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''niversiteleri, araktéerma kuruml ar éneé, bil i
sekteor temsilcilerini bir araya getiren 20.
deneyim payl akéméné artérmaseéniane dviesiiphii né re:
sanayi i K birliklerini g¢-lendirmesine kat ke
Bu bil diri kitabénda vyer alan -al ékmal ar én,
payl akémlarén kal écé bir kaydeéené ol uktur mas
durumunu ve geleceje y°nelik ar akaymak aljmd:
diliyoruzz.Sempozyumun ger-eklextiril mesine kat keé s
d¢zenl eme Kkurull ar éna, destek-ilerimize, ar
tekekkg¢r eder ; Kil 620266nén bilim d¢geyaméza,
arakteéermalar ve kalécé ik birlikler:i kazandé
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¥ZET

chya genelinde Nadir Toprak EIl ement. (NTE) mad
i pi kil yatakl ar é czeripdeakylogruen| a Kk mak tfaidzéirk.s
enginlektirme prosesleri ni speten zor ve mal i
potansiyeline sahip ol malareée, d¢kegk 1 kKl et me mal
gibiavantajlaa s ahi pti r . Bu °zellikler, kil ve ili«kkil
kazandér makt adér zeBgi nedehl kayNakdbae endan s¢rdyg
cretim teknolojilerinin geliktirilmesine y°nelik

ktrikIi ve hibrit arqi-bimok alréd @@ émé lan aNtdd&<IBa rv e
entl erde gel ecekte yakanabilecek arz sorunl
nl i k a-éséndan kritik °neme sahiptir. Bu |
anmasé s¥e relkadbledr age¢ac ¢ n¢én arBeyéi mava gmaat
rnati f ol abilecek NTE bakéméndan zengin kil
k °nem arz et mektedilbbu KkKaynglkell drad ara kd Kk &rr éa K% jé
ve solvent ekstraksiyon y°ntemleriyle y¢kse
ka ¢retilebildifjini gstermektedir. Sonu- ol
vei i KKili cevher yatakl arénén tespiti ve ¢retim
ol duk-a °nem arz et mektedir.

n T oY nC OMm
- - T ——
IS e IO T )

Anahtar Kelimeler: Kil, Boksit, Nadir Toprak Elementi
ABSTRACT

Worldwide, Rare Earth Element (REE) mining is primadbncentrated on carbonatite deposits and
ion-adsorption clay deposits. While physical and chemical beneficiation processes for carbonatite
deposits are relatively complex and costly, clays and related resources offer several advantages,
including high reseve potential, lower operating costs, and generally low concentrations of radioactive
elements. These characteristics provide clays and associated resources with significant economic and
strategic value. Therefore, comprehensive research is requiredewelop sustainable and
environmentally friendly REE production technologies from RIER clay resources.

Permanent magnets such as NdFeB and SmCo are widely used in electric and hybrid vehicle motors.
Due to potential future supply disruptions of these elements, the corresponding raw materials are
considered critical from both economic and national secugitygectives. In this context, investigating
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REE-rich clay, laterite, bauxite, and related resources that could serve as alternatives sokhe-k e h i r
Beyli kova deposit is of great importance for ens
international competitiveness. Recent studies have demonstrated that high REE recovery can be
achieved from these resources through intensiuéng) calcination, acid leaching, and solvent

extraction processes, while higlarity silica can be produced as a valuableolyduct. Consequently,

the identification of economically viable REEEh clay, bauxite, and associated ore deposits, together

with the development of efficient extraction and production technologies, represents a strategic priority.

Keywords: Clay, Bauxite, Rare Earth Element

1. GKRKKk

Kritik hammaddel er arasénda yer al an NTEOGI er ,
mal zemel ere ¢steée¢n manyeti k, elektriksel, opti k v
°neme sahiptirler k(@QE@,c €2 XnatNeTsEGIrer el ekt ri kI i
cihazlar, Kar j edilebilir piller, t ébbi gerént
uygul amal arénda yaygén ol ar ak kullka]méloqnalkleadann(
yaygénl akmasé, czegil bkl el &hentPlrer €l bolvaen Diyal e b

ri skl erini géendeme getirmektedir. D¢nya NTE ¢re
kontrol ¢nde ol masé, bu el ementl er.i ekonomi k ve |
Lateritik ayrékma s¢recinde olukan kil mttner al | €
Na', NTE* v b . iyonlarla dengel emektedirler. Byl ece
adsor pl anazreankg i MT EkGicle yat akl aré ol ukmaktadér . Ky ¢
%0, 3 arasénda dejiken ten°rlerde NTE i-erdiji bi
D¢nya boksit kaynakl|l arénéen yaklakék %146¢n¢ ol u
i -erikleri nedeniyle dikkat -ekmektedir. ¥zelli
(Terkiye, Macari st an, -Hesekpkarslkis tbaork,si Karyad ajk | vae eBas
zenginl ekmel er i rapor edi | mik.t,i r201D%x)a.dyAwrdéc a 2
Chongging boksit kukaj éndaki karsti k boksitlerir
boksit ol ukum s¢re-lerinde, Al , Fe ve Ti kaynak
-%z¢é¢ner ek kramdest biyrgizlemd letredi r . Bu s¢re-lerin S C
bOKIukIarénda Al , Ti , Zr Nb ve NTE gi bi ni spete
En yaygeé NTE takéyécée mineraller,; hriombzitm k s i | b a
ayréKmasé sonucu olukan florensit tipi s¢perjen

2. KKL ve KLKKKKLK CEVHERLERDEN NTE KAZANI M

hafif NTEOGIl er ajérl ékl é ol ar ak
Wu vrde z e r2V0l2€3r)i. dAaihé SNETNEEDr] leér | |
ji ve ye¢ksek t knO|Oji uygul an
bakéeéméndan zengin iyonik kil
cretiminin yakl akék %806i ni
yéda yatakta ¢retim s¢égrmekt e
cretim yapélmakta, Uganda,
r - devam et mektedir.

e G¢ney Afrikadda
projelerde -al ékmal a

asit, monazit ve ksenotim gibi gel eneksel
t maj, ¢ tkler,masénéfl andér ma ve karmakek zengin
ma vevyaguil dima!l bBr éna i htiya- duyul maktadér .
de NTEO®I er kil vyézeylerine zayeéef bajl arl a
l arak iyon dejikimi yol uyl ikkilldrogelenekdeh n Kk a z ¢
akl aréna kéeéyasla daha d¢kegk ikl et me mal.i
aline getirmektedir (Sobri vd. , 2024) .
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kla amonyum s¢l fat -%zeltileri kul |l anél &
ne dayanmaktadér. Bu s¢re-te kil yézeyl e
€ ile yer deji ktirexz&«l tsi¢gyl ef ad darfeemannaN hE @l e
sit il e se-ici ol arak -°ktg¢greglerek NT
on iklemiyle karéekék nadir toprak oksi
fl ékta bireymsieli -NThE absiiltekliik-lierveai solve
ma y°ntemleri uygul anmaktadeér .

XX T 0 —
X~ —C

- x—0wo o=
- un un oY S nmc
—+

Q ® ~— — — ®d >

ekstraksiyonuna y°neliKk l'iteratg¢rde rapor
| envnei kZthiarn.g J(i2021), 245 ppm NTE i-eren kaol ir
ger.i kazanéméenén %2006nin alténda kal deéej éne

—

éneé
ndan 0,01 M HCI kull anél ar ak %8Ok hi r¢e.z eNTIE
néméndan sonr a, H SO i - sonucunda 336, 95
il mi ktir. Ji vd (2022) yapteklare -al ékmada
m uygul anmada nve%@@ﬁejdeedd%emﬁlllOeﬂrAC( X%l ®i nasyon
kazanem %936 kadar y ¢ k aadlsmir ptsii ry.on Sd rou -muarc
| a kaollnlt i -inde hapsol muk veya serbe
hem hapsol muk NTE minerall erini serb
i-in - ver i mini arterdej beIirI
a
I

O ~—X~TO - HNH 20 2 XX T O
® Q9 M

o
o
.8 c
as

o
S5 ot -
o

Ho X' 7~ XY =2 0z O X0 —T !
—)
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a t
é, resi ve 8,75
NTE i - ver i mi %49, 13 ol muktur . 0]
eKtinreidlemiiw | el maseée veri mleri ni speten dg¢K
a i - °ncesinde cevherin kalsinasyon v
[ ir. Er¢gst ve Uysal (2dRdbgéndbakeslide idd
- -%zeltisinden NTEOG6I erin sol vent ekstraksi
élabilecejini gestermiktir. Optimize edil mik
ve 15 dakl akaamaNEEtékmarak,sie;zbm,vErimi %
€l masénén rdenda Al ve Fe bakéméndan zengi
i ml e AI(OH) —°kt¢r¢lm¢Kt¢r. El de edil en - 9Kk:¢

I O ten°r¢ne -alaphmipn& apraetsialf miekt iar U

= -
—

3. G! NCEL DEJERLENDKRMELER

NTEOGIl er a-éséndan t emel sorun kaynak yetersizli?
uygulanabilir ¢retim teknolojilerinin gelixtiril
cretiminde yaygén ol ar akl &uelalkatn &llaenr i a nca ndydu m -(eNH
a-téjeéndan, s¢rdegreglebilir ¢retim s¢gre-lerine yo
i -ermeyen Mg] : Al j ve Mg]|] [ Ca] bazl ée | i - S
se-i céisleinkdaan- amonyumlu sistemlerin gerisinde kal:
ve al kal i i - ky@mkée md @gw d kK NSTE-Oil eirlei k1 er i nedeni vyl
Son yél | asrédvaé iasrea yk,azt¢ende 1 yon takéeénéméneé hezl and
el ektrik alan, manyetik alan ve uhltarsvawetidest ekl
i Kl em, iyon adsorpsiyon kilinden NTE | i - verim
teketi mini azaltméwtbe [([QtudedeyROOB) séMgsS®Onda
NTE vleir-i mlilijini °nemli ©°I-¢de artérarak, et kil
En ge¢ncel -al exma (Wang vd. , 2023) , |yon|k kil
kazanél maséneé sajl ayan el @&t ryekiidetni ky emaddrkciil |
El ektrokinetik teknol oji, metallerin ve suyun g
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veya alternatif bir elektrik alyretnemi nue/ glud yaangrnaa
yakl akek 2,6 kat daha y¢ksek NTE kazanémé, kul | a
safséezl éklarda ise yaklakék %70 azal ma ger -ekl e
yerinde I|i- deaemketieyl eGdrekaniehn, Guangzhoub6da
EKM bakar el é& bir Kekilde wuygulanméxter. Bu dur
potansiyelini g°stermektedir.

'l kemi zde zdeengNThEb6eckeconomi k °neme sahip killer, I
potansiyel kaynaklar belirlenmelidir. Bu bajl amd
yatakl aré, °nemli bir NTE kaydaj &r loé¢mai piokt melst ¢ d
vd. , 2019) Nitekim son yéllarda ger-eklexktirile
s¢e¢rdereglebilir yo°ntemlerle y¢ksek verimlerde NTIE
(Uysal v d .vd., 2026, 2)%sal vdE 20265b}.

4 SONUC¢C ve ¥NERKLER

NTE ¢reti mi génegmegzde ajérl ekl é& ol arak kar bonat
Karbonatit kaynakl|l arénda fiziksel ve kimyasal ze
kil ve il ikkild@ kaynakl arén y¢ksek rezervlere
radyoaktif el ement i - er Bukal ek plarak igdevheérleri glohomik ve;, K | er e
teknol oji k dej] eNTIEOdcegk 2 ekhgioha@inr lagrér Bu avantajl a
gel ecejin stratejik NTE kaynakl aré arasénda °ne
K¢resel °]1 -ekte artan NTE talebi ve olasé tedari
ve ekonomi k ¢retim teknolojilerinin gelixktiril me
tipi killer, kardtiikkkibokKiatylneak| ae ddin] & Edeklaziané
safl aktérma teknolojilerinin geliktirilmesine y?°
il kemi z a-éséndan dejerlendirildijinde, NTE t ed:
gésceéenegn artéréel mBeg |l ahmoavaylyat afehiakahiternati f ol
zengin yeni kaynakl|l ar éahiaptakt erBld maasgsamdat eNT Kk
kil , boksi't ve il ikkildi@ cevher yatakl arénén bel
-evresel a-édan s¢rder el ebilir cretim teknol o]

desteklenmesierekmektedir.
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¥ZET
Bu -aléxkmada, farkl & oranl arbden tpooriitviknd mp caz iktoll e r(
morfolojik ve dielektrik ©°zellikleri deneysel %
Kompozit numunel er -°zed2za rdleann rkéawedtmit ilbinika2b, °Na e mi
50, 75, 100 wve 150 mg PVA katkeéelé toplam alte
°czel l iekkléenréi kXrenémé ( XRD) ve Fourier d°n¢keéml ¢
arakteéerél méekt,éerPVAFTzZIiIRncd ad we-rliariel e bentonit Yy ézZe
hidrojen bajé kaynakl é& etkilekimler oluktujunu
tabakal aré araséndaki yapésal d¢zenyia vkeo ytmaulxa lkua .
Kompozitlerin morfolojik ©°zellikleri taramal é el
mi ktaréyla birlikte y¢zey morfolojisinde belirgi
homojen daj él eém el atek ée ddrl d mlkaerng n dya¢ kkséGskmi k¢mel e
davranéxlarée belirlenmixktir. Bu durumun ara yg¢zeé
ol duju dejeblehdktirl i Rt tgmler genik frekans ar.
bajl é& dielektrik davranék detayl é& ol aiagneranal i z
Sillars (MWS) ara ye¢zey polari zasyonigendipolar baskeéer
y°nelim mekani zmal arénén et kil. ol duju belirlen
yasaseée yakl akéme kull aneéel ar ak model | enmi K vV e [
conductiond avr anéxkée sergiledif§ji gor ¢l mgkt ¢4bentonEl de e (
kompozitlerinin yapésal d¢zeni, morfolojik ©°zell
sahip ol dujunu g°st epolimerkkonepdzit s st &€mall @kimainrenar &i V¢
di el ektrik mekani zmal arénén anl akél maséna katke
Anahtar Kelimeler: Nabentonit, PVA, kibol i mer kompozitleri, di el e
polarizasyonu, Jonscher, - yasasé, SEM analizi, ara y¢zey pol

ABSTRACT

In this study, the structural, morphological, and dielectric properties dfeNtonite composites
containing different amounts of polyvinyl alcohol (PVA) were investigated using experimental and
modeling approaches. Composite samples were prepared IBplthimn mixing method, and six
different samples were produced including pristine-bdatonite and N#&entonite composites
containing 25, 50, 75, 100, and 150 mg PVA. The structural properttbse shmples were analyzed

by X-ray diffraction (XRD) and Fourier transform infrared spectroscopy (FTIR). FTIR results indicated
hydrogenbondbased interactions between PVA chains and hydroxyl groups located on the bentonite
surface. XRD analyses revealdtht PVA addition affected the structural ordering and interlayer
interactions of the clay structure. The morphological properties of the composites were investigated
using scanning electron microscopy (SEM), and significant changes in surface morphelegy
observed with increasing PVA content. More homogeneous distributions were obtained at lower PVA
loadings, whereas partial agglomeration and surface covering behavior were observed at higher
loadings. These morphological variations were consideratfiteence the interfacial area and charge
transport mechanisms. Dielectric measurements were carried out over a wide frequency range, and the
frequencydependent dielectric behavior was analyzed in detail. MakWelgner Sillars (MWS)
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interfacial polarization was found to dominate in the {nequency region, while dipolar orientation
mechanisms became effective at higher frequencies. In addition, electrical conductivity behavior was
modeled using the Jonscher power law approach, and the conduetibanism exhibited frequency
dependent hopping conduction behavior. The obtained results demonstrate that PVA incorporation
significantly affects the structural ordering, morphological characteristics, and dielectric behavior of
Na-bentonite compositesThe study is expected to contribute to the understanding of interfacial
dielectric mechanisms in clagolymer composite systems.

Keywords: Na-bentonite, PVA, clayolymer composites, dielectric properties, MWS polarization,
Jonscher power law, SEM analysis, interfacial polarization

1. GKRKK

Ki | mineralleri,; tabakaleée kristal yapéel ar e, y ¢ K
(CEC) , adsorpsiyon °zellikleri ve ki myasal kar a
doj al i norgani k mal zemel erzedrldkdredd yaryeai mdé&t
teknolojileri, kataliz°r takéyeécélareée, sondaj - a
al anl arda yaygén ol arak kull anél maktadér. ¥zelli
ki mi nerall erini fonksi yonel kompozit mal zemel er
getirmi Kkt i Bergay&veiLagaly, 20835 8 ;

Smektit grubu kil mi nerallerinin en °nemld.@ t ems
mont morillonit mineralinden olukmakta ol up y¢kse
katyon dejikim kapasiteeki vkei tabgb&al hr malrakghba
°czel lifJi saliesi hkdmponil i meri nde yaygén ol arak kul
velagay 2013). Bentonitin tabakalé yapésé i-erisin
grupl aré, polimer zincirler:i ile g¢-1 ¢ ara ye¢gzey
mal zemel erin fiziksel ve el ektdei kkdegli Kkt zebkbbi kmel
yé¢zeyinde bulunan bajlé su, dejikebilir katyonl
czerinde belirleyici r ol oynamaktadér (Il shida ve
Polivinil al kol (PVA) , suda -°9z¢nebil en, yar é Kk
hi droksil gruplaré bakéeméndan zengin sentetik bi
kil y¢zeyindeki hi dr dHdanelkteger wel arg liclce ma]- | ¢l WKt
gel i kmesine olanak sajlamaktader. Bu nedenl e P\
membranlar, adsorbanlar, biyomedikal uygulamalar ve fonksiyonel dielek@ik z e me | er gi b

alanda yojun ol arak arakteéerél maktadeéer (Finch, 16
Bununla birlikte |iteratg¢grdeki -al exmal arén byg¢y
matri si i -erisine ilave edil mesiyle hazérl anan Kk

200 3; Al exandre ve Duboims,d&0r0Wdan Bauwmlau klaeg kted reik:

kontroll ¢ miktarlarda y¢kl enmesiyle olukan ara
davraneéecx czerindeki et kisinin ayreéntel e ol ar ak
PVA' nén bentoni't yézeyine adsorpsiyon mekani zm
adsorpsiyonu ile ger-eklexktéfher!l & albbalkdéjad Rirladié
dur um, kompozit i -erisindeki yé¢k takenemeée ve ar a
ger ekl i kel maktadér (Wang ve ark., 2005; Jose Ve
Het er oj en yap &iylkompezdldrindpd i ped leikmerri k davr anéxk,; di po
il etkenl ik, el ektrot kutuplanmasée ve ara yg¢zey
ortak etkisiyle olukmaktadeéer (Kremer ve Sch°nhal
ikifaz arasénda y¢k takeyecél ar énéeiWadnerSillads (MEVS)i SonNu
ara y¢zey kutupl anmaseé, d¢kek dweerantaef bekanbe
mekani zmal ardan biri ol arak kabul edi |l mektedir.
katyonlar ve elektriksel -ift tabaka yapeéesé bu |

ve ark., 2000; Saltas ve ark008).
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Dielektrik spektroskopisi, malez eimed tekkea ml i fkr edkaawnrs
belirl enmesinde en et kil i y°ntemlerden biridir
dejerlendiril mesi, ara y¢zey kutuplanmasénén ve
anl akél masénéemeaj vam&kthédaédmral sKr 00 3; Barsoukov v
heterojen sistemlerde gevkemiEWaghai$r hhakén@amodal &Kk |
ol arak kull aneél ér ken, alternatif a k eEw ridnrestekle nG ¢ -]
Yasasé ile tanemlanmaktadér (Jonscher, 1977; Jon
Bu -al ékmada far kl & PVA -bgrgokit/P¥Amleompouitiérinira dielektrik @ na s &
davranéké genik frekans araleéejénda incelenmicktir
analizleri ile ayreéent élékmdda aeks adse Joelra reankd idriiellnei ki
odakl anél mékter . De n e yidMagner Sillarerhe ke Irii kk wlelran &lrar aM
parametreleri a-éséndan dejerlendirilmik, altern
il e analiz edilmiktir. B°ylece PVA miktaréenén ar
me kani z maeskéi ¢eztekriisnidni n ortaya konul masé ama-1|anm

2. MATERYAL ve Y¥NTEM

2.1. Malzemeler

Bu -al éekmada kil mi ner al i-Keorl alriagka )K ntearryasf €Tngdr akn ytee
mi ner al fazéolmommtsnwdydrmobenht oni t kull anél méktér
hidroliz derecesine ve 13.003. 000 g/ mol mol ek ¢ | ajeéerl éj-éena sal
Al drich) tercih edilmiktir. T¢gm -°zeltilerin haz
2.2. Kompozitlerin Hazérlanmasé ve Karakterizasy
Naebentonit/ PVA kompozitler.i sulu ortamda -°zel ti
g Nabentonit,20mld ei yoni ze su i -erisinde 200 rpm' de 1 sa
el de edi |l mi ktir. Ayré bir kapta hazérl anan 25,
karéktérma hézénda 2 saat b oy un cigonuneilave eddegek ¢ | m¢ K,
homojen karéekéml ar el de edil mi ktir. Hazérl anan
yakl akék 12 saat boyunca kurutularak kompozit nu
Kompozitlerin yapésal karakterizasyonu ffxw®miéer d
kér énéme ( XRD) yenteml er i il e ger-eklexktiril mi
Scientific Quattro S taramabBbEaradlkfanohk!| eni kg yggkao
incelenmi ktir. Dielektrik °1-¢mler WayiBBMHzKer r 6F
frekans araléjénda ve 1 Vrms uygulama gerilimin
Maxwelli Wagnet Sillars( MWS) model i ile analiz edil mik, alte
Evrensel G¢- Yasasé kullanél arak dejerlendiril mi

3. SONUCLAR ve TARTI k MA

3.1. Yapésal karakterizasyon

Naebentonit/ PVA kompozitlerinin yapésal °zellikle
ayréntelé ol arak dejerlendirilmi khiger iIFITh&R Rkamd:
bentonitin y¢zey hidr oklseinengrduapllgaar ésnay éasiét kbaaynmal
bentonit arasénda hidrojen bajéna dayaleée g¢-1¢ a
karkén, bentonitin yapésal hidroksil grubuna ai't
PVA' nén kil tabakal aréénéarvaes eatak iilnetke rnkianl e e soalsma @
ger-eklexktijini ortaya koymuktur. Ayreéeca yg¢zey

polimerk i | et kil ewiumimoilne kgdderrbeni n bajl anma ortameéer

(Turhan ve ark., 2013; Wang ve ark., 2005; Akar ve Kaya, 2025).
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XRD analizleri de FTIR shhenutdmmirtétnee hlaesdle kd gznli exm |

nm ol ar ak elirlenirkeil, 2BVA M laawd £ij éinldaa Wwe | d &«jme
I

irgin bir bgleink kKé em® 0 g Ing | ePnvVile mii Kd ri @ n

b
mesafede be
1,23 nm'ye d¢kmeaslimak VYAé mieme ktid b gylad ey g

dejerinin

bel gel er i ile etkilektijini gstermektedi-r. FTI
bentonit/PVA kompozitlerinde baskén etkil ekim me
ol ukumu oklédunauk t aandléa . Bu yapeéesal bul gul ar ayreént
ol up, mevcut -al ek ma da dielektrik davranékeén
czetlenmiktir (Wang ve ark., 2005; Jose ve ark.,
3.2. SEM Analizi

Naebentonit ve farkleée oranlarda PVA katkeésé i-ere
analizl eri ile incelenmik ol up t-bemosiinumhunegifde ¢ nt ¢ |
dé¢zensi z kKekilde i stifl énmigk nt alablaklaé kelhamelalrie)
morfoloji smektit grubu kil mi nerall erine °zg¢ K
adsorpsiyon kapasitesinin temelini wwlarkK0068)r makt ad

k e k iNe/BehtontP VA Kompozitl erin SEM g°re¢nt el erd (X10.
C.50mg PVAD.75mg PVAE.100mg PVAF.150mg PVA)

PVA ilavesiyle birlikte kil y¢zeyinde belirgin

oranl arénda ( 25kivle y¥dz emgi)neP VWA moejnen KkKeki |l de daj €
°] -¢de koruyarak y¢zey kaplanmaséna neden ol duj
birlikte (75 ve °zellikle 100 mg) vy¢zey kapl ann
arasénda daha etkin bir ara y¢zey oluktuju belir
yer yer pol i mer agl omerasyonl aré g°r ¢l mek, Yy ¢ k¢
senérl andérdeéej é anl akél mékt &rA/ kiBenXemp omaad rtfl celra
ger-eklektirilen -alékmal ar da daOkanmeotp,@003).edi | mi kKt i
SEM g°zlemleri, FTI'R analizlerinde belirlenen hi
dézlem mesafesinin begyegk °1-¢de korunmaseé- il e bi
bentonit tabakal aré ar dsé&naeiyrit evrek alaeb aklamakketnaamn | :
kompozit yapéyé olukturdujunu g°stermektedir. ¥z

homojen y¢zey moirlf odtoliilsdk i mpiodiimeen et kin ol duju
d¢kegndegrmektedir.
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SEM analizlerinden el de edilen bu bulgular, sonr
Y¢ézey kaplanmasénén artmasé ve y¢ksek PVA yeéokl e
y¢zey alanée ve g°%zenek yapéeséondaj meytdemel geil en -
Byl ece FTI R, XRD vV e SEM anal i zl-bentonit/PVAI r | i kt
kompozitlerinde baskén etkilekim mekani zmaseéneén
ol duju a-ék-a ortaya konul maktader.

33Di el ektrik ¥zellikler

Naebentonit/ PVA kompozitlerinin frekansa bajl é di
dielektrik kayép faktor¢g (Un) ve kayép tanjante

nt el é& ol arak i nc ddorbesugaiak@H rg.e rH Tl InRe abnaanl di éznl éenr iyn

"'dE3d 484 4cdm T aral @] éna kaiyOhasbean dEenrean K3a6Br3K2é ne
ma s ve XRD analizlerinde bazal d¢zlem ar a
eanltaorné tartaashéanka ©° ne ml i °]l -¢de interkale
|l e adsorplandéjéené g°stermidavrand®kérna
n ara y¢zey etkilexkimlerinin temelini 0

bafjl
belirl
Akar ve Kaya, 2025).

<

a) b)
3,0x10° 1,4x10°

25mg

25 mg

]
50 mg 6] » ® 50mg

6 > S 4
2,5%10° 75 me 1,2x10°7 7, A 7Smg
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k e k iNe-Beptonitve PVANaBent onit kompozitlerin a: Reel per
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n
di el ektrik sabi

e

o

i (L°JNj) ejrileri incele
i mellmumlees n wiNjetdigfa.& t B a
en, PVA ilavesiyle bu
oIl 10 , 2.81 I 10 , 3.41 1 10 , 5.
bu analdma, elmTIbR] &a od Uxluenuewve XRD' de
korunmaséyl a bkirll i kg zevdiefierk amlday ad
én
r

o~
RN

-~ O
I e < N

a birlikt

oM -

o —
»w o —n D
0 —«<

SO TR T R 3

hareketini sénérl andeéer déj e vV e

ST O 0

Buna karkeéel ék i11P8 Miélzrade] & g cha na mu
tar oynailkn évzec aa teodnmneikk kut upl anmanén et kin
003; Barsoukov ve Macdonald, 2018).
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un gokillenywygmeyii nd&® VAl u&n ur duj u hi
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n hareketl il ijJini sénérl andeérde
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6.0
- a-Benlonit
45 F o

3.0 F .t
I._S— ...l-..

| 1 L 1
227 = 150mg et
3.6 a ",
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Frekans (Hz)

k e k iNe-Bedtonitve PVA/INSBBent onit kompozitlerin tantu

tan 8

Tanu ejrileri incelendijinde t¢m kompozitlerde |
bu maksi muml arén PVA miktaréna bajl é olarak fr
Maksi mudnet eamidt 100 mg PVA i-eren kompozitte 6.20
mg kompozitlerinde bu dejerler séraséyla 3.77, 4
maksi muml ar énén idy.a&k4 alkfenk® kla.m2s6 alr allcéj énda ger - ekl
mi ktarénén dipol ar gevkeme s¢ire-1leri ve ara yg¢z
ol dujunu g°stermektedir. FTI'R analizleri ve XRD
davr @meé ktéenme | oilkarnakarmoly agneeyi nde gel i ken y ¢ k

anl akél maktadéer (Reddy ve ar k., 2016 ; Jose ve ar
Bununla birlikte UN; Unj v ed a varnalin éexjérnid aekrii , g eknoemp oe:
koymaseéna raj men, gevkeme mekanizmasénéen kar akt e
i-in yeterli dejildir. BiWageienll earde{dysSe| g@Njkwee
alternaetkemakiéejm ilse Jonscher'in Evrensel G¢ - \
edil mik ve PVA y¢kleme miktarénén ara y¢gzey kut
etkisi nicel olarak dejerlendirilmiktir.

3.4. Maxwelll Wagneri Sillars (MWS) Analizi

Kompozitlerde g°zl enen di el ektrik gevkKkeme davr i
deneysel UNjiWwagmeiSilas( MMB3a x meldle!l i kul |l anél arak anal
i -in farklé& frekans araleklarénda ger-eklextiril
eden b°l ge belirleme katsayésénén (R]) ma ksi muir
mo d e | parametrele bu aral ék ¢zerinden hesapl a
gevkeme frekans c) , statik diebhbktii KUDabidtei
MWS mekani zmaseé baskén ol duju frekans b°l gesi
ve Sch°nhal s, 2

O S m
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k e k iNke-bendtonit ve Nebent/PVA kompozitlerin deneysel ve MaxviaWagner Sillars (MWS)
model i il e uyumlanméxk reel ge-irgenlik (UN) spe
kareler: MWS model i uyuml ar é.

Model |l eme sonu-1ar é, téem numunel erde MWS model i
gesterdifini ortaya koymuktiOr. 99H4dearadiefemdR] od
frekans aral ekl aréenda ara ny¢sdiegl ekutrupkl achanars &me
a-ékladejéené g°%bdretraneiktttead i ge v KSearhe Nsa¢ r e s i 1.92 1
mg PVA ilavesiyle bu dejer 1.05 1 10 s'ye d¢k
15.14 kHz'e y¢ksel mi ktir. Bu deji ki m, d ¢tk ¢ k PV
yézeyine adsorplanar ak hidrojen bajl aré ol uxktu

a
hareketini d¢zenl emesi ve y¢é¢kl erin daha késa s¢
(Wang ve ark., 2005; Jose ve ark., 2014; Bergaya ve Lazalg).

PVA mi ktarénén artérélmaséyla birlikte gevkeme
g%zl enmiktir. 50 mg ve 75 mg PVA i-eren kompozit
I 10 s olarak artarkenyvekadr &t &kHizs tei kK sgaeng ke pe .
poli mer miktaréyla birlikte ara y¢zey yapéséneén
hareketlilijinin késmen sénérl andér él masé il e a-
gevkemess yeniden 1.46 I 10 s'ye geril emi«k, |
yé¢ksel miktir. Ayréca bu numune R] = 0.9914 ile n
kompozisyonFToIRmdrt uhri.dr oj en baj é ol ukKkumunu g°s
interkal asyonun séneéerl & kal maseé ve daijeil eikmir ibki roll
dejerlendirildijinde, 100 mg PVA y¢kl emesinin p
yapéséné olukturduju s°ylenebilir. Daha y¢ksek
belirgin Kekllde artver ggle vk.e6nke frkekansse' Ye 0@ &rimé
yé¢ksek polimer ye¢klemelerinde polimer fazéenén b
etkiIeKimIerin artmasé nedeniyle ara y¢zey yeék
ark.,2005;Jose ve ark., 2014).

MWS model i nden elde edilen bu sonu-1ar, FTI R, X

I
dejerlendirildijinde ortak bir mekanizmaywé i Kar e
H bandénén 34i3d48mcim dear 3y &g esCH keynmdaEsnE& ny 8632
korunmasé, PVA'nén bentonit y¢zeyi me shiedmejkemdb
Benzer kekilde XRD analizlerinde bazal d¢ezl em ar
bir interkal asyon ger-eklekmedi]ini ortaya koym
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frekansta g°zlenen azal ma, l°Jnjv e]rilerind el ekt
gevkeme maksi mun#a8énknl@. 26z at@l éfjéenda yer de
el de edilen U ve fc dej i ki mtke2005; Joskeaark.u20id;mkan b ul u 1

ve Kaya, 2025).

T¢m sonu-1| ar birlikte dejerlendirildijinde, 100
yapéséné olukturduju s°ylenebilir. Bu kompozit,
S¢éresi (1. 46 1 10 s) , y ¢ k30 ekKz) Je alenayket dietektrikt i k g
ejrilerinde g°zl enen belirgin ancak kontroll ¢
ayrél maktadéer. Buna karkél ék 150 mg PVA y¢ ¢kl emes
gevkeme frekansénén d¢igkmesi, Rolai nyesrz efy a zyé,nké nt abkae
sénérlandéj énée g°st ebrermekotne di/rP.VABWK osnprouz-iltar,r i Nde
yalnézca poli mer mk kt arygreaydefgeki @¥AEhemena Ve
yapéséna bajl é olarak dejikti]Jini ortaya koymakt
3.5. Jonscher'"in Evrensel G¢- Yasasé Anali zi

Al ternati f akem il etkenlifJi (G _ac) verileri, fr
amacéyla Jonscher'in Evrensel G¢- VYasaséilkull ani
logfejril erinin birinci ve i kinci terevloeri dej er |
numune i -in model yalneéezca bu frekans aral éj éna
mo d e | sabitleri, frekanbal gpeaddmne elldd i end inl mMiakstkiér

Jonscher, 1983; Funke, 1993).

0.001 4 0.001
1E-4 5 | 1E-4
e}
§’1E—5-§ : 1E-5
Bty = 25mg PVA
] yidas e 50mg PVA
1E-6 vitg® A 75mg PVA 1E-6
: 'vXAﬁl v 100mg PVA
Tig® 150mg PVA
iﬁ' Na-bent
1E_7 bk B B | o R I, DAL B | 1E_7
10° 10" 102 10> 10t 105 10° 107
Log f
kekiNeb&nt onit ve farkl é& PVA-beptgnkt/PVA koenpaziilekntna r | ar én
frekansa bajl é alternatif akém il etken!
Al ternatif akem il etkenlifji ejrileri, PVA il av
frekansa bajle iletim davr anbéeknétnoénni tdae dge°jzil ketniejni |
dejerleri, hareketl:] K&seiyyanl &di & kvé eamdisornbbe rkey
bajl arénén olukmasé ve polimerin kil y¢zeyini K
frekansa bajl é il etim mekanizmaséné deji ktir mi
Sch°nha&l0D 3 ; Wa n g vV e ar k. , 2005; Jose ve ar k. ,
b°l gesinin ardéndan alternatif akem il etiminin
frekansa bajlé y¢k takénéména ge- iadonald 2E8g& - a or t
Kremer ve Sch°nhals, 2003)
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Modelleme sonucunda elde edilen s parametreleri@.790 0 ar al €] & n d eentbmtiei K mi Kt
a o0.a8r8k belirlenirken, 25 mg PVA ilavesiyle 0
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5. TEKEKK! R

Bu - al ékma, KOCAELK | niversitesi Bili msel Ar ackt
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1. INTRODUCTION

The ceramic tile industry is one of the largest consumers of industrial minerals worldwide, producing
more than 15 billion m] of ceramic tiles annuall
ceramics. Among the raw materials used in cerdmity formulations, clays represent the most critical
component due to their direct influence on plasticity, rheological behavior, shdpiitg, sintering,

fired whiteness, and mechanical performance.

For decades, the ceramic industry has relied on a global network of raw material suppliers, allowing
manufacturers to optimize formulations by combining clays with complementary mineralogical and
technological characteristics. This international supply ehdtas contributed significantly to the
production of higkperformance porcelain stoneware and other winitdy ceramics.

However, the increasing dependence on imported raw materials hasxplssed the industry to
external risks. Recent geopolitical conflicts, disruptions in international logistics, rising transportation
costs, environmental restrictions on mining activities, and growing sustainability requirements have
fundamentally changetthe availability of strategic ceramic raw materials. These developments have
transformed raw material procurement from a purely technical issue into a strategic component of
industrial competitiveness.

This work reviews the current status of the glatday supply for the ceramic industry, analyzes the
impact of recent disruptions, and discusses the opportunities offered by alternative clay sources, with
particular emphasis on Indian kaolinitic clays.

2. THE GLOBAL CLAY SUPPLY CHALLENGE

The ceramic industry has traditionally depended on highly specialized clay deposits distributed across
different regions of the world. The quality requirements demanded by porcelain tile production cannot
always be satisfied using local resources alondjnganternational trade essential for maintaining
product quality and process stability.

European ceramic clusters, particularly those located in Spain and lItaly, have historically imported
significant quantities of whitburning plastic clays to complement domestic raw materials. Prior to
2022, imports represented approximately 42% of whég consumption in Spain and nearly 64% in
Italy, illustrating the high degree of dependence on foreign suppliers. The interruption of these supply
chains has highlightetthe vulnerability of current sourcing strategies.

In parallel, additional factors are increasing pressure on raw material availability. Environmental
regulations are progressively limiting quarry development in several countries, while stricter permitting
procedures reduce extraction capacity. At the dame longer transportation distances increase both
logistics costs and the carbon footprint associated with ceramic production. Consequently, securing
stable and diversified clay supplies has become ainthe main strategic priorities for ceramic
manufacturers.

3. TRADITIONAL ROLE OF UKRAINIAN CLAYS

Among all internationally traded ceramic raw materials, Ukrainian clays have occupied a unique
position for several decades. Their combination of high plasticity, low concentrations of iron and
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titanium oxides, excellent rheological behavior, and high fired whiteness has made them one of the
preferred raw materials for porcelain tile manufacturing.

These properties enabled manufacturers to formulate cerandies with excellent processing
characteristics while maintaining high production efficiency and consistent product quality. As a result,
Ukrainian clays became deeply integrated into the formulations used by many European ceramic
producers.

The geopolitical conflict initiated in 2022 severely disrupted this-egthblished supply chain. Export
limitations and logistical constraints forced manufacturers to rapidly reformulate ceramic bodies using
alternative materials. Besides creating imragglishortagesthe crisis demonstrated that excessive
dependence on a single geographical source represents a significant industrial risk, emphasizing the
need for more resilient sourcing strategies.

KEY ADVANTAGES m TYPICAL CHEMICAL ANALYSIS
(Ukrainian Ball Clay)

VARIABLE CHEMICAL COMPOSITION

HIGH PLASTICITY Oxide % (wt.) Typical Range (wt%)
Excellent workability, pressing Sio, 59.8 58.0 — 66.0
and green strength A

e Al,0, 235 21.0 - 27.0

Layering in Changes in mineralogy Selective extraction =
HIGH DRY STRENGTH openpitdoposts and impurities by benches/areas o LD i
Good handling, less breakage, TiO, 0.30 0.1-0.6
suitable for large formats K,0 2.30 20-28
GOOD FIRING PERFORMANCE ;0 080 Ol 0:4
Balanced fusibility and refractoriness Ca0 0.70 03-1.2
for dense, low-porosity bodies MgOo 0.25 0.1=0:5
Lo 6.90 55-8.0
HIGH WHITENESS POTENTIAL —
Low iron content - light-colored Silbeton WAL at1nhE
fired bodies TYPICAL MINERALOGY
IMPACT .
VEBSATIL!TY ; =) Variations in plasticity and rheology W Kaolinite
Easily combined with other raw —— ; )
materials in ceramic formulations ~,  Changes in water demand, I Inite / Smectite
@) drying and firing behavior 60-70% Quartz
@ SIRATRGICAURERY FOR EUROPE @ Need for quality control Others (feldspars,

Close geography and long-standing =Y and raw material blending carbonates, etc.)
reliability

Figure 1. Main characteristics of Ukrainian ball clays: key technological advantages, compaositional
variability, and typical chemical and mineralogical composition.

4. ALTERNATIVE RAW MATERIAL SOURCES

The search for substitute materials has focused on several complementary options. Baindays

one of the most technically reliable alternatives due to their consistent mineralogical composition,
excellent plasticity, and low impurity content. Nevertheless, their increasing cost, limited reserves, and
environmental restrictions affecting exttion considerably limit their capacity to fully replace
Ukrainian supplies.

Domestic European clays continue to play an important role. In Spain, deposits located in Teruel and
Asturias are widely incorporated into ceramic formulations, often combtedmported materials

from Portugal and Romania to achieve the desired balance between plasticity, whiteness, and firing
behavior.

Outside Europe, Brazilian clay deposits are attracting increasing industrial interest due to their large
reserves and favorable mineralogical characteristics. Although further characterization remains
necessary, these resources represent an additionatwppofor supply diversification.

Rather than replacing one raw material with another, current industrial priactieasingly relies on
optimizing ceramic formulations by combining multiple clay sources. This approach enhances supply
flexibility while maintaining the technological properties required for fjghlity porcelain stoneware
production.
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5. INDIAN CLAYS AS A FUTURE STRATEGIC RESOURCE

Among the emerging alternatives, Indian white clays appear particularly promising for future ceramic
applications.

Several deposits are characterized by high kaolinite contents and alumina concentrations exceeding 30
wt.%, combined with relatively low levels of coloring oxides. These characteristics provide excellent
fired whiteness, high refractoriness, and good compatibility with porcelain tile formulations.

The abundance of clay reserves across different geological regions of India represents another
significant advantage. Unlike more mature producing regions, India still possesses substantial
undeveloped resources capable of supporting-teng industrial émand.

Nevertheless, industrial implementation requicesnprehensive characterization beyond chemical
composition. Mineralogical variability, particle size distribution, plasticity, rheological performance,
drying behavior, and sintering characteristics must all be evaluated beforesdalgesubstitution
bemmes feasible.

Preliminary formulation strategies indicate that Indian clays can successfully complement local
European clays, reducing dependence on traditional suppliers while maintaining the technological
requirements demanded by modern porcedoneware manufacturing.

INDIA: CLAYS AT A GLANCE MAJOR CLAY MINING AREAS IN INDIA

X

// . % N
d IIII Qﬂ driaans ) / NORTH & WEST INDIA
. . © Barmer, Rajasthan
ABUNDANT RESERVES ~ STRATEGIC IMPORTANCE ~ GROWING DEMAND  LOCAL ADVANTAGE g | © Jodhpur, Rajasthan
Large and widely Essential for ceramics, Driven by rapid growth Strong domestic d
distributed clay sanitaryware, refractories of the ceramic and supply reduces. @ Bianer; Rajasthan
deposits and other industries infrastructure sectors | import dependency A WESTINDIA
J o (1] . © Kutch, Gujarat
TYPES OF CERAMIC CLAYS IN INDIA RAJASTHAN (7} R Sy x © Morbi, Gujarat
, @ PRADESH N
BALL CLAY o CENTRAL & EAST INDIA
\ @) - High ?Iasnc\ty and refractoriness. (4] GUIARAT MADHYA s © satna, Madhya Pradesh
= + Used in tiles, tableware, sanitaryware and porcelain PRAGESH @ Aty © Mirzapur, Uttar Pradesh
o g © Keonjhar, Odisha
PLASTIC (RED) CLAY ODISHA
o SOUTH INDIA - ANDHRA PRADESH
+ Good plasticity and binding properties s © Srikakulam, Andhra Pradesh
rikakulam,
+ Widely used in structural ceramics and tiles (o) @ Firios ke Prdeas
urnool, Andhra Prades|
ANDHRA
KEY FACTS PRADESH SOUTH INDIA - KARNATAKA
@ Bellary, Karataka
9 Major clay deposits are associated with sedimentary basins (1) (0]
& and alluvial deposits. CARNATACK SO TILININA 7ML NADD
A States like Gujarat, Rajasthan, Andhra Pradesh and Tamil Nadu \ g ?'":" T"""'”Na:" e
are the leading producers. iruchirappalli, Tamil Nadu
ok ® @ Virudhunagar, Tamil Nadu
[y Clays are mined by open-cast methods and are accessible or
*0™0%  with good logistics. Q
@ Ball clay
/4 India's ceramic industry is expanding rapidly, increasing @ Plastic (Red) clay
0l cemand for high-quaiity clays. @ Both (Ball & Plastic)

75t
ORI 220 SNRS00 DI 000 Ko @ Mixed / Other clays

Figure 2. Overview of India's clay resources and the geographical distribution of the major ceramic
clay mining areas.

6. CONCLUSIONS

The global clay market is currently undergoing one of its most significant transformations in recent
decades. Geopolitical instability, supply chain disruptions, environmental constraints, and increasing
sustainability requirements have fundamentally ckdrthe way ceramic manufacturers approach raw
material procurement.

The reduction in the availability of Ukrainian clays has accelerated the search for alternative resources
and encouraged the development of more diversified sourcing strategies. Rather than relying on a single
premium raw material, future ceramic formubais will increasingly integrate local clays, Ball Clays,
Brazilian resources, and emerging materials from India.

Among these alternatives, Indian kaolinitic clays offer particularly attractive prospects due to their
favorable mineralogical compositionigh alumina content, abundant reserves, and compatibility with
high-performance ceramic formulations.
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Ultimately, the competitiveness of the ceramic industry will depend not only on the quality of individual
raw materials but also on the ability to develop flexible, resilient, and sustainable supply chains capable
of adapting to future geopolitical, econimmand environmental challenges. Continued geological
exploration, detailed raw material characterization, and formulation optimization will thepédgre

central role in ensuring the lofigrm stability of the global ceramic sector.
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ABSTRACT

In alignment with the symposium theme, "The role of clay in the technology of the future," this
presentation provides a comprehensive analysis of how clay minerals serve as the fundamental physical
and chemical engines of the ceramic tile production psodes industry moves toward higiemand
products like ceramic slabs, the role of clay becomes especially critical; thesétange surfaces

require exceptional mechanical green strength to maintain their intagdtyithstand the stresses of
handling and processing before firing. As the primary plastic material, clay provides the essential
rheological properties and cohesion, enabling advanced shaping techniques such as pressing and
extrusion in largdormat prodets. Beyond its structural role, clay functions as a vital suspending agent

in ceramic slips, where its interaction with deflocculants and its ability to manage surface charges ensure
the homogeneity and stability necessary for consistent indugtiadity. During the firing stage, clays

act as key oxide providers, driving the formation of vitreous phases that reduce porosity through
vitrification and the development of crystalline phases, such as mullite, that grant the final product its
required tehnical hardness and durability. Furthermore, clays work in synergy witkplastic
materials to balance compactness and permeability, while simultaneously managing drying shrinkage
and modifying thermal expansion to ensure perfect compatibility betthhedargescale body and the

applied glazes. This contribution highlights how a deeper understanding of clay behaviour is essential
for the development of negieneration ceramic materials and for strengthening collaboration between
academia and industry.

Keywords:Clays, Technological properties, Ceramic applications, Ceramic slabs, Ceramic tiles
1. I NTRODUCTKON

The industrial success of ceramic tiles and slabs relies heavily on the unique properties of clay minerals.
Although modern ceramic bodiesntain a variety of neplastic raw materials such as feldspars, quartz

and carbonates, clays continue to act as the functional backbone of ceramic formulations. Their
importance originates from their layered crystal structure, fine particle size aratesutfarge
characteristics, which provide a unique combination of physical and chemical functionalities throughout
the manufacturing process. The increasing demand for-farget ceramic slabs has reinforced the
importance of understanding clay behavidunlike conventional tiles, ceramic slabs must withstand
significantly higher mechanical stresses during shaping, transportation, drying, glazing and firing
(Figure 1). Consequently, the selection and optimization of clay raw materials have becomie strateg
issues for the ceramic industry.
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_ z6asoem. s0xsoem. Large-format tiles are redefining modern
architecture

120x120 cm..

(Bigger surfaces, fewer joints, seamless design)

Figure 1. Largeformat tiles are redefining moder architecture.
2. CLAYS AS PLASTICITY AND RHEOLOGY PROVIDERS

Plasticity is one of the most distinctive and technologically valuable properties of clays. It can be
defined as the ability of a material to undergo permanent deformation under an applied stress without
fracture and to retain that deformation after the removal of the force. This property is fundamentally
associated with the morphology, size and surfaeeng$try of clay particles. The plastic behaviour of
clay-water systems originates from the interaction between attractive and repulsive forces acting
between patrticles. Electrostatic interactions, Van der Waals forces and surface tension effects generate
a structured network that allows particle rearrangement under stress while maintaining cohesion (Figure
2). Plasticity depends on both intrinsic and extrinsic factors. Intrinsic factors include clay mineralogy,
particle size distribution, specific surfaama, exchangeable ions and organic matter content. Extrinsic
factors include water content, deformation rate, deaeration and the presence of deflocculants or
flocculants. Highly plastic materials such as smeciitle clays exhibit greater deformaticapability,

whereas kaolinitic materials generally show lower plasticity but improved drying behaviour. In ceramic
suspensions, clays also play a key role in rheological control. Their surface charges determine the degree
of flocculation or deflocculatiordirectly influencing viscosity, thixotropy and sedimentation stability.
Proper control of these properties is essential for achieving higHsatigslips suitable for spray drying

and ensuring homogeneous particle distribution in industrial processes.

Shear zone

Figure 2. Schematic representation of the plastic flow mechanism in clay bodies, showing particle
orientation and interparticle forces during shear deformation in a flocculated clayey mass.

3. CONTRIBUTION OF CLAYS TO GREEN BODY FORMATION

A major challenge in ceramic slab manufacturing is obtaining bodies with high compactness and
sufficient green mechanical strength. These properties depend strongly on the characteristics of the clay
fraction. Clay particles contribute to packing efficigrtbrough theirparticle size distribution and
morphology. Fine particles can occupy intergranular voids of coarser particles, improving density and
reducing porosity. However, excessive amounts of ultrafine particles may increase water demand and
reduce processability hErefore, an appropriate balance between plastic anglastic components is
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required to maximize packing while preserving adequate forming behaviour. Green mechanical strength
develops through several bonding mechanisms, including Van der Waals feleespstatic
interactions, capillary forces and, in some cases, solid bridges generated by organic binders. The
strength of these interactions depends on particle size, particle spacing, moisture content and porosity.
Higher numbers of particle contactsrgrally result in stronger unfired bodies.

For largeformat products, green strength becomes a critical parameter because the unfired pieces must
withstand handling and transportation operations without cracking or breaking. Clay mineralogy
thereforedirectly affects industrial productivity and product quality. lllitic and highly plastic kaolinitic

clay fractions are often beneficial because they enhance cohesion and increase mechanical strength in
the unfired state.

4. DRYING BEHAVIOUR: BALANCING STRENGTH AND DIMENSIONAL STABILITY

Drying represents one of the most sensitive stages of ceramic processing. During water removal, clay
particles approach each other, generating shrinkage and increasing interparticle bonding. The drying
behaviour of ceramibodies is therefore closely linked to clay mineralogy and microstructure.

The sensitivity of a ceramic body to drying is strongly influenced by the nature of the clay mineral.
Smectitic clays exhibit high shrinkage and greater drying sensitivity due to their high water retention
capacity. Conversely, kaolinitic materials genlgrathow lower drying shrinkage and better
dimensional stability. Industrial formulations therefore combine various clay types arglastio
additions to achieve an acceptatbenpromise between plasticity, strength and drying performance.

For ceramic slabs, this balance is particularly important because dimensional defects become
increasingly difficult to control as product size increases. Consequently, drying behaviour must be
considered simultaneously with plasticity and green strengthglbody design.

5. CLAYS AS CHEMICAL REACTORS DURING FIRING

Beyond their physical functions, clays also play an essential chemical role during firing. Clay minerals
act as suppliers dfilica and alumina as well as some fluxing oxides, participating in the reactions that
transform the porous green body into a dense and durable ceramic product. During heating, clay
minerals undergo successive transformations including dehydration, deylgtiom, structural
collapse and recrystallization. These reactions ultimately lead to the formation of new phases and to the
development of a vitreous matrix through vitrification.

Particularly important is the formation of mullite, a crystalline phthsé contributes significantly to

the mechanical strength, thermal stability and durability of ceramic products. Simultaneously, liquid
phases generated from fhowntaining minerals promote densification and pore elimination. The
balance between crystalé and glassy phases largely determines the final properties of ceramic slabs
and tiles. In addition, clay composition influences firing shrinkage, thermal expansion antasize
compatibility, which are crucial factors for preventing defects suahneaing, peeling or dimensional
instability.

6. CONCLUSIONS

Clays are much more than plastic components in ceramic bodies. They constitute multifunctional
materials whose influence extends throughout the entire manufacturing process, from slurry preparation
and shaping to drying and firing. In the emerging fielthojeformat ceramic slabs, the role of clays
becomes even more strategic. Their contribution to plastic flow, suspension stability, particle packing,
green strength development, dryioghaviour and phase formation ultimately determines both process
efficiency and final product performance. A deeper understanding of clay mineralogy and its interaction
with processing variables will continue to be essential for the development of advamaedc
products and for strengthening innovation within the ceramic industry.
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ABSTRACT

This work presents a sustainable route for manufacturing porstbaieware tiles using predominantly

recycled raw materials through an innovative-grgcessing method. Recycled glass, ceramic waste,

and wollastonite were combined with an organic binder to produce highly densified ceramic bodies
while eliminating the spy-drying stage, significantly reducing water and energy consumption. The
optimized formulations achieved |l ow water abso
approximately 110 AC | ower than thoseexellemtd i n c
technological and aesthetic properties. Furthermore, the recycled substrates can be functionalized for
advanced applications, including Buildiigtegrated Photovoltaics (BIPV) and antibacterial ceramic
surfaces. The proposed approach demonstridi@t waste valorization and dry processing can be
successfully combined to produce higérformance multifunctional ceramic materials, contributing to

the circular economy and the sustainability of the ceramic industry.

Keywords: Recycled ceramienaterials Dry processing Porcelain stonewareCircular economy
Waste valorizationMultifunctional ceramics

1. INTRODUCTION

The ceramic industry is currently undergoing a profound transformation driven by the need to reduce
its environmental impact while maintaining the high technical performance required for building
materials. European environmental policies, particularlyBbhepean Green Deal and the Circular
Economy Action Plan, have established ambitious targets for reducing greenhowgaigmsns,
minimizing waste generation, and improving resource efficiency. Within this framework, ceramic tile
manufacturing faces several important challenges, including the depletion a@jusitity natural raw
materials, increasing energy costs, inte@svater consumption during processing, and the management
of large volumes of industrial waste.

Conventional ceramic tile production is based on wet processing, where raw materials are milled with
approximately 36 wt.% water before being spdaied to obtain granulated powders suitable for
pressing. Although this process guarantees excellent homogeneity and pressing behavior, it requires
considerable thermal energy to evaporate water and produces significant emissions of carbon dioxide,
nitrogen oxidessulfur oxides, dust, and water vapor. Consequently, spray drying has become one of
the most energintensive stages of ceramic manufacturing.

In parallel, the increasing generation of ceramic and construction waste has motivated the search for
effectivevalorization strategies. Instead of disposing of these materials in landfills, recent research has
demonstrated that several industrial residues can be successfully incorporated into ceramic
formulations, contributing to circular economy principles whéducing the extraction of virgin raw
materials. Recycled glass, fired ceramic waste, polishing sludge and other inorgprodits have

shown considerable potential as secondary raw materials for advanced ceramic applications.

In this context, theSolid State Chemistry Research Group at Universitat Jaume | has developed a
research line focused on sustainable ceramic materials through the combination of recycled raw
materials and alternative processing routes. The present work investigates tlotigeraafuporcelain
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stoneware tiles manufactured almost entirely from recycled resources using a dry processing
methodology. Besides reducing water and energy consumption, the work evaluates the technological
feasibility of obtaining highly densifiederamic substrates that can subsequently be functionalized for
advanced applications, including Building Integrated Photovoltaics (BIPV) and antibacterial ceramic
surfaces.

2. DESIGN OF RECYCLED CERAMIC FORMULATIONS

The ceramic compositions were designed using recycled glass, crushed ceramic tiles and wollastonite
as the main inorganic components. Recycled glass acts as an effective flux due to its high alkali content,
promoting liquidphase sintering and facilitatimgnsification at temperaturesnsiderably lower than

those commonly employed in porcelain tile production. Crushed ceramic waste contributes silica and
alumina while simultaneously replacing conventional feldspathic raw materials. Wollastonite provides
calcium silicate, favoring theofmation of crystalline phases during firing and improving the final
mechanical properties of the ceramic body. An acrylic organic resin was incorporated during
granulation to enhance the mechanical strength of the green bodies and improvefioovedhdity

during pressing.

Unlike conventional spray drying, the proposed methodology employs dry milling followed by
granulation through the controlled addition of the organic binder. This processing route significantly
reduces water consumption and eliminates the highly ermnggnding atomization stage. The
resulting powders were pressed, dried and fired under different thermal conditions in order to optimize
densification and microstructural development. The overall process represents austaneable
manufacturing route while maintaining industrial compatibilfigure 1)
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0
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= — .
-
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Figure 3. Schematic illustration of the manufacturing and recycling process for construction materials
with the incorporation of organic additives.

Four ceramic formulations (CC4) were prepared to evaluate the influence of the organic resin content
on the processing behavior and final properties of the ceramic bodies. As summarized in Table 1, the
inorganic composition, consistingpfe cycl ed gl as s, crushed ceramic
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was kept constant, while the organic resin content was progressively increased from 0 to 10 wt.%. This
experimental design made it possible to assess the effect of the binder addition on powder granulation,
green strength, densification during firing am@ tresulting technological properties of the ceramic

materials.

Table 1.Porcelain compositions studied with different proportions of organic resin.

C1l C2 C3

Recycled gl as 50 50 50
Crushed tiles 40 40 40
CasSi O 30 30 30
Organic resin 0 2 5

3. GREEN BODY PROPERTIES AND OPTIMIZATION OF DRY PROCESSING

An important aspect of dry processing is ensuring sufficient mechanical strength before firing. The
results demonstrate that increasing the amount of organic resin substantially improves the mechanical

resistance of unfired specimens. This improvementir@igs from stronger interparticle bonding
generated by the polymeric binder, which creates solid bridges beteesgnic particles after drying.

Additionally, higher compaction pressures produce denser green bodies with improved particle packing

and reduced interparticle voids.

The combination of optimized granulation and pressing conditions provides green bodies with adequate

strength for industrial handling without requiring spudiied powders. Consequently, the dry
processing route becomes a technically viable alternativabteapf reducing both water consumption

and energy demand while maintaining excelfmocessability.

4. SINTERING AND TECHNOLOGICAL PERFORMANCE

One of the principal objectives of porcelain stoneware manufacturing is obtaining highly densified
ceramic bodies with extremely low water absorption. The gresification diagrams indicate that the

recycled formulations achieve progressive densificationrang) ftemperature increases, with water

absorption values approaching those required for porcelain stoneware classification. Furthermore, linear

shrinkage evolves consistently with the developnadntquid-phase sintering, confirming efficient

consolidation of the ceramic boglyigure 2).

Remarkably, the optimized formulations reach adequate densification at firing temperatures close to
conventi

1090 AcC,

approxi mately

110

AcC

bel

ow

represents a considerable decrease in energy consumptioa ssgloci at ed
maintaining suitable mechanical properties and very low residual porosity.

CcO

e mi

The whiteness measurements indicate that the recygolegositions preserve an acceptable aesthetic
appearance despite the incorporation of secondary raw materials. This characteristic broadens their
potential industrial implementation in architectural ceramic products where visual quality remains an

importart requirement.
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Figure 4. Variation of water absorption and linear shrinkage as a function of firing temperature for
samples C1, C2, and C3.

5. TOWARDS MULTIFUNCTIONAL RECYCLED CERAMIC MATERIALS

Beyond conventional structurapplications, the developed ceramic substrates provide an excellent
platform for functionalization. Their dense microstructure and controlled surface characteristics enable
the incorporation of advanced functionalities, including photocatalytic and luéda¢doatings, as well

as conductive layers for Building Integrated Photovoltaic (BIPV) systems.

This multifunctional approach considerably increases the added value of recycled ceramic materials.
Instead of serving solely as construction produmésamic tiles can actively contribute to renewable
energy generation, indoor hygiene, and sustainable building technologies. Therefore, waste valorization
becomes not only an environmental solution but also an opportunity for developirgenighmance
functional ceramic systems.

6. CONCLUSIONS

This work demonstrates that higlerformance ceramic tiles can be successfully manufactured using
formulations largely composed of recycled materials through an innovative dry processing route. The
combination ofrecycled glass, ceramic waste and wollastonite promotes efficient -phaske
sintering, allowing highly densified ceramic substrates to be obtained at significantly lower firing
temperatures than those required by conventional porcelain stonewareiproduct

The elimination of spray drying considerably reduces water consumption, energy demand and
atmospheric emissions, making dry processing an attractive alternative for the ceramic industry. The
incorporation of organic binders ensures sufficient gnemehanical strength, enabling industrial
handling while maintaining excellent compaction behavior.

Microstructural characterization confirms that the interaction between crystalline phases and the
amorphous vitreous matrix governs densification and final technological properties. The resulting
materials exhibit low porosity, high mechanical performaare adequate aesthetic characteristics for
ceramic tile applications.

Finally, the possibility of functionalizing these recycled ceramic substratesrferging applications

such as photovoltaic integration and antibacterial surfaces extends their technological potential far
beyond traditional construction materials. Consequently, this research represents an important
contribution toward the implementatioof circular economy principles in the ceramic sector,
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demonstrating that waste valorization and sustainable processing can be successfully combined to
produce advanced multifunctional ceramic materials suitable for future industrial applications.
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Mikrodalga Teknolojisiil e Ser ami k Sajl ék Gere-lerinin
Kyilektiril mesi

Improving The Drying Process Of Ceramic Sanitary Ware With Microwave
Technology

Bar ek, AyAtlan Ay'dén G°kt ack

T Dokuz Eyl ¢I i niversitesi, M¢hendi sl i k Fak¢l tesi
Te¢rkiye

*Sorumlu yazarbarisayton@gmail.com

¥ZET
Serami k sajlék gere-1er.i cretiminde d°k¢gm sonr a
bel ¢m¢egn¢g ol uktur masénén yané séra -atlak kaynakl
ademéedeér . Bu -al ékmada, uWlogradgayhlel kwéhkv eXRB8i gante
alternatif ol ar ak, haci msel ésétma sajlayan mi
uygulanabilirlifji deneysel ol an&KECagr alRtkgme |- manutr 6
al -é& kal éplara d°ke¢gm yoluyla biri kar makék geome
numune hazérl|l anmeck,; ev i70Pi Wbiarr amiekeodalkga gf,éer 8
séralamal arl a wygudtaeaméxglesek Dggee -ékan rejiml.
sonu-1|l anérken, ye¢ksek g¢é¢-le baklayéep ara bekl e
numunel er i hasarséz bi-imde kurutmuxktur. Bu yakl
%0, 41" e deKer ¢l méK; -ubuk numunel erde ortal ama
tekrarl anabilir Kekilde elde edilmixktir. Mi kr oc
dayanéme 10,86 MPa olup klasi k ydnrmkehkl &9lKurumteu Ik a
gel mekt e; optik mikroskop ve SEM incelemel erin
rastl anmamaktadeéer. Kurutma s¢resinin 1.200 daki k
olarak %858 7 azal mas é, gé - prof il dojru tasarl andéj
gere-1leri i -in uygulanabilir bir alternatif ol du
Anahtar Kelimeler: Mi kr odal ga kur ut ma, serami k sajl ek ger e
mukavemet
ABSTRACT

In sanitary ware manufacturing, pasststing drying is a critical step that accounts for a substantial share

of the total energy demand and largely determines aedaked scrap rates. As an alternative to
conventional gafired dryers requiring roughly @ hours per cycle, this study experimentally
investigates the applicability of volumetric microwave heating to tdmeensional slipcast bodies.

Two sample type® a bowl with complex geometry and standard t&arsvere slipcast in plaster

moulds from arindustrial Fine Fire Clay (FFC) slip, and drying regimes with power steps between 120
and 700 W were applied in a domestic microwave oven. Regimes ascending from low to high power
invariably ended in explosive failure, whereas profiles starting at highermpoincorporating
intermediate rest periods and decreasing stepwise dried the samples without damage. With this
approach, the residual moisture of the complex sample was reduced to 0.41%, and the bars showed a
repeatable mean moisture loss of 12.82% withar i at i on of only N1. 4 %. Th
strength of the microwaveried bars was 10.86 MPa, about 94% of the conventionally dried reference
(11.56 MPa), and no cracks or delamination were detected by optical microscopy or SEM. Reducing
the dryirg time from about 1,200 min to 18 min and the nominal unit cost b§785 indicates that,
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with a properly designed power profile, microwave drying is a feasible alternative for ceramic sanitary
ware.

Keywaords: Microwave drying, ceramic sanitary ware, fine fire clay, power regime, dry strength, energy
efficiency

1. GKRKK

Kl ozet , | avabo, bide ve pi suvar gi bi serami k S
kararl el ejé, dayanéekl éleje ve su ge-irmezlifji S &
zinciri t emel ol arak -amurnelyaz drals&ma,| éx @liklglmgn d
pi kKirim adémlaréndan ol ukur . Bu zincir i -inde |
sahiptir b¢e¢nyede kalan nem pikirim sérasénda heé
y ol a-famidlech, férén%?ncesal bakayiendiemi hmesi hede/
Enerji tarafénda da tablo -arpeécéder serbest su
AC'de kurutulmasé i-in gereken teorik enerji,

yakl akéek ¢-te birineAli kda.r,ké2@R4)g.el ebé ¢ edi iry INaw:
-ojunlukl a i Kli2kakl@'meead ekadar0 ésétéelan dojalgazl e
-evrim 20 saati bul2@dWi0l; me&Sk tngd?irr, @POBt)un&Konvektif
i -eriye iletildijinden y¢zey il e merkez arasénda
hem s¢reyi uzat makta hem de kuruma bg¢gzeéel mesi nden
Mi krodal ga ésétmada ise eneriji, su dipolleri éz
Dielektrikk ayép fakt°r¢ nem i-erijiyle birlikte dejiKkt
i - b°lgelerde ger-eklexkir; ésé ve k¢tle akéeké a)
profilleri el de edilir ( Meé alx@asi veb B amleak mal,9 9®
dé¢kek begnyelerde basén- birikimine yol a-abil mek

(Vorhauer vd., 2019; Nadli vd., 2024).

Bu potansiyel farklé seramidk ¢$§280&h, ekanteng?evh
il e geleneksel ésétmaya kéyasla belirgin bi-imd
di f¢g¢zyonu i le buhar uzakl akteérma y°nlerini par al
k ablae d° k¢l en sofra exyalarénda konvey®©°rl ¢ mikrod
ve mukavemetin artt&jdéng 202@R29r i estemikk tli rk.i rBrmidadte
gésceén zamana yayélarak kesintildi uygul anmaséneén
-al ekxmal arén ©°neml. bel ¢m¢ | evha ya da plaka t
b°l gelveer deji kken et kal énléejé i-eren ¢- boyutlu
sénérl e kal maktadeéer . Bu -al eékmada, end¢strivyel F
standart -ubuk numunel er c2eematdiek mokamomalk!| dangn
bakar ése, bakiye nem, kuru mukavemet, mi kroyapée
yapél méxkteéer .

2. MATERYAL VE Y¥NTEM

2.1. B¢nye ve Numune Hazérl| ama

Deneyl erde, FFC =-amuru kull anéel mékté¢drzeldge b¢nye
cCzetl enmi Ktir. Tane boyutu daj él éeménda d , d
spesifik y¢zey alané 1003 m|j/ kg, 45 Om ¢zeri tan
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¢i zellFFeC b ¢nyesinin re-etesi ve kimyasa
Hammadde Ajérl ek- Oksit %
Ball Clay 23 SiO, 63,2
Kaolen 24 Al>O3 25,8
Feldspat 22 FeOs 0,6
Kuvars 17 TiO2 0,6
kamot 14 CaO 0,3
Toplam 100 MgO 0,3
NaO 0,7
L.O.l 2,0
Toplam 98,7
Kk i farkl & geometride numune, al -é& kaleéeplara d
numune, -apé 174 mm ve y¢ksekliji 70 mm ol an - an
kal en9 einm d4rasénda dej i kKmekhbwel untnaabkatnaédnédra. nkaksii fp
y¢zeyi talk ile hazerlanmék, 60 daki kaléek et kal
par -a i ki saatlik sertlekme s¢resi sonunda kal e
esasolanstaadr t - ubuk numuneler iise 195 | 27,5 1 14 m
-ékareéldektan sonra -apaklare al énmeéecxk, kakimar al an
16de verilmixktir.
a)
kekial) Xk.ompl eks kekil i numune. b) -ubuk m
2.2. Mikrodalga Kurutma Denemeleri
Kurutma iklemleri, ev tipi bir mikrodalga f éreéend
700 W g¢- kademel eri kull aneéel arak ye¢reéeteéel megkt gr .
kéezélo°otesi termometreyl e (ACURAUMEZDOBBN 0818 nadrml
bakiye nemi halojen nem tIR§d5n Tli hgkwmpa {Dewmkemu
kaybé ise gravimetrik olarak hesapl anméxkter. ¥n
homojen ol madéejée g°r¢l mgk ve numune konumu, t ¢m
sabitlenmi nuimuneKagrzmakake i ki, -ubuk numunel er
ger-eklextirilmik; her partiden elde edilen bulg
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2.3. Mekanik Test ve Karakterizasyon

Bakaréyla kurutulan -ubuk numunelerin kuru keéereée
efjme testiyle belirlenmik ve (EK. 1) bajénteéeseéeyl
dengel emek amacéyla geniklilkpherrtmt@amasde ai lgin m
yizeylerinden al énan paR2®IGTrk adcemenleiy ez grivprerl ard¢an
ve optik mikroskopta séraséyla 5, 10 201 b¢y¢t me
taramal & e kobukdar(3ckw,] nii ekirso sd e did ot VIO H,J] ) 250 ¢nt ¢l enmi
kokull aréenda klasik y°ntemle kurutulan bir numun
G = 3FL/ 2bh)
Burada,
Efjil me dayanéemé (0), kérélma y¢keg (F), destekl e
yé¢ksekl i Jg© s(ther ioll naerkatke di r .
2.4. Enerji ve Maliyet Dejerlendirmesi
Kl asik y°ntem i-in ikletme veriler:i esas al énm
kurutulmakta ve 1251 5 0 s mj doj al gaz t¢eketil mektedir. Mi Kk
kademel eri ve sg¢reler ¢zeri ndkene nbeirrj i-suib uhke snaupm uanne
fiyatlar dojalgaz i-in 15 TL/smj, elektrik i-in
enerji temellerine dayandéjé g°z °n¢gnde tutul ar a
3. SONUC¢CLAR VE TARTI k MA
3.1 G¢- Profilinin Kurutma Bakaréséna Etkisi
Kar makek geometril. numunede 120 W tan 500 W' a
sécakl éj e 95,5 AC'ye ul akt éj enda ¢tiazkd)rge bG¢l-gesi
séral amasénén yeniden d¢gzenl endi i i Kinci deneme
veril mik ve profil son b°l ¢ ;mde kademeli ol arak 1
ile sénérl é& kal mécx, n uakiyemem %9041 b el ehdnrst kKdbyemuthe
belirgin bi-imde alténa inmiktir.
¢i zlKpa makéeéek geometrild. numune ¢zerinde uyagul
. - . . Maks. Bakiye nem
Deneme Gy¢ - séral amas S¢r e séecakl (%) Sonu
1 120Y250Y380Y50C 1134 95,5 1,17 Tabanda
patlama
250Y380VY(5 d Hasar
2 ara)Ys00vY380VY2! 937 87,5 0.41 kurutma
Cubuk numunel erde ayné ejilim GioXkelljgaech® ¢, kegkkignr - t
bakl ayép 380 W a y¢kselen 11 k i ki partideki seki
partide bu kesit i-in 250 W ¢zerindeki g¢ -1l erin
-evrildifji derde¢nc 250 Weiklienclh awlaaywdpg ey all akeék
ardendan 120 W a d¢gken profil bek denemede has.
denemede g¢ceéen bitikte yeniden 250 W a y¢kseltil
y°n, azal an ol masé gerektijini deneysel ol arak d
¢i ze3dl,gepatl ama mekanizmaséna ilikkin tutarl e bi
rejimlerde y¢zey erken kuruyarak g°zenek ajézlar
aniden olukan buhar -ékeék yodayéutlahmaide] énhdakt &
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gé¢-1le baklandéjéenda ise b¢gnye hengz ésl ak ve bu
veril mekt e, azalan nem i-erijine paralel ol ar ak
baséncén dengel enmesi ne itmklOin ganémadgulaamas e Banh
i-in belirleyici ol dujunu g°steren Briest vd. (
bildiren Itayav d . (2005) ile °rt¢kmektedir. Ayréca et ka
ters yo°nl ¢ biri9i Inmnk keit skaap téannl ngekkl téé r-:a n4a0k Wiuki mune a
adéeml aré kaldérabilirken, 1&héemm 25l &M Ité] &md arkeik tn
czetlenmi ktir

¢i z&l¢equsbuk numunel er ¢zerinde yeé¢regtelen kurutm

Parti Uygul anan yakl ack Deneme Bakar Bakar
sayeé:s

1 Artan g¢- rampaseé (1 4 0 4

2 Artan rampa (revize 4 0 4

3 Azal an profil (250VY1 3 2 1

4 Azal an profilin dojrula 4 3 1

yé¢ksel tildi)

3. 2. Nem Kaybé ve Tekrarlanabilirlik
Optimum rejimle Kkurutidl7e8n gb ek a-l LB Bk dralkidhd gieea,k 1a7 7
i nmi k ve numune bakéna ortalama 22,8 (gil404 wuzakl
aral ejénda dejikmekte olup ortalamasé %12, 82"'di
belirlenen rejimin tekrarlanabilir oldujunu g°st
3.3. Kuru Mukavemet
Mi krodalga il e kurutulan -ubuklarén ortalama kur

kurutulan referansénki @Tteerelllfeé kMPa ad Igaar aaki nfuln-ed
yakl akéek %94' ¢{, d¢zeyindevdday@ @06 )s etrayr d feani ckkdn r ¢
bildirilen mukavemet artékénén aksine burada sén
ve ev tipi férénén amaca °zel sistemlere kéyasl a
Bununl a birlikte fark, kurutul muk yaré mamul ¢n t a
séneéerl agi izeitey @ezdeitrl.enmi Kt i r .

¢i zedlKkug u ej me dayanéménén Kkurutma y°ntemin:i

Kurutma y°ntem Kuru ejme day Referansa
Mi krodal ga (250Y120 10,86 N 1, 93,9
Klasik (ortam) kurutma 11,56 100 (referans)

3. 4. Mi kroyapé

Optik incelemeler, Kkurutma y°nteminden baj émseéez
matris ortaya koymuktur ; d¢kek begyegtmel erde gor
arttek-a tane k¢gmeleri veiarhbheégdbhmeki adier g zeg
yojunlukta izlenen koyu renkl:i nokt asal i nkl ¢z
kurutma rejimiyle ilixkkilendirilmemi«xtir Mi kr o
homoj enl i jvendkewmv krasmogi b i iri tanelerin dajeéel é&mén
istifine kiA@aOODhemrab@ejenda -ok °l-ekli SEM in
i ki y°nteme ait temsili g°r¢nteéler kekil 206de su
SEM g°r¢nt ¢l erinde matri s, kil e saansell & rbd¢enny eoll eurk me
Yéeksek begyetmel erde kaol i niyteg ztei pvig ¢kl ealkdasz i M 6 jmd relra r
ayért edil mekt e; taneler arasé bokluklar bu | am
Numuneler sinterlenmemk , yal nézca kurutul muk b¢gnyeler ol duj
camsé faz ya da tane irilekmesi gibi sinterl emey

karakterinin uygulanan kurutma y°ntedmni nden baj eén
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Numune 4_2 rodalga Kurutma) - SEM

Ortam (Kla

kekiMi krodal ga ve klasik y°ntemle kurutulan nu
gore¢ént el eri
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Kki y°ntem araséndaki temel fark | amel paketl enm
referans numunede pl akal ar g°rece séke vV e d¢ z
numunel erde daha a-éeék ve d¢rzenlérzebiy dewlidrn md de
daha pe¢reéezl ¢ ve engebeli ger¢nmekt e, yéksek bey
d°n¢gk |Iameller il e bunlara ekli k eden artmék tan
numunedennumeny e dej i kmekte ol up en belirgin °rnekte
gzl enmi ktir. Buna kar kén mhik-rmi-rat Imi Kk r oveag/lag ad el
saptanmameécx,; makro °l|-ekte hasarseéez kal an par -
dojrulanméexter.
G°zl enen a-éeék dizilim, mikrodalganén hacimsel (i
geli ken Dbuhar baséncé sévé fazé y¢izeye dojru h
kurut madaki gi bi y av ak - az aynmeaknl atka@&mé ntagnzaekntlaid éy e r | Ke
b¢yek ©°1 -¢de kil l amel | er i ar aeg&ndeaekii M aepiilneer vieu
alanéena bajlée olduju dikkate aléendéjénda, tane
g%zeneklilikteki séenérl e artéka rajmen dayaneémé
a-ékl amaktadar g°Gemeke agd €@aléenhb izl eyen pikirim a
bi -imde uzakl akmaséené kol ayl akteérarak ek bir ava
3.5 S¢re, Enerji ve Maliyet
Mi krodal ga rejimi toplamda yakl akéek 18 daki kada
tcketmektedir bu da 0,71 TL'lik bir birim ener|
gazmaliyeti46B5 , 63 TL acalzeé) gem8adérbézéeéndakbkkarahem7 ~f
olup nominal birim maliyetteki azalma %857 mer t ebesi ndedi r Kl asi k dej
bir -evrimden, mi krodal ga dejerlnln i se | abor
unut ul mamal edéer; kesiiny%ntremikmnaym& Kreyrmsve -gar til
t cketi mler iczerinden normalize edil mesi gerekir.
¢i zeblKdJemsi k ve mi krodal ga kurutmanén enerji v e

Parametre Klasik (konveksiyonel) Mikrodalga

Enerji k a Doj al gaz Elektrik

Kurut ma s al. 200 dk ( als dk

Teketim 13301596 kWh/ -ev &0, 17 kWh/ -ul

&rén)

Birim fiyat (kabul) 15 TL/smj (1, 4,17 TL/kWh

Birim maliyet a4,i5963 TL/ ¢ a0, 71 TL/-ub
4. SONUCLAR
Bu -al eékma, end¢gstrivyel FFC d°k¢m begnyel erinin
Kurutulabil dijini gestermi Ktir. Kurut ma bakareées
toplam s¢re dejil g¢- prof@kamimejyiomlgedre ri: s tdigskn,ak
a-arken, y¢ksek g¢-le baklayép ara bekl eme i-er
kurut muktur Tolere edilebilir tepe g¢cenegn et |
créenlier bii+ igi¢kal eaarl ietkas e " -ékarél maséneén rejim
etmektedir.
Optimum rejimle karmakék geometril:i numunede bal
kuru ejme dayanémé klasik referansén yakl akek ¢
rastl anmamécxter . Kur ut ma s ¢ r e svendmmal Airim2r@lfetid a ki k a
%8587 azal mase, yentemin endg¢gstrivyel potansiyel.]
homoj emsil gluil jair én ©°1 - ekl enmesi ndeki bakl éca késet
alan dajéeleména sahip -ok modlu veya konvey®°rl ¢
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czerine yojunlakmasé, ayréca mikrodalga ile kuru
ve boyut sal kararl el ék dejerlerinin dojrulanmasEé
5TEKEKK] R

D°ke¢m -amuru temini ve | aboratuvar ol anakl ar é |
Sanayi, Ak&aralkeerizasyon -al ékmal arémdaki dest ekl
Met al ur j i ve Mal zeme M¢ghendi sl ifJi Bl ¢m¢ tekekKky
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*Sorumluyazar:aylin.sinmez@mapeg.gov.tr

¥ZET
Tée¢rkiye Cumhuriyeti sénérlarée dohilindeki tem Yy«
sayeéel e Ma d en Kanunu uyar énca Devl etin h¢keém
bul undukl aré arazinin m¢gl kiyepionldem, blajgrelmsré&n ba
i Kl etil mesi DevlietinKidlenembaidmhnl| erei ,i zméme geladnak d
sanayisinin temel také ol masé hem de y¢ksek tek
dijer sekt°rl erdeki kritik ©°nemi nedxni3 | eaydelta
Maden Kanunu uyareénca ki.l madenl eri, kull aném an
ol mak ¢zere iKki ana kategori de s é mgibikilerd\hgrggr €l mak t
i erisinde end¢strivyel killer olarak m¢tal aa edi
ruhsat verilirken, I V. Grupta yer alan killeri
il e il gilorumdpmpél omaa® kususl ar sistemati k Keki
bakl anél arak arama d°nemi sonuna kadar yapeéelac
s¢rdereéelebilirli k a-éséndan °neat gedé&i YVapémahkt
incelendijinde 3213 sayeéelée Maden Kanunu il e i
ger ¢l mektedir. Mevzuat én di nami k bir S¢roe- ol
duruml ar én sektor p alynidaaskél naérné n ag e rdeokj Iriul i jaikntianr &
dejerlendirilmektedir. Bu -aléekmada, end¢striyel
yapélacak il k m¢gracaattan baklanél ar ak, i KI et me

hangiesaslr a g°re yapeélacajé hususu kapsamleé bir «kek

farkendal ejéen artéreéelarak s¢recin etkin ve heéezl

Anahtar KelimelerMe vz uat , Ar ama, End¢striyel Killer
ABSTRACT
Al | underground resources within the borders

disposition of the government, in accordance with Article 168 of the Constitution and the Mining Law
No. 3213. Mines have a legal status independent of thersiip of the land on which they are located

and their exploration and operation are subject to the supervision and permission of the government.
Clay mines have been subjected to detadiedsification due to their role as a cornerstone of the
traditional building materials industry and their critical importance in other-teicin sectors such as
ceramics, paper, pharmaceuticals and casting. According to the Mining Law No. 3213, clajsminer
are classified into two main categories based on their intended use: subclause (b) of group | and
subclause (a) of group IV. Clays such as kaolin, bentonite and sepiolite are considered industrial clays
within group IV. While operating licenses ayented directly for clays in Group I, exploration licenses

are required for clays in Group IV. The necessary procedures related to this process are systematically
implemented. The accurate and transparent execution of activities from the initial appticiie end

of the exploration period is crucial for sustainability. A review of the literature on industrial clays
reveals that studies on the regulations related to Mining Law No. 3213 are limited. Considering that
legislation is a dynamic procesg is deemed important to accurately communicate changing
circumstances to sector stakeholders. This study will comprehensively evaluate the principles governing
the necessary procedures for obtaining an operating license for industrial clays, startitigefinitial
application to the General Directorate of Mining and Petroleum Affairs. It is believed that raising
sectoral awareness in this context will contribute to the efficient and rapid execution of the process.
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Keywords:Legislation, Explorationindustrial Clays

1. GKRKK

Anayasabtnén 168. ve Maden Kanunudnun 4. maddel
m¢el ki yetine tabi ol maksézén Devlietin h¢gkegm ve t a
ger-ek veya tg¢zel ki kil enedbel i rBlui baajr elmdra iTlie k
mevzuat énda t¢m madencili k faaliyetlerinin kamu
dejerlendiril mektedir.

Yojunlukl a serami k sanayisinde kull anélan end¢st
ve sondaj gi bi farkl e alanlarda da g¢negmgzde ki
maddesi , kill eri kul | avhapné arhalnd emeqiia rmgi°tr el iijkii nydee
bendi nde, kaol en, bentonit, sepiyolit gi bi endg¢ s
I . Grup (b) killerinde dojrudan i kletme ruhsat
end¢strivyel killerde °n, genel ve detay arama seé
Son d°nemdeki mevzuat dejai,kitkelmiknlaetr iv ei sree hbaabki vl uirtt
°neml i yenilikler getirmicktir. Bu -aléekmada | it
kapsaml é dejikiklikler kapsamleé bi-imde el e al én
sekt®°ramayidakh arama s¢recinde yerine getirmesi
nitelijinde ol masé h2@®ebl geiméhtrediar asAyi échazd02l
dejerlendiril mekte Ve sekt®°redndgsltamgal ykneéedel
vurgul anmaktadér .

2. END, STRKYEL KKLLERDE ARAMA D¥NEMK

2. 1. Maden Kanunu'na G°re End¢strivyel Killerin &
3213 sayélée Maden Kanunu' nun 2. maddesi uyar énc e
End¢gstriyel Killer ise |IV. Grup (a) bendinde yer
Endellit, Anaksit, Bentonit, Montmorillonit, Bayidii t , Nontroni t, Saponi t, H e
Al l of an, Kmal ogi t , Kl orit, Sevpei ylodnltgr éMal Kk ggroa ks d
Refrakter killer, Ji ps, Anhidrit, Al ¢nit (kap;
Magnezyum, Kl or, Nitrat, Kyot, Fl or, Brom ve di
Tinkal, Pander mneint avze y%l Ob ¢Bn2yQe3s iindeer en di jer Bor m

(Selestin, Stronsiyanit), Barit, Vollastonit, Talk, Steattit, Pirofillit, Diatomit, Olivin, Dunit, Sillimanit,
Andaluzit, Dumortiorit, Disten (Kyanit, Fosf at, Apatit, Asbest (Amyant

minerall eri (Trona, Nakol it, Davsonit), Zeol it ,
FI ¢orit, Kriyolit, Zémpara Také, Kor un d%asm, Di ya
SiO2 ihtiva eden Kuvars kumu, Feldispat (Feldispat ve Feldispatoid grubu mineraller), Mika (Biyotit,
Muskovit, Serisit, Lepidolit, Flogopit), Nefelin
(Maden Kanunu, 2026).

2. 2. Kl k M¢racaat S¢greci ve Hak Sajlama Esasl are
I V. Grup (a) bendi end¢gstrivyel kil ar &danta r uhsa
koordinatl aré esas alénarak tespit edilen nokt al
Genel M¢ederl ¢7 ¢dne (MMREG@GN)elcelktri adieln giaptedmdar (e |
m¢racaat bedel i ni n ky sstagrl @alnmans @& | zaréinn luwduwrn.l uHa m,
Hak sajlanan alan Maden Kanunubénun 7. maddesi nd
dejerl endir me sonu- raporunda il gili ©czel iz
ruhsatlané r é 1l masé i stenil meyen késémlaré i-in m¢gracaa
Kl k m¢racaat sonucunda hak kazanan ger-ek veya t
i -erisinde akajédaki yasal yéekeml gl ¢kl er i ve bel
(Maden Y°%°netmel ifji 2026) .
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AGer-ek |/ Te¢zel Ki Ki Ki mlik, Vergi , Ticaret Si ci
ARuhsat bedelinin ve yatérém teminaténén yateéer
projesindeki topl amdeat azéeéml mamakénerr 5 banka t
olarak sunulur),

AKI k m¢gracaat taahhgtnamesi ve belgeleri ( Ek
AEk7' ' de yer al an ¥n -8feyeralrMaden Rama Brojesi, ve EKk

AMali yeterlilik belgeleri (Ruhsat sahibinin ©°z
AAktif edil mik Kayétlée Elektronik Posta (KEP) '
adresi.

M¢r acaat edilen sahanén Kanun'un 7. maddesi k afy
bl gel eri, mi || i par kl ar, sit alanlare, or manl a
taraféendan il gili kur umlalramann ika <é nsléarre -il -eirn rbual
olumsuz g°r ¢k verilen kéesémlar taksir edilir.

¥n incel eme-7r)ap chredredfa s(athkay & se- menin gerek-eler
maden/ madenl erin belirtilmesi, ©°ncelikle b°lgese
bil gi ve belgelerinlgervel meas@gebereklil dianél Bualk
°ng°r¢lere dayanél arak hedef madenl ere y°neli k L
¥n inceleme raporunda yer alabilecek hususl ar;
a) M¢racaat edilen sahaya ilikkin maden potans:i
Konumunu g°sterir ke¢-¢k ©°1 -eklii (1/100000, 1/ 250
b) ¥ncel -al ékmal ar sonucu belirlenen, jeolojik
et ¢t, alterasyon zonu ve varsa maden y¢zeyl enmes
c) M¢racaat sahasé i-inde veya yakén -evresinde
ya da terk edil mi k maden sahalaréna ait bilgi ve
Deniz ve g°llere yapélan m¢racaatlarda ise ara
gerek-elerini i-eren °n inceleme raporu verilir.
Maden arama projesinde (lBBk) akaj] édaki hususl aré i-ermesi i se
Projenin amacé a-€ék bir kKekilde ifade edilerek
yapeél acak sahanén se-i minden bakl ayép, kaynak
senéflandéréel masé, raporl ama akamasg&g¢peecsohOunaak
arama, detay arama) bir termin plané kapsaménda
Bu faaliyetlerin ger-eklexktirilmesine y°nelik ya
Maden arama faaliyetl eri kapsamenda ger ekl ger
il e a-eéklanér ve bunlar séraya konul arak takvi me
Ger ekl i ekip ve ekipman belirlenerek t¢gm bu i K
gesterilir.

Maden arama projesi, arama faaliyet d°neml er.
verilere g°re, gerektijinde revize edilerek Gene
Maden arama projesi faaliyet yeterl il iji: Maden
d°nemleri ile ilgili ©°n, genel ve detay arama il
yer alan asgar. faal i @gendlerM¢ederelrgnese gerak|l gdug
faaliyetlerinin yapél masé istenebilir.
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Maden arama projesi yatérém tutare yeterlilifji,;
genel ve detay arama d°nemlerinde yapél masé ©°ng?©
a-ékl amal arén yer almasé zorunludur.

Termin plané ve yeterliliji; Arama d°neml er.i it
pl an kapsaménda belirtilmek zorundadeéer. Maden ar
yatérem tutaréné ol uktéuragzaa&k bredriad mar measli e mglea reikn i
Bel irli bir alanda ade arama faaliyetlerinde
Arama yapeéel acak sahada kaynajén belirl enmesi d
s¢recini kapsayan d°neme adamal dgihemiyapehniam. fAam
3213 sayélée Maden Kanunudénun 17. maddesi il e
maddel erinde yer alan hg¢gkegmler kapsaménda i kI eml
23End¢striyel Killerde Arama D°nemi Safhalareée ve
3213 sayéelée Maden Kanunu' nun 17. maddesi uyar énc
7 yeéel arama s¢resine sahiptir. Arama d°nemi; ¥n
(4 yél) ol mak ¢zere ¢- kadeame dernma nml uskounrr.a s@enrdeak |2
D° ne mi hakké da kazanélabilir.

23.1¥n Arama D°nemi (1. Yeéel)

Arama ruhsat éneén d¢zenl enmesi nden sonr aki i1k k
sahasénén genel jeolojik ve mineralojik potansiy
10) d°nemin sonusmwn uklandaalrée dAMAPEGEne arama d°nemind
faaliyetl er; Mostradan numune al énarak kimyasal,
analiz yaptérélmasé (y¢zeyde mineralizasyon tes
raporda sunul maseée), Sahadaki maden varl ejéné ve
|l okasyondan -ekil mik fotojraflarén veril mesi, ¢l
jeol oji v baritdlag gro §zr2aaldet feolojik kesit, tektonik harita (min. 1/100.000) ve
genell extiril mik stratigrafik kol on kesitinin
fatural ar én (anali z, i kK-111ik, eki pman arak b . ) M
°zetl enebil mektedir (Maden Y°netmeliji, 2026).
2.3.2. Genel Arama D°nemi (2. ve 3. Yeéellar)

¥n arama d°nemini takip eden 2 yéllék s¢redir.
kalitesinin iKki boyutlu olarak ortaya H#1)3ul masé
yél én sonunda verilmelildikill¥r Grfrup ¢ahebeadam:
yéekeml ¢l ¢klldarni t@oapof/irB0.i 00 veya 1/25.000 °1I -ekl
B°l ge potansiyelini t emsi | edecek kKkekil de en az
metre sondaj -al ékmaseé yapeél mas ¥armaklrdemweggadsondaj s onu -
karotlanémdanl0 adet numune al énar ak-petkograiig as al ,
analizlerin akredite/ uzman |l aboratuvarl arda yay
al anlarén 1/10.000 °1 -ekli det aipdelleraeové Kojelasydm:ar i t a s
Jeokimya har-ita0a0e0),1/5000a8j korelasyon harita
harcama bel gelerinin sunulmasé Keklinde °zetl ence
2. 3. 3. Detay Arama D°nemi (4., 5., 6 . ve 7. Yél |
Genel arama ye¢keml gl ¢kl erini yerine getiren ruh
kazaneéer . Bu safhanén temel amac é; cevher ket esi

niteliklerini tam olarak belirlemek ve Ulusal Maden Kakne Rezerv Raporlama Kodu'na (UMREK)
uygun ol arak rezerv hesapl amaklt2§)r .7 .Deyt alyé nArsaanmau

sunulur. 1V. Grup (a) bendi killewei Jdeol npi umbaui
1/5.000 ve/veya 1/10.000 °l -ekli topojrafik hari
kesit il e), Fizi ki Arama Faaliyeti: Saha potansi
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veya toplamda 250 metreden az ol mamak «kKkarteéeyl a

Kncel emel eri: Yar ma ene azon@i@j akat otnluanmruenned aal € n
i simlendirmeye y°nelik (XRD, XRF, SEM vb.) anal
| ogl arée (RQD, karot veri mi, l'itol oji), sondaj k
jeolojik modelinind ukt ur ul maseée, G°r¢n¢gr Rezerv Rapor u: Det
Rezerv Raporu'nun hazérlanarak ikletme projesi
(Maden Y°netmeliji, 2026).

2.3.4. End¢striyel Killerde Arama D°nemi Uygul an
Ar ama d°neml erinin s¢resinden °nce tamaml anmas ¢
akamalara ge-ilebilir. End¢gstriyel Killer i-1in
detay arama faaliyet r a p or ugelerinik Vedmes eehapilitasypre s i vV e
bedelinin °denmesi gerekmektedir. Rehabilitasyol
kull anél er .

Genel arama d°nemi y¢keml ¢l ¢kl eri yerine getiril
arama d°nemine hak sajl ar. | V. Grup madenl erde
arama d°neminin sonuna kadarlig-l ebonyut wl ae alkni kK
talebinde bulunul mamasé ho®©linde ruhsat iptal edi
¥n, genel ve detay arama faaliyet raporlaréenén i
zorunl udur . Faaliyet raporl arénén s¢resinde V €
faaliyetlerin yapeél mamaseé hPDbdrade |l i kgi hi eS8 nkin
M¢derl ¢k tarafendan verilecek bir ayl ék s¢grede
teminat irat kaydedilerek arama ruhsaté iptal eo
Asgar.i faaliyetl er yapél mék ol makla birlikte ar
tespiti h©l inde yélléek ger-eklekmeyen yatér éma Kk
yatéremén ger-eklekenthéebéndaOhkamdel el hgal ers amii K
programénén i Kki y él ¢St cste y¢gzde ellinin alteé
kaydedilir ve ruhsat iptal edilir. Aramausdl aali ye
Maden Kaynak ve Rezerv Raporl ama Koduna g°re rap
bedell eri il e ihale bedel i ruhsat sahibine i ac
Yapél maséna Dair Y°netmelik, 2026) .

¢ED izni ol madan yapeéelan yarma, kuyu, galeri gi6b
géencel dejeri 541.388 TL) idari para cezasé uygu
Jeol oji k harital amaaot jkeeaféinzzied ée tv¢eed ,n usmiusnmei ka | nmkaa |
hazerl ek iklemleri i -eren faaliyetler i-in C¢ED
alanl aréenda maden arama faaliyetl eri yapél madan
me¢dgrelnegg bir dilek-e il e bakvurur. Arama ruhsat e
olan y¢sgzeyden (mostradan) numune al émé i -in i zin

3. END} STRKYEL KKLLERDE KKLETME RUHSATI KSTATKST

Maden ve Petrol Kkl er i Genel M¢ederl ¢7 ¢ (MAPEG)
dojrultusunda, T¢rkiye genelinde | V. Grup (a) b
yé¢ksek ol duju illerde gelri ktiimiel igrc ell' ednemi ke tiay | a
konusu istatistikler ile 11 gili ol arak ruhsatl
edil dijinden End¢gstriyel killerin ikletme ruhsat
2025 yelée verilerine g°re en fazla 1V. Grup (a)
Eskikehir, Ankar a, Kstanbul , Muj I a, K¢tahya, B a
-ékmaktadeéer .
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¢i zellgve 1Grup (a) Bendi Kkl et me Ruhsat Sayéseée Y
KI I er 2021 2022 2023 2024 2025

Ankara 64 65 78 85 82

Ay deée 95 97 106 111 112

Bal ek a7 48 56 57 54

Bilecik 46 47 49 41 43

Bitlis 22 23 25 28 26

¢anak 43 42 44 49 45

¢ank: 22 23 29 26 26

Denizli 20 21 28 29 30

Edirne 17 18 20 19 20

Erzurum 16 17 20 20 20

Eski k 72 75 86 90 87

Hatay 8 8 11 16 16

Kst al 71 71 78 77 77

Kz mi 22 22 26 23 22

Kayseri 25 25 36 41 46

Keér K¢ 15 15 20 19 20

Konya 24 25 32 29 30

K¢t al 46 49 59 59 56

Malatya 17 17 21 21 20

Manisa 40 41 47 48 48

Mersin 22 21 22 22 23

Mufj | 64 64 69 71 67

Nevke 32 34 38 39 41

Ordu 16 16 21 21 21

Sivas 22 22 27 31 36

Uk a k 18 18 22 22 22
Sayeéesal verilerin incelenmesi neticesinde; Ege E
ve K- Anadolu (Kstanbul , Bal ékesir, Eskikehir, |
k¢mel endi Ji cojrafi al aat ar Bol duakmbkaar s @mamak - &
dek¢m fabri kal arénén bu b°l gelerde yojunl akmaseéy
ili, ¢ine il-esi ile Mujla ili, Milas il -esinin
end¢st kiyeb®l gelerinden biri oldujunun da g%z al
i hracat potansiyel.] il e ekonomi k kal kéenmada ©°ne
B¢enyan bl gesindeki end¢striyethsat |eayd@sée k2@2 in
2025'te 46'ya%8 4 art é k) gestermiktir. Bu bajlamda ©°ng¢gr
kill erde daha da °nemli bir konuma gel eceji ©°ng?

4 . SONU¢ VE DEJERLENDKRME

Bu -al eékmada, T¢rk Maden Mevzuat énda endgégstriye
i Kl etmeye ge-ikine kadar ol an s¢262bemd®ampmige¢nate
istatistikleri -er-evesinde dejerlendirilmiktir.
3213 sayeéel é& Maden Kanunu wuyarénca kil l-leremitkul | an
kil vd.) ve |V, Grup (a) bendi (endg¢gstriyel ki
ruhsaté alénmasé ve 7 y&d@d eksagtagna. dYaméni an nsdamn
il e °n arama, genel arama ve detay arama d°neml
yar ma) , l aboratuvar anallzleri ( XRD, XRF, SEM)
°ngor ¢ilke bsialjilraln mé kt ér Taahh ,tl erin yerine getir
irat kaydedil mesi vV e hsatén i ptal edi |l mesi es
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kull aiMamden esi stemine ver. giri ki, | SO 45001 bel
madencili k faaliyetlerinin -evreyle uyumlu, «xeff
Sonu- ol ar ak, dinami k bir yapéda olan maden mev
kikiler (YTK) ve maden ikKkletmecileri tarafeéendan

hezl é& ve etkin ye¢r gt el noetsainnsel yvee iTngirnk isygcer degnrdeel setbrii

kazandérél maséna b¢ye¢k katke sajlayacakt éer .

5. TEKEKK! R

Bu -alékmanén hazeérl anmasénda istatistiki ver il
M¢ederl ¢7 ¢ (MAPEG) Bilgi Teknolojilerd Dairesi B &
6. KAYNAKLAR

Maden Kanunu, 2026 . T. C. Re s mi Gazet e, Sayeé
https:// www. mevzuat.gov.tr/ mevzuat ?Mevzuat No=3213&Meyv
Temmuz 2026)

Maden Y°netmeliji,Gaz®2e., TR.eG.mi Re&Gaamiet e, Saye 32040,

https://www.resmigazete.gov.tr/eskiler/2022/12/20223211ht m ( Er i ki m Tar i hi 10 Temmu

Maden Y°netmelijinde Dejikiklik Yapél maséna Dair Y®°ne
Ekim 2025, URL; https://www.resmigazete.gov.tr/eskiler/2025/10/2025103cht m ( Er i ki m Tar i hi
2026)

MAPEG, 2026.2022 025 Yeél |l ar e AAar &3 @& bl KBEd z2zéa meka Ruhhsat Sayeéel ar e
ve Petrol Kkl er i Genel Mederl ¢ ¢, Ankar a.
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Serami k Hammadde Hazérl ama S¢grecinde Ol ukan

Recovery of Screen Oversize Wastes Generated During Ceramic Raw Material Processing

Kaj an ¥ayad & élzAyhaeAli Sikkecie, i. Burak Uyaf
'Kal eserami k Arakteéer mataealGke licae kii yme Mer ke :

‘Cevher Hazeérl ama MghemdFiak ilfjtesBi°| ¢cgt anbul Tekn
Kstanbiglr ki ye

"Sorumlu yazarkagankayai@kale.com.tr

¥ZET
Serami k end¢gstrisinde hammadde hazérl ama s¢re- |
°neml i mi ktarda el ek ¢stg¢ art ék kiovleu krnnavkatr asd éra.k éBnk
zengin ol maséna r aj men, i -erdifji demir ve titan)
ger i kazandéer él amamaktadér . S°z konusu artek
dejerlenttemi dmg¢ il , hammadde t¢ketiminin azaltél ma
a-éséendan °nem takémaktader. Bu -al ékmada, Kal e
hazérl ama hatténén i ki farkl & noktraNu@unelesim al én
mi neral oji Hkenel IDiiKlrearkisi Xonu ( XRDREN&K i myarsead arms
analizleri ile belirlenmiktir. Ardéndan y¢ksek &
uygulanarak F®s; ve TiG g i b i serami k kalitesini ol umsuz et ki
hedefl enmi ktir. Deneysel sonu-1|ar, A numunesi nde
flotasyonile FeOszi - er i Jjinin °nemli ©°I|-¢,de azalteéeldejeéené g
ayérma i kKklemi daha bakxaréel é sonu- vermik, dojal
senérl e kalméktér. Elde eéinl ennkbulbgojak, °gef & mkk
uygun zenginlektir me yonteml er i se-ildijinde
dejerlendirilebilecejini g°stermektedir.
Anahtar Kelimeler:Ser ami k hammaddesi , manyeti k ayérma, tel

ABSTRACT

Screen oversize materials generated during ceramic raw material preparation generally contain
considerable amounts of feldspar, quartz eagl minerals However, due to the presence of kand
titanium-bearing impurities, these materials cannot be directly recycled into the ceramic production
process. Beneficiation of such process wastes provides an opportunity to reduce both raw material
consumption ad waste generation. In this study, two different oversize samples collected from separate
stagesofthgr ani t e body preparation circuit of -Kal e Se
ray diffraction (XRD) and Xray fluorescence (XRF). Higimtensity magnetic separation and reverse
flotation techniques were applied to reduce iron and titanium itgmIriThe experimental results
indicated that higlintensity dry magnetic separation and reverse flotation were effective to remove
FeOs;for sample A. For Sample B, wet magnetic separation produced the most promising results, while
reverse flotation undematural pH conditions resulted in only limited impurity removal. The results
demonstrate that ceramic process wastes can successfully be converted into valuable secondary raw
materials when appropriate beneficiation techniques are selected accordirgyr toitteralogical
characteristics.

Keywords:Ceramic raw materials, magnetic separation, reverse flotation, recycling
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1 GKRKK

Serami k sanayisi, y¢ksek miktarda dojal hammadde
kull anél an feldspat, kuvars ve kil miner al |l er i

(Deer et al ., 2013; Bakfakgamnande¥Ygeség 23@0aMmi k:
hammaddel er, pikKirme séraséeénda sévé faz ol ukumun
créenegn mekani k °zelli kl eri ile y¢zey kalitesini
Dogu and Arol , 2004) . Buna kar kén, hammadde hazeé
daj et ma, el eme ve sénéeflandérma ikl emler:i séras
artéklarén ©°nemli bir r&msdeen fzd mdgipmtal rka dé wae rkaujy
ve titanyum esasl é& safsézléeklar nedeniyle dojrud
Seramik hammaddelerinde bulunan.Geve TiO; gi b i renkl endirici oksi tl
sonrasénda ¢reé¢n renginde koyul akma, beyazl ek de
neden ol maktader. Bunun yanénda mika grubu mine
-amur | arognékn O°rzeedlIl i kl eri ni ol umsuz et kil eyebiln
davranékl ara vyol a-abil mektedir. Bu nedenl e sel
kaynakl e safséezl ékl ar én uzakl aktéréel masa@de hem ¢
kaynakl arénén daha veri mli kull anél masé a-é&sénda
Son yel arda madencil ik serami k sekt°rlerind

vV e
proses sérasénda olukan artek mal zemel

I
birlikte, 8
kazanmékt ér Bu yakl|l axa&lm, élymd sn@nrza ad ajtielk, mayknarza
korunmaséna, enerji tg,ketlminin dée¢kKer ¢l mesi ne
sajl amaktader . ¥zellikle ser pmiolsesendgds kil air @c &
dejerlendirilmesi, d°ng¢sel ekonomi uygul amal ar €
et al., 2015; European Commission, 2023).
Bu ama-la kullanélan zenginlextirme y°ntemleri
flotasyon °ne -ékmaktader (G¢l soy anToluGiob4.an, 20
Manyeti k ayérma y°ntemi, manyeti k duyarl él ejeée vyg¢
kuvars ve kil mi nerall erinden ayreél masénwa ol ana
benzeri paramanyeti k mineraller y¢ksek manyetik
Buna karkélek ters flotasyon y°ntemi, yézey ©ze
demir takéyan minerall éeldsk&tp¢c ke f Bmennasan éhmea
kazanél maséné m¢mke¢egn kéel maktader . Her i ki y°nte
serami k hammaddel erinin kalitesini artéereaebil mekt
al ., 201 2; G¢l soy and Yekel er, 2015)
Bu -al ékmada, Kal e Serami k A. kh.az®@anrnakraa lhea/t ¢t aém étn
proses noktaséndan al énan el ek .st¢ arteéek numu
ki myasal °czellikleri belirl enmik; daha sonra vy
deneyleri uygulanarak zengirld i r me performansl ar é kar kél akt ér
dejerlendirilerek farkle karakterdeki proses art
serami k end¢gstrisinde i kincil hammadomane®har sa&r &
sekt®°r¢nde proses arteklaréenén dejerlendiril me:
s¢rderé¢lebilir hammadde y°netimi a-é&séndan yol ¢
2. MALZEME VE Y¥NTEM
2.1. Malzeme
Bu -al ekxmada kull anél an numuneler, Kal e Ser ami
hazérl ama hatteéenén i ki flenr el ekpgesegsanbokkbhaepdd:
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¢tal ékxkmada kullanélan A ve B numunel eri, proses
mi neral oji k yapé ve kimyasal bilekim bakéméndan
Numunel er | aboratuvara getirildikten sonra homo
analiz ve zenginlexktirme deneylerinde kull aneél ac
2.2. Karakterizasyon ¢al eékmal ar e

Numunel erin mineteaxléemjéi kDilfirlaekksii ngloenrui (X RD) yent el
edilen difraktogramlar dejerlendirilerek numune|

Ayréca amorf faz varlejéédaydeéekkaté alanakaknmeh
Ki myasal bil ekilméanmalFil olrersianissdg XRF) yont emi ku
Bakl éca oksi t;, AbQs lFeQs,i Tk, &0 Na0D Si ©@a O) ve dijer mi n
belirlenmik ve el de edilen sonu-Ilar zenginlextir
kull anél méxkter.

Numunel erin tane boyutu dajéeleéemlaré standart e
kull anél arak tane boyutu dajélem ejriler:i ol uk
i Kl eml erinde uygul anacak nunyigkutni rt,.ane boyutu ar al €
2.3 Manyeti k Ayér ma Deneyl eri

A numunesi czerinde REMS tipi yéksek alan ki dde
ger-ekl ebeneyl mbrtuhda el de edil en manyeti k ve ma
hesaplarée yapél mék, her ¢reéegnegn ki myasal bil eki mi
B numunesi i-in ise yak manyeti k ayérma y°ntemi
kKiddetli yak manyeti k ayérécéeda ger-eklextiril mi
takéyan minervad |leirli nf 4 2ll ailrsraddark ayr él masé hedef |l
artek ¢reéenler ayré ayré analiz edilerek proses g
2.4. Ters Flotasyon Deneyleri

FIl otasyon deneyl erinde, A ve B numunel er. i -in

amaceéeyla farklée pH seviyelerinde ve farklé reakt
dej i kimler:i izl enmi Kt ir.

FIl otasyon deneylerinde mika ve demir takeyan minr
kil minerallerinin batan ¢reé¢n ol arak kazanél masé
Deneyl er Denver mar k a |l aboratuvar tipi mekani k
hazéerl anan p¢lp belirli katée oranénda kokull and
ilave edilerek belirl enen tseigr.elkrpdiek fVieotmastyaom 41
kurutul muk ve tarteéel mexkter. Daha sofyve Tid,egm ¢r ¢
i -eri klerindeki deji kimler g°zlenmi«xktir.

Zenginlektirme deneylerinden el de edilen ¢re¢gnl e
dejerl endiri IFals; wetTiOri.- e¥ziekllleirkilned e k i deji ki mler es
performansé kar K &0O,&iOtveAL@&| méekt BFrer Aydécdi NeRat e al
kil minerallerinin kazaném d¢zeyi incel enmi ktir.

3. BULGULAR VE TARTI k MA

3.1. Numunelerin Karakterizasyonu

XRD analizleri, A ve B numunelerinin temel olarak kuvdesispat ve kimi ner al | eri nden ol
g°stermektedir. Bununla birlikte A numunesinde b
numunenin proses i-erisinde frit il e temas et mi

57



25 Eyl ¢l 2026
2-5 September 2026

kristalin fazlarén daha baskén ol duju ve amorf f
1ve 2).
XRF analiz sonu-1|l anre Abbak &mé mduamune et aamiSK Oir et i
ki myasal bil ekime sahip obOdvueTiOniu- egreiskleermerkitne dd ¢
cretimde kull anél abilecek sénér dejerlerin ¢zer
zenginlexkxtirilmesi gerekliliji ortaya -éeékméxter
A.ASIRKECI AB4 NUMUNESI TUVENAN
MlQuartzlow12.75%
Walbite 17.72 %
Wkeolinite 21.14 %
Wl ite 2.24 %
Muscovite 2M1 13.48 %
ichabazite 0.20 %
amorf faz 32.57 %
|
R
0 W 2
kekiAl numunesine ait XRD analiz sonu-|I
A ASIRKECI AB4 B NUMUNESI TUVENAN
.Quartz low 9.35 %
WlAlbite 4155 %
Wzircon 1.40%
Wll«zolinite 25.89 %
Orthoclase 3.05 %
W lite 18.75 %
kekiBl numunesine ait XRD analiz sonu-|
¢i zelANevel. B numunel erine ait XRF anali zi
Bil e A Numunesi B Numunesi
K-erik K-erik
SiO, 60.56 61.52
Al203 14.85 22.64
FeO3 0.69 0.94
CaO 8.29 0.94
MgO 1.67 0.29
N&O 4.54 4.76
K20 19 0.95
TiO, 0.38 0.69
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El ek analizl eri sonucunda A ve B numunelerinin
belirl enmiktir. ¥zellikle B numunesinin daha i
zenginlexktirme y°nteminin sdejiemilnedned i®°rnielmf)ik thiirr (p
¢izelge 26de A numunesi i-in verilen tane boyl
%9606sénem ad3dlnda ol dujuligeegzemehktdelirtale80boyu
i -erijinin %7.53 gibi yé¢ksek bir oranda ol duju
yapélan zenginl ekt iarl mee n-daalké k nhaolyaurtd a3 0d0a ger - ekl e |
m al téndaki mal zemenin elek ¢ste¢e ¢reéegnde yer al |
flotasyon deneyler300+1500im boyut ar al éjénda yapél mékteéer.
¢izelge 306de B numunesi i-in verilen tane boyut
m alténda ol duju g°r ¢l melkn eedlierk ¢ sNom marl g nkdoak ak 5
tanel erin bulunmamasé gerekmektedir. B numunes
her hangi bir boyut ayérémé ger-eklexktiril memickt:i

¢i zelAgenudnunesine ait tane boyutu dajeéel ém

M, | x EA SiO2 Al203 FeOs3 NaxO K20 TiO2
% | % [K, [D,w|K, [D,%|K, [D,%|K, |D,%|K, [D,%|K, |D, %
300 3.9| 100 |56.02| 3.6 | 9.26| 2.4 |7.53| 34.1|2.26| 2.0 |4.19| 8.8 |0.27| 3.2
-300+212 | 42.7| 96.1 | 57.3| 40.5|12.69| 35.9|0.17| 8.4 |4.53| 43.1|2.12| 48.2|0.19| 24.3
-212 +150|15.0| 53.4 |56.76| 14.1(13.43| 13.4| 0.2 | 3.5 [4.68| 15.7|1.67| 13.4|0.12| 5.4
-150+75 | 1.8| 38.4| 63.1| 1.9 |10.78 1.3 |1.49| 3.1 |3.67| 1.5 |2.18| 2.1 |0.28| 1.5
-75 36.6| 36.6 |65.72 39.819.41| 47 [1.21| 51 |4.63| 37.7|1.41| 27.5| 0.6 | 65.6

Boyut

Toplam | 100 60.35| 100.0| 15.09| 100.0| 0.87| 100.0| 4.48| 100.0| 1.88| 100.0| 0.33| 100.0
M, %: Mi kt ar ; x EA e%:aKk gmb¢gl «t i%: K-eri k; D, %: Daj él ém
¢i zelBgenu3nunesine ait tane boyutu dajél ém
M. |x EA SiO2 Al203 FexOs Na-O K20 TiO2
Boyut , ' | ¢
% | % | K, 9D% | K, 4D,% |K, [D% |K, |D% |K, |D,%|K, |D, %
+300 1.7| 100 | 64.3| 1.7 |21.72| 1.6 |0.86| 1.3 |[4.31| 1.6 |[1.06| 1.8 |[0.66/ 1.8
-300+75 | 0.9 | 98.3 |66.06| 1.0 |{17.98| 0.7 |1.42| 1.2 |5.25| 1.1 |0.99| 1.0 | 0.5| 0.8
-75 97.4| 97.4 |161.88| 97.3|23.06| 97.7|1.09| 97.5| 4.6 | 97.4|0.97| 97.2|0.61| 97.4
Toplam 100 61.96| 100.0| 22.99| 100.0| 1.09| 100.0| 4.6 | 100.0{ 0.97| 100.0| 0.61| 100.0
K, % - B%i Raj él ém
3.2. Manyetik Ayérma Deneyi Sonu-1I|are
A numunesi czerinde ger-eklextirilen y¢ksek al a
i -eren paramanyeti k minerallerin °nemli °1-¢de
manyeti k ol maOgmanerirjiingde Fleel irgin bir azal ma sa
mi nerall er b¢e¢yek °1 -¢de korunmuxktur . Bu dur um,
hammaddel erinde renk bozucu minerallerin wuzakl a
g°stermektedir. Di jer t argefztlaenn mleimiik-teirri.j i nBdue dhue
mi neralinden kaynaklandéjéené g°stermektedir.

gul anan yak m®yetriilf iayeérsma nckeennde
dejerine gerilemiktir (¢izelge
kayda dejer bir d¢gkKegK goor ¢l memi K

B numunesinde wu
dejerinden %0.5
olarak TIQi - er i Ji nde

NS <
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¢i zelAgenudnune s il e yapelan REMS manyeti k a
L on Miktar, Al203, % TiO2 FeO3 Na0O K20
vooe % K, Y¥D% | K, 9D% | K, D% |K, 4D% |K, 9 D%

Nonmanyetik 83.9 12.38| 83.7 | 0.24| 83.8 | 0.11 | 438 | 452 | 83.7 | 2.26 | 86.5

Ara ¢r 7.0 1271 72 | 024 70 |013| 43 | 469 7.2 | 1.83| 58

Ara ¢r 7.0 1262 7.1 | 024 70 |031| 103 |463| 7.1 | 1.87| 6.0

Manyetik 2.1 1194 21 |025| 22 |412| 416 | 423| 20 | 183 | 1.8

Toplam 100 12.41| 100.0 | 0.24 | 100.0| 0.21 | 100.0 | 4.53 | 100.0 | 2.19 | 100.0

K, % - B%i Raj €l ém
¢Ci z&blBgenumunesi CARPCO manyeti k ayérma der

Miktar, Al203 TiO> FeO3 Na2O K20
% K, % D% |K, YD% |K, ¥D% |K, YyD% |K, 49D%
Nonmanyetik| 87.9 23.13| 88.7 | 0.61| 83.9 | 0.57| 51.3 | 494 | 90.2 | 0.97| 86.2

i réenloe

Manyetik 3 1.1 19.7 09 |08 15 [6.05| 6.7 |401| 09 113 1.2
Manyetik 2 2.6 2087 23 [ 084| 34 |312| 82 |434| 23 11 2.9
Manyetik 1 8.4 21.76 | 80 | 085| 11.2 | 3.92| 338 | 3.79| 6.6 1.14 | 9.7
Toplam 100 22.92 | 100.0| 0.64 | 100.0| 0.98 | 100.0| 4.82 | 100.0| 0.99| 100.0
K, % - B%i Raj el em
3.3. Ters Flotasyon Sonu-1I|are
Manyeti k ayérma sonrasénda ger-eklextirilen ters
safl aktérma sajladejéené g°stermiktir. Mika ve de
ve kuvars minerall erdr ibsjiyneke ok alnndéak théad; eiiCez e,lng @ -
i -erikleri daha da azalteéel méxteéer.
FeOs;a- éséndan her i ki deneyde de belirglkin- ériirjiayr
her i ki deneyde %0. 25 s ®yDeyneesyi nldéedyek e¥m0,. 1b3a tvaen Dserng
ol arak °1 -¢l mgkt ¢égr . Diij-eerr itjairnadfet akna ybdaat adne j¢err¢ nbginr
B numunesinde ise doj al pH kokull aréeénda ger -ekl
ol duju belirlenmicktir (¢izel ge 7). Bunun temel
daj él éml é& ol maséndan kaynakll atnanaykdrad &y g ulBan nthwrée
ol mayabilecejini, manyetik ayeér ma il e dest ekl e
verebilecejini g°stermektedir.

¢i zelAgemuGnunes.i il e yapelan fl otasyon de

Miktar Al203 TiO2% Fe03,% Na20% K20%
Deney| | r ¢nl

% K, 9D% |K, {D% |K, {D% |K, {D% | K, {D%
OksitKons.| 3.6 |11.63| 3.6 [0.40| 6.6 |2.43| 356 |4.28| 3.4 | 1.46| 2.4
Mika Kons.| 3.6 |12.15| 3.7 |0.24| 3.9 | 1.06| 15.4 | 5.01| 4.0 | 1.67| 2.8

1 Batan 928 | 11.63| 92.7|0.21| 89.5|0.13| 49.0| 45 | 926 | 2.2 | 94.8
Toplam 100 | 11.65| 100 | 0.22| 100 | 0.25| 100 | 4.51| 100 | 2.15| 100

Oksit Kons.| 2.5 1232 24 |059| 84 | 35| 344|422| 23 |151| 1.8

5 Mika Kons. 3.4 121 | 3.2 | 0.18| 3.5 | 094 12.7|5.38| 4.0 | 1.36| 2.2

Batan 942 |1281| 94.4|0.16| 88.0| 0.14| 529 | 4.52| 93.7| 2.14| 96.1

Toplam 100 | 12.77| 100 | 0.17| 100 | 0.25| 100 | 4.54| 100 | 2.10| 100
K, % - B%i Raj él ém
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¢i zelBgenuimunesi il e yapelan flotasyon de
Do Miktar Al203 TiO2 Fe0s3 Nax0% K20%
[

Pc % K, %YD% |K, 9D% | K, 9D% | K, 9D% | K, 4 D%

Oksit Kons. 14,1 238 | 14,7 | 0,82 | 166 | 1,29 | 184 | 4,09 | 12,1 | 1,11 | 15,8

Mika Kons. 13,4 | 2353| 138 | 0,77 | 148 | 1,3 | 17,7 | 415 | 11,7 | 1,10 | 149

Batan 72,46 | 22,55| 71,5 | 0,66 | 68,6 | 0,87 | 63,9 | 5,00 | 76,2 | 0,95 | 69,3

Toplam 100 22,86 | 100,0| 0,70 | 100,0| 0,99 | 100,0| 4,76 | 100,0| 0,99 | 100
K, % - B%i Raj €l ém
3. 4. Proseslerin Karkeéel akteéer él masé
Deney sonu-1laré genel ol arak dejerlendirildi7jir
davranéexl arée sergiledif]Ji go°r ¢l mektedir. A numune
ters flotasyon iklemi dahaebakxr anaech ysedn k- awerr imrak
°nemli ©°Il-¢de safsézlék giderimi sajl amékxkteéer.
Her ki numunede de feldspat ve kuvars minerall
proseslerin hedef mineraller ¢zerinde y¢ksek se-
FeOs; ve TiGO i -eri kl erindeki azal ma, el de edi |l en ér
kull anél abilecek kaliteye yakl akteéejéné ortaya ko
¢tal @k ma sonu-1| ar e, ser ami k prosesl erinde ol uk:
dejerlendiril mesi yerine uygun zenginl ektirme
kull anél abilecejini gostermektedir. | B8yé ebemhdm
proses atéklarénén ekonomi k dejere d°o°n¢gkteor ¢l mes
Bu bul gul ar, serami k sekt°r¢gnde segrdereéeglebilir
°neml i bir geri kazaném potansiyeline ikKaret et:H
numunenin mineralojik yapéseé yviecit aon ed u ouy vuatnu adkagjl &
4 . SONUCLAR
Bu -al eékmada, ser ami k hammadde hazérl ama s¢irec
potansiyel: yé¢ksek al an Kiddetl i manyeti Kk aye
arakteéerél mexkteéer. Kal e Serami k nA.ikk.i draarkilté npa sossee
czerinde ger-eklektirilen karakterizasyon vV e :

dejerl endirmel ere ul akél méxkt eéer :

Cow WT N SO
®
-

XRD ve XRF analizleri, A ve B numunelerinin
l uktujunu, ancak seramik kalitesini olumsuz et/
edeniyle dojrudan ¢retimde kull anél amayacaj éné

A numunesinde uygul anan y¢ksek alan kiddetl i

amanyeti k minerallerin etkin bir kekilde wuza
rami k ¢gretiminde dejerlendymukebil ecek niteliKk

B numunesinde yak manyeti k ayérma y°ntemi daf
oyutlu mal zemede yak ortamda ger-eklexktirilen
nemli °©°]-¢,de azaltéelmaséna katké sajladéjé beli
4. Ters fl otasyon uygul algas-é,ri Ai nfnumudgsw ¢ n glemeF
bul unmuktur . Buna kar kéel ek, B numunesinde dofj e
deneylerinin etkisi sénérl é& kal mék ve bu numune
yont emi ol duju go°r ¢l megktgr .
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5. ¢tal eékxkma sonu-1|ar é, uygul anacak zenginlexktirm
tane boyutu dajéléeména bajlée olarak dejikti]jini
dejerlendiril mesinde standarptr olsiers yastagr@amge@gEinnéd
daha uygun ol acakter

6. EI de edil en bul gul ar , seramik sretim s¢re-
zenginlektirme y°ntemler:i il e yeniden hammadde
Byl ece doj al hammadde t ¢ ¢keti mi nien kazalntd&lr @md sn&a ,s
s¢e¢rdegreglebilir ¢retim anl ayékéenén destekl enmesi
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Kal sine Killerin Puzolanik Reaktivitesinin
Aktivite Kndeksi (SAI') il e Dejerle

Evaluation of the Pozzolanic Reactivity of Calcined Clays Through Mineralogical
Characterization and Strength Activity Index (SAl)
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¥ZET
Bu -alékmada, Kstanbul "un kile b°lgesinden temir
kal sinasyon sécakl é&jéna bajlé ol arak puzolani k
tamaml ayécé -imento bmallizrelmejsii aorl aakrtaékr éklumélkatnéérl.a H

Xil kéné Floresans Speikkeosk Kgirengmeéemi vner akeomak (.
T T¢rev Termogravi metri) yontemb es b eu -klaaragknner g 2 e
dehidroksil asiy7drm a&a\Ca ma&serkd ek00r al éj énda tamaml a
kal sinasyon iklemleri 600 AC, 700 AC ve 800 AC s
korunmasé amaceéyla heéezlanisk] utem&kt uyiguéainmeé bted 1 .
ASTM C311 ve ASTM C618 standartlaréna uygun ol a

sretil mi Kk, 7 ve 28 g¢é¢nl gk baseéen- day aActvityée t est |
I ndex, SAIl) dejerleri hesaplanmékteéer. 28 ge¢nl ¢k
tamamé ASTM C618'de belirtilen %75'"1ik puzol ani
puzolani k reaktivitlerve Ikasdrn-nidayamrcédmg ideajachra vy
AC ve 700 AC kalsinasyonvesée%axX| Rl ar eddlee (egér a
kal sinasyon sécakl éjénda ise akéreé kalsinasyon
reaktivitesinde ve har - dayanémlarénda azal ma ¢
bul gul arsi kddwe¢glbokagleiteli ve atéek killerinin uyg
Ve -evre dostu -i mento sreti mi i -in y ¢ ksek
dejerlendirilebilecejini ortaya koymuktur.

Anahtar Kelimeler: Kalsinek i 1 , dayaném aktivite indeksi, puzol
malzemeleri, dehidroksilasyon

ABSTRACT

In this study, the pozzolanic reactivity performance of two different clays (C1 waste clay and C2
resi dual cl ay) sourced from the kile region of
calcination temperature to investigate their feasibilityuggpkementary cementitious materials (SCMs)

in cemernitbased systems. The raw clay samples were characterized using cheniiBaly (X
FluorescenceSpectroscopy), mineralogical {Ray Diffraction), and thermal (Thermogravimetric

Analysis 7 Derivative Thermogravimetry) analyses. iMGIG curves indicated that the
dehydroxylation stage was completed within the temperature rangeiof 0 A C. Athe or di ng
clays were calcined at 600 AC, 700 AC, and 800
their amorphous, reactive metakaolin structure. Mortar specimens containing a 20% cement
replacement with raw or calcined clays were preparedttaidcompressive strengths and Strength
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Activity Index (SAI) were determined at 7 and 28 days of curing in accordance with ASTM C311 and
ASTM C618. At 28 days of curing, all mortar specimens containing calcined clays successfully
surpassed the 75% mechanical strength threshold required by ASIBI The highest pozzolanic

reactivity and mechanical strength development were demonstrated by the C1 waste clay calcined at
600 AC and 700 AC, reaching SAI values imf 94%
mechanical performance was observed for both cl a
to the sintering effect and particle size coarsening caused bycail@nation (79% and 77%,
respectively). The findings demonstrate thatthépd¢ d e and waste clays from t
effectively utilized as higitperformance pozzolanic materials for Etiendly and sustainable concrete

production when thermally activated under optimal thermal regimes.

Keywords:Calcined clay, strengtlactivity index, pozzolanic reactivity, supplementary cementitious
materials, dehydroxylation

1. GKRKK

Modern toplumun hézl é& ekonomik geli«k
inkasénda betonun yoju bir kekilde ku
ol an betonun ¢reti mi, Elull alk makk laalikea k (£ hk arhi lvyeam
-imento ¢reti mi, yécksek enerji tecketimi gerekt
emi syonl arénén yaklakék %5 ila %8'inden tek bakée
sérasépnpgdalkéeneCmenéne akl Rak ke Pkbatl s(iCGau® oksi t e (Ca
klinkerl ekme (dekarbonizasyon) ikleminden, %40'¢e
ulakmak i-in fosil yakeéetl aréenve akek maseaodan. kBy
ni
k
u
é

mi vV e kK ¢r
n |l 1l anél masé
y
e

etkilerin hafifletil mesi ve -imento end¢gstrisi
i -in en etkin ismemabejor,ankhiéemkeazal t &l masé vV e
malzemeleri ile ikame edilnsédir (Scrivenew e ar k., 2025). Son yeéllarda
ve silis dumané gi bi end¢striyel yan ¢ré¢nler oy
k% mg¢r santrali-Fedi ki nt esé sldemimi n kapanmasé veya
nedeni yle bu mal zemel erin arzénda ciddi ké etl el
Yekilyurt ve ark., 2026) . Bu dur um, yaygeén ve b
kal sine edi/l ik killere olan il giyi b¢eyek °1 - ¢de

Kal si ne kil

m
l er , kc,resel °] -ekte son derece zeng
cretim maliye
- e
r
n

edeniyle s¢grdereéelebilir -1 me
ol arak ©°ne r
g°stermezl e
(kal sinasyo
n
i

e (inBrallarihamehalleriede Kuzadanilareaktiyite 2 0 2 5 )
enl e kristal yapélarénén bo:
tutulwal ark. geB8RMpkt Kail si 0
mi neralini e kristal yapéséna bajl e I
ger -ekl exkti il d
(fOH)grupl aré wuza r
amor f, met astab r (kaolini
Bishnoi, 2024). Dehidroksilasyos ¢, r e éminyum ve
-0z ¢l ¢n¢g artérér (Jaskulski ve ark.,
S a a-6e6jJa - éekaxnvekyaal spioyrutnh ahniddrtok siilte (rCaa
° takéyan k3H)siweunk aslidiiykuanh ahliAdSatHaieketiGiCs i |
r
[
v

ve ar k. , 7
n

o] 201
ehidroksil asyo
za tik

s

I
d
(Cheah ve ark., 2025). Puzol awmivk r ea
kr ybaopkél sueknldaark& koalpdurear ak bokl uk boyu
e [ uzun

malzemenln mekani k dayan
irir (Dhandapani ve ark., 2018

DO N QDY —N D
—®» - cCc D =

kivye, -imento endg¢gstrisinin
ip °nemli bir ¢l kedir (Yexki
rak kull aneél abi |l eckeikl |ye¢kisne k
ostrilerindeki yé¢ksek talebi,

Do wnw—+H Qo SO0
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= —
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[p]]

turmakvadar k( CheaRrs) . Bu késeéetl é
k kaliteld veya atéek killerin s
ptir. Kstanbul un kil e b°l gesyia,t akKé @ajré&n bya €lr
hammadde havzal aréndan biridir (EKinci Kk
i ve ar k., 2026) . Bu havzada bulunan kil
rit gibi demir i-eren ikincil fazlare bi
reder (Ece ve ark., 2003)Qs; Ay-reercia] ib ¢meyded
ro PpikKirim sonrasénda koyu renk aldéekl al
dejerlendiril ememekte ve aték veya d¢gkegk kalit e
demir, portland i ment osunun nor mal bir bilexkeni ol dujund
mal zemel erde veya ol i mer °nc¢ mal zemesi ol ar
dairesel ekonomi vy kKeméeyl a°bmembti ebikayeaklaar &

| e e akmak
crder el ebi ||

|
e
a
e
n

=~
Q

a ve férén atmosferine b:

al akt i mzesegilmesi gérekmeaktedirar é n é

ar ve Bishnoi, 4 ; Msinjild@ ve ar k., 2019) .
umunesinin f klead i | seerceakk | @lulzar daan lod lag iarke

endiril miktir. ¢al eékxma kapsaménda ham kil

kl er i sérasedT @ aXrRaEl,i zXRDi vel eTrGbel irl enm

oksi | agsPyroen ksiélnléerrl a6r0On aAC, 700 AC ve 800 AC

héezl €
I

sinasyon sécakl
gesel kaynaj én

o

g Y
a a
Kalsine ki I I er i n puzol ani k aktivitesi hammadde kay
5] n
t m
2

W)

K ve amorf fazlarén korunmasé i -in ezl e

[ u ajkdite ikare edderekoRSTM ©3dlave ASATM @61 a |l s i n
re Dayaném Aktivite Kndeksi (SA
termal aktivasyon sg¢re-Ilerinin
z
t

T Q °Q xX—T

—y m— S — > —
S+ ———o
~a—3ga—-

T OQ dNOD® T
PO~ —3

erine et kisinin belirl enmesi
egrasyonu i-in °neml:. bir bil

o X 0n

2. MATERYAL ve Y¥NTEM

2.1. Malzemeler

Bu -al ékmada i ki farkl & kil numunes. kull anél mé
tesisinin geri kazaném s¢recinden el de edil en at
serami k end¢gstrisinde tkalllil ak@&im&nts& nleirll i rol ahi g n
Portland -imentosu kull anél méexteéer . ¢i mento ve ki
veBlaine® zg¢l y¢zey alané gibi temel fiziksel ©°zelldi
suyu ol arak kKebeke suyu, ince agrega ol arak i se
2,64 g/ cmj ol arak belirlenmicktir.

¢i zelKgd Inumunelerinin ve portland -imentosunun
Malzeme NaO MgO AlO; SO, KO CaO FeO; SO Cl KK’ f\fgﬁlag): Yzgel A

¢i men 024 1,14 510 1927 113 63,64 328 337 004 0,96 3650 3,12

c1 009 044 2663 5433 100 023 693 012 003 920 7900 2,62

c2 010 1,12 2231 5249 350 026 929 019 <001 911 10200 2,77

KK: Kezder ma Kayhbeé

Ki | numunel er i deneysel -al exmal ardan ©°nce 105 .
30 dakika °jJ¢t¢l erek homojen hO©le getirilmiktiod
kal sinasyon ar al ekl airD&G analizleed @ rr -l eekmeekk tainmaiclényilkat i TG
at mosferinde, ortam sécakl éejéendan 950 AC'ye kad
numunelerineat T TG ejJri |l er i kekil 1'"'de verilmiktir.
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100 0.1(100 0.1
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L | g

2 O

3 =

= =

¥ —TG

DTG
90 -0.8| 90 0.8
0 Sicaklik (°C) 1000 0 Sicaklik (°C) 1000
kekiCll wv.e C2 ham kil numunelerine ait TG ve

TGIDTG sonu-laré dikkate alénarak kil numunel er i
edi |l mi ktir. Kal sinasyon sonrasénda amorf yapéne
Numunel erin ki myasal vV e mi n e r A veo XRDkanalkzlarir iek t er i z
ger-eklexktiril mikiékre.neXRD, paignnael iszaheirpi ,PANad Xy t i cal
1606 0A 2d aralejéenda yapeéel mékteéer. El de edilen keé
kal sinasyon sonrasé mineralojik dPn¢gkegmlerin izl
2. 2. fretim S¢greci
Kal sine killerin puzolanik aktivitesini dejerl e
dayaném aktivite indeksi deneyl eri ger-ekl exktir
42,5 R Portland -imentosuailsee hazmehbadanélr; kgeh
numunel er i ile i kame edilmiktir. Har- numunel er.|
sretil mi ktir.
Kar ékéml ar én i Kl enebilirlifjini karkélakteéerel abi
dejerl eri referans harcén yayélma dejerine N5
ayarl anarak kontrol edi |Innei ytal pré.s éBnud ayna kkl aayknéank, | akni al
vV e i Kl enebilirlik farkl el ékl ar éne dengel eyer ek
dejerlendirilmesini sajlam 'Ktér. Dayaném aktivit
°l - ¢lélnmay adyej er | er i ¢izelge 2'"de verilmiktir.

¢Ci zelDpey ah.ém aktivite indeksi deneyi i -in hazeér|l

yayél ma dejerl eri

Kar ék Kal sinasyonKil(gd ¢i ment Kum(g) Su(gy Su/ Baj Yayel ma

Referans i 0 500 1375 242 0,48 182

Ham 300 0,60 181

600 AC 270 0,54 182
c1 ) 100 400 1375

700 AC 265 0,53 184

800 AcC 265 0,53 179

Ham 315 0,63 185

600 AC 280 0,56 182
c2 ) 100 400 1375

700 AC 275 0,55 179

800 AC 275 0,55 181
2. 3. Deneysel Y°nt eml er
Har - numunelerinin mekani k performanseé, ¢(- nokt a
dejerlendirilmiktir. Deneyler, 40 I 40 1T 160 mm
geéenl ¢k yakl arda ger -ekllkktmiumiulnmil ketrier . ¢ - ¥ nncoekl ti akl| ée
uygul anmeéexk, ardéendan ejil me deneyi sonucunda el
alané kullanélarak basén- dayanémé deneyi yapeln
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ayaném aktivite indeksi, kil i kamel i har - numu
eferans harcén basén- dayanéména oranl anmaseée |
fade edil mik ve ilgildejsemhadmditr kKirimit etril er i Bdmar
ndeksi %75 ve ¢zerinde olan numunel er puzol ani
al zemel er ol arak kabul edil miktir.

3. SONU¢LAR ve TARTI kMA

3.1. Karakterizasyon

Ki | numunel erinin kimyasal, mineral oji k ve ter me
bajl ayéce ¢retimindeki potansivyelini dejerlendir
sonu-laréna g°re, herksekkiktardaEg:kekpl tnedhuhmsknde. d
kil b¢enyesindeki y ¢ ksek demir oksit i-eriji,

ol dujundan, bu killerin porselen ve beyaz ser al
kull anéména sénedi rgetDaoldayés éuwilla n-mneelkbk manén amac
de¢kegk kaliteld veya atek kil kaynakl| aVvaleswel ar ak

ark., 2020; Semiz, 2017).

Bu bajl amda XREF sonu-1I| ar é, kil numunel erinin n
yapél maséna da ol anak sajl amaktadér. Kdeal kaol
al éndéjénda, k¢tlece Si OveAlar®. ,or®&R4a)yaBluakak é1i
numunel er i i -1 n bu oran séraséyla 2,04 ve 2,35
kaolinit oranéndan belirgin kekilde y¢ksek ol mas
kuvars e f ar kl e silikat mi nerall eri ni nValesve arki,l unabi
2020).

Cc2 numunesi nde XRD ve mi kroskop incel emel eri S
fillosilikatlardan ana faz olarak kaolinit veiillit i ki nci | (min°r) fazlar ol ar @
ayréca hematit, i moni t ve g°°tit gi bi mi ner al | e
numunesindekiF€;' e kaynak tekkil eden mineralin gerek X
mi kroskop incel emel er i sonucunda yojunl ukl a de
edil miktir. kile b°l gesi kil I er ifeldgpatekuvars diderit,y ap €| a
g°tit, hengaithiit nvien earnaaltlaezr i n varl éjéné teyit et mi
2025; Yél maz Geredel.i v e ar kkil numuhdleirg pit XRB pikled a | & K me
kekil 2' de veril mi ktir. XRD analizleri, kar al
dejerlendiril mik vV e el de ediiDE6 $anzu-tlamr&mll ama
yoruml anméxkt ér . Her irkienpeomyné&de Kk XBE®i ¢jer bled i ij
yakl akidlo0o 3AC aral éjénda g°zIlenen k¢tle kayepl
destekl emektedir ¥ zi8I510i kKA@ agroali @], e nydak i daek ik kD Kk
hematite d°n¢kebil dijinden, ham numunel erde g°zl
zayéflamasé veya kaybol mase, buna karkél ék hemas

beklenebilir (de Brito ve ark., 2026).
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I K KQG K QF I Q KQF Q@ Q Q

C1 - 800°C

C1-700°C

Siddet

C1 - 600°C

- |

10 15 20 25 30 35 40 45 50 55 60

C2-600°C

e BV, S -
psvhmrmvorppetremboero| Noacie) Pt

26 ()
I K I /KQGKSFQF FFSGK QKQQ Q Q Q
€2-800°C
C2-700°C |
-. 1
v :
i

C2 - Ham

10 15 20 25 30 35 40 45 50 55 60

209

kekiCll Zv.e C2 kil numunel erinin ham ve farkle séc
desenleri: (a) C1, (b) C2. Analizde belirlenen
(F), sideniG) ©©%arw& @O titteri | mi ktir Ejriler, k.

d¢key dojrultuda ©°telenmiktir

Kaolinite ait piklerin 600 AC'de ger-eklextirile
gzl enmi ktir. Bu dur um, kaol initin dehidroksi |l
yapésénen -°Kkt¢]éeneg g°stemamekfedmarakBaear dPnpkeg mal
ol an metakaolin oBOAmMaKtadat ] Apdacarf2aya -ékan
(hump d¢zensi z yapéneéen karakteristik bir goste
mal zemenin amorf karakterinin b¢gyegk °1-¢de korur
seécakl ek araléejénda ©°neml:i birilyepyapeanénke i sgmrad,
g®stermektedir. Buna karkél ek, 800 AC'de XRD dc¢
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él ék gelen zayeéef ve geni Kl €
i in daha d¢gzenl i ve ter mo
a-ék-a ortaya koymaktader.

2. Mekani k Dayaném ve Aktivite Kndeksi

ayanéemé deney
8 gé¢nl ¢k yakt
[

d
d
d
3
Har - numunel er
d
2
kil te¢réene ve

i n
| e
a

k a

r
4
[

n mekani k performansé 7 ve 28 ¢

[ ile dejerlendirilmicktir. El de
7,7 MP,a kbials éink-a ndealyia nkéarréenkaé null aarkce
sinasyon sécakl é&jéna bajleé ol ar

¢i zelHpa -3 . karéekémlarénén 7 ve 28 ge¢nl ¢k efji

L Ej il me Dayaneémé Basén- Dayaném
Kar ékéml ar
7. G¢n 28. G¢n 7. G¢én 28. G¢én

Referans ) 7,9 9,6 40,1 47,7

Ham 5,9 7,3 23,1 30,4

600 ¢/ 7,0 9,2 31,2 44,8
cl 700 ¢/ 6,7 9,0 32,9 44,0

800 ¢/ 6,2 8,0 27,7 37,7

Ham 5,4 6,6 20,7 26,1
. 600 ¢/ 5,9 8,2 27,2 37,9

700 6,1 7,9 28,0 38,3

800 ¢/ 5,9 7.8 25,8 36,9
Ham kil i -eren kareéekeéemlar , her i ki kil i -in de
killerin sénérl & puzolanik reaktiviteye sahip
Yekilyurt ve ark., 202&m . g Klail wii miarsiy ome li ikl ggimn K esle
numunesinde en y¢ksek 28 ge¢nl ¢k basén- dayanémeé
el de edilmik, bedul @g80nA@ude K4l 6i MPa ile takip
en y¢ksek 28 genl ¢k basén- dayanémé 700 AC'de ka
sonu-1ar, i nceil7drWe NACk ialrlad ré jie-nidra k6 0 &k a | as-i énsaésnydoannu n
daha uygun ol dujunu g°stermektedir.
Kal sinasyon sécakl é&jénén 800 AC'ye -ékarél masey
meydana gel mi ktir. Bu d¢kek, yeée¢ksek sécakl ékta |
amorf faz miktarénén azadrmansaés év eiylae sai-nétkelra neakbmel ie
Gg8dkovg ve ark., 2024). Benzer «kxekilde, 7 gé¢nl g
yéksek dayaném g°stermi ktir; ancak dayanéem gel i K
Dayanéem aktivite indeksi sonu-1lareée kekil 3'"te ve
dayanémlar énén ayné yaktaki referans har- dayan
karéekeémlar %75 sénéréeédieheml kielhdauhkaheélr &einni katl am
Séneér é aKméekter . CcC1 numunesi , czellikle 600 ve
dayaném aktivite indeksi dejerleri g°stermicktir.
iylek me el de edil mekle birlikte, dayaném seviyele
far k, killerin mineralojik bilexkimi, kaol init i
fazlarén miktaré il eveark,i20k.i | endirilebilir (Cardi
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100%
75% B
50%

25%

0%
Ham 600 °C 700 °C 800 °C Ham 600 °C 700 °C 800°C

C1 C2

7.Giin  was»m 28. Giin - - - ASTM C618
kekiHam3.ve farkléeé sécakl éklarda kalsine edil mik

dayaném aktivite indeksl eri
Genel ol arak sonu-1I|ar, de¢kek kaliteld ve seramil
kal sinasyon kokul |l ar e altenda puzol anik mal zem
¥zel | iTkD® ACOaral ejeéenda ,kaASTMeC6GIMI | lkap snaumaumdckd e
%75dayaném aktivite indeksi sénéréné sajlayarak
sergilemiktir.
4. SONUC¢LAR
Bu -alékmada, kile b°lgesinden temin edilen iKki
mal zeme ol arak kullaneéel abiliribDTd sdenjuerllaenedi rhielrr
de kaol init esas!l é& ,olfmalkd sap abti ruéd kd emikruvia+ er,en |il
gestermiktir. Yiéksek demir oksit i -eri kleri, bu
sénérlandeéer ér ken, uygun kalsinasyon sonryasé baj
koymuktur .
Elde edilen te¢m bul gul ar i700i0r | ARt eé dakleehk eadit i
kal sinasyon araleéjé olduju a-éeék-a g°r ¢l mektedir
©zg¢é¢l yeézey wowlearneg k(sklkaidmegganém aktivite indeksi |
sajlanabildijinin bir glstergesidir. 800 AC' de
nedeniyle reaktivite azal makt a, aznl caarké nb uonlau kkuanruk
konusu ol maktadér . Bu durum éseél ol arak aktive
potansiyelinin belirlenmesi a-éséndan bg¢t ¢gnecegl
mal zemenin hedefl gher opguimame adahéeai ne ol anak
Bu bajlamda el de edilen mekani k dayaném sonu-1 ar
dayanémé belirgin kekilde artéerdéjée s°ylenebil:i
yé¢ksek basén- dayanémé Wveerdayeaenrém kaktri.v ikKiées aicrad eel
aral ejigoe®@nA€0061 duju belirlenmik; 800 AC'de ise d
y ¢ ksek sécakl ékt a reaktif faz mi kKt ar enén azal
déekegnegl mektedir .
Dayaném aktivite indeksi sonu-Ilaré, ham kil numu
kal sine edilen numunelerin 28 g¢nl ¢k yakta ASTM
gestermiktir. Bu bul gqulhamnygdak klal lsa Iniatse loin Kkiolkel | k
ol arak kull anél abil ecek potansiyele sahip ol duj
farkle ikame oranlareénda, uzun d°nembdaVyagemev
cretimindeki performansé incelenmelidir.
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Organo Sepiyolit | retiminde | retim Paramet
ile Belirlenmesi

Determination of Organo-Sepiolite Production Parameters Using the Taguchi
Optimization Method

Ahmet Ref,i kKADAenterUj ur Kaya

r e

i zi k Anabilim Dal é, Fen Bilimleri Enstitg¢se,

Fi zi k BoEgenkgiydtenFake¢l tesi, Kocael. fniver si

*Sorumlu yazararefikdoner@gmail.com

¥ZET

Bu -ale&emiadal itin setiltrimet i lsaenpo nyyou ni ther odmeénre K(tC
s¢recinde etkili ¢retim parametrelerinin Taguchi
ama-|l anmékt ér. Optimizasyon kapsaménta E€TABsmi k&t
i Kl em parametrel eri ol arak se-ilmik ve L9 ortogo
°rneklerinin kimyasal bil exki mi XRF anali zi il e L
safl aktérma iklemine tabi tutul muktur. Safl aktéeér
organik ajark i | et kil exki mi FTa dRa lain ad é jzii kil ml, e rKrii sd aXRD ag
dejerlendirilmixktir. Morfolojik dejikimler SEM g
°czell i kl eri BET analiziyle belirlenmicxtir. El de
s¢reasrgams api yolitin y¢gzey ve g°zenek ©°zellikleri
gestermiktir. Taguchi anal i zi il e optimum ¢retin
se-ilen parametrelerin uygunl ageupidyedleirtl egnrdd trii phimm
ve g%zenek ©°zelliklerinin korunmaséna y°neli k das
belirlenmesine katkeé sunmaktader

Anahtar Kelimeler:Organosepiyolit, CTAB, Taguchi optimizasyonu, BET

ABSTRACT

In this study, theeffective production parameters for converting sepiolite into orgapwlite using
cetyltrimethylammonium bromide (CTAB) were determined using the Taguchi optimization method.
Within the optimization process, CTAB amount, solution temperature, and niixiagvere selected

as the main process parameters, and an L9 orthogonal experimental design was applied. The chemical
composition of the raw sepiolite samples was determined by XRF analysis, and samples containing
dolomite impurities were subjectedgarification. In the purified and particlgze classified sepiolite
samples, organic agéwtay interactions were evaluated by FTIR analysis, while changes in the
crystalline structure were examined by XRD analysis. Morphological changes were investiiaged
SEM images, and surface area and pore properties were determined by BET analysis. The results
showed that CTAB amount, temperature, and mixing time had significant effects on the surface and
pore properties of orgarsepiolite. The optimurproduction conditions were determined by Taguchi
analysis, and the suitability of the selected parameters was evaluated through confirmation
experiments. This study contributes to identifying more controlled and efficient process conditions for
preservinghe surface and pore properties of orgaapiolite during production.

Keywords:Organaosepiolite, CTAB, Taguchi optimization, BET
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1. GKRKK

Sepiyolit | i f s mor fol ojisi ve kanallé yapésé nedeni
kull anél an doj al bir magnezyum silikat mineraliid
2008) . Hidrofilik y¢zey yapesteamemalorgmad ky loa t laumad
amonyum tuzlaréeyla modifiye edisépigditicllerediidktedirv e b u
(Li ve ar k., 2019; Zhuang ve ark., 2018) . Bununl
i Kl em kokuldrairkti Iseebpiilyiorl ivgmey al ané ile g®zenek
Taguchi y°ntemi, -oklu iklem parametrelerinin sé
sajlayan ortogonal dizi temel | bi RosgiB8ey t asar €
Yang ve Tarng, 1998) . Bu -al ékmada, CTAB- mi kt ar é
sepiyolitin ©°zg¢l yeé¢zeyL@l darey zeasadeéhke lealkli dreé
optimum ¢retim kokullarénén belirl enmesi ama-1 an
2. MATERYAL ve Y¥NTEM

2.1. Sepiyolit

¢tal exmada,Pdlgatkl dakk9lrgesi nden temin edilen doj al
Ham sepiyolit ©°rnekleri Ankara | niversitesi Yer
temin edil miktir. Organi k amodrn yfurk alsryoomyg ra,j amnaf lod ke
i Kl eml erinde ise asetik asit ve sodyum heksamet a
22.Sepiyolit¥ r nekl erinin Safl akt ér él maseé

Ham sepiyolitik malzeme, karbonat k°kenli safseéz
safl akt é@ér &l méxkt ér . Bu ama-la 20 mL, 0,1 M asetik
yakl akék 0,002 M asetiek dsibt ol amr&dny pPRzeéjterihay
-%zeltiye 75 g ham sepiyolitik mal zeme kademeli
saat karéktérél mékter. KkI emi n hekeametéBo8fatilaaek i k a s € n ¢
edi | mi Kkt

Kar éktérma ikleminin ardéndan s¢spansiyon en az
dekantasyonla uzakl aktéereéel mékteéer . T200dkikan kat e, 20
karéektéréeldéktan sonra 30 dakiilkmi kttikrel méglea ma riak
sévenén pH dejelrungakd alkk&karm tekrarl anmékteéer. So
s¢zeéel mi&ko veEC'5dde kurutul muktur . El de enthleemesn ¢r ¢ n
ol arak adlandér él mexkt éer .

2.3 Taguchi Deney Tasar éme

24.0rgancSepi yol it ¥rneklerinin Hazérl| anmasé

Her deney i-in yaklakék 4,0 g saflakteéerél mék sepg
dajeteéel mekteéer Taguchi tasaréménda belirlenen se
-%z¢nder me i kIl e mi uygul anmadan edonji kaudan <La@AiBy onli il
kuru sepiyolit k¢tlesine gere %15, %30 veya %45
S¢spansiyonl ar yakl akék 200 rpm karéktéerma heéezén
séecaklekta ve 1, 3 veya 5 saat s¢reyle karékt ér €
ayrél méek ve bajlanmamék eCmaBéekamacte§gl ar emé mazu i &k
yéekanmékteéer. Yékanan °rnekler ©°nceido5daAG édceak]| €] €
yakl akéek 24 saat et ¢vde -skeupriuytoullinu k°trdreanlelye reie,r aTslaegh
g°r eli@® ol arak adlandeéeréel méektér. Ayreéca Taguchi
dojrulama °rnefj.i hazéerl anmékteéer .
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2.5, Karakterizasyon Y°ntemler.

Ham ve safl aktéréel mék sepiyolitik malzemelerin K
dajel-emépe Xfl oresans spektrometresi kull aneéel ar ak
temelinde k¢tlece y¢zde ol arak dejerlendirilmixkt
FTIR analizleri, Shimadzu IRSpi¥kK ci hazée kuiMOD&@néemaiaklaf4d@@alOsayéseé
ger-eklexktirilmiktir. ¥rnekler k¢tlece %5 oranén
h©line getirilmicktir.

XRD analizleri, Co KU ékéenémée kullanan I nel EQUI
safl aktéréel mék ve se-ilmik CTAB modifiyeli ©°rnek
karkél aktéreéel mékteér

Morfolojik incelemeler TESCAN MIRAT | MA al an emi syonlu taramal é& el
kullanél arak yapél mékteéer. ¥rnekler iletken karboa
kapl anmek ve 2000I ile 10 00O0I1 b¢yeéetmel erde gor ¢

2.6. Azot Adsorpsiyonu ve BET Analizi

¥rnekl erin ddesotpsiyatilsog mseyion77, 40 K sécakl ekta AL
g°zenek boyutu analiz cihazé kullanél arak ger - ek
ol arak adsorplanmék nem ve u-ucu bilekenlerin uz
i KI etmelmie tutul muktur. Adsorptif gaz ol arak azot
mol ek¢l T ol arak al énméxkt ér .
¥zge¢l y¢zey aBBRMIgw? Bt emml yl pobatirl enmi ktir. Ayré
y°ont emi uygulanarak BJH adsorpsiyon yg¢zey al ane
ayne degaz ve °l-¢m kokull arénda analiz edil mi«kt
2.7. S/ N Orané ve Varyans Anal i zi
pretiom par#magteeiedéhinetkileri sinyal/ge¢relte o
dejerlendirilmiktir. Ama- °zg¢l yézey alanéneén n
Al athgleet t er o0 °1 - ¢t ¢ kull anél méxkt eéer :

(0] pitl C- — (1)
Burada¢, g°zl emissey @ké&ddjeer ihi i fade et mektedir. He
gel en ortalama S/ N oranlaré hesaplanmék ve en yg¢
kombinasyon ol arak belirlenmixktir.
CTAB mi ktarée, modifikasyon sécakl éjé ve ikKlem sy
amacéyla varyans anali zi uygul anméxter . Faktorl e
toplam kareler topl aména QOpprta nmuam nkaoskéeuyl |1 aa rh easl at pél nadr
dojrulama ©°rnejinin deneysel sonucu, Taguchi y°©°n

3. SONUCLAR ve TARTI k MA

3.1. Saflakteéreéelmék Sepiyolitin Kimyasal ve Yapeée
Safl aktéréemmégemepi pnoXRFi Rnalizi, ©°rnejin bakl éc
oluktujunu g°stermiktir. SiO |, MgO ve CaO i-erifk
belirl enirken, Al 0] ve Fe O oranl akéuseéer Asayl a
oksit bilexximi, °rnejin magnezyum silikat-a zeng
birlikte, CaOi - er i Jinin g°rece y¢ksek ol masé, karbonat

sonrasénda tamamen uzakl|l akteéreéel amadéjénée g°stern
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XRD desenlerinde sepiyolitin karakteristik yanseEé
ol arak korunduju go°r ¢l megkt r. Ham sepiyolit ©°rne
yanséma, organi k modifikasyon. sBunraégeradhéydé&] akKe
uygul amas & ntéenmesle pkiryiositiali nyapésénda belirgin bir
modi fi kasyonun ajeéerl éklée olarak erikilebilir yg¢z
3.2. FTI R Bulgul ar e
FTI' R spektrumlaréenda sepiyolit yapéséna ait hidr
sonrasénda b¢yek ©°1 -¢de korunduju belirl enmiktir
g°zl enenOHy abpaénsdad epri yaon o t 828 gk T aseugyklzaB Gilliitkikki | i vy &
3554 cm T ' deki bant ise yaklakék 3575 c¢cm 1T'e kay
cm T ' ideXii bSasndénén konumunu korumasé, temel sl
°nemli ©°I1-¢de dej i KOngands § @ inyi o Igi°ts t%%rr mekklterdiimde vy ak
cm T 'de orta¢CH -§g&anl méei bant karée ise CTAB'én sep
dojrul amakt aldiedr. o S®ipli ywd igiilni kat titrekimlerinin
sonrasénda ortaya -ékan alifatik bantlarén dejer
uyumludur (Frost ve ark., 2001; Madejov§ ve Koma
Sep

NN o oV

ol O

|

(

Siddet (a.u. withY-offset,%8)
N ~]
3 i

T y T T T — - | E— T - T T T
4000 3500 3000 2500 2000 1500 1000 500

Dalga sayist (cm™)

kekiSlafl.akt érél mék sepiyolit (Sep) ve Taguchi L
sepiyolit (19) ©°rneklerinin FTIR spektrumlaré. Spektrur
d¢key eksende %8 of set uygul anarak g?©c
3.3. SEM Bulgul ar e
Se-il mi K °rnekSEeM egaistnttednesriil ik eFkBE | 2''de veril mi
sepiyolitik malzemesi, | if demetl eri il e d¢zensi
g°stermiktir. Dojal sepiyghbBybardbde-iminunugphbhutupie
dejikebildiji ve bunun daha a-ék ya da daha yoju
bildiril mikti-Romér&2082.ez ve Garc?2a
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CTAB modi fi kasyonu sonrasénda karakteristik | ifs
°rt¢l mesi, agregasyon ve | if demetlerinin sékelas
L9 deney dizi¥i ddjedi i eal ygrkrsggjkiOS | i fl er arasé b?°

ol duju g°rece a-ék bir morfol™jdie]seari gnieB esmihk tpi rO.S
°rnejinde daha kompakt agregalar ve daha az beli
y¢ksek CTAB mi ktarénda azot moleke¢gll erinin eri ke
séenérl anmaseéeyilra. iBenxxer exnalkirlidebidrgani k ol ar ak
agregasyon durumundaki dejikimlerin y¢zey al ane
(Fitaroni ve ark., 2019).

ABsC;doj rul ama °rne
k & smi i demet i

] de | ifsi ve demetl mor f ol oj
f S
ijnemsi morfolojis
I b
0

| akmasé g°zlenmi«ktir. Bu so
n korundujsemeéy | aueadladg&lea
[
[

y ol a-abi dijini ren -al éekmal ar |l aSEMyuml udur

bul gul ar e, CTAB m
i Kl em kokull aréna
deji kime neden ol du
morfolg i s i ile azot mol
ol mayan °zellikler ol

é olarak y¢zey °rt el mesi,
u g°stermektedir. Bu g°zl e
sl lerinin erikebildi i Y ¢ :
u é

]
ju di kkate al eénmal deéer .

kekiSle-2.1 mi K °r nekSIEeM e °aigstn ttsSemdbiif) OSL (@) O ye P
(d,h)ABsCsdoj rul ama °rneji. l'st séra d¢e¢kegk begyet meli
gestermektedir. ¥|-ek -ubuklaré her bir g

BET ve Taguchi Opti mi zasyon Sonu-1|aré

optimizasyonunda temel yaWhéesediel mkkewne
| anénén m¢gmkeéen ol dujunca-thebeséeélkerdouf Ul magé
| médteenre.y T aaguaa lBimé n a -sge’priey chlaizté r°l ranmneaknl eorrigmai
¢ erl eri ve hesaplanan sinyal/lge¢reéelte (S/
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asarémén® ddjterilkdreim ke KU/l N aarée

¥rne CTAB mi ktaré ( Sécakl & S¢r e Y (m] ¢ S/IN(dB)

0s1 15 30 1 44,13 32,89

0S2 15 45 3 40,58 32,16

0Ss3 15 60 5 39,73 31,98

0S4 30 30 3 33,68 30,54

0S5 30 45 5 35,55 31,01

0S6 30 60 1 38,90 31,80

oS7 45 30 5 29,60 29,43

0S8 45 45 1 23,43 27,40

0S9 45 60 3 29,75 29,47

Taguchideneysetind¥ dej er | e4di, 1233 M3 g T arasénda deji kmiK

dej eB.C:kadkul |l aréna karkeéel ék gelen %15 CTAB, 30 AC

°rnejinde 44,13 m] g T ol arsBKklo&luil t ae @mid@Bt hiaz eéEH

°rnejinde 23,43 m| g T olarak ©°1I - ¢l'ten@dZesr . Sonu-

yéksel mesiyle erikilebilir y¢gzey alanénda belirog

Yézey al anéndaki bu azal ma, CTAB mol ek¢ll erinin

azot moleke¢ll erinin erikebildifi daha ince g°zer

ilikkilendirilebilirbaBamandapibyolli kit , kbiustsaln uv

-%kte¢ejéeneg g°ster memak thberd igul aX Rpa pt eesn@erdEe ns enpai dyiofl ii kta

sonrasénda b¢yeéek ©°1 -¢de korundujunu destekl emekt

yézey al anéendaki azal manén y¢zey °rteéegl mesi, g ze

sékél akmaseéeyl a i°nickekidei baolladbiirlielcneijkit iddah(aTang ve

Fakt©°r seviyelerine ait ortalama S/ N oranlaré ¢i

dejerine s&hipevni mde e etkili fakt°r ol arak bir

sérada bulunurken, iklem s¢resinin etkisi ol duk -
¢izel™gae -42.n fakt°r seviyelerine ait ortal

Fakteor Seviye 1 Seviye 2 Seviye 3 Delta Sér

A: CTAB mi ktar 32,89 31,11 29,31 3,58 1

B: Sécakl ék 31,55 30,85 32,44 0,89 2

C: Kkl em s¢res 31,83 31,72 31,94 0,11 3

Fakt°r seviyes ortal amal aréna g°re optimum koku

%15CTAB, 60 AC secaklék ve 5 saat ikKlem s¢resine

edilen'Y dejeri 43,41 m] g T"'"dir.

L9 deneyl eri i -inde en y¢ksek dojrudan °1 -¢m ALE

analizinin AB:C;ck o mbi nasyonunu optimum ol arak °ner mesi b

yent emi yvalnezca en y¢ksek tekil deney sonucunu

deneyl erdeki ortalama et kisini birlikte dejerl en

Fakto°¥I|l gzémi ndeki gereli etkilerini belirl emek a

sonu-laré ¢izelge 3'"te verilmixktir.
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¢i zelSgwsohw-1 aréna ait varyans anal iz
Faktor SD KT KO F ) Kat kée (
A: CTAB mi kta 2 293,799 146,900 8,573 0,1045 85,23
B: Sécakl ék 2 15,595 7,798 0,455 0,6873 4,52
C: Kkl em s¢gre 2 1,028 0,514 0,030 0,9709 0,30
Hata 2 34,272 17,136 o} o} 9,94
Burada SD serbestlik derecesini, KT kareler topl
Varyans anali zi sonucunda CTAB mi ktarénén topl an
Sécakl ék ve i kKlem s¢gresinin katkeélaré i se sérasé
kat késé %9, 94"t ¢r . Kncelee niesnt aftaikstt®irkl seerl 9%9n5l agngl véelr
Ancak tletkarsaarrséénzé nda hata terimi i-in yalnézca ik
ndejerlerinin dikkatli yorumlanmasé gerekmektedi
bi -imde daha y¢ ksek Kadjker iomeanganhi p'&o Wmaénsmé g kg ikf
baskén pratik etkisini g°stermektedir.
Taguchi analiziyle belirlenen#®:C;opt i mum kokul |l arénda ik baj @ ms é:
ger -ekl exktiril i kdteijre.r |Beu i° Is-égmalseerydea 47, 66 ve 42
ve ortalama dojrulama dejeri 44,90 mJ] g T ol arak
43,41 m] g T dejeri araseéndaki bajéel fmrk yakl| ack
incelenen deney aral éjénda yeterl:i bir tahmin pe
Safl akteéeréel mék Pol aV¥Yl éepepi yoo0j 883 kmmagzemebkanak
g°re dojrulama °rnejinin ortal ama 'yé¢rme yk arl kaenlég k b
gel mektedir. Y¢gzey al anéndaki bu azal ma; CTAB ka
engell enmesi , azot eri kiminin sénérl andér él maseée
aglomerasyonu ile a-éeXEMdnadbndliirEt XRDg] &ITIl &kn dvier iFIE
CTAB modi fi kasyonunun temel sepiyolit yapéeséne t
mol ek¢ll erinin erikebildiji y¢zey bo°lgelerini  ©°n
3.5 BJH G°zenek Hacminin Dejerlendiril mesi
BJH adsorpsiyon g°zenek hacdymi | demelekdptyiemi 2 @asmpac
tekst¢rel °zellik olarak dejerlendirilmiktir. B
eden daha b¢ye¢k |ifler arasé g2zenek ajénén davr
BJH adsorpsiyon g°zenek hacmine ait fakt°r seviy
ABsC;ol arak g°stermiktir. Bu kokul %15 CTAB, 60 A

gel mektedir. B B> ki 0- ki unl "Wbneoptimumu elan éBxCs; Rombinasyonundan

yalnézca iklem s¢resi bakéeméendan farkIl & ol maseé,
i Kl em kokull arénda korundujunu g°stermektedir.

AB:CGkokul unda ayré bir dojrulama deneyi ger - ekl e
kombinasyon, deneysel olarak dojrulanmék bir opt
tahmini bir g°zenek hacmi koruma kokulu ol arak d

4 . SONUC¢CLAR

Bu -al ékmada, hafif kokul |l arda safl aktér el mék Po
ve ¢retim paramederedywrtiastargaiméhikul | anél arak dej e
optimizasyoiw yvyanél @i @all aBdkKH g° zene-SEVhaaatizimiiise FTI R,
i Kliyeaip@ kst ¢r i1 i Kkisini a-éklayan tamamlayeéceée y?°
Taguchi ve varyans anal’y ziz esradamu-elkar ée,n ®TassE emi ki tks
ol dujunu g°stermiktir. CTAB mi ktaréenén toplam de
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s¢resinin katkelare seraseyla %4,52 veBC®0, 30 ol a
yani %15 CTAB, 60 AC ve 5 saat ol arak el de edi |l n
seviyesinde belirlenmesi, akKkéereé y¢zey aktif madd
alanenda ilave kayeéeplara yol a-abilecejini g°st e
ABsCGkokul |l arénda ger-eklexktirilfedeilkirleaj edmgé b 6d
42,13 m| g ol arak belirlenmik, ortalama dejer
edilen 43, 4 m] g T sonucuna yaklakek %3, 4 bajel

|
1
safl akt ér el mék DbYakdlegnregé -nimmalyzaekneaskiénki %4 9, 4' ¢n¢ K
k
r
r
f

CTAB modifi kasyonu sonrasénda g°zlenen y¢zey al a
i kkil endi il memi sepi yOKRD gmaakiémiahde éiOémel| FTI F
SiveSiIOIMg titrekimlerinin b¢gyeéek -SBEM ¢gd®%r kmotr gulnaruij ud g
demet | i mor folojinin devam ettijJini, ancak i Kl en
veyerel | if demeti sékélakmasénén meydana gel di7Ji
iy performans g°steren °rneklerde b¢gyek ifler

kal kmadej éneée desteklemi«ktir.

Genel ol arak yomtue hiami,n Thhgjualhive heterojen sepiy
modi fi kasyonunda deney sayéséné azaltan ve baskE
optimizasyon yaklakémé ol dujunu g°stermektedir

i kM es ¢resi; organofilik ©°zellik kazandéreéel eéerken

korunabildiji wuygulanabilir bir ¢retim aral ejé s
5. TEKEKK] R

Bu -al @ékma, Kocael iniversitesi Bili msel Arakt €

20254285 numaral & proje kapsaménda destekl enmi kt il

6. KAYNAKLAR

Canel , T., Kaya, A.U., cel i k, B. , 2012. Parameter opt
Taguchi methodOptics & Laser Technology4, 23472353.

¢cajlar, S8piyd01%9in yak °]J¢tme ve asit |- yenteml eri
modellenmesi Dokt ora Tezi, Eskikehir Osmangazi i niversites
Doj an, M., Turhan, Y., Al kan, M. , Naml &, H., Turan, F

metal ions adsorptioesalination 230, 248268.

Fitaroni, L.B., Ven®©ncio, T., Tanaka, F.H., Gimenez,
modified sepiolite: Thermal treatment and chemical and morphological propAgigied Clay Sciengel 79,
105149. https://doi.org/10.1016/j.clay.2019.105149

Frost, R.L., Locos, O.B., Ruan, H., Kloprogge, J.T., 2001. deared and mienfrared spectroscopic study
of sepiolites and palygorskitegibrational Spectroscopy27, 1 13. https://doi.org/10.1016/S0924
2031(01)00112

Li, Z.-AviGl @ez A., Sel | a-Parriciglet, A., BelveB €. 2018. AdsdrptipnoBoni | | a
ibuprofen on organsepiolite and on zeolite/sepiolite heterostructure: Synthesis, characterization and statistical
physics modelingChemical Engineering JournaB71, 868875. https://doi.org/10.1016/j.cej.2019.04.138

Madejovg, J., Komadel , P., 2001. Baseline studies of
Clays and Clay Minera|s49, 410432. https://doi.org/10.1346/CCMN.2001.0490508

Ross, P.J., 1989.aguchi Techniques for Quality Engineering: Loss Function, Orthogonal Experiments,
Parameter and Tolerance DesigdcGrawHill International Book Company, New York.

Sus8r ez, -Romero,B.a2012.2Variability of the surface propertiesegfiolite.Applied Clay Scienge
67168, 72 82. https://doi.org/10.1016/j.clay.2012.06.003

80



25 Eyl ¢l 2026 BKLDKERKKTA
2-5 September 2026 PROCEEDINGS BOO¥

Tang, Y., Yang, D., Ting, V.P., Hamerton, I., Van Duijneveldt, J.S., Rochat, S., 2024. Modified sepiolite
nanoclays in advanced composites for engineering applica@® Applied Nano Materialg, 1922119232.
https://doi.org/10.1021/acsanm.4c03115

Tartaglione, G., Tabuani, D., Camino, G., 2008. Thermal and morphological characterisation of organically
modified sepioliteMicroporous and Mesoporous Materials07, 161168.
https://doi.org/10.1016/j.micromeso0.2007.04.020

Wang, Q., Tang, A., ZhanngodilLf-F,e dWea/ diejpe ol é 1t idkecdMpd.si An
morphology for magnetic separation removal of Congo red dye from aqueous s®otiater Technology
339, 872881.

Yang, W.H., Tarng, Y.S., 1998. Design optimization of cutting parameters for turning operations based on the
Taguchi methodJournal of MaterialsProcessing Technolog$4, 122129.

Zhuang, G., Gaal., Chen, H., Zhang, Z., 2018. A new atep method for physical purification and organic
modification of sepioliteApplied Clay Sciencel53, 1 8. https://doi.org/10.1016/j.clay.2017.11.045

81


https://doi.org/10.1016/j.clay.2017.11.045

25 Eyl ¢l 2026 BKLDKERKKTA
2-5 September 2026 PROCEEDINGS BOO¥

Reoloji ProblemliKil vee Kaol enl erin Duvar Karosu Bg¢gnyel
Kullané me

Dry-Route Useof Rheologically Problematic Claysand Kaolin in Wall-Tile Bodies

Me hmet Upan'ty TKafg k@& Kkaeynagce |12 Can Gen -
Kaleseramik AGe Mer ke zi , tanakkal e, Te¢rkiye
3Jeol oj i M¢hendi sl i jistB@rdkuns , T eMadiekn [Fraikv,d rt istie s |

"Sorumlu yazarugurtaskiran@kale.com.tr

¥ZET
Bu -alékmada, yak y°ntemle ikKlenemeyen reol oji [
yoluyla duvar karosu be¢gnyelerinde kullawel abil i
D. KKL ol arak keondInemrmmdiw; ilki mygaeddli kl er, yak y°nt el
°zellikler ve mukavemet sonu-Ilareé birlikte dejer
séraséeyl a %6 0, 5, %40, 8l eei MBS, ak &kwr vwemaarmiek tii-reé
kull anéel dej e KB.13/2, ¢. KKL/ 2-66¢e 2DKkKKU/ Znaydde hb¢g
°l - ¢l ebilir akék el de edil ememik, standart b¢ny
b¢nye|e6m<%aﬁé boyutunm, & jroutid bmegtkt, e %HG§ 3bar basén
1130 AC/ 50 dakika kokulunda pikirilmicktir. ¢. KK
emme, 2,25N0,13 N/ mm] kuru ejilme dganpyamémee 2305
N ortalama kérélma dayanémg2ehide edi émmatdar kuBl:
|l aboratuvar tarama °I| -¢tlerini sajladéejénée ve ya
il e duvar karosu b¢gnyesine kazandér él abilecejini
akamasé tdiokKjeatli ngianzin azaltél masé a-éséndan °nemli

Anahtar Kelimeler:Duvar karosuKu r u h a Reoloji, Kanvmn emisyonu
ABSTRACT

This study investigated the use of rheologically problematic clay and kaolin resources, whiaiotould

be processed by the tested wet route, in-tilallbodies through dry preparation. The materials were
coded KB. 13, ¢ . KKL a n-thindBalogfidélicharacenistics, wwibw behaviauh e mi ¢ a |
wet/dry physical properties and strengthresulssr e eval uated together. Pure
showed no measurable flow at 60.5, 40.8 and 38.2 wt.% solids, respectively. The paired KB.13/2,

¢. KKL/ 2 and D. KKL/ 2 wet b o6d.Rwts sdidssvberepsthe dtandasedd n o
bodyflowedin51s.Drypr epar ed bodi es were gr ou+b8%,ppressedw 100
at 36 bar and fired at 1130 AC for 50 min. ¢.K
absorption, dried modulus of lhwptafrer ot 2r. & 5N .
N/ mm] and mean breaking strength of 280.96 N. TI
thin-Blll laboratory screening criteria used in this study and that acug&incompatible resource can

be incorporated inta walktile body through dry preparation. Dry conversion also offers substantial
potential to reduce water and natugals demand during powder preparation.

Keywords:Wadl tile, Dry preparation,Rheology,Carbon emissions
1. GKRKKk

Serami k karo ¢retiminde yak °jJ¢tme ve pegskert me
dajel emé ve pres beslemeye uygun grang¢gl sajl amas
birlikte y°ntem, pompal ankabmil kK trar-daanmug u yd uwd ubrunas
kurutucuda uzakl akt ér mak i -1 n éseéel enerjiye g
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neml endi r me/ mii lsreo g-raammusrl asgyoaér | ama il e péskert mel
kal dérarak su ve doj al gaz te¢keti mini azal t ma pc
2023) . Kuru y°ntem -evresel a-eédan arvéalntraytl ieb eotli
akéexkkanl ek, yéjeéen yojunluju ve pres kaleéep dol umi
ark., 2020).

Suya duyarle ve y¢ksek ©°zgel yeézeyl i kil mi ner e
defl okptagaace olukturabilir. Bu durumda ki myas:
end¢strivyel Kuru madde oranénda °J¢teéel emediJi,
besl enemedi i i - i fmelikg 20801 Dondiv @ € kae rkd 3 Kadl1édr;, (Kayacé
kaynakl arén yalnézca yak reoloji nedeniyle el enm
bajéemleléejé ve takéma ye¢keneg artérabilir Kur u h
daj et éelkmamgdoVvéey nemlendirme sonrasénda preslenn
yakl akeméyl a akabilir.

¢al ekxkmanén amawe ,D.KBKL 3gl &r. KKLkodl anan ¢ - reol oj
karosu b¢nyelerinde kuru hazérlama il e kullaneéel e
se-ilmik /2 b¢nyelerinin yak y°ntem auk ék® ndtasvmm an
fiziksel czell ikl er:i karkél akt érel mék ve kuru h.
dejerl endir/i2l miek-teitresi¢niknKLduvar karosu | aboratuv
su, enerji, CO ve kaynak kullaneéelabilirlifji a- €
2. MALZEME VE Y¥NTEM

2.1. Hammaddeler ve Karakterizasyon

Aday hammaddel er KB. 13, ¢. KKL ve D. KKL {#xe&lna@&r eyl
floresans ( XRF )k éemién ekréarl é nféareel a(rXeR DX ile belirlert
yerine d¢zeltil mik XRF gde(;ﬁt@sg,%BBIAAGélméKOér
%2, 477, Ti O %0, 704, Na O %1, 645, K O %3,811
%100, 000" dir (¢izel ge 1). KB. 13 XRD biIeKiml %2
%18, 53 kaol i nit a] é nde &&16,& dnégontmorillahit KeKtbplanm &oAv.i4 e s i
al bit+sanidin; D. KKL numunesinde ise toplam %6
raporl anan %20,54 kristobalit dejeri, kesin faz
analiziyllkeéd®eijrul anma

2.2. Re-eteler ve Yak/ Kuru Hazér |l ama

Saf hammadde yak reoloji taramasénda KB. 13 i-in
(STPP) ; ¢. KKL ve D.KKL i-in %1,00 sodyum silika
s¢resio, kuru madde, 6 3 Omkgazyajreididlneikktbiark.iySeTsD', vKeE
ve D. KKL/ 2 be¢nyeleri yak ve kuru y°ntemlerde ay
proses etkisi, re-ete dejikiminden kaynakl anabil
Yak y°ntemde b¢nyeler ©°J¢gtelerek -amur °zelli kil
kokul unda pi kirilmixktir Kur u yventemde -39 | ekenl
rutubete ayarl anmeéex, 36 bar ba« éhuhdappexiemﬁnlmu(
k¢-¢l mesi, su emme ve CIELAB L*a*b* dejerleri I
kuru ve pikmik ejilme dayanémlaré bek numune ¢ze
ol arak veril mimétiir-.i nKérad|émamad ekyiamé éndaki ortala
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¢i zelAgddmyl . hammaddel erin maj°r oksit bile
A) LOlI, sio , Al O, Fe O ve Ti O
Hammadde LOI Si O Al O Fe O Ti O
KB.13 4.040 68.446 18.045 2.477 0.704
¢. KKL 4.50 70.42 16.59 1.96 0.39
D. KKL 28.65 27.86 7.04 2.85 0.27
B) CaoO, Mg O, Na O, K O ve Topl am
Hammadde CaO MgO Na O K O Toplam
KB.13 0.335 0.247 1.645 3.811 100.000
¢. KKL 1.22 1.09 1.63 2.02 99.82
D. KKL 20.67 10.02 0.27 1.94 99.87
Not: KB.13 min°r oksi%0e002P ®  O%WHO 18358; CMn O %0,
%0,065'tir.
¢Ci zelEkd eXx.t i ril mik yak ve kuru deneylerde kull an
Kod Béenye bil eki mi ( %)
STD KKL.1 1; KKL.2 24; DKK.1 15; KAO.1
KT.1 1; AT.1 14; KAL.1 11.5; KKL.3
KB. 13 10; KKL. 1 1; KKL. 2 25; DKK. 1
KB.13/2 KAL. 1 11. 5; KKL.3 10
¢. KKQ; KKL.1 1; KKL.2 15; DKK.1 20;
¢'KKI‘/ZKAL.l 11.5; KKL.3 10
D. KKL 10; KKL.1 1; KKL.2 15; DKK.1
D'KKI‘/212; KAL.1 7; KKL.3 10
2.3 Duvar Karosu ve ¢Cevresel Dejerl endirme ¢er -
i ré¢n sénéflandérmasénda |1 SO 13006: 2018, su emme
ISO 105453:2018 ve ISO 10548 : 2019 =esas al enméxkteér (1'SO, 201
Laboratuvar séralamasé i-in imr&iO0BI MOR@MLZn Ny aninl|
kéréel ma dayanéméO200 N tarama °I|-¢tl eri kKul | ané
dej il di ; 1 lgili kalénléek sénéfénén dojrul anmasé
edi | mesi gerakirel ekt ekmadaugveya CO dojrudan
| aboratuvar proses bulgularé ile yayémlanmék end
3. BULGULAR
3. 1. Hammadde ¥zellikleri ve Yak Reol oj i Engel i
KB. 13" ¢n d¢gzelti |l mi-feldidpatkrey@alsiar i ta nmil i eri g | dkjuivsairysl e
mont morillonit i-erifji y¢ksek su duyarl él éj ene,
bilekim sunmaktader. D. KKL've KabDde&s2nma 6kKay bveg O%:
karbonat-a zengin mineralojisiyle uyumludur. He
gazén viskoz faz gelikimiyle -akékmasé porozitey
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Saf KB. 13, ¢. KKL ve D. KKL numunelerinin tamamé
1603 g/ L; ¢. KKL %40, 8 ve 1328 g/ L; D. KKL %3 8,
gestermemi Ktir. KB. 13 i-in bu soervuize®°naékkmaecki
al énméxter. Ayné davranék [/ 2 b¢nyelerinde de g°r
verirken KB. 13/ 2, ¢. KKL/ 2 vV e D. KKL/ 2 séraseéeyl a
ver memi Ktir. ¢. KK L/Z'Dnun|y|a}<24°jd(atkmd<a$arek$|rK§Iék
(¢izel ge 3A; L<ekil 1) . Bu sonu-1I| ar, -poch@pma/ 2 b¢n)
péeskertmeldi Kkurutma zinciri i -in uygun olmadéjén
¢Ci zelRpeviZ.e /2 serisinin eklexxtirilmik fiziksel
A) Yak ve kuru y°ntem fiziksel ©°zell
Y a K Y a K Kuru Kuru
Kod YEES')( Y?:%S °F ¢t k(;-g,IY(OZ)K rutubet kg,-g,IKL(Jg/::)E
(dk) (%) (%) (%)
STD 51 65.3 24 -0.08 18.93 5.9 0.44 19.41
KB.13/2 AY 64.3 26 0.04 19.06 5.3 0.04 20.46
¢. KKL/| AY 64.0 44 0.32 18.52 5.8 0.00 19.88
D. KKL/| AY 65.2 30 0.24 21.73 5.8 0.00 21.06
B) Kuru y°ntem mukavemet sonu-1|aré

Kod Ham MOR Kuru MOR Pi Kk mi K Ker él ma d

( N/ mm] ( N/ mm] ( N/ mm] (N)
STD 1.48N0. 2.61N0)] 21.46N1 432.90
KB.13/2 0.97NO |, 1.49N0) 13.37N0 283.59
¢. KKL/ 2 1. 03NO. 2.25N0] 13.54KQ( 280.96
D. KKL/ 2 0.94NKN0 | 1.63N0, 13.21N1 273.90
Not: AY, akék yok; E, su emme; MOR dejerleri ort
-al ékma kitabéndaki ortal amadeéer.
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Revize /2 regetelerinin eslestirilmis yas-kuru karsilastirmasi
(a) Yas yontem reoloji uygulanabilirligi (b) Pismis su emme

W Yas yontem B Kuru yontem

X661 OK51s X AKIS YOK | 20 1

[}

T —

g X AKISYOK y ,k1s YOK s

g m 157

E :

§ E 0
5 : 10 +- -
g a

o

] °

STD KB.13/2 C.KiL/2 D.KIL/2 KB.13/2 C.KiL/2 D.KiL/2
(c) Boyutsal davranis 26 (d) Pismis renk davranisi

B W Yas yontem Emm Kuru yontem W Yas yontem B Kuru yontem
0@0.4- M
= a

2 03 A
2 =

(] L)
8 0.0

-0.1 -

S'I"D KB.|13/2 C_Kln_,/z D.Kll'l_jz STD KB.13/2 C.KIL/2 D.KIL/2
kekiRlevli.ze /2 r-kuerptiey®ent emnakak, su emme, pikKkn
kar kél akt é&r mas é.

3.2. Yak ve Kuru Fiziksel ¥zellikler
Kuru hazérl ama, akek vermeyen [/ 2 re-etelerinin
g°®zenekli duvar karosu karakterini korumuktur. T
¢. KKL/ 2" nin yak y°ntemde %18, 52, 8 'aen deaj iekmmekseil
K¢-¢é¢l mesi %0, 32" den %0, 00" a de¢i¢KmMEKt &r . Pi kmi K ¢
y°nt emde *=68, 85 olarak birbirine -o0ok yakeén ke
kal dérél masénén hedofzimanei émleKrgésdae\rnnaerkéleéjrié
|- kuru aday arasénda ¢. KKL/ 2 en d¢kéek su emme
K¢-¢l mesini (%0, 00) D. KKL/ 2 ile paylakméexteéer . k
D. KKL/ 2" de su emme %21, 06 ve Kky¢- ¢ Immesk0 ,kG0 'bdoéara.t
zengin hammaddenin gaz -éeékéké ve porozite etKki:¢
preslemenin m¢gmke¢gn ol dujunu dejil, ¢. KKL/ 2" nin
g°stermektedir
3.3 Mukavemet ve ¢. KKL/ 2 Re-etesinin Bakareéese
Kuru hazérlanan aday b¢nyelerin pikmik ejil me
ortalamalar 12 N/ mm] | aboratuvar tarama sénérén
b¢egnyeler i -inde 2,25N0,13 N/ min] illeeeanyyklsed&k pku
dayanéméneé vermiktir. Ortalama kérél ma dayaneémeé
sonu-larén %19,88 su emme ve %0, 00 pikme Kk¢-¢lr
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-al ekmada tanémlanan ince Bl Il duvar karosu | al
i Kl enemeyen %10 ¢. KKL i-eren re-etenin kuru y°nt
End¢gstriyel kuru grang¢l hazérl ama -al ékmasénda
azal ma) , su te¢gketiminin ise 540"'"tan 95 L/t'ye (
maliyetlerinin yak sisteme wpakén RORBG&] & Aginledidmoi
fakt°r¢ varsayéldéejénda bu azal ma, grang¢gl hazeéer|l
yakl akek %67 azal ma potansiyeline karkél ek geli
emi syonu daenfjmélk, dyogyaélmlgaz t ¢ ikeakammnasen- ghpeémadd
d°ng¢s¢ karkél aktérmal aré da kuru °J¢tmenin yacxk
sahip oldujunu g°stermektedir (Wang ve ark., 202

Kuru hazirlanan biinyelerin mukavemet gelisimi (ortalama + SS, n=5)

(a) Ham MOR (b) Kuru MOR (c) Pismis MOR
2:25
25
2.00 3.5 1 21‘41%1‘11111() siirt: 12 N/mm?
.00 4 2.61
1.48 ]
1.75 54 20 4
2.25
< 1.50 4 & 251 N
= g g . 1337 1354 1321
£ 1.25 - T — - g o 163 | E 15
Z 0.97 i 4 4
~ 1.00 4 = =
& & 15 % 10
= 0.75 A = =
50 1.0 1
. A 5 =
0.25 0.5 1
0.00 - 0.0~ 0-
S \Lﬁybn . ?‘1\)(), " .\L\\J?’ 5t Y&.ﬂ.\')— 5 ,‘{~“ﬂ S X\“’ﬂ Y @.@VL 6 Y\“ﬂ " .‘é“ﬂ

kekiKlurau. hazérl anan b¢nyelerin ham, kuru ve piKk
sapma, n=5).

4. SONUC¢LAR / TARTI kMA

Revize veriler, KB.13, ¢. KKL ve D.KKL"in saf hal
engel. i ol ukturdujunu g°stebmj Rt ikrur u Adnayddeé 2 ar aln
vermedi jinden denenen kokulrltanmmedlai °kjuirtumiema pio-nipna l u

Kuru hazeérlama bu reolojik -5ée8éervtamagtet @orpraaalne
sretmi ktir.

¢. KKL/ 2; %0, 00 pikme k¢-¢lmesi, %19,88 su emme,
pi kmi k MOR ve 280,96 N kéréelma dayanémé ile en g
| aboratuvar tarama °I| -¢tlerigpekensé&] KEmékkayaaljiyar

hazéerl amayl a duvar karosu b¢gnyesinde bakareyl a

D. KKL/ 2 de preslenebilir ve Bl I | -mgkaveneendengelear al &7
¢. KKL/2'"ye g°re daha zayeéefter.

Kuru d°ng¢kg¢m, reol oji nedeniyle elenen yerel k
kil / kaolenl ere bajéeml &l ej e, tedari k riskini v e
Literate¢rde bildirilen yakl bhazgér d8ma deagamagazi vi
karbonsuzlakma ve kaynak verimlilif57i potansivyel:|
ve su t¢gketi mi bir ton pres tozu i-in °1-¢l1 meld.
dolumu, freoaené ve bitmik karo performansé birlikte d
ise kalénlek séenéfe belirlenmik tam boy sérl é& ka
sonra dejerlendirilmelidir. Bw g@mé&relmarpiil oitudea -
re-etedir
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Ceramic Tiles
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'Geo Mining L.L.C., Geological Studies and Consulting, Syria

*Correspending author: abdulsalam.turkmani@gmail.com
ABSTRACT

The production of higlguality porcelain stoneware in Syria is currently constrained by the
mineralogical limitations of domestic clay resources, which are characterized by high carbonate and
iron contents, alongside a scarcity of higlrity kaolinitic deposits. This study investigates the
potential of utilizing Turkish balklay as a functional additive to improve the technological and
mechanical properties of Syrian ceramic raw materials. Eighteen Syrian clay samples collected from
the Palmyra Basin and the Aditebanon region, together with seven Turkish ball clay sampies
characterized using-¥ay fluorescence (XRF),-Xay diffraction (XRD), and simultaneous differential

thermal analysis/thermogravimetry (DTA/TG). The analytical results reveal substantial chemical and
mineralogical variability among the Syrian clayghich are generally enriched in J&e and CadoO.
Conversely, the Turkish ball clay exhibits high.@l content , |l ow concentr e
carbonates, and a mineralogy dominated by-emttallized kaolinite. Thermal analyses demonstrate

that the high kaolinite content, minimal carbonate impurities, and favorable paiteldistribution of

Turkish ball clay significantly enhance its vitrification behavior. Among the local deposits evaluated,

the Yabous and Mkaymeen clays display the most promisoggerties for porcelain formulations. The
incorporation of Turkish ball clay into Syrian clay bodies improves plasticity, accelerates densification,
and promotes mullite development, thereby reducing residual porosity and improving physical and
mechanicalperformance. The study demonstrates that optimized formulations blending Syrian and
Turkish clays can successfully produce dense porcelain bodies that fulfill international standards,
offering a practical pathway for upgrading the Syrian ceramic indusiward highvalue
manufacturing.

Keywords:Syrian Clays, Turkish Ball Clay, Porcelain, Kaolinite, Vitrification, Densification
1. INTRODUCTION

Clay-based ceramic raw materials serve as the foundational components for both traditional and
advanced ceramic products, including structural ceramics, wall and floor tiles, sanitary ware, and
porcelain stoneware. The technological performance and firadityjof these products depend heavily

on the mineralogical and chemical characteristics of the raw matdrasmarticular, the relative
proportions of kaolinite, illite, quartz, feldspars, iron oxides, and carbonates govern critical parameters
such as plasticity, drying behavior, firing reactions, densification efficiency, and microstructural
development.

Syria possesses extensive clay resources distributed across various geological formations, most notably
the OligocenéMiocene deposits of the Palmyra Basin and the Lower Cretaceous deposits of the Anti
Lebanon region. While these resources have stratBgmastained the national ceramic sector for
decades, previous geological and technological investigations indicate substantial compositional
heterogeneity. Many Syrian deposits contain elevated concentrations of carbonate minerals and iron
bearing phases, ti very limited occurrences of higsurity kaolinitic clays. These compositional
limitations typically lead to inadequate plasticity, high firing shrinkage, undesirable aesthetic
coloration, elevated porosity, and poor vitrification efficiency, ultimatehdering local clays unsuited

for high-quality porcelain manufacturing on their own.
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Porcelain tile production demands raw materials with carefully balanced mineralogical compositions
capable of promoting controlled densification and fostering the formation of mullite and glassy phases
during firing. Kaoliniterich ball clays are highly waed in industrial formulations because they enhance
plasticity, optimize particle packing, improve sintering behavior, and impart mechanical strength to the
fired body. Consequently, many regional ceramic manufacturers rely on imported ball clays to
compensate for the inherent deficiencies of local raw materials.

Among commercially available options, Turkish ball clay has gained prominent industrial status due to
its high kaolinite content, low carbonate and iron concentrations, fine particle size distribution, and
superior firing characteristics. These attributeske it an effective functional additive for modifying
Syrian ceramic formulations, enabling the manufactirporcelaingrade tiles from predominantly
domestic resources.

Accordingly, this study evaluates the chemical, mineralogical, and thermal profiles of representative
Syrian and Turkish clays via XRF, XRD, and DTA/TG. The primary objectives are to systematically
assess the suitability of Syrian clay deposits for {mgiformance ceramic applications and to
determine the extent to which Turkish ball clay can mitigate local mineralogical limitations. Ultimately,
this research aims to establish a rigor@gentific foundation for optimizing ceramic body
formulations, allowing the production of dense, hphformance porcelain tiles that comply with
international standards while boosting the competitiveness and sustainability of the Syrian ceramic
sector.

2. GEOLOGICAL SETTING OF SYRIAN CLAYS

2.1. Palmyra Region

Clay deposits within the Palmyra Basin are situated within Oligéddioeene sedimentary formations
consisting of intercalated marls, limestones, sandstones, and clays. These sedimenpsatispiaged
lateral and vertical facies variability, reflecting highly dynamic and complex historical depositional
environments (Ponikarov et al., 1967, 1986-Mdleh, K. and M. Mouty, 2018).

2.2. Anti-Lebanon Region

The AntiLebanon formations are primarily composed of Aptian sandstones interbedded with clay,
marl, and carbonate rocks. The presence ofridnphases, carbonaceous organic matter, and volcanic
intercalations further accentuates the compositional ¢geeeity of these regional deposithe
locations of the studied clay samples are shown in Figure 1.

1. Fakara
2. Mkaymee:
3. Rkheimeh
T \ 4. Yabous
Al _ 7 JoRDAN P S

: e —

Scale 1:1500000 Scale 1:1000000

Figure 1. Syrian map showing the locations of the study samples.
3. ANALYTICAL METHODS
Eighteen Syrian clay samples and seven Turkish clay samples were subjected to comprehensive

mineralogical, chemical, and thermal characterization. Analytical testing was conducted at the
laboratories of the Syrian General Establishment for Geology anddMResources, supplemented by
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semtindustrial testing at the Masa Ceramics Laboratory in Syria rawd material chemical
specifications provided by the supplier.

3.1. Sample Preparation

Prior to analysi s, al | samples were homogeni zed
Carbonate removal protocols were implemented where appropriate for mineralogical preparation.

3.2. Chemical Analysis (XRF)

Chemical composition was determined using a sequentiay Xluorescence spectrometer. Analytical

pellets were prepared by blending 10 g of micronized clay powder with a commercial fluxing agent
(Spectromelt AB, consisting of lithium tetraborate &840y lithium metaborate LiB@and lanthanum

oxide in a 15:29:56 weight ratio). The mixtures were compacted in an oleodynamic press under a
specific pressure of 2000 kg/cm] to produce st al
oxides: SiQ, Al,0s, FeOs, TiO,, CaO, MgO, MnO, N#, and KO.

Loss on Ignition (LOI) was measured by firing 10 g of the micronized powder in porcelain crucibles
inside a laboratory muffle furnace usinghd@urc ycl e reaching a maxi mum t e
sustained for 1 hour, with weights recorded before and after firing.

3.3. Mineralogical Analysis (XRD)

X-ray diffraction patterns were acquired using an automated diffractometer (Philips PW1840)
configured with a Cu Kradiation source. Data collection was performed acrosssa?an r ange of
to 70U using a step size of 0.02 and a scan rat e

3.4. Thermal Analysis (DTA/TG)

Simultaneous differential thermal analysis and thermogravimetry (DTAlW&¢ executed using a
simultaneous thermal analyzer (Shimadzu BA@H) to trace weight variations and phase transitions
during controlled heating.

4. CHEMICAL AND MINERALOGICAL COMPOSITION OF SYRIAN CLAYS

4.1. Chemical Composition

The bulk chemical compositions determined via XRF are compiled in Table 1. Samples 1 through 8
correspond to Upper Oligocene clays from Palmyra; samples 9 through 13 represent Lower Miocene
clays from Palmyra; and samples 14 through 18 represent Uppan/Agbiys collectedouthwest of
Damascus. Samples 19 through 25 represent the imported Turkish ball clay profiles.

The Upper Oligocene clays are characterized by $#ies between 46.28% and 60.66%, 2TiOmM

0.49% to 1.16%, and elevated.Bgcontents spanning 3.47% to 11.58%. Thei3lconcentrations

range from 13.81% to 22. 60 %, whil e CaOiiklon@ ent s
relationship of all analysed samples is illustrated in Figure 2.
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clay groups and the Turkish ball clay.

Sample
No

© 00N Ul WN P
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SiO;
49.78
46.91
49.91
51.11
55.71
60.66
47.96
46.28
47.18
56.45
57.58

55.6
46.05
63.51
69.74
73.14
50.89
48.91
64.72
57.62
59.15
60.81
55.95
61.81
55.07

TiO:
0.89
1.03
0.98
0.96
1.16
0.49
0.57
0.92
0.89
0.26
0.75
0.8
0
3.16
1.7
1.87
1.56
0.38
1.15
1.33
1.24
1.22
0.73
1.22
0.95

Al2O3

18.31
18.7
19.5

19.44

21.47

13.81
22.6

21.11

22.41

22.51

17.65
14.6

17.22

18.92

15.49

14.38

25.89

24.25

22.23

26

25.23

24.73

28.86

23.73

27.33

FeOs

4.74
4.83
4.64
4.85
3.47
9.17
11.58
9.5
9.14
5.26
4.79
55
7.18
5.58
3.5
2.53
5.74
11.21
1.99
2.46
3.28
2.58
15
2.58
271

CaO

6.99
6.38
4.23
4.63
1.15
2.04
1.12
1.73
3.53
3.05
S
7.1
9.11
0.56
0.19
0.6
1.16
0.3
0.09
0.35
0.35
0.14
0.19
0.14
0.1

MgO

1.17
1.7
1.6

1.76

1.54

1.28

0.71

1.65
2.1

2.02

2.02
13

0.76
0.64
0.33

0.21
0.01
0.42
0.5
0.06
0.67
0.06
0.95

MnO

0.1

0.06

o O O O o
A

O OO O OO0 0O0OO0O0OO0OOoOOoOo

Na.O

0.35
0.48
0.38
0.5

1.07
0.89
1.84
0.2

0.85
0.81
0.44
0.3

0

0.16
0.11
0.07
1.92
0.05
0.01
0.01
0.01
0.01
0.09
0.01
0.1

K20

3.12
3.14
3.3
2.2
3.5
2.69
2.22
2.88
3.03
2.8
2.64
3.2

2.6
1.15
1.32
3.31
1.36
2.17
1.82
1.78

2.2
2.13

2.2
3.18

L.O.I

12.26
16.15
145
14.49
10.42
9.69
12.14
15.82
11.05
10.62
10.89
115

4.26
7.3
5.36
5.4
12.5
7.66
10.31
8.78
8.52
10.43
8.52
9.27
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The Lower Miocene clays display distinctive chemical zoning. The lower horizons of these deposits are
enriched in alumina (up to 22.51% ®) with a moderate calcium oxide presence (~3%CaO).
Conversely, the upper horizons are distinctly calcareous, showing@e®ntrations as high as 9.11%
alongside diminished alumina levels (~17.22%@4). According to the Fabbri and Fiori (1985)
classification scheme, these Palmyrene materials are categorized as ferruginatidaiitie clays.

Because their total iron oxide content systematically surpasses 3% while keeping carbonate levels under
10%, they are technically classified as industrial red clays, whep®sFacts as the primary
chromophore responsible for the characteristic reddish hue after firingiskhiution of the analysed

sampl es iAl 1ee OSi ©ernary system is presented in

Fe203

#‘M ‘Tyrkish'Clay” ¢ S
si02 AI203

Figure3.Si i& 1l i1®e O ternary diagram comparing the Pa
with the Turkish ball clay.

The Lower Cretaceous clays are distinguished by high silica fractions, reaching up to 73.24% SiO
paired with lower alumina levels (~14.38%.8%). An exception occurs within the basal bedrock
horizons, where AD; rises to 25.89% and CaO drops to 0.30%. The alumina, calcium arakicen
relationships of the studied clays are compared in Figure 4.

CaO

Al203 e Fe203
Turkish Clay PPer APtian 2

Figure4.Al i@QOFe O ternary diagram showing the alum
and iron contents of the Turkish ball clay relative to the Syrian clays.

The Turkish ball clay utilized in this study features a high alumina content (~28.88%) ahd

minimal calcium oxide (0.099%0.35% CaO). Its iron oxide content varies between 1.50% and 2.71%,

which is slightly higher than standard Ukrainian ball clay profiles. Gtapositional separation

bet ween the Syrian c¢clays and the Turkish ball C
Figure 5.
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Turkish Clay ( Low Fe203 & Ca0 )
ja

— —_—%
1 2 3 1 5 6 7 8 9 10 1" 12 13

X=Fe203
Y= CaO

Figure5.Fe O versus CaO binary di-agdrcarthonatgehtSyridn) di st i
clays from the Turkish ball clay.

4.2. Mineralogical Composition

Extensive mineralogical literature (Qutma I, 1999, Turkmani et al, 2005, Turkmani, 2009., Turkmani
& Yazbek, 2021., Turkmani, 2022) confirms that Syrian clay deposits aremmaokialic aggregates
composeaf kaolinite, illite, quartz, calcite, feldspar, montmorillonite, goethite, phillipsite, pyrite, and
smectite. In brief, the local raw materials are constrained by:

High CaCQ concentrations in marls and calcareous clay beds.
Elevated FgDs levels within ironrich red clays.
A restricted natural abundance of higtrity kaolinite.

These three factors exert a major influence on the technological andtaimagermation behaviors
observed during higtemperature firing (Carter, Norton, 2013, Doatal.,2014).

4.3. Differential Thermal Analysis (DTA/TG)

DTA/TG was applied to monitor the endothermic and exothermic sequences occurring during
controlled thermal treatment (R. Ravisankar et al;2014). This allowed the tracking of physical and
chemical reactions, including dehydration, dehydroxylation, strdctdecomposition, phase
transitions, organic matter combustion, and fighperature crystallization. Detailed thermal
evaluations of representative samples from the Palmyra and Damascus yetdets the following
insights:

Lower Miocene Clay (Zakara Valley): The thermal profile shows a minor endothermic peak at low
temperatures (~94U0C), representing the evaporat.
Grim and Rowland, 1944). A second small thermal event arouBd2€ i s ascri bed to
interl ayer water and the oxidation of trace or geée
represents the dehydroxylation of clay minerals (primarily kaolinite) into metakaolin. The
corresponding DTATGA curves are given in Figure 6.
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DTA-TGA Curves of Zakara Clay Sample

Exot o 2 2 = DTA (uV)
- 11 3
Endo } (40 00 °C, Heating rate: 10 °C/min, Air atmosphere) TGA (Weight %)|
40 o 1000%
532°C 782°C 100
20 23 57: b Ry
4 @~ quartz 7 98
4 of clay minerals ¢ ‘ [
0 +96
s ®
22 g
< 3
- s
-40 4 L2 =
AL I O (.| (S —— <
| o
-60 190
-80 88
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- - - - + Total mass loss = 11 wt.%
kl Temperature range: 40-1100°C | Total massloss: ~ 11.0 wt.% | Residual mass: ~ 89.0 wt.%

Figure 6.DTAITGA curves of the Lower Miocene Zakara

atmosphere).

Upper Oligocene Clay (Mkaymeen Valley): This material exhibits a thermal behavior intermediate
between the Turkish ball clay and the Rkheimeh clay. Thedvellf i ned endot her mic
reflects kaolinite dehydroxylation into metakaolin. This peah&rper and more symmetric than that

of the Rkheimeh sample, signaling superior mineralogigaiformity and a higher kaolinitic
concentration. The total TG mass loss is 9.24%, demonstrating improved thermal stability. The thermal
curves of this sample are presented in Figure 7.

DTA TGA

V) DTA-TGA CURVES OF MKAMEEN CLAY (Weight %)

30 100

{ Total weight loss
685°C 25-1000°C) | |- 98
20 4 Vinor carbonnte decompos ton =9.24%
A . andlor quantz phase
| 528°C ko6
Dehydroxylation of clay Serulormation

104 minerals (mainly kackrete
and dite) -~ formation of v | o4

Exothermic

Erdothernm

=20 4

-

-30 4

Interpretation: The thermal behavior indicates good refractoriness, moderate plasticity, and
favorable ceramic properties, making the Mikameen clay suitable as a base component
in porcelain tormutations

-40 - ; . : - - 80
25 100 200 300 400 500 600 700 800 900 1000

Heating rate: 10 °C/min Temperature (°C)

Atmosphere: Ax

p

Figure 7.DTAITGA curves of the Upper Oligocene Mkayme

atmosphere).

Upper Oligocene Clay (Rkheimeh Valley): The DTA curve shows a broad, complex endothermic
feature below 2000UC indicating the removal of
of clay minerals with varyingnoistureretention traits. The primary dehydroxylation peak occurs at
529.6UC. I'ts broad geometry indicates a | ower
or smectitic layers. The thermal behaviour of this sample is shown in Figure 8.

95

ad

d



25 Eyl ¢l 2026 BKLDKERKKTA

2-5 September 2026 PROCEEDINGS BOO¥
DTA-TGA of Syrian Rkheimeh Clay
Heating rate: 10 °C/min | Atmosphere: Air
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Major endothermic peak
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(Dehydroxylation of kaolinite
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lower crystallinity and possible
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Figure 7.DTAITGA curves of the Upper Oligocene Mkayme
atmosphere).

Lower Cretaceous Clay (Yabous Area): Below 1500
desorption of hygroscopic water. The primarytherma& act i on t akes place bet we
where a sharp DTG peak centered at 506UC aligns
the transformation of kaolinite to metakaolin via the standard dehydroxylation reaction:

Ai>SibOs(OH)s -> AlSiO7 + 2H,0. The prominence of this peak confirms a significant kaolinite
fraction, which is ideal for porcelain bodies. The total mass loss is exceptionally low (~3.41%),
confirming minimal organic, volatile, or carbonate content. The complete abeérecearbonate
decomposition trough between 700UCand 900UC emp
firing defects and improves thermal stability.

DTA-TG-DTG Curves of Upper Aptian Syrian Clay
(Lower Cretaceous)

1007 — — — ¥ — 02 20
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Figure 8. DTATTGI DTG curves of the Upper Aptian (Lower Cretaceous) Yabous clay (heating rate
10 AC/ min, air atmosphere).
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5. TURKISH BALL CLAY AS A FUNCTIONAL ADDITIVE

Turkish ball clay is widely utilized across the international tile, sanitary ware, and tableware industries

due to its excellent plasticity, light fired color, and wedllancedchemistry. While variations exist
depending on the specific extraction zone (e.g.,
material evalwuated in this work was sourced fron

N

BLACK SEA ,P

Agva

SILE

.
Kumbaba

~w
Kabahoz

TURKIYE

AEGEAN

MEDITERRANEAN SEA

Figure 9. Map of Turkey showing the location of clay samples.

5.1. Chemical and Mineralogical Characteristics

As shown in Table 1, the Turkish clay is distinguished by high alumina values paired with low levels

of carbonates, iron oxides, and titanium. Its core advantages include a high kaotibdat, low iron

and carbonate impurities, and a very fine parsite distribution. While it contains slightly higher

FeOs; and alkali concentrations than typical Ukrainian ball clays, it functions effectively as a structural

and fluxing component. The mineral lattice is dominated by-avelly st al | i zed kaol i nite
2007), alongside moderate fractions of illite {@hsupports plasticity and fluxing) and finely dispersed

guartz, with trace levels of feldspar, pyrite, and anatase.

5.2.Differential Thermal Analysis (DTA/TG)
The thermal curves for the Turkish ball clay display clear transitions typical oty kaolinitic

raw materials. The TG trace reveals minimal wei
with low unbound water retention. Atiny DTG deflé¢ i on at 282UC points to th
material . The principal dehydroxyl ation reactio

mi ni mum at 509UC and a corr es posiratturalgonverSidh ofp e a k a
kaolinite to metakaolin. The sharp, symmetrical profile of this peak reflects highly ordered kaolinite
crystals. The moderate mass loss associated with this step (~5.84%) helps minimize excessive volume
shrinkage and structural cldang during industrial firing.
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DTA-TG-DSC CURVE OF TURKISH CLAY
(Heating Rate: 10 °C/min, Atmosphere: Air)
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Figure 10.DTATITGIiDSC curves of the Turkish ball <c¢clay (h
6. BODY COMPOSITION AND TECHNOLOGICAL FORMULATIONS

Semiindustrial and industrial scale trials were carried out at the M@ssamics Factory in Syria
between 2007 and 2009. Test specimens were compacted under a hydraulic molding pressure of
300kg/cnt.The key technological indicators evaluated included green/dry/fired Modulus of Rupture
(MOR), linear firing shrinkage, and water absorption.

Two categories of experimental outcomes are presented in this work:

i.  First category: relates to industrsdale production trials, which comprised three distinct
ceramic formulations. These formulations were composed of 50%baksd rawmaterials
(Ukrainian, Turkish, and Egyptian kaolin) in addition to solid fluxes and fillers (Turkish
feldspar and indigenous quartz), the latter representing 50% of the total batch weight.

ii.  Second category: is devoted to pitmiale testing, which consisted of two distinct experimental
runs and consist of:

6.1. Formulation A: Blended Syrian and Turkish Clay Body

This formulation consists of a triaxial ceramic blend comprising approximately 70% clay minerals, 20%
feldspar, and 10% quartz sand. The cfegction contains 50% mixed Syrian clays (Yabous +
Mkaymeen) and 20% Turkish white ball clay (kil e
quartz sand. This composition exhibited excellent forming plasticity, good green handling strength, and
uniform vitrification. The technological parameters are summarized in Table 2.
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Table 2. Technological properties of Formulation A (blended Syrian and Turkish clay body).

Physical Properties Results
Firing Temperature 1195UC
Firing Shrinkage % 8
Water Absorption % 1
Green MOR Kg/crh 10
Dry MOR Kg/cn? 27
Fired MOR Kg/cm 468
Colour Dark Yellow
Free Quartz 10%
Black Core No
Cycle (minutes) 60

Thermal Expansion 557 6 . 5

(71

6.2. Formulation B: 100% Local Material Body (Without Turkish Clay)

This formulation relied entirely on local raw materials, blending Syrian clays (Yabous, Mkaymeen,
Zakara), trachyte as a fluxing agent, and local quartz sand.

Table 3.Technological properties of Formulation B (body produestirely from local raw

materials).
Physical Properties Results
Firing Temperature 1195 UC
Shrinkage % 8.5
Water Absorption % 4.5
Green MOR Kg/crh 12
Dry MOR Kg/cn? 25
Fired MOR Kg/cm 350-380
Colour Dark brown
Free Quartz 12%
Black Core Sometimes
Cycle (minutes) 60
Thermal Expansion ~7.018. 0 1

7. RESULTS AND DISCUSSION

7.1. Geochemical Fluctuations (XRF)

XRF characterization reveals clear chemical variability across the evaluated Syrian deyilesitisig
differences in their depositional environments and source rocks.

The Upper Oligocene clays possess moddmtegh silica fractions coupled with high iron levels
while their alumina values remain modest. Carbonate levels are highly variable across different layers.
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The Lower Miocene clays show distinct vertical heterogeneity: lower strata are enriche@dmaid
depleted in CaO, whereas upper layers display the opposite trend due to changing environmental
conditions during basin evolution.

The Lower Cretaceous clays stand out due to their high silica content and remarkably low carbonate
concentrations. Their basal beds approach 26 wtZsAhighlighting a natural enrichment in kaolinite
that makes them highly compatible with porcelain formulations.

In comparison, the Turkish ball clay is characterized by its high alumina content, minimal calcium
oxide, and low iron levels. These features are highly desirable for porcelain tile production because they
help limit firing discoloration and promotée development of refractory mullite and stable vitreous
phases.

Taken together, the geochemical data show that while most Syrian clays can support standard structural
ceramics, only specific deposits (such as Yabous and Mkaymeen) possess the chemical prerequisites
for high-grade porcelain manufacturing.

7.2. Mineralogical Interactions (XRD)

XRD analyses confirm that the Syrian clays consist primarily of kaolinite, illite, quartz, and calcite,
alongside minor smectite, chlorite, and iron oxides. Theigportion of illite and carbonates in many
local deposits accounts for their moderate plasticity and limited vitrification potential. During firing,
calcite decomposition releases £3fas, which increases residual porosity and can trigger defects such
as bloating and dimensional instability.

In contrast, the Yabous and Mkaymeen clays contain a higher proportion of kaolinite and lower
carbonate contents. This mineralogical profile favors the smooth transition of kaolinite to metakaolin
and subsequently tigh-temperature mullite, which is essential for achieving high mechanical strength
and dense microstructures.

The Turkish ball clay is dominated by highly structured, sgglstallized kaolinite. Adding it to Syrian
clay bodies effectively compensates for local material deficiencies by increasing the total kaolinitic
fraction and reducing the negative structuffdas of excessive carbonates and iron phases.

7.3. Thermal Profiles (DTA/TG)

The thermal analyses of the investigated samples consigti&syilgy three distinct functional regimes:
Desorption of physically bound and hygr oscc
Dehydroxylation of clay mineral structures (4595 0 UC) .

High-temperature phase transformations and liguidas e si ntering (>900°C

Among the local options, the results show the following:

The Lower Miocene Zakara clay shows A weak endot
the initiation of carbonate breakdown alongside structural shifts in the silicate matrix. The cumulative

mass loss (~11%idicates moderate volatile emission and acceptable thermal stability. indicating it is

best suited for conventional ceramics.

The Upper Oligocene Mkaymeen clay shows better thermal stability and a more distinct
dehydroxylation peak, with a lower mass loss of 9.24%, making it a viable component for porcelain
formulations when combined with suitable fluxing agents.

The total mass loss of Upper Oligocene Rkheimeh clay is relatively high at 10.26%, stemming from
high structural hydroxyl content, clay hydratjdrace carbonates, and organic matter decomposition.
This elevated mass loss can induce high firing shrinkage and residual porosity.

Lower Cretaceous Yabous clay at temperatures abo
response is recorded, indicating the onset of matrix sintering and early crystallization of mullite from
the metakaolin matrix. Also, the clay displays the niasorable thermal behavior among the local
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deposits, featuring a very low mass loss (3.41%), minimal carbonate coabehtearly high
temperature phase development.

The moderate mass loss of Turkish clay associated with this step (5.84%) helps minimize excessive
volume shrinkage and structural cracking during industrial firing. At elevated temperatures, a sharp
DSC peak is resol ved ar odligud-pBaSessidt€ing, vitrfieaton, andy i n g
early mullite growth, which promotes highly dense microstructures at moderate firing schedules. This
demonstrates superior thermal stability and efficient sinté@hgvior, making it an excellent additive

for upgrading local formulations.

7.4. Technological Implications for Porcelain Production

The experimental results confirm that the primary industrial limitations of raw Syrian clays include
elevated carbonate content, high iron concentrations, mineralogical heterogeneity, and poor natural
vitrification. Incorporating Turkish ball clay directhddresses these deficiencies by improving:

Workability, shaping behavior, and green state plasticity.
Particle packingpfficiency and initial dry compaction.
High-temperature mullite development and matrix densification.

Fired mechanical strength, while lowering water absorption and residual porosity to meet
international standards for porcelain stoneware.

7.5. Industrial Significance

On 21 May 2024, Ceramic Tech Today reported on experimental work showing that Afyon clay can
partially replace Ukrainian clay in white tile formulations with only a minor reduction in-boety
whiteness, an effect attributed mainly to te&nbul clay component rather than to Afyon clay itself.
These results suggest that selected Turkish clays may be viable substitutes for Ukrainian clay, with final
colour performance largely controlled by the iron oxide content of the raw materials.

From an industrial perspective, incorporating Turkish ball clay serves as a technological upgrading
strategy rather than a simple ramaterial substitution. Blending relatively small amounts of this-high
quality ball clay allows manufacturers to utilizecé Syrian deposits in formulations suitable for
exportgrade porcelain tiles. This approach offers clear commercial advantages, including improved
product quality, fewer firing defects, enhanced market competitiveness, and greater utilization of
domestic mineal resources.

Based on our tests, blending local Syrian clay with Turkish clay appears to be a promising and
economically attractive approach for developing a{gjghlity ceramics industry in Syria.
8. CONCLUSION

The primary benefit of incorporatiniurkish clay lies in its ability to compensate for the mineralogical
limitations of Syrian raw materials, particularly the high carbonate and iron contents. This modification
significantly enhances densification, reduces porosity, and improves mechaaitaimance.
Accordingly, the use of Turkish clay is essential for:

Achieving true porcelain standards

Enhancing durability and service life
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ABSTRACT

The ceramic tiiaetenmnduseranidscemeérgputes s4gni fic
temperature firing and carbonate decomposition.
| ooavar bon ceramic tilgsiani m@aw onadlelry adwai Ipablte cg
Several formulations were prepared by partially

glass. The samples were siih@®0A@) aand edhuarealc t & mip
DTA/ TGA, amecmpmlaynsicadl tests. The estimated carbon

was calcul ated at approximately 0.2484 kg CO [/ kg
and reducing car bona tceabcoonn tceomtp,o stihtei odne vaeclho peevde d «
0.1993 kg CO / kg. This represents a reduction

temperature and minimized carbonate decompositic

Key wolrodesar bon ceramics; Basalt, Pozzolana, Syria
materi al s

1. INTRODUCTION

The manufacture of ceramic tiles is an endrggnsive industrial process because densification and
vitrification require firing at temperatur es a
contributes significantl y fdssifued dombusidon ard e theermali s si o
decomposition of carbonateearing raw materials. Reducing the environmental impacedmic
manufacturing while maintaining product quality has therefore become a major objective in the
development of sustainable construction materials. Accordingly, researchers have increasingly focused

on alternative raw materials, process optimizatamg lowcarbon production strategies as potential

pathways toward more sustainable indust(iegarch et al.,202Del Rio et al.,2022Ragab et al.,2022,

Santana et al.,2028Vonset al.,2026).

One promising strategy for lowering both energy consumption and carbon emissions is the replacement

of conventional fluxes with naturally occurring volcanic materidl® (ramd Ay, 2004, Altimari et

al.,2023, de Lima et al.,2023). Basaltic pozzolanas contain reactive tetjether with significant
concentrations of fluxing oxides, includi-ng CaoO,
phase formation during firing. These constituents enhance sintering kinetics, facilitate densification at
lower temperatures, improwérification, and reduce dependence on conventional feldspar.

Syria possesses extensive volcanic provinces containing abundant deposits of basaltic pozzolana
(volcanic scoria), an underutilized natural resource with considerable potential for advararad
applications. In addition to their favorable mineralogical and chemical compositions, these volcanic
materials are inexpensive, widely available, and contain negligible chemically bound carbon dioxide,
making them attractive candidates for the demment of environmentally sustainable ceramic product.
During firing, the interaction between clay minerals, feldspar, basaltic pozzolana, recycled glass, and
quartz governs phase evolution and microstructural development. Clay minerals undergo
dehydroxylation to form metakaolin, which subsequently transforms into mullite, while thadiux
constituents generate a viscous silicate melt that enhances particle rearrangement, closes pores, and
promotes densification.

The resulting dense glaseramic microstructure contributes to improved mechanical performance and
reduced water absorptio(L,achibi, et al.,2026). Accordingly, this study investigates the potential of
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Syrian basaltic pozzolana as a natural fluxing material fordaseon ceramitile production. Particular
attention is given to its influence on thermal behavior, phase evolution, sintering mechanisms,
densification, engineering properties, and carbon footprint reductibe. proposed formulations
demonstrate that locally sourced Syrian raw materials can be successfully utilized to manufacture high
performance ceramic tiles while significantly reducing both firing energy requirements and greenhouse
gas emissions.

2. MATERIALS AND METHODS

2.1 Raw Materials

The ceramic formulationavestigated in this study were prepared using predominantly locally sourced
Syrian raw materials combined with selected commercial ceramic constiflieatsrimary objective

was to evaluate the feasibility of partially replacing conventional feldspar with Syrian basaltic
pozzolana (volcanic scoria) as a natural rredtnponent flux for the production of leearbon ceramic

tiles without compromising technological performance.

Three Syrian clay materials collected from the Palmyrene region argbtitiewestern outskirts of
Damascus were used as the plastic component of the ceramic body. Two highly plastic ball clays were
incorporated to provide adequate workability, green strength, and forming characteristics, whereas a
lean clay was added to impmwimensional stability and minimize drying and firing shrinkage.
Collectively, these clays suppligide aluminosilicate framework required for mullite formation during
firing.

Figure 1. Satellite imagery of the Tell Dakwah volcanic field, indicatingaRtzaction site of the
basaltic pozzolana (volcanic scoria) utilized in this study.

Basaltic pozzolana (volcanic scoria) was collected from the Tell Dakwah volcanic field, approximately

63 km southeast of Damasaud Imadi, Turkmani, 2004)Owing to its volcanic origin, the material is
enriched in silica and contains significant amo
Na O, and K O. Thes e -phagefanationh dueng firisg, ephamcentrification, i qui d
acceleate densification, and enable lower firing temperatures. In contrast to carbaatiuxes,

basaltic pozzolana contains negligible chemically bound carbon dioxide, making it an environmentally
favorable alternative for sustainable ceramic production.

Commercial Turkish feldspar served as the conventional flux because of its high alkali content, which
facilitates liquidphase sintering and the development of a continuous glassy matrix. In the proposed
formulations, feldspar was partially substitutedhiiisaltic pozzolana to reduce both production costs
and the carbon footprint while maintaining adequate vitrification.

Finely ground recycled sodane glass was incorporated as an auxiliary flux to enhance melt formation
at relatively low temperatures. Its addition promotes particle rearrangement, facilitates pore closure,
and supports the recycling of industrial wasteeréby improving both processing efficiency and
environmental sustainability.
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Syrian quartz was included as an inert skeletal materialegolate firing shrinkage, improve
dimensional stability, and control thermal expansion during firing and cooling. Residual quartz also
contributes to the mechanicshbility of the fired ceramic body.

2.2 Ceramic Formulations

Based on the chemical compositions of the raw materials (Table 1) and their anticipated firing behavior,
two low-carbon ceramic formulations were developed for tile production.

Tablel. Chemical compositions of Syrian samples (wt.%).

Sample N Coordinates  SiO2 TiO2 Al203 FeO3 CaO MgO MnO NaO K20 L.O.
Clay Materials

1 340 39q49.78 0.89 1831 4.74 6.99 117 O 0.35 3.12 12.26
37058 a346.91 1.03 18.70 4.83 6.38 1.70 0.10 048 3.14 16.15

3 Palmyra 49.91 0.98 19.50 4.64 423 160 1.00 0.38 3.30 14.50

4 51.11 0.96 19.44 4.85 463 1.76 0.06 050 2.20 14.49

5 55.71 1.16 21.47 3.47 115 154 0.10 1.07 3.50 10.42

6 34U43q447.96 057 226 1158 1.12 0.71 0.10 1.84 222 12.14
7
8
9

38U150q0546.28 0.92 21.11 9.50 173 165 0.10 0.20 2.88 15.82

Palmyra 47.18 0.89 2241 9.14 3.53 210 0.10 0.85 3.03 11.05

56.45 0.26 22.51 5.26 3.05 202 O© 0.81 2.80 10.62

10 5758 0.75 17.65 4.79 3.13 2.02 0.10 044 2.64 10.89

11 55.60 0.80 14.60 5.50 710 130 O 0.30 3.20 11.50

12 330390026351 3.16 18.92 558 056 0.76 O 0.16 2.60 4.26

13 35038046974 1.70 1549 3.50 0.19 064 O 0.11 1.15 7.30

14 SW Damascus 73.14 1.87 14.38 2.53 0.60 0.33 O 0.07 1.32 5.36

15 50.89 1.56 25.89 5.74 1.16 200 O 192 331 5.40

16 4891 0.38 2425 1121 030 021 O 0.05 136 125

Basaltic Pozzolana

17 330250 4645200 1477 1350 11.21860 O 339 016 O
18 36056 04570 209 1504 1530 9.22 830 O 250 190 O
19 Tell Dakwah 46.16 1.55 18.80 13.71 9.25 6.43 0 319 088 0
20 47.09 1.05 1855 1358 841 6.05 O 393 090 O

The first composition, designed primarily for wall tiles, consisted of 60 wt.% Syrian clay, 20 wt.%
basaltic pozzolana, 10 wt.% Turkish feldspar, and 10 wt.% recycled glass. This formulation was

intended to achieve adequate vitrification at relatively fioing temperatures (10000 0 2 0 AC) whi |

maintaining water absorption values appropriate for-tilallapplications.

A second, optimized formulation wasbsequently developed by balancing the proportions of plastic,
fluxing, and skeletal components. This composition comprised 55 wt.% Syrian clay, 18 wt.% basaltic
pozzolana, 17 wt.% Turkish feldspar, 5 wt.% quartz, and 5 wt.% recycled glass. The optimized
provided the most favorable combination of sintering behavior, densification, mechanical performance,
reduced firing temperature, and environmental sustainability.

2.3 Firing Procedure

Green specimens were subjected to a controlled firing schedsilgned to ensure gradual removal of
moisture, progressive mineral transformations, and efficient lipnase sintering. Initially, the

samples were heated slowly from room temperatur

adsorbed moistureandm i mi ze drying defects. Between 200
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to accommodate the dehydroxylation of clay minerals while limiting internal stresses associated with
structural transformations. The tnemedate kettngrade was t
to promote the early stages of sintering and the decomposition of minor carbonate phases.Finally, the
specimens were fired between 1000 and 1100 AC an
complete vitrification and nilite crystallization.Controlled cooling was subsequently applied to
minimize thermal shock and preserve the structural integrity of the ceramic bodies.

2.4. Sintering Mechanism

During firing, kaolinite and other clay minerals progressively dehydroxyatéorm amorphous
metakaolin, which subsequently transforms into mullite at elevated temperatures. Simultaneously,
feldspar, recycled glass, and basaltic pozzolana soften to generate a viscous silicate melt that penetrates
the pore network, enhances pddiearrangement, and promotes densification.

The combined action of these three fluxing materials produces a chemically complex liquid phase that
is more effective than feldspar alone. This synergistic behavior accelerates vitrification, reduces residual
porosity, increases bulk density and mechanical strength, and enables satisfactory densification at lower
firing temperatures.

Consequently, the optimized ceramic formulation is expected to reduce energy consumption and
associated carbon emissions while maintaining excellent engineering performance.

3. RESULTS AND DISCUSSION

3.1 Thermal Behavior (DTA) and (XRD) of the Ceramic Body

The thermal evolution of the optimized ceramic formulation was interpreted from the Differential
Thermal Analysis (DTA) and hermogravimetric Analysis (TGA) responses of the constituent raw
materials. The thermal profile reflects the characteristic transformations of aluminosilicate ceramic
systems while demonstrating the beneficial role of Syrian basaltic pozzolana in prprioetin
temperature sintering.

A weak endothermic effect observed between app
evaporation of physically adsorbed water and is associated with only a minor mass loss. This stage has
little influence on the structurahtegrity of the ceramic body but is essential for preventing drying

related defects during subsequent heating.

The most significant ther mal event occurs betwe
minerals undergo dehydroxylation to produce amorphous metakaolin. This transformation represents a
critical stage in ceramic processing because metakaoliaste precursor for mullite crystallization

at higher temperatures, thereby contributing to the development of a mechanicaliynatedstructure.

Mi nor ther mal reactions between 650 and 800 AC a
minerals and the collapse of residual zeolitic phases. Because the proposed formulations contain only
limited carbonatédearing constituents, the assoei@@ mass | oss and CO evol u:

lower than those of conventional ceramic bodies, contributing directly to the reduced carbon footprint.
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Figure 2. Differential Thermal Analysis (DTA) curves of the formulated wall and ftderbodies,
depicting the thermal sequence of moisture removal, dehydroxylation, andgdiipse sintering.
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phase sintering and mullite crystallization. At this stage, feldspar, recycled glass, and basaltic pozzolana
soften simultaneously, producing a chemically carpsilicate melt that fills interparticle voids,
enhances mass transport, and accelerates densification. The synergistic interaction amfitungrtbese
materials reduces the vitrification temperature and significantly improves firing efficiency.

The overall mass loss during firing is 11 wt.%, (Turkmand Yazbek 2021) consistent with the
measured losenignition values of the clayich raw materials. This agreement confirms that the
selected formulations undergo the expected thermal transformations while minimizing decomposition
reactions responsible for carbamissions.

The XRD pattern shows quartz as the major crystalline phase. Angethiks indicate the presence of
feldsparderived CaAl silicate. Mullite formation confirms the ceramic reaction of clay minerals at
1000-1030C.Hematite contributes to the red/brown color of fired body.

Figure 3. XRD Pattern of Fired Wall Tile Body
Firing Temperature: 10001030 °C
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Phase Evolution During Firing
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Figure 4. Phase evolution diagram demonstrating the progressive consumptiomary raw
materials and the subsequent formation of mullite and amorphous glassy phases as a function of firing
temperature.

3.2 Phase Evolution During Firing

The mineralogical evolution of the ceramic body follows the characteristic sequence of aluminosilicate
systems undergoing liguiphase sintering. Prior to firing, the raw mixture consists predominantly of
quartz, kaolinite, illite, minor calcite, and vofda minerals derived from the basaltic pozzolana.

Heating above appr dxhe pragtessiveydenyddofylatdiCof clag minerats and
the formation of amorphous metakaolin. Continued heating initiates structural reorganization, leading
to the nucleation and growth of mullite crystals

Simultaneously, feldspar, recycled glass, and basaltic pozzolana progressively soften to generate a
viscous silicate melt. This liquid phase enhances ionic diffusion, partially dissolves quartz grains, and
promotes rapid particle rearrangementvisfication proceeds, the glassy phase fills the pore network

and encapsulates the developing mullite crystals, producing a dense and homogeneous microstructure.
The final fired ceramic is therefore composed primarily of interlocking mullite crystals embedded
within a continuous glassy matrix containing dispersed residual quartz. Such a phase assemblage is well
known to provide an excellent combination of mechdmitangth, dimensional stability, and resistance

to water penetration. The formation thiis microstructure at comparatively low firing temperatures
demonstrates the effectiveness of basaltic pozzolana as a naturalamgtnent flux.

Densification Behavior of Ceramic Body
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Figure 5. Densification behavior of the optimized ceramic body, displaying the evolution of bulk
density ( g/ c mphasedimeringatrelevhtgd tempecaturesd
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Table 2.Physical, mechanical, and firing properties alongside the estimated carbon footprint for the
evaluated ceramic tile formulations.

Property Mix 1 Mix 2 Mix 3 Mix 4
Firing Temp 100061 020 10151030 1140 1180
Shrinkage (%) 0.5 4.9 0.3 6.7
Water Absorption(%o) 13.5 7.5 16.9 5.1
Green MOR ( 7.5 10.5 7.5 8.2
Dry MOR (k¢ 20 22 20.5 20.2
Fired MOR ( 283 355 229 369
Firing Cycle (min) 50 50 50 50
Carbon Footprint 0.1993 0.1649 0.2484 0.2273
Kg CQ: / Kg ' ' ' '

3.3 Sintering Mechanism and Densification

The densification of the optimized ceramic body is governed primarily by {jgjusde sintering
generatedthrough the combined fluxing action of feldspar, recycled glass, and Syrian basaltic
pozzolana. Unlike conventional ceramic bodies that depend largely on feldspar as the principal flux, the
proposed formulation benefits from the additional fluxing oxidgspked by the volcanic material,
including CaoO, Mg O, Fe O , Na O, and K O.

These oxides reduce the viscosity of the silicate melt, enhance ionic mobility, and facilitate particle
rearrangement during firing. Consequently, pore closure occurs more rdpatljng to a marked
reduction in open porosity and a corresponding increase in bulk density over the temperature range of
9001100 AC.

The incorporation of recycled glass further strengthens this process by introducinge@ftining
temperature glassy phase that promotes early melt formation and improves the continuity of the liquid
network. The combined action of basaltic pozzolanaeogtled glass therefore broadens the effective
sintering interval and allows efficient densification at lovemperatures than those required for
conventional feldspabased formulations.

This synergistic liquiephase sintering mechanism represents one of the principal scientific
contributions of the present study. It demonstrates that Syrian basaltic pozzolana functions not merely
as a partial feldspar substitute but as an efficient Hatumdi-component flux capable of enhancing
vitrification, improving microstructural development, reducing energy consumption, and lowering
greenhouse gas emissions withcoitnpromising the engineering performance of the ceramic product.

Density vs Scoria Content
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Figure 6. The influence of basaltic pozzolana (scoria) substitution rate on the bulk density of the fired
specimens, indicating progressive densification up to a 20 wt.% addition.
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3.4. Physical and Mechanical Properties
Based on the optimized ceramic formulation, the fired body exhibit excellent engineering performance.

Scoria addition progressively increases bul k den

and 2. 22wtg./%)mj TMRiIOs densification results from
and K O, w h i cphaser vesabsitg during firiggu enldance particle rearrangement, pore
filling, and grain bonding, and decrease total pore volume. The monatoréase indicates that scoria
contents up to 20 wt.% remain within the optimal range without inducing bloating or gas entrapment.
The maximum density at 20 wt.% reflects the most effective sintering among the tested formulations.
Scoria thus acts as afficient natural flux, improving densification and potentially reducing firing
energy requirements.

The water absorption range between 13.5% (Wall tile) and 7.5% (Floor tile), indicating efficient
vitrification and low residual porosity.
Flexural strength reach to 28%5 Kg/cnt, owing to the combined effects of mullite formation, reduced
porosity, and improved particle bonding. Linear firing shrinkage is remaining withid.89%,
demonstrating satisfactory dimensional stability suitable for ceramiprolduction. These properties
satisfy the performance requirements for wall tiles in the first formulation, floor tiles in the second
formulation. This is clearly shown in the attached table.

Mix 1 composition: Local cld”+Pozzolan®”+Turkish Feldsparft®+Glass®®:

Mix 2 composition: Local clay”+Pozzolan®”+Turkish Feldspadr*+ Sand” +Glas§”

Mix 3 composition: Local cla§’*+Kaoliné”+Trachyté’*+Sand®Dolomite**

Mix 4 composition: Local clad/* +Ukrainian clay**+ Trachyté®**+Turkish Feldspat®” +Sand®®

Formulations 1 and 2 correspond to laborakogle and pilescale experimental processing,
respectively, whereas Forms 1 and 2 are indicative of commepzild industrial manufacturing
output.

3.5. Carbon Footprint Reduction

One of the principal advantages of incorporating Syrian basaltic pozzolana is the significant reduction
in carbon emissions associated with ceramic produdtinlike carbonateich raw materials, volcanic
pozzolana contains negligible chemically bound cartioride and therefore generates very limited

t

co during firing. Furthermore, its fluxing capa
liquid-phase formation, thereby decreasing fuel consumption.

Overall, the figure reveals that the carbon f oc
representing approximately a 51% difference between the loarsthighesemission compositions.

The results therefore demonstrate that optimizing cerdmily composition is more effective for
reducing CO emi ssions than simply | owering the

or other lowcarbon materials enables significant reductions in greenhouse gas emissions while
preserving the thermal conditions required to achieve thé&edeseramic properties. From a
sustainability perspective, N2 represents the most environmentally favorable formulation, followed by
N1, whereas N3 exhibits the greatest environmental impact. N4 provides evidence that careful raw
material selection casbmpensate, to a considerable extent, for the increased energy demand associated
with higher firing temperatures. Consequently, the figure highlights the importance of integrating
material selection with process optimization to developdawon ceramidgles suitable for sustainable
construction and reduced kfgy/cle environmental impacts. The percentage reduction is calculated by
comparing the pozzolana mixes to their standard counterparts: Wall Tiles: Reduction = 19.8%, Floor
Tiles: Reduction = 27.5%.
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Carbon Footprint vs. Firing Temperature

N4 — Floor Tile
(1180 °C,
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Figure7.Corr el ati on between firing temperature and
across the investigated formulations, highlighting the environmental efficiency of the pozzolana

integrated lowcarbon compositions.

3.6 Role of Syrian Basaltic Pozzolana as a Natural Flux

The results clearly demonstrate that Syrian basaltic pozzolana performs as an efficient natural flux
tile
Its complex chemical compositigorovides multiple fluxing oxides that collectively enhance melt
formation, accelerate sintering, improve densification, and reduce firing temperatures. Unlike single
component feldspar, basaltic pozzolana produces a-cmuitponent liquid phase that prorastmore
efficient vitrification over a wider temperature
In addition to its technological advantages, Syrian basaltic pozzolana is abundant, inexpensive, and
locally available. Its utilization therefore contributes not only to improved cerperformance but

also to resource conservation, lower manufacturing costs, and reduced environmental impact.

capable of partially replacing conventional feldspar in ceramic

formulations.

interval.

The combination of Syrian clays, basaltic pozzolana, feldspar, recycled glass, and quartz constitutes a
promising ceramic system for the production of sustainableckmwon ceramic tiles with excellent

engineering properties.
3.7 Main Results

Wa l | tile 1is optimized for | ow fi
footprint, making it well suited for economical wall tjeoduction.

r

ng

temper at u

Floor tile with pozzolana provides the best balance between strength, water absorption, energy
consumption, and sustainability. It is the most attractive formulation for industrial production.

Traditional trachyte floor tile achieves the highest mechanical strength and lowest water absorption but

reqguires substantially higher firi
production cost.

4. CONCLUSIONS

ng

temper at ur €

This study establishes Syrian basaltic pozzolana as a technidgallle and environmentally
advantageous natural flux for the development of-¢anbon ceramic tiles. The proposed approach
demonstrates that locally available volcanic resources can be successfully integrated into ceramic
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formulations to achieve efficient sintering at reduced firing temperatures while maintaining the
performance required for structural tile applications.
Beyond improving processing efficiency, the incorporation of basaltic pozzolana provides a practical
strategy for lowering thenvironmental burden of ceramic manufacturing by reducing both energy

demand and CO emi ssions. The results also higt
materials with recycled glass within a circufaaterials framework, thereby enhancing rese
efficiency and reducing dependence on imported fluxes.

The findings provide a scientific basis for the industrial utilization of Syrian volcanic deposits in
advanced ceramic production and support their role in the transition toward more sustainable
construction materials. Future work should focus on {sdate production, lorterm durability
assessment, and industrial optimization to facilitate faoge commercial implementation.
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Diyadi M¢ rAjiryee) Jeoter mal Sahaséndaki Kaya- |
Mi neral ogi cal Characterést-TgskioyeRoG&st her
T¢e¢rker YakMepbmeu %keri f Yéel déz

'Van Y¢zeéence Yel l'niversitesi, M¢hendi sl i k Fakyg
Te¢rkiye
Bat man ! niversitesi, Yapé Kkleri ve Tekni k D

"Sorumlu yazar: turkery@yyu.edu.tr

¥ZET
Bu arakteérmaneén saha - al ekxnmglraer/él,] RMKIVEA Kk agr¢anely b
yakl akék ilko bkimm al anda ger-eklexktirilmiktir. ¢al
sistemlerinden biri ol an Diyadin Jeoter mal Si st
-al ekxkma alanénda bulunan vkeayhi-draotdar natlmoak &x K &r
meydana getirilen dejikimleri ve ortaya -ékan ¢r
sondaj °rnekleri alénmék, XRD y°nt emi uygul anar a
bul unulSmwmdtayrd .ardan al é&nan 43 °rnejin XRD toz dif
dolomitvealunigi bi minerall erin varl éejéné ortaya koymuck
kaolinit ve serpantin mineraller:i i -ermektedir.
°rneklerindekine oranla daldal emnertedeit Bidi |l Pr
feldspat, kuvars ve Krhekiaedahl grignpel kil erfmiac
saptanmékteéer. Y¢gzey °rneklerinde belirlenen feld
ol masé feldspatl ar én alterasyonl a farkl e mi ne
gstermektedir.
Anahtar Kelimeler: Aj r e, Jeot er mallk,é nkéinhe, KW ryéonséemmé, X

ABSTRACT

The fieldwork for this research was conducted in an areapfpr oxi mately 10 Kk m]
Mollakara village (DiyadiPA] r &) . The study ar ea GeothernhabSyséeme d wi t
one of the important geothermal systems of Eastern Anatolia. The aim of this research is to determine
the effects, and resulting products of atmospheric weathering and changes caused by hydrothermal
fluids in the rocks in the study arda. this context, surface and borehole samples were collected,
analyzed using the -RD method, and evaluated. XRD powder diffractograms of 43 samples from
boreholes revealed the presence of minerals such as clay minerals, mica, quartz, doloalitejtand

The clay fractions of these samples contained chlorite, kaolinite, and serpentine minerals. The mineral
diversity of the surface samples (6 samples) is more limited compared to the borehole samples. Only
dolomite was detected in one sample; fetdtlsguartz, and clay minerals were identified in the others.
Kaolinite was detected in the clay fractions of three of the samples. The absence of feldspar minerals
identified in surface samples in borehole samples suggests that the feldspars may ralterbeano

different minerals (e.g., kaolinite).

Keywords: AJ r &, Cl ay, G e o-Ray Biffractioh |, Mi ocene, X
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1. GKRKK

Bu araktéermanén saha -al ékmalare Ajreée il:i Diyad
yapél mexkteér (kekil 1) . ¢al ékxkma al ane, Doju Anac
Diyadin Jeotermal Sistemmindey er al makt adeéer
ISARETLER
KARS . lige simirlan

o, lige merkezi
il sinirlar

IGDIR
Ulke sinirlan Q il merkezi

"~

Dogubayazit
S

| Diyadin |
7 .Mollakara

O

ERZURUM

Patnos

MUS

Van Golii

BITLIS

kekitlallekma sahasénén | okasyon haritaseé (Say

Doju Anadolu B°l gesi 6nde meydana gel mik vol kani

olan tektonik unsurl ar ve vol kanizma ¢reéenl eriyl e
ve ar k., 1976; I nnocentin,vel980k. kat®80u Ker &lél
Diyadin Jeoter mal Si st emi de 199061l e yeéellardan
1994 ; Eri ken ve ar k., 1996 ; Akkuk ve ar k., 2005
201 2; Paseadg8jl &¢r meli, 2014, l-g¢é¢n, 2019; Yejen
Jeoter mal Sisteminin ol ukumunun Tendg¢r ek vol kai
arakteérmal arda ise, Diyadin jeot er mdalendad raenkt n é
vol kani zmaseénda tamamen bajémséz «kKkekil de meyda
Keyadeh, 2019).

Jeoter mal sahal arda kaya-larén hidroter mal alt el
zamanda atmosferlk kokul Il ar én et kisiyle de boz
at mosferik bozunma ve hi drot dar mady aa K éakw kdaan | me cEer
deji kimin etkilerini ve ¢reéegnlerini saptamakter.
Kncel eme alanénda bir ©°zel Kirket taraféndan al-
topl am keé&°rkneg-i kvaer oatl t € noktadan y¢gzey °rneji ol
(kekil 2) Sondaj |l oglare ve ©°rneklerin aleéendé;’
zonl aréndan, litolojik uyumsuzlwhk dPdgjed elrokmasyno
al énan °rnekler -al ékmanén materyalini ol ukt ur mu
Maden Tetki k ve Ar ama -I(KMTnA8 kGeernéen é mMi¢ldaghrdregteu vXar é
czerinde XRD detayl e kil anal i zi haypagritreX'PFett mékt ér
Hi ghScore yazelémé ile birlexktirilmik ve Hanawal
Mi ner al tespitleri, Br owiKawak aBraibme&Elney( 200%H590) - ¢
yarar |l anél ar ak yapé&lrmédteéry.erKérl @mé mides al |l erin
(20120) ile Warr (2020, 2021) -al éxkmalaréendan f ay
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kekitlalZ2kma al aneé

én jeoloji ve °rnek |l okasyor
eji ktirilmiktir)
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