzRniuRIw EnlaATy AnduluTa
' 1w = a & a v & [ A
AmnaRlnd wazAfuseneunsgadensladidnninmeiasae LCR meter Landaagua
3.8 way 3.9

AN 3.9 LAAIANYUENITININNEITAIDENS



watheanagliihnlanmuinmmaningeuduinslasefoaunts 3.7

dC
g, =——
EA
de & fe Aman neeNding (Relative permittivity)
YDIAITAIDYN
= o 1 a I I
d A9 AINUNUIVBIATEIDEN (HrUaUU 9.4.)

g,  Aa mMamnuaNduimslugyyinia

(e 8.854 x 107 Fm )
A fio fufivosthliihvesanssodns Emhedu )
C  fg Al (Capacitance) vesa1368e19

1
a A

Taganaglumsinswiililunuided
gaumnilunsins e 25-250°C
Snsnstuasgnmnd 10 BeF@aLdearauNd
Al 1 10 uaz 100 KHz
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NaN15298

4.1 MSLEsENRILARLTINA1SUBLUR (CaCO, powders) anntuaanly

¥ ¢ 3
& b [ P A

5UN 4.1 (n) wWhenlulnwdens (v) dygruinerveaddentyliniuaiudnuing (a) dygiu

eventonily (1) dugiuinenvesiiionlisuuen

Tunuiddeillawiounaeadounsvaunieliiluaisiiuainiudenlalimbea
uaneiagunl 4.1 (n) wazdugiuinervesdiudsensvresldenlylnazuanddusui 4.1
(v-9) M mdgIuIvevesldoniulinusiusnuinwansdiulszsnevresUdonluianun
= v i a a 1 A | v 2 A v |y o
FnuaanveInIn Ae Wienmuuenvestdenluwazsnuuuanvedsy fie Wevulydeousiu

fuvaetuiinnuvuieglugie 50 - 75 lilasums dunssnansszniiadionlduavideviule

v v 1 '

2 ~ & PRy P < '3 . < ~
fie unalenmTuauniillasaituluunaled (calcite) uiiafifuag1suUuliaIUUIYDY
dutlegluyag 325 - 350 lulesims U7 4.1 (A) fe duguinevendeuliddnuuedy

Wuloveaansdunss wu Tsiu Yszanuiuduadngduiuinnwasianetu UM 4.1 (3) Ao

v @ '

dugnivervesiadenlamuuen IRwUFenlvagnunisuiadifuet1snuInduYewdn

Y
a o

waales Radenlafimuinivgesglisousasnudndgdn q ANuidIuIuuIndadugun

¥
1Y

WeulgaoniAnnauuenvesudentitdiuluresdenly
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MntuthdenlafiiiunmsyianuazemIsufesudiuinn1simI s unsLaaLg o
msvaundy Tagvhmsungosidunan 24 $alus mnduthlusemenazevldudeadnagle
HaLAalTELMSUBILUREaNI tnsaadaumsuauniiviouldiuinsiadeuesnUsznaues
s1alasinatialonsisdngeatsatsunainlasalal (X-ray Fluorescence Spectroscopy;
XRF) wgfinssunisnluisuvesaisinemadaimeslunsiduninosuilada
(Thermogravimetric Analysis; TGA) Tnssadandndaeimadanisiagaiuusadiend (X-Ray
Diffraction; XRD) wazdnwaendagIuing16i8nad9anssAudannsounuudsInsia

(Scanning electron microscope; SEM)

JUT 4.3 nawpailansuaiunfivseuannudenty

Qll wa = L3 ¥
ﬁ]’]ﬂz‘ﬂ‘l/l 4.2 4ay 4.3 LaAduuaNIaNIgATNUDNILARLIINAITUDLUANIINIT AT LAY

NILARLTEUANSUBLATS sua I NWaDNY 91N SAWNANIIERI9ianuusNAa ey A



a2

WunanTivusdn azden 29717078 LasRWAAREUATS UBLUANIINITANAZTANU1IN IV

= s A a ] v
LLﬂaL‘UEJlIﬂ']TU@LUW‘V]Lﬁiﬁlmf\]qﬂl’ﬂa@ﬂleﬂl’aﬂuaﬂ

100 —

AY =5.68 %

90 +

—
c\c’ AY =44.86 %
3 804
X
=
DN AY =40.53 %
=

60 <

——— Eggshell
504 ——— Commercial CaCO3

L) ¥ L] % v M L) i Ll R v v L] M Ll %
100 200 300 400 500 600 700 800 900
Temperature (°C)
UM 4.4 HanITANYINGANTTUNIIAIIUTOUVBIHILARLTEUAITUDLUANIINITATUA Y

NILAALREUANSUBLATWS sy nWaanty Tnamadiamaslunsniwnsnazunlada

NIV 4.4 HAMSANINGANTIIMIIANNT DUBIHILARLTBNATTUDLUANIINTTAN
WisuisuiunaeaiBenmsussiiviouandentls lnemetiameslunsiuminevuila
e lagTna1ngaumiivieatis 900 ermiTalEaNUIINIUAATLNATSUBLUANIINITA1LIINS
aaesuesans 1 Tgamivszana 600 - 770 ssmiwaldsalagiivinananiuiesay
44 86 Tgrhnindauansmaifinmaaansfvesmsunadeumivelun (CaCos) sonunlugy

wpaLeueanlyn (Cao) waziamsusulasenlen (CO,) [50] AsENATS

ANSEY

CaCO5(s) —> Ca0 (s) + CO,(g) (4.1)

TuduvesssuaaBene fusiusivisuandenlinuindinmsaaisdvesans 2 dregungd

fio Pr9gamgliil 1 Uszana 300 ssrniwaldeatuansfiamsiinn saanefivesalsuszney

Bun3dineg meludenld Tneunanaadusosas 568 ssmwadoauastgungdi 2

Usganae 600 - 720 asmwaluauaninisiianisaansfivesansuaaideuamiveineanunly

sUuanBeueanladuazfamsvaulnsenles Tnemsameshiiiigesiminanaaiudesas
.

40.53 lngihwtinuazansupadeua susiunazsildswdunnal@oueanladed1aauysali

PauMiUTEIN 720 BeriaLded
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< —— Eggshell
= —— Commercial CaCO3
=
<
N’
£z
174}
=]
&
=
[Se=]
- 4.1__lA,M e A
CaCO3 JCPDS no. 85-1180
| A | | I I|| || e o 1 A A
T T T T d T T T T T d
20 30 40 50 60 70 80

Degree (20)
5UN 4.5 SULUUN S8 UYL NG UBIHILARLTENA S UBLUANN N1 T ATLAT K ILABLT B Y

s I = |
ﬂqﬁ‘UaLu@V]LmiﬁuﬂqﬂLUa@ﬂ‘lm

INFUTN 4.5 UanegURUUNITIAEIULYRITIFRNTURHILARTENAT T UBLUANIINI TAN
WATRILARLTUUANSUBIATMS s NWABNT NUIINILABT LA UBLUANIINT S AT LA ZE S
a & A - ‘a AN A A o X v o
wAATEIA1 SUBWRTIMSERRINWERN U TisUiuURamEauiy TURUUNITLAYILUUYDI5E
wngilalaanndesiugiiuunsideiiuuressidiondromaadaunsuoiun 31ng1udeya
W1ATFIU JCPDS 1au7 85-1108 lagdllaseastamanuuuseuludnsea (rhombohedral) @il

ssuuNanly R3c

M1319 4.1 BIAUTTNBUVDITIAVDINILARLTEUATSUBLUATILSBua nUFanlulaeinatia

nasdngessawusanlasalat (XRF)

3 IS a
BﬂﬂUSSﬂBU"UB\‘iﬁ’]GﬁJ@ﬂN\‘iLLﬂaLGZJEJll Usunau

msuaaTinaNaInUdenly (%)
CaCo, 96.2

MgO 1.16

Na,O 0.99

SO, 072

P,Os 0.34

CuO 0.21

Fe,0s 0.19

K,O 0.07
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INNANINTIVABUBIAUTLNBUVDISINVDIHILAAT LA SUBIUATLASE U1 NLUF BN LY
lngmafiaenusdngoaisawudanlasalatl (XRF) Wuin109AUTENoUNANYBIHILARLT Y
3 a4 a Lo =~ < A a ' = Yy o
AsusuaTvIzuINRenlY Ao uea@eumTuaiun IUSinannnd 96% Teaonnaediiy
Ha XRD MuandlAssasnwasmadoumsuaiunuazuenanidndanuesausenaudu 9 lu

USinaudntioeiiles 3% INNINUARILAATIUATSIY 4.1

Tuym WD 156.0mm

JUN 4.6 FUgIUINIIVIIUARTENATUBIUANIINNTATIMATUEIE 20,000 1

X

JUN 4.7 dugnuivenvesupa@eumsuaafiwssranudenlunimdwens 20,000 win

JUM 4.6 Uay 4.7 LanIdugIuINg 1 Vo INILARTIUATSUBLUANIINTITAT LATRY
= 3 S o = a0 o i ) o a =
wAalEuA1SUBWRTnS BN INWRenlunmMawee ey Tng dugiuing1veusaaldoy
AISUBANIINSALaRsaNwazYateun Alulrisedensyaneduiuilungu 9 I8nsidau
FEMINANUNTERANLEIRFWIU 0.08 + 0.02 lulasuns Fauana1991ndugIuine,

=~ 3 ] = 1 Y .:4' L a A
VORIUARTENA SUBUATIWS A NG NI TRANIE N Wz Y B8 YN ANA 8L AEY NURIT
Y3UIENITEEFITRuTUiUegTIUTM warlinnuuand19iuYesvuIneun AT tldalunse

MuvuIneUNARaeLa
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4.2 anudululaluinmsiduaaidauaisusuanassulaainilaanlaiduans

aefulunsdaasizinananuaadenlulawn (CaNb,Oy)
nsduaTzvananiaatdesululolun (CaNb,Oy) lagldasasiu Ao LAaLdeu

Asusluaiwssalaandenlunasluleoumungoanlaon (Nb,Os) AIEUNS

CaCO; (s) + Nb,Os (s) — CaNb,Oy4 (s) + CO, (g) (4.2)

TagA3UfATeanuzveauda (solid state reaction) vn1sungesduiian 18 dalus rly
sumeuazeuluiain andufnvinginssimisanudeuvesdn snauseninsasaedulng
wiadaweslunsduminazunladia (Thermogravimetric Analysis; TGA) Lﬁ'amﬁwqmmﬁ
Tumssnuealaiuazihmssnuealsdlagamafifiednw Svswavesgamnini sLr 1 uaaletid
fnasemsifntavesensuradedluleun Mntuhnednfiunmsmiwealedudneinis
Aawlanasinssadrsdnomadanisideiuuossdiond (X-Ray Diffraction; XRD) 152980
93AUTZNO UNILATY BsINANA28Al as uIualUnlasalal (Raman  spectroscopy;
Raman) Wi3esnsruanesudunssaaiunlasalal (Fourier transform infrared
spectroscopy; FTIR) uazfinwleastasnsganianigndetqanssaudianasounuudednsin

(scanning electron microscope; SEM)

100

AY =1.62 %

AY =11.34 %

Weight % (%)

90

85

) ' ) ' ) ' ) M ) 4 ) ' ) ' ) '
100 200 300 400 500 600 700 800 900
Temperature (°C)

sUN 4.8 nan1sfnwinginssunieainuieuvesarsasnulunisdunsisiniunaigey

Tulawwamedsuinsenaniuzveadadesmadamesiunsdumsnezunlads

INFUN 4.8 UAAIKANTANINGANTTUNIANNTO UV TAIAUTUNITHUATIZYING

=2 I 19 aa aaa < a a a a
nanuaadeululelunmeIsufAsenan1uzvewmltlnewmatiamesiunsiuninesun lada lay
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a A 1

TPNQUNNINRATT 900 BIFWALTYANUINANITAA8AIVEIAT 2 Y9Nl v Y3

ad = ¢ a Y a ¢
QAN 1 Uswanad 300 89A@alBeauanaian1siinn1saane6iiveda1susenaudunss
a9 melunral@eumsvaainssuldanudenldlnednninanawdusesay 1.62 1y
UMTINLATYIQUMIN 2 Usyanal 600 — 750 BafwalBeauanitian1siinn1Taa18fIves
arsumaldeun1iueiun (CaCo,) oanurluslumaifousenlys (Ca0) uazfing

msueulaeanles (CO,) [50] Asdunis (4.1)

AUSIU

CaCOs(s) —> Ca0 (s) + CO,(g) (4.1)

Tnemsaanemyrngesmdnananluiosaz 11.34 Tnguwin F@nnmseuIumiavg el
laAwidusesas 12.12 laguinin 33e1N9nnsneadlalminglds I uAIUIN 1 Ing ¥l
Jearursaninnisadladinisaansdivaefiaesiiintuidunisaansdivesing

miusulaeanlun (CO,) sanlunazarnnansinuIngANTsuNIANNTaUTRIANTAIAUET LA

Frvgamaiilunisiniwpalei fie 600 - 1200 aeAieaided

(311)

1200°C

-
=
[
<

1100°C N
1000°C H

900°C

(111)

(110)

(200
(211)

800°C

700°C " "
600°C ” |
Uncalcine M ﬁ

| \ | CaNb,0_ JCPDS no. 71-2406
1 1 1 L [ | Ikl - TR N
| I Ca(OH), JCPDS no. 44-1481
1 1 1 N
(.‘aCOJ JCPDS no. 85-1108

"Nb,0_JCPDS no. 37-1468

Intensity (a. u.)

L, T ——
I

T 1 T T i I T T
10 15 20 25 30 35 40 45 50 55 60 65 70
Degrees (20)
5UN 4.9 sUwuumMsdgauuTdendvemmdniaaidedluloiunnoulasnauniuaaleiin

gaumgdl 600 - 1200 esrnwaldeaduia 4 47l
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1200°C % A A A
— N
1100°C 3{" A A L
1000'c AN A A A
A A
~> | 900°C
S| e Ale o4 Al o &
< : A
g 800/C A o oa Al o A
g .T.?.:C._._.__.._._.Jt_/t_!\__._____:/\_,:___: A CaNb O
= ' 4 'S 276
= [swc NN ¢ 2:?\._ Jt ® Ca(OH),
&
Uncalcine : A ‘.. : i l 'T'CaCO3
T T — . : 4 Nb.O,
20 22 24 26 28 30 32
Degrees (20)

5UN 4.10 Usuumsdevusdiondremananuea@elulaiunnoulasndunwaaleui

aamndl 600 - 1200 ssrnwaidaifiunan ¢ s Turas 20 = 20 - 32°

91n3U 4.9 WAy 4.10 wansguuuuMsAsauudendromndnuaaidenlulelun
reunaendsmnmsuealeifigamafisng 4 wuirgUuuumsideiuuresdadiondnouin
wealsiidenadesiudssUuuunsdiuuresidiondvosmn saaiu fo uaalBoun1suaiun
(CaCO,) 3Nz uTBYaNINTFIY JCPDS @it 85-1108 warlulewdosnunzeonled (Nb,O.)
Nngrudeyaunasgu JCPDS il 37-1468 Tnglinumaudanvaesla 9 Wegamgiinis
wuaslgiviiy 600 ssmiraBazULuUMsAs VLYo T Ao NTuAns A ILAaLF oL
lulewniRntuintios uasdamumavesansasiuduandn delfiugumaginisimiung
londgetudu 700 - 900 ssmwalivannudufinvesnaasiaiudos | anasaudumaseq
waganudufinvounauradoslulowndos 4 istuauumandnuny uenainiaves
anshssunazuaadoululonuddmuiavesnaatfoslansenles (Ca(OH),) Uruuegdn
the Geaeandesiunuideves Zheng uaranziinuiuaadeusonled (Ca0) gungiies

a aaa 1Y & a < ) I3 [
szfnufAzefueuuluameavasiadulradeulensonleavu [51] fdsauns

v

DUNN LN
)Y

BN
Ca0 (s) —> Ca(OH), (s) (4.3)
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Sogaumglinnsuealeiviiiu 1000 ssmwaifsassnusuuuunm SdsnvuYosidiondi
aenndeafusluuunisiasnuuresdsiiondrosar suaadenlulaiun (CaNb,Op) 910
grudoyainmsgIu JCPDS el 71-2406 iSumauavddshimumiavesan sieiuuazinaraq
weaiTenllamsenledusngegdnuasdovhmamunaledfigumgigedudu 1100 - 1200
ssmwadsanusUuuunisidsnuuresisiiondiiaenadesivuaadoslulowmduila
Uiavsdsliusngfinuuanvaeule 9 Sanauigvivesuaadeululouniidaunsiewlds
lpssasnemdnuuueelsseudn (orthorhombic) waglisvuundnidu Pben (60) 31nNANS
yanesiigamnimasnuealeiviiy 1000 ssmwadeaiduna 4 92l Taefignsnnistu
- ANURIgAMYIIVINAY 10 ssrnialdEareundl ansawisumlauigviveauaatdosluloiun
1¢ Fegampinaznanlunisutaenadosfuauidoves Liou uazamz [32] %1019
dpspinausgvsueadeilulewnldlngisufatonanuzveudsiigumafinisinuaale
Wiy 1000 ssrmieaifsadug 4 Slustudertfunuided wsuenaninanisnaaes
faonndefunanTsANY NG ANTTIMIIMNL DUUDIHINANYDIANTHIA Y ADRAILTINTTINT
wealwiifianansawieumauigyiuesmsilfeglutag 600 - 1200 ssruwaldoa a1nuaveq

sUsuUMSEgIuuTdendvemmanueade lulownansadeunalnmsiiaal adeil

flgamgll 600 s ivaiTeoa

1. CaCO;5 (s) — Ca0 (s) + CO, (g)

2. (1-x)CaCO; (s) + xCaO (s) + Nb,Os (s)

—> xCaNb,O; (s) + (1-x)CaCOs5 (s) + (1-x)Nb,Os (s)

Mganigil 700 - 900 BIFYALTYE

xCaNb,Og (s) + (1-x)Ca0 (s) + (1-x)Nb,Os (s)

700-900°C
—> (x+y)CaNb,0Oy (s) + (1-x-y)CaO (s) + (1-x-y)Nb,Os (s)

gaunpivio

—> (x+y)CaNb,O; (s) + (1-x-y)Ca(OH), (s) + (1-x-y)Nb,Os (s)

Migaumgil 1000 aerLaTes

(x+y)CaNb,O4 (s) + (1-x-y)CaO (s) + (1-x-y)Nb,Os (s) —> CaNb,Oy (s)
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Intensity (a.u.)

5UN 4.11 rnuanasuvesananuaa@edlulalunnaukasnasannniswuaa by

a

9l 600-1200 sarnwaideadunian 4 Falus

91n3U7 4.1 wanssnuanefivesssdnueadoululelunfounazndsninns
wuealwifigamail 600 - 1200 ssrmwadualagyimsialutag 100 - 1000 cm” agnudn
nuadnafimesssdnueadeslulolunioutazndsainaisieiuaaletiigumgll 600
syrnwadaldnuasvasanasifindeiu tnenulnuanisdunuufednaves Nob=O fiav
AAL 900 war 990 cm [52] wazuonanideulnannsduLuuAEn Nb-O waslnunnsdu
LUUseYes O-Nb-O Tutias 650 e uag 100 - 300 cm - sy [52] legamgilunis
sruealgiifivgdiuanuduvesiin 905 cm ’ fifugedumulude Fefiad 905 cm” dde
firvoslnummsduLuUiedaues NbO, ssnnzdnsea [53] uenaindluunnsdudiiingu
Tug23 500 - 850 cm Wulsumnsduwuuidnues Nb-O waglnannisduiliintulugag
100 - 450 cm (Ul sduLULseYDs O-Nb-O ?z'%qmﬂnﬂimmmié’mmmaiﬂmuﬁwuﬁ
gaumnil 1000 ssrmiwaleaimiuaenaresiuwaa@eululaiunlusuideves Mathai wag
aaw [54] Tmsduassivnadenlulownlnedsniswalad waruenarniinasiunuds
aenAdesiuna XRD Bnse fie nuilaveswaadeyluloiumduinandnidowwaaleiif

gaumqll 700 asmwaduadusuly
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1200°C
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600°C \,/
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Uncalcine
W
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N
==
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000 3500 3000 2500 2000 1500 1000
Wavenumber (¢cm™)
sUTl 4.12 Furisiseanmiivesnardnueadonlulolunneunasndaainnsiniunalei
gl 600-1200 asmwaieaunan 4 Falus
Tuguil 4.12 wansuansdursusaanpiuvesnsndnuaaionlulountouuas
ydsnmsiunaleviieamail 600 - 1200 ssmwadoalaeinlugis 4000 - 400 cm’ 4

wm i ¢ N A A -1 Y = A 2-
anasunouLAaluITHUNATIBYAAY 1417 cm QSL@UI%M@ﬂWiﬁULLUU@QEJ@‘UEN CO4

=

[55] Fudumsduremgmsvamnmeluasiuiu nnduidegumgilunisimwaaledidia
2y anudimeduunmsduves CO,~ anassumeluidogungilunismiuaaletiviify
800 asrniwalda uenaniismuluuanisdures No-O lugruavaduiisnndn 900 cm” e
flavadu 478 uaz 566 cm  uARIBIlIANTAULUUIBTBY O-Nb-O [52] TlaAdu 661 uaz

742 uansaluianISauLUUAIEAuY NbOg aanmzdnsea [56] Lasnulrian1sauLUUAsgn

=

999 Nb-O fitauad 852 cm [57] szmmﬂnﬂiwmmsé”uﬁwuiu?iuv\ls']Lsmamﬂm%“mﬁmm
donadastuspaidodlulownluauideves Mathai uazaae [54] Fivhnsdunsiziuaaidey
Tulowslagianmsnlug uasuenaininadumsisad@onndasiuna XRD 3ndae Ae lany
wiaresiealbunSuBustadumaresmsisuionnuaaluifigamal 800 ssawadea
Jusuly

wenngamaiilunisinuaalgiazianudAysensiiansiiauanazlaseasisves

4

'
1 =

= Y v Ao o a 2 | ° ¢
LLﬂaL“UEJNVLUI@LUG]LLa’J {Ja3u91dn fy]aﬂ@UWQVUQﬂaL’JﬁWIUﬂqiLNWLLGUGUfuﬁV]Wﬂ']iLNWLLﬂaVL%U

Fdlmvhmsuealedngamnil 1000 ssmwaldvaLazlaalun s fe 15 - 240 Wil
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240 min
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(310
(111)
(311)

(200
(211

120 min
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30 min H
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Uncalcine “ ﬂ \ l
< s,

CaNP,Oﬁ JCPDS no. 71-2406

I L I 1 [P T A A ahl Blc L

| J . Ca(OH), JCPDS no. 44-1481
| CaCO, JCPDS no. 85-1108

Intensity (a. u.)

Nb_O_ JCPDS no. 37-1468
. I.Ii.l_. T F o A Ly ——

10 15 20 25 30 35 40 45 50 55 60 65 70
Degrees (20)

sUN 4.13 sUnuumsidgiuuvesisdiondramamanuaaideululalunnoulagnaiainnis

wuAalEiTignmll 1000 ssrnwalvakazlanalunIswIwg Ae 15 - 240 Wil

910307 4.13 uansgUuuuMsEEIULTesYdendromnEnuaaidonlulaiuntoy
uazmdsanmsiuaalsifienmgil 1000 ssnwaisauazlanailunisinug fie 15 - 240
it nuhstuuumadsauuresidienddeusnunaluisonadesuiasUuuuniside iy
yosivdienduasansiadiu fle unaiduua1suoiun (CaCo,) a1ng1udayaunsgiu JCPDS
aait 85-1108 warluleoununzoanles (No,0p) 9105 udeyauinsgiu JCPDS taad
37-1468 Taghinumauvandaeulag denalumswnuduiiy 15 uid Ukuunsidedioy
yosivdienduanaaneaieslulondumandn finavosnsdudunasos uazuanain
warmosansisdutazuradolulownuddmumiaveeadelensonlas (CaOH),) 3ndaey
Fsaonndesiunuifeues Zheng uazanziinuituaalfonsenled (Ca0) gunaiiviesay

dAeufisenfuanuiuluanaaninduseadeulenson ety [51] daunis

Qo Aviod

Ca0 (s) — Ca(OH), (s) (4.3)

dlenalumsiuiiinaudu 30 60 waz 120 wiimuddiu anuduiinvesiaan saesu
= s 1 B Y =
waziaunaleslansenlus deys anasuiioalunsIwdviIiy 240 uriagnugULUY
& v ¢l Y o & v o ¢ =
mM3dguuvessdiendnaenafesiugliuunmadenuuressidionduasarsuaadeulule

1A (CaNb,0g) ng1uteyaNnsgIU JCPDS 1avdl 71-2406 iumlauTgvddelainuilanes



52

asawulazaveswmaleilansenledusingeddn Faravsansvesunaifeululaiuni
dupsilasilassairsdnuuueslssendn (orthorhombic) wagissuundnilu Pben (60)

NUANMINPFRITIgamATinISIkARLEUNINAY 1000 ewrwaldeadunan 240 uail Tl

a 1w

8MTINTTU - AWBQUNYIWINAU 10 e lwalGgadaul?l a1usainsgnauIgnsves

waa@eululaunld Faeumgiinaziarlun1swIuddenndeeiuuITeves Liou hazame

[32] IvhnsdaaszimlauiansuradedlulownldlneiFUiAsenaniusveswdsigungl

1
Asealeiindu 1000 asmwaweaduna 4 Pluasufetunuisel wazusnaind
NANINAADIEIEDARABINUAUNANTIIANYINGANTIUNNIAUTOUTOININANVDIANTAIAY AD

gauniinswunalydnanusanseaauTansvesnsildegluing 600 - 1200 esmivaldya

905

)
@ @
™ wn

240 min '

0 \
- X w
r 120 min ]

e’
>
~Nd 0y

‘@ 60 min
=
)

N

E 30 min ‘

15 min
Uncalcine

100 200 300 400 500 600 700 800 900 1000
. -1
Raman shift (cm )

5UN 4.14 srnuanasuvesananuaa@eululaiunnoutagndainnisiuiuaalyli

gamall 1000 ssrnwaduataslanarluniswiny fe 15 - 240 Wil

N3UT 4.14 wanssanuannduvemsdEnueadenlulorniounasndsannisina
wpalwiifigamail 1000 ssrnwaiBea wazldnailuniswnug fe 15 - 240 w17t Tnesinn13in
Tuta3 100-1000 cm* esunuanesivesrsrdnuaaionluleiunioumiuaalodazny
Tnunnsduuuuisdaues Nb=0 filauedu 900 ua 990 cm’' [52) wazuena nddanulnun
MsAULUUAEA Nb-O wazlnunnsduluuees O-Nb-O Tugas 650 cm ' wag 100 - 300

-1 o w Y o i i o ]
cm - MMuAIRY [52] wazlonevasnisiuaalelanal nuisnuaUnasIYeILAaLIan
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Tanasuiingroiu Taenwufiafl 905 cm - ddlnunmsdunuuiiednuos NbO, sannsdnsea
53] uenanniivuansduRatulugas 500 - 850 cm” WulnuenisduwuuiEaes Nb-O
waglvuanisduiAndulugas 100 - 450 cm - WulnuansduLUUIeYES O-Nb-O ?famﬂv;ﬂ
Tnunmsduvemasuiinuiirnudenrdosiusradedlulownlusuiddoves Mathai way
antg [54] Ivhnsdaassiweadedluloiunlaeidniswalud wazsusnainduasiuiuds
donAdasiuna XRD Snse A wudveswpadodlulowadumandniiowmwaaleifinan

15 widuauly

240 min
—_— \\m
n
~N—
- p—
= 120 min
= ! WAV
£ 60 min .
— rr S——
[
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‘7 | 30 min
=
e
H .
£ [15min
@
Uncalcine ® STV e
e 5
W
W
S
) ) A 1 d ) i ) o ) L I ' )
4000 3500 3000 2500 2000 1500 1000 500

1
Wavenumber (¢cm ™)
JUN 4.15 BursusaaUnasuvesamanuea@eslulalunnaulasnasannni s waa by
gamall 1000 sarnwadvawaslanailunsmany fs 15 - 240 Wil

Tugun 4.15 uandunsiseaunesivaamandnuea@edluloluniouuasna1aInni s

ca

AR lwiTignmll 1000 ssrnwalvakazlanatlunIswuy Ao 15-240 w1yl tnednlugas
4000-400 cm * fiaiUnmsurousuaaledaznuiiafiaveadu 1417 cm - auidulnuanisdu
wuuisanes o, [55] Taufunsduremaiveunnigluasdaiu anduiiegumgily
mawwaaletiigamgl 1000 ssmwadvadaudingn 15 uniludulufliviingfialnue
M3duves CO;~ peud uazuonanimulvuanisdures Nb-O luthuavedudisiinin 900
cm’’ o Mlauedu 478 Wag 566 cm - wansdaluuamsduLUUIeYes O-Nb-O [52] fllavaduy
661 way 742 uansdslmnnsdunuuRsdnues NoO, eenazdnsea [61] wazwulnuanisdu

¢ d - -1 =t o A a 9
WUURIEAYRY Nb-O Miauadu 852 cm [60] Bwannnnlvuanmsdunnuludususaaiunasy
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Tanuaenrassiuweaenlulawaluanuddeuss Mathai wazay [54] ANIASENATIZ

wrateululawnlaeIsns gl

31D

observed

(834)
(525)
(221)
(321)
022
(1323)
(815)

&g
=

calculated

observed- calculated

mmmmm Bragg peaks

1m0 112 114 116 118 120

(200)
610y

Intensity (a. u.)

(1143)
1513)

145)

@54

b (110

I I
10 20 30 40 50 60 70 80 90 100 110 120 130 140
Degrees (20)

U 4.16 Ml eilassanamdnedaziBendemada reitveld 9Mndoyaguuuunis
Foanuuddionvemamanuaadeslulows
uennigslgimseseilasedwanedsazidonsiomaia reitveld 3ndoya XRD
YBININAN CaNb,Oy ﬁLNWLLﬂﬁlﬂjﬂﬁqmmﬁ 1200 ssrnwaeadunal 4 Hluwheldsunsy
9141 (jana) [66] uansdsgud 4.16 nuriavemeaidosluloiundaunsigiliuaziinluina
vosuaadsululatuaiisvuuuiinfimiloudu 1edasizvilasaaiisedisazidoanuii
CaNb,0, i unszildilaseadrmdnuuueslssendn (orthorhombic) wazdszuundmidu
Pbcn (60) lnsfiuaniiunsniiwos Ao a = 14.9556 + 0.0006 A b = 5.7507 + 0.0002 A uaz
c=52152+ 00002 Alpy o = v = B = 90° Jsdenadasiulassasrsemeadeululaiun

Y =

Tuau3Teves Silva uavanwe [58] Fatayanlnainnisimsieilasiasiseg19azdenvas

[y

wAaR el UlaUATEUAUNUATERN UL LEAIA AN 4.2
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M3199 4.2 Jayaannmsiesisilaswaivedvandunveswnalesluleluniis uiua wide
Y99 Silva kagane [58]

o

CaNb,Oy NUITeil NUITYVT Silva

wasAnly [58]

lAssasawan Orthorhombic Orthorhombic
JEUUNGN Pbcn(60) -
a(d) 14.9556(6) 14.9608
b (A) 5.7507(2) 5.7401
c® 5.2152(2) 52174
v (&) 448.5(2) 448.0550
Rops (%) 4.11 2.92
Ry (%) 5.48 7.32
Rup (%) 7.67 9.95
v 1.39 :

sUN 4.17 dugruivevesraeadoululoasnuaalyiion gl

Y

1000 aaA@aLTu AL
181 4 9l NAaevey 30,000 N

$3400 20.0kV 4.1rr{m X300k SE
. "_y

sUN 4.18 dugnuinenvesssdnuaadedlulownwnuaaleiigamall 1200 esmiwaidea

Wunan 4 $alue Afdsvens 3,000 win
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a [

douginervemesdnueadelulauarnuaalyingamiissiunanslusui 4.17

Y

a

uay .18 Tasduguinevesssuwaa@esluleiwmsnuaaledfignmgdl 1000 ssmwaidoa
LansdnuaEYeseYNM ANTInatemasy Tvuiadnlndifsatunazduiudunguiou
dnwaszuenindugiuinevestssanueadeslulownsnuaalediigamgil 1200 e
waidsatsdidnuarreseynensmatewden iufinFou Sanuuandisfurosuuineynia
othedmau i nduguinevemsdnuaadelulelunfiduasewliiansgumg il
wumaulanUasuiniu Taonsndnueaidoululornmuaaleifioung 1200 ssrnwaidod
fuuneymadewintu 2.87 + 063 lulasiuns Jaflvuingunialngnitnsuaaidesly
Towmsnuealwifigamail 1000 esmwaldoadiivuinoynialadewinfu 1.34 + 0.25
llasiuns

MywIzaumanikuuueulelumesuednieIsley131 (Ozawa) @1u150AIUIN
WEMUNTEAU (activation energy) TBITFUUAINKATBINGANT TN IATTUT DU BIATHIFY
Tnomedameslunsisminozuilada Fildsnalun1 3t u-asesgumgifiuand1aiusgns

108 3 A7 WUANNITIUNITAIUIN A

b 0.0048AF & @)
nfB=ln——m—— -10516— 4.4
g(oc)R RT

o))}
[}

Y} v 1
WaUNTEAU (kJ mol )

'
' a

LY a aaa % -1
ANAINEATINISINAYANTET (min )

D > m
o)
©

'
1 a

Aasiiveaufalugauad (8314 mol K

o))}
®

[
[y

9n31N13VU-asvesaull Twawidedfie 10 20 30 uag 40

hS)
o)
®

Aasvaslndunalnnisiinufien Tnsundsuazaus [59]

o)
©

o)

P = 5o a aa S & i a1
3']‘EJ\T']‘L!'Nﬂ']ﬂﬂ%eﬂaﬁﬁx‘iﬂﬂjUﬂatﬂﬂ'ﬁLﬂﬂﬂ{]ﬂﬁ?u LUUﬂWﬂQVW]VLﬂJlI

NalUNSIASIEAAUFERNS LULLBU LB LB LR8I S Law1 N

INNATBINGRNTIUNIANUSDUTBIAIARUlUN sduATIssNEnuAa s ululoLun
Tngmeadameslunsuminevunlada Faldgnsnlun1sTu-amwesgamgil Ao 10 20 30 waz
40 aaenstoudl fagui 4.19 TugisiifianisaaneivedansazaninsafmuInel o (extent of

conversion) l9a1nauns

(mrm))
o= (4.5)
(mrmy)
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v

UINUNBUAUNAN TS UAANITAAN LR

Uninvaeiiansiaeaaein o gaumngiisng 9

v
£ %

wmingavineiansaanefiasvany ol

Weight % (%)

90

------ Heating rate 10°C/min
------ Heating rate 20°C/min
------ Heating rate 30°C/min
------ Heating rate 40°C/min

T
10

L Ll Ll | 1 | T
0 200 300 400 500 600 700 800 200
Temperature (°C)

SUN 4.19 HaveangAnsIunIeANTouvesalsienulun1sduATIEinenEnuAaIge

Tulawalpewadamaslunsiuninazunladd Telgons1luni1svu - aaves

gl Ao 10 20 30 uaw 40 BeFMsBUT

PNUUNAANTINTEWINS N B Uaz 1/T aesUl 4.20 mnatuladgveinsinilaa gl

Y
£

Avhiundanunseiu ddussuuiaa@eslulaundimndanunsedu windu 1168 + 29

kJ mol”
0.8 0.6 0.4 0.2
e b ¢ B v A [ ]
SARRER
1 * v
2.8+
2.4 4
0.95 l.:)l) ) 1.115 ' I.III]
1000 T'/K

;.nh?i 4.20 N3 5N n B wag 1/T



ldl ! a e a = a ¥ aa 1
M35199 4.3 mledidnnsnvetuaadenlulalunn3sunigion15eang 9

MIRIfULAE  NITUIUMS aUNALATLIAN Amadl
ATUUIGVID TR Tumswniln  leddnusn
i Ta
CaNb,0g Waenly Ufnsenanue 1100°C 43.6
o) waeis SRNIGE 4 3l
CaNb,0q CaCOs Ujisendaiue  1100-1400°C 18
[60] (> 99.9%) YoIuds 2 F3lan
CaNb,0O, CaCo, UiAsenaniuy 1400°C 196
[61] (> 99.9%) Yoauds 2 il
CaNb,O4 Ca0 Ujisendaiue  1300-1500°C 18.6
[62] (99.9%) VI 2 Flan
CaNb,0, CaCOs UiAseanuy 1350°C 173
[63] (> 99.9%) YoIuds 2 3l
CaNb,Og Ca(NO3), ASEUIUNIT 1350°C 27.6
[54] (99%) i boadl 2 F3lan
CaNb,Oy  Ca(NO5),.6H,O  NIzUIUNNT 900°C 5

[64] (> 99.9%) 19a-498 6 4l




59

Aasiiladianyinuazanmsgadeladidnnindeuiunmsivasuulasaumngduanaly

JUT 4.21 uandlagyinn1sinngamgil 25 - 250 esrmwaldeanaiiud 1 10 wag 100 Hz

Y 9

i a Al A a a i = a & a A ' a
W‘UTIL"?ﬁ’]llﬂﬁJﬂ’lﬂﬂWVLWE]LaﬂVlSﬂLLaSﬂ']ﬂ’]ﬁquﬁﬂlﬂﬁ]LaﬂV]‘iﬂV]Q\ﬂusﬁﬁl\‘iqmﬂqZLI 25 - 50 93aAn

a0

walged uavdloaamaiilunisingluainanladianninuazainisaydeladidnnindian

=

= ISP Y a (% Sa o (% PN a IS
anasarasiuariimlndifesiulunnaaudiviinisin lneNeamgldl 25 esrwaldea
AUl 1 Hz Snasiiladédnviznuindu 43.6 uazlidnisaaideladianninmindu 3.89 @9

] M a s a = av 1 A veg Y] N
ﬂqﬂﬂﬂ‘lﬂaLaﬂmiﬂsUaﬁLLﬂﬁL"UEINVLUI'E]LUWELUQ'TU'J"UEJWN 9 Wl@ﬁﬂUqLLaWQWQ@qﬁqQV] 4.3

=
= 404 ----1 kHz
Z’ 10 kHz
30
8 ---- 100 kHz
&
= 20+ \
> —
.T...‘ 10
= 0
F4
o
=
L2 =
[£]
=4
N J WA ., \N o =
S
@
Ly @
50 100 150 200 250

Temperature (°C)

a

a 1 Al a & a ! = a & a = v =
ann 4.21 ﬂ?ﬂﬂ%l@@Lﬁﬂ%iﬂLLatﬂ’]ﬂ’]i’sjiyl,ﬁﬁl‘l@@Lﬁﬂ‘i/liﬂLVIEJUﬂ‘Uﬂ’]iLUaEJULL‘UaQQmﬁﬂﬂJ

Y

a
LLEEAINUR

4.3 anudululdluinnslduraeumsvaaiwseuldannudonladluansaedulunis
duaszirsnanuaatdeululaun (Ca,Nb,0o)
nsduas1zvranantaaldeululolun (Ca,Nb,0,) laeldansnedu s wAaLTo

Asvaluantnseulaainiddonlanazluwlotfoumunseanlan (Nb,O) AI@UNTS

4CaCO5 (s) + Nb,Os (s) — CagNb,0Oq (s) + CO, (¢) (4.5)

TagABUfATeNanuzveud (solid state reaction) vmsuagesduiian 18 §alus aly
sumsnazeuliuiain Mnfufnunginssumemiudeuvesdn suausenined saaulag
wallaweslunsimvsneyuiladia (Thermogravimetric Analysis; TGA) Lﬁamsdwqmmﬁ
Tumsinusalevuazynssnuaaledlagamgiiiefnw Svswavesgamniini s uaa il
fuadonnAniavesansuaaifenlulown mfuthesdnfiiiunsiewaaleduAnyinig

WNawlawazlassas1wiemaianisiaeuuues5981end (X-Ray Diffraction; XRD) #529&@0U
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23AUTENR UMILATU DININANA8wmAT AT I ualUnlnsalal (Raman spectroscopy;
Raman) ‘I{jL%EJfVliﬂuaWE)i‘uauWﬂLiﬂaLﬂﬂIMiaIﬁ"T‘J (Fourier transform infrared
spectroscopy; FTIR) uazfinwlasiasnaganiariendetqanssAudianasouwuudednsin

(scanning electron microscope; SEM)

<~ 90
AY = 25.05 %

70

e 7 AU E - RN AN~ N
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Temperature ("C)
sUN 4.22 namsfinwinginssumnsnnuiauvesasaswulunsduns e Aaide y

Tulawamedsufisenaniuzveadlasmadamesiunsdumsnezunlads

INFUN 4.22 KARINANITANYINGANTTUNANLTBUVRENTHINUIUNITHUAT 1 2R S
=2 = 19 aa aaa < a a a a
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mﬂg‘uﬁ 4.39 LEAITIINUALUNASUUDININANLAAT YLD LALUANBULA L RA 191N
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Y] ] = la v
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Y] ¢ P a ] P O v oA a & A

MMIEUATIENHINANLARLTINTIEAR (CaWO,) Tnaluan IRy Ao LATINATS UDLUAT

wisulaanldenlunazrawmulnseanlan (WO,) fAsdanis

CaCOs (s) + WO5 (s) — CaWO, (s) + CO, (9) (4.8)

TagABUfATeanuzveaud (solid state reaction) vmsuagesiduiian 18 dalus valy
sumsuazeuliuiiain Mndufnunginssumernuseuesansuaussninsaisaarulag
wiallaweslunsimvsneyuiladia (Thermogravimetric Analysis; TGA) Lﬁamsdwqmmﬁ
Tumsusnuealwiuazshmssnuealsdlagamaiiiednw Svswavesgamaiin st uaalesd
fnasemsifnmavesasunaidenluleun Mntuhnedniiunsmuealedudneinig
Amauasinssadrsnomeadanisiaeauueasdediond (X-Ray Diffraction; XRD) 3290

23AUTENO UNIULATIY BININANA8mATl AT 1u I uaLUnlasalat (Raman spectroscopy;
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Raman) Wi3esnsruanesududssaaidnlnsalal (Fourier transform infrared
spectroscopy; FTIR) was@inulasiasneqanianigndedqanssAuBLannsaukuUdeInsIn

(scanning electron microscope; SEM)
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CaCOs(s) — > Ca0 (s) + CO,(g) (4.1)
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INFUN 4.48 UanIULUUNSEEIUUYRIIELONTUDINIHANLARITE LTI dAR N B ULAE
MRIRINNTRIUAa LTI 600 ssrmiwaluauaslanalunsmiug fie 15 - 240 w1l
WU FULUUNSIREIULTRsSHend naumuealelaonAn 0an uB UL UUNI TIEEIUUTB
feflondveansisiu Ao uAaNATUBIUR (CaCOs) 31NF1UTOYaNINTFIU JCPDS Laud
85-1108 uagsanulnsaanles (WO,) 1MNgIuteyau1nsg1y JCPDS 1auil 83-0950 wax
WaNNUTIMUWETDILALTILYIERR (CaWO,) DAY ATAI1UIETN I SIAANETULNT g
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a . { Y -1 Y
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913U7 4.53 wanarimsfiladianninuazainisaadsladidnninifisuiunis
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(TiO,) AYAUNTT

CaCO; (s) + CuO (s) + TiO, (s) — CaCusTigOy, (s) + CO, (g) (4.9)

lpeBUfAseaauzvauds (solid state reaction) msuageesiduiian 18 dalus drly
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Y
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spectroscopy; FTIR)
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Abstract

This study focused on the possibility of using CaCOj3 from chicken eggshell waste as a starting material for synthesizing CayNb,Og powder via
a conventional solid state reaction. The heat behavior of CaCO3 and Nb,Os raw material mixture was studied by thermogravimetric analysis
(TGA). Phase formation of CayNb,Og was studied as a function of calcination conditions by Fourier transform infrared spectroscopy (FT-IR),
Raman spectroscopy and X-ray diffraction (XRD). The morphology and microstructure were charaterized via Scanning electron microscope
(SEM). The X-ray fluorescence (XRF) results showed that the chicken eggshell contained more than 96.0% of CaCO5; by weight. The XRD
pattern peaks matched the peaks of calcite CaCO5; ICDD No. 85-11108 very well. Furthermore, the XRD results and Rietveld refinement analysis
confirmed that the purity and single phase of Ca;Nb,Og corresponded to the monoclinic structure (ICDD: 49-0911) obtained after the calcination
process. The non-isothermal kinetic of Cay;Nb,Og also was investigated by the Ozawa methods. This study indicated that CaCO;5 from chicken

eggshell waste is an alternative starting material for synthesizing Ca,Nb,Og powder.

© 2015 Elsevier Ltd and Techna Group S.r.. All rights reserved.

Keywords: Eggshell; CaysNb,Oo; Non-isothermal kinetic

1. Introduction

Eggshell is a solid waste produced in manufacturing plants and
food processing [1], amounting to several tons per day. Most
eggshell is sent to the landfill at a high management cost without
further processing. Therefore, it is economical to use eggshell
waste for transforming biomaterials into commercial products and
creating new values from these waste materials. The weight of
eggshell approximately 10% of the total mass (ca. 60 g) of a hen
egg [2]. The chemical ratio (by weight) of the eggshell has been
reported to consist of calcium carbonate (94%), calcium phos-
phate (1%), magnesium carbonate (1%) and organic matter (4%)
[1]. Eggshell is reused generally as a soil conditioner, fertilizer or
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an additive for animal feed [2], due to its high nutritional contents
such as calcium, phosphorus and magnesium [3]. Eggshell was
also used in many applications such as filler in polymer, low-cost
absorbent and a catalyst for biodiesel production because of its
many valuable organic and inorganic components. Eggshell has
been applied as a filler for polymer composites [4] and offered as
an alternative to expensive activated carbon as a low-cost
absorbent. Many researchers have proposed the effectiveness of
using eggshells for heavy metal sorption such as Cu, Cr and Cd
[5-8] and for the removal of dye effluents [9,10]. Furthermore,
eggshells have also been reported as a catalyst for biodiesel
production [11].

Due to the rapid growth of digital wireless communication,
many microwave dielectric ceramics have been developed.
Calcium niobate; CayNb,Og is one of the Ca—Nb-O com-
pounds which has been explored as a potential candidate for
the microwave dielectric ceramics.The CayNb,Og powder can
be synthesized by the conventional solid state reaction using


www.sciencedirect.com/science/journal/02728842
http://dx.doi.org/10.1016/j.ceramint.2015.03.189
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ceramint.2015.03.189&domain=pdf
www.elsevier.com/locate/ceramint
http://dx.doi.org/10.1016/j.ceramint.2015.03.189
http://dx.doi.org/10.1016/j.ceramint.2015.03.189
http://dx.doi.org/10.1016/j.ceramint.2015.03.189
mailto:naratipcmu@yahoo.com

S70 P. Kamkum et al. / Ceramics International 41 (2015) S69-S75

high purity of CaCO5; and Nb,Os. Nevertheless, using CaCOj;
form eggshell waste as a starting material for synthesizing the
CayNb,Og has not been reported previously. This study
presents the possibility of using CaCOj3 from chicken eggshell
waste as a starting material for synthesizing Cay;Nb,Oy powder
via the conventional solid state reaction. The point of applying
chicken eggshell waste is to explore the possibility of using it
as a replacement for commercial calcium carbonate.

2. Materials and methods

The starting materials were using calcium carbonate
(CaCOs;), synthesized from chicken eggshell and commercially
niobium oxide, Nb,Os (JCPDS file no. 37-1468) (99.9%
purity, Aldrich). The chemical composition of chicken egg-
shell powder was analyzed by X-ray fluorescence spectroscopy
(SRS 3400, Bruker AG). A CayNb,0O9 powder was synthesized
by the solid state reaction of mixtures of CaCO3; and Nb,Os
powder that were ball milled in the required stoichiometric
ratio, according to the equation CaCOs3(s)+Nb,Os5(s)—
CayNb,,Og(s)+COs(g). After being ball milled for 18 h with
ethyl alcohol, the mixture powder was dried and calcined at
various conditions, at temperatures ranging from 500 °C to
1200 °C and the soaking times ranging from 0.5 h to 8 h with
heating and cooling rates of 10 °C/min, in closed alumina
crucible. To prepare the ceramics, calcined powder was mixed
with 5 wt% polyvinyl alcohol and then pressed into pellets
with 10 mm in diameter. The pellet was subsequently sintered
at 1100 °C for 4 h with heating and cooling rates of 5 °C/min.
The sintered pellets were polished in order to obtain flat and
parallel surfaces. Silver plate (Heraeus, C1000) was applied as
electrodes for dielectric measurements by firing at 750 °C for
20 min.

The reaction of the mixture powder taking place during heat
treatment was investigated by thermo gravimetric analysis
(Pyris 1, Perkin-Elmer), by using the heating rate of 10 °C/min
in air from room temperature to 900 °C to find the range of
calcination temperature. After calcining, the calcined powder
was investigated by Fourier transform infrared spectroscopy
(Spectrum GX spectrometer, Perkin-Elmer) measured in the
range from 400 to 4000 cm ', raman spectroscopy (DXR
smart Raman, Thermo scientific) measured in the range from
100 to 1000 cm ™' and X-ray diffraction (X'Pert MPD, Philips)
measured in the range of 260=10-70°, using CuK,, radiation to
explore the optimum calcination conditions and phases formed
for the formation of CayNb,Oy powder. Particle sizes and
powder morphology were characterized via scanning electron
microscope (JSM-6335F, JEOL). The dielectric properties
were determined by programmable furnace with the LCR
analyzer (Hewlett-Packard Inc., HP-4284) and measured at 10
and 100 kHz, and temperatures varied between 30 and 240 °C.

3. Results and discussion
Chemical analysis using X-ray fluorescence spectroscopy

(XRF) was conducted to estimate the composition of a chicken
eggshell as a source of calcium carbonate as shown in Table 1.

The eggshell consists mainly of calcium in the form of calcium
carbonate (CaCOj3), which represents more than 96 wt%. Other
oxides that appear at around 1% are MgO, with those lower
than 1% being Na,O, K,0, SO3, P,Os, CuO and Fe,O5. The
result indicates that an eggshell is an attractive source of high
purity calcium carbonate for use as a starting material for
fabricating electroceramic, which requires high purity. The
heat behavior of the mixture powder of CaCO; and Nb,Os5 in
the stoichiometric proportion of CayNb,O¢ was studied by
thermo gravimetric analysis. The TGA curve recorded at a
heating rate of 10 °C/min from room temperature to 900 °C in
air is displayed in Fig. 1. TGA curve shows two states of
weight losses. The first weight loss in the temperature ranging
from 250 to 400 °C with a weight decrease around 3.35%. This
correspondingly investigates the decomposition of an organic
compound inside calcium carbonate (CaCOj3) that was synthe-
sized from chicken eggshell [12]. By increasing the tempera-
ture up to 900 °C, the second state of weight loss was observed
within temperature range from 600 to 700 °C with a weight
decrease around 25.05%. The decomposition of the calcium
carbonate (CaCQOs) substance occurred in the form of carbon
dioxide (CO,) and calcium oxide (CaO) [12] following the
reaction: CaCOj;(s) «heat - CaO(s)+CO,(g) [12]. These
results were used to determine the range of the calcination

Table 1
Composition of eggshell waste powder obtained
by X-ray fluorescence spectroscopy (XRF).

Oxide Wt%
CaCO; 96.2

MgO 1.16
Na,O 0.99
SO, 0.72
P,0Os5 0.34
CuO 0.21
F6203 0.19
K,O 0.07

AY =3.35%

90
AY =25.05 %

Weight % (%)

80

70 1

SOt OO O T T e T O T T T
100 200 300 400 500 600 700 800 900
Temperature (°C)

Fig. 1. The TGA curves of the precursor mixture of powders before
calcination of CayNb,Oo.
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Fig. 2. FT-IR spectra of calcium niobate (CayNb,Og) powder after calcination
at 500-1200 “C.

temperatures to study the effect of heat treatment on phase
formation, the mixture powder was calcined between 500 and
1200 °C for 4 h.

Fig. 2 illustrates FT-IR spectra of calcined powder taken at
room temperature in temperature range of 500-1200 °C and
wave number range of 400—4000 cm ™ '. The typical absorption
band at 1411 cm ™' corresponded to CO3~ anion in asym-
metric stretching vibration mode [13,14]. By increasing the
calcination temperature, carbonate band decreased significantly
and disappeared at 900 °C, which was related to the disap-
pearance of CaCOj substrate in calcined powder in the TGA
result previously. Furthermore, the metal oxide band was
observed to be at 400-900 cm‘l, the peaks at 518 cm ™!
corresponded to O-Nb-O bending vibration mode, while the
two peaks at 686 cm ™' and 867 cm ™' corresponded to the
internal stretching of the NbOg octahedra [13] and Nb-O
stretching vibrations [15,16] respectively. The result of FT-IR
spectra shows that the estimate CayNb,Og phase formation
temperature is above 900 °C.

The results of vibrational analysis from the Raman spectrum
are shown in Fig. 3. The spectrum presented for powder calci
ned at temperature range of 500-1200 °C in the range of
100-1000 cm~'. The occurrence of vibration peaks was not
found in uncalcined powder. Both spectra of the powder calcined
at 500 and 600 °C are very similar, with vibration mode at
900-990 cm ™' related to Nb=O terminal asymmetric and
symmetric stretching [17], respectively. Three vibration modes
at around 650, 260 and 100 cm ™' related to Nb-O bridging
stretching, O-Nb-O bending [17] and lattice vibration [16],
respectively. At 700 °C, the Raman spectrum presented the
vibration mode at around 844 cm™' corresponded to Nb-O
stretching vibrations and band at around 100450 cm™ ' related
to O-Nb—O bending vibrations. By increasing the calcination
temperature, a high-intensity peak was observed at 794 cm ™'
corresponded to stretching vibrations mode of the NbOg octahedra
[18]. The Nb-O stretching vibrations band were occurred in the
range 500700 cm ™' and O-Nb-O bending vibrations band were
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Fig. 3. Raman spectra of calcium niobate (CayNb,Oy) powder after calcination
at 500-1200 °C.
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Fig. 4. The X-ray diffraction pattern (XRD) of calcium niobate (CayNb,Og)
powder after calcination at 500-1200 °C.

occurred in the range 100450 cm ! [16]. The results of Raman
spectra shows good agreement with the FT-IR result previously.

XRD pattern of the calcined powder with the corresponding
JCPDS pattern are shown in Fig. 4. For uncalcined powder and
powder calcined at 500-600 °C, X-ray peak presents only the
precursors CaCO5; and Nb,Os phase which could be matched
very well with JCPDS file number 85-1108 and 37-1468,
respectively. The results supported that no reaction occurred
during the ball milling or at low calcination temperature. Low
intensity of CayNb,Og phase was formed in powder calcined at
700 °C. This observation agrees well with results from the TGA,
FT-IR and Raman previously. After that, when the calcination
temperature was increased, the intensity of the CayNb,O9 peaks
was further increased. The XRD pattern was consistent with
CayNb,Oy (JCPDS file number 49-0911) as a pure phase at the
calcination temperature at 1000 °C. The precursor phases of
CaCOj3 and Nb,Os disappeared completely. Upon calcination at a
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Fig. 5. FT-IR spectra of calcium niobate (CayNb,Og) powder after calcination
at 800 °C for different soaking times.

v - < =

B2 gR S c223 2 u
—_ a -0 o e S$h
=
<
-
> 4h
=
n
g
- 1h
= W\wm_/—fb/\/\b
—
=
£

uncalcine

W

100 200 300 400 500 600 700 800 900 1000

Raman shift (cm™)
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higher temperature of 1100-1200 °C, all intensity of the
CayNb,Oy peaks was increased and peaks at (1 14) and (3 10)
separated obviously which indicate that CayNb,Oy is still a pure
phase without a pyrochlore phase and that there is no significant
differences of the powder calcined at 1100 and 1200 °C

In addition to calcination temperature, an effect of soaking
time was also indicated to be highly significant (Figs. 5, 6 and
7). Fig. 5 shows FT-IR spectrum of powder calcined at 800 °C
in soaking time range from 0.5 to 8 h in wave number range of
400-4000 cm ™~ '. The typical absorption band at 1411 cm '
corresponded to the CO3~ anion in asymmetric stretching
vibration mode [13,14]. By increasing the calcination time, a
carbonate band decreased significantly and little appears for
8 h, which related to the disappearance of CaCO;5 substrate in
calcined powder. Furthermore, the metal oxide band was
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Fig. 7. The X-ray diffraction pattern (XRD) of calcium niobate (CayNb,Og)
powder after calcination at 800 °C for different soaking times.

observed at 400-900 cm_l, the peaks at 518 cm™ ! corre-

sponded to the O—Nb—O bending vibrations, while the peak at
686 cm ™' corresponded to the internal stretching of the NbOg
octahedra [13] and the peaks at 867 cm ™' corresponded to
Nb-O stretching vibrations mode [15,16]. The result of FT-IR
spectra shows that CayNb,Og phase was not formed in powder
calcined at 800 °C for 8 h. Fig. 6 shows Raman spectrum of
powder calcined at 800 °C in soaking time ranging from 0.5 to
8 h of the range 100—~1000 cm ™ '. The occurrence of vibration
peaks was not observed in uncalcined powder. The spectra of
the powder calcined at 0.5 and 1 h are very similar, with
vibration mode at 900 cm ™' related to Nb=O terminal
asymmetric [17]. The vibration mode at 794 em~ ! corre-
sponded to stretching vibrations of the NbOg octahedra [18].
Vibration mode at around 845cm™' is related to Nb-O
stretching vibrations. The Nb-O stretching vibrations band
and O-Nb-O bending vibrations band occurred in the range
500~700 cm™ ' and range 100450 cm ~ ' respectively [16]. By
increasing the calcination time, intensity of vibration mode at
794 cm ™! increased and intensity of both vibration modes at
845 and 900 cm™' decreased significantly. The result of
Raman spectra shows that Cay;Nb,Oy phase was not formed
in powder after calcined at 800 °C for 8 h, in good agreement
with the FT-IR result previously.

XRD pattern of powder calcined at 800 °C in soaking time
range from 0.5 to 8 h with the corresponding JCPDS pattern is
shown in Fig. 7. The XRD pattern of uncalcined powder
displayed only precursors CaCO; and Nb,Os phase. The
CayNb,Oy phase was formed in the powder calcined at
0.5 h. The XRD pattern of powder calcined at 0.5 and 1h
are very similar, this observation agrees well with results from
the FT-IR and Raman previously. After that, with increasing
soaking time of calcination, intensity of the CayNb,Og peaks
increased significantly. The XRD pattern was consistent with
CayNb,Og (JCPDS file number 49-0911) as a pure phase
without a pyrochlore phase at the soaking time of 8 h and the
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precursor phases of CaCOj; and Nb,Os have disappeared
completely. Fig. 8 displays Rietveld refinement analysis of
CayNb,Og powder calcined at 1200 °C. All the diffraction
peaks of CayNb,O¢ matched the model peaks very well, with a
chi square (y°) value of 1.72. The lattice parameter was
calculated by using the respective (h, k, [) parameters and
d-spacing values and gave the results of a=9.7947 +
0.0010 A, b=5.5289 + 0.0006 A and c=14.0798 + 0.0015 A,
with a=y=90° and =91.0424 + 0.0039° assigned to a type
corundum-like monoclinic structure. The morphological devel-
opment between difference calcination conditions was studied
by scanning electron microscopy (SEM). Micrographs of
CayNb,Og powder calcined at 1000 °C (a) and 1200 °C (b)
for 4 h are shown in Fig. 9. The particle of powder shows
polygon shaped with micrometer scale. Irregular morphology
with large particles was observed. No other phases or pyro-
chlore phases were found, which suggested that the powder
was homogeneous. Powder calcined at 1000 °C illustrates two
different of particles sizes (large and small) in polygon shape.
At 1200 °C [Fig. 9(b)], the particles size is larger than 1000 °C
[Fig. 9(a)], and connection occurred on the edge. The
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Fig. 8. Rietveld analyses of XRD patterns of CayNb,Og powder after
calcination at 1200 °C.

15.0kV X10.000 Tpm

WD 14.9mm

calcination temperature was expected to have enough heat
energy to cause melting at the edge. The average particle sizes
and standard deviation of CayNb,Oy powder calcined at
1000 °C and 1200 °C were 0.86 +0.22 and 1.47 + 0.28 um,
respectively. Average particle sizes tend to increase with
increasing the calcination temperature.

The non-isothermal kinetic such as the activation energy
was calculated by TG curves using different heating rate. This
also according to the following equation was proposed by
Ozawa [19,20]:

0.0048AF

lnﬁz IHW

E

—1.0516RT (1)
where E is the activation energy (kJ mol '), R is the ideal gas
constant (8.314mol~! K™ '), A is the pre-exponential factor
(min—"), f is the heating rate. Results from four TG curves
(Fig. 10) in the composition range were used to assign «a
(extent of conversion, a=(m;— m,)/(m;—my), where m;, m;and
my, are the initial, final and current sample mass, respectively, at
moment 7) from experiments at different heating rates (f= 10,
20, 30, 40 K min ). The activation energy (E) was calculated
from the slope of any straight line from plotting the curve In g
versus 1/T (Fig. 11). So, the activation energy was obtained as
1131 +28 kI mol '. Fig. 12 presents the dielectric constant
(¢,) and loss tangent (tand) versus the temperature of
CayNb,Og ceramic at different frequencies (10 kHz and
100 kHz). With increasing temperature, the €, and tand values
show slight independence with temperature and frequency.
Values of dielectric constant and loss from 10 kHz and
100 kHz have nearly value around 16.6-16.7 and 0.005-
0.015, respectively.

4. Conclusion

The conventional solid state reaction method is explored in
the preparation of CayNb,Og powder by using CaCO; from
chicken eggshell waste as a starting material. The temperature
and soaking time of calcination indicated to have an evident
effect on the particle size and phase formation of calcined
CayNb,Og powder. This resulted in the particle size and phase

Y i N

EMRSc CMU SEI 16.0kV X10,000 Tpym WD 14.9mm

Fig. 9. SEM image of CayNb,Og powder calcined at 1000 °C for 4 h (a) and 1200 °C for 4 h (b), respective.
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Fig. 10. TGA curves of the thermal decomposition of mixture powder at
heating rate of 10, 20, 30 and 40 K min~'.
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Fig. 11. Ozawa plots for the decomposition process of mixture powder at four
heating rates in various conversion (a=0.1-0.9).
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Fig. 12. Dielectric constant and loss of CayNb,Og sintered at 1100 °C for 4 h.

formation of CayNb,Oy depending on the calcination condi-
tion. The activation energy calculated by OZAWA methods is
1131 4+ 28 kJ mol~!. This study indicated that CaCO;3; from
chicken eggshell waste is an alternative starting material for
synthesizing CayNb,Og9 powder.
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