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ABSTRACT

This thesis aimed to investigate the recovery of antimony (Sb) from slag generated in an
antimony smelting plant using leaching followed by hydrolysis processes. The physicochemical
properties of the slag were determined using various analytical techniques. The slag (4.12% Sb) was
mainly composed of quartz and minor minerals phases, including microline, magnetite, hedenbergite,
and stibiconite. The Sb types in the slag determined by XPS were found to be in the oxide form. The
concentrations of rare earth elements (REEs-La, Y, Ce, and Nd) in the slag were 169.21 g/t.
Preliminary leaching experiment results indicate that (i) HC] was selected rather than other acids due
to its high extraction ability on the Sb from the slag, (ii) a sample with a dso of <25 um should be
used, (iii) the slurry should be mixed at 300 rpm. In the following leaching tests, the effects of
leaching parameters (acid concentration, amount of tartaric acid, solid-to-liquid ratio, reaction
temperature, and time) on the extraction rates of Sb, impurities, and REEs were investigated based
on the OFAT approach. At the best leaching conditions (HCI: 8 M, amount of tartaric acid: 1 g/L,
stirring speed: 300 rpm, reaction temperature: 75 °C, and time: 180 min), the extraction rates of Sb
from the slag were determined to be 91.19%, but the extraction rates of REEs were measured to be
<50%. The activation energy (Ea) for Sb leaching was found to be 46.75 kJ/mol, indicating that the
reaction was governed by the chemically controlled mechanism, one of the shrinking core models.
In particular, it was understood from the additional experimental results that the leaching procedure
should be carried out for 20 h to extract La with an extraction rate of >90%. However, the extraction
rate of Sb was negligible in extended times. It was determined that using tartaric acid positively
affected La's leaching mechanism, and the required leaching time for La decreased to 180 min from
20 h with the increase of tartaric acid from 1 g/L to 6 g/L. Hydrolysis tests were conducted using the
Taguchi approach (L32, 21 4"3). The effects of the alkaline type (NH4OH and NaOH), stirring
speed (100, 200, 300, and 400 rpm), temperature (50, 60, 70, and 80 °C), and pH (1.5, 2, 2.5, and 3)
on the precipitation of Sb from the pregnant leach solution (PLS) were investigated. NHsOH was
suggested for use in the hydrolysis test to obtain precipitates with higher purities. The product
obtained under the optimal conditions comprised 81.43% Sb, 16.23% O, and 2.34% Fe. The product
was identified as antimony oxide by X-ray diffraction analysis (XRD).

Keywords: Antimony, Slag, HCI leaching, Hydrolysis, Rare Earth Elements (REEs)
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Bu tez ¢alismasinda, li¢ ve hidroliz yontemleri kullanilarak antimon izabe tesisinde aciga
cikan ciiruftan Sb kazaniminin arastirilmasi amag¢lanmistir. Farkli analiz teknikleri kullanilarak
clirufun fizikokimyasal 6zellikleri belirlenmistir. Ciirufun (%#4,13 Sb) biinyesinde ana hakim mineral
olarak kuvars ile birlikte minér seviyede mikrolin, manyetit, hedenbergit ve stibikonit mineralleri
belirlenmistir. Ciirufun igerdigi NTE (La, Y, Ce ve Nd) konsantrasyonu 169,21 g/t’dur. On li¢ deney
sonuglari, (i) cliruftan Sb’nin yiiksek ¢oziindiirme 6zelligi nedeniyle diger inorganik asitler yerine
HCI kullanilmasi, (ii) ciirufun dso degerinin <25 um olmasi ve (iii) ¢ozeltinin 300 dev/dk hizinda
karistirllmas1 gerektigini isaret etmistir. Takip eden li¢ deneylerinde; li¢ kosullarinin (HCI asit
konsantrasyonu, tartarik asit miktari, kati-siv1 orani, reaksiyon sicakligi ve siire) Sb, safsizlik ve NTE
elementlerinin ¢éziinme hizina olan etkisi OFAT yaklagimi ile arastirilmistir. En iyi li¢ kosullarinda
(HCI: 8 M, tartarik asit miktari: 1 g/L, karistirma hizt: 300 dev/dk, reaksiyon sicaklig1 ve siiresi 75
°C ve 180 dk), ciiruftan Sb ¢oziinme hiz1 %91,19 olarak belirlenmistir. Ancak, NTE elementlerinin
coziinme hiz1 <%50 olarak belirlenmistir. Sb ¢dziinmesi i¢in aktivasyon enerjisi (Ea) 46,75 kJ/mol
olarak bulunmus olup, bu deger reaksiyonun shrinking kiiciilen ¢ekirdek modellerinden biri olan
kimyasal kontrollii bir reaksiyon modeliyle aciklanabildigine isaret etmektedir. Ozellikle, yapilan
yeni li¢ deneylerinde La ¢6ziinme oraninin >%90 olabilmesi i¢in gerekli lig siiresinin 20 s olmasi
gerektigi belirlenmistir. Buna karsin, daha uzun reaksiyon siirelerindeki Sb ¢6ziinme hizindaki
yiikselis gozardi edilebilir diizeydedir. Tartarik asit kullaniminin La ¢6ziinmesine pozitif katkisi
oldugu belirlenmistir. Tartarik miktarinin 1 g/L’den 6 g/L’e ylikselmesi La ¢oziinmesi i¢in gerekli
stirenin 20 s’den 180 dk’ya diismesine neden olmustur. Taguchi (L32, 21 4/3) yaklagimina gore
hidroliz testleri gergeklestirilmistir. Alkali tiirii (NH4OH ve NaOH), karigtirma hizi (100, 200, 300
ve 400 dev/dk), sicaklik (50, 60, 70 ve 80 °C) ve pH (1,50 — 2 — 2,50 — 3) yiiklii li¢ ¢dzeltisinden
Sb’in ¢oktiiriilmesine olan etkileri arastirilmigtir. Yiiksek saflikta ¢okelti elde edebilmek igin NH4OH
kullanilmasi gerektigi belirlenmistir. En iyi sartlarda elde edilen ¢okelti %81,43 Sb, %16,23 O ve
%2,34 Fe igermektedir. XRD analizine gore de elde edilen ¢okelti antimon oksit olarak
tanimlanmustir.

Anahtar Kelimeler: Antimon, Ciiruf, HCI Lig¢i, Hidroliz, Nadir Toprak Elementleri (NTE)
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GENISLETILMIS OZET

Antimon, 6,68 g/cm’ 6zgiil agirliga ve 630 °C erime noktasina sahip kirilgan, giimiis-beyaz,
parlak ve giiniimiizde modern sanayilesmis toplumlarda yaygin olarak kullanilan 6nemli bir metaldir.
Antimon metali kendi bagina kullanilamayacak kadar kolay kirilir ancak alagimlara mukavemet,
sertlik ve korozyona karsi diren¢ kazandirir (Miller, 1973). Kursun asitli akiimiilatorler
(otomobillerde yaygin olarak kullanilan tiirden) %4 — 6 oraninda kursunla alasimli antimon igerir ve
antimonun korozyona karsi direnci, kursun pil terminallerinin aslinda kursun-antimon alagimindan
yapilmasinin nedenidir. Cok yiiksek saflikta antimon metali (%99,99+ saf), yar1 iletken endiistrisi
tarafindan ana bilesen olarak InSb, GaSb ve SbTe gibi bilesikler halinde silikon levhalarda kizil6tesi
dedektorler, diyotlar ve diger cihazlar ve uygulamalar i¢in kullanilmaktadir (Zhang ve ark., 2020).

Antimon trioksit (Sb,Os3) formundaki antimon, esas olarak yapistiricilarda, boyalarda,
kagitlarda, plastiklerde ve sizdirmazlik maddelerinde alev geciktirici olarak kullanilmaktadir. Sb203
ayrica tipik olarak brom veya klor bazli halojenli bilesiklerle kaucuk ve tekstil dosemelerde yangin
geciktirici bir destek olarak kullanilir (EFPA, 2004). Alev geciktiriciler igin baslica pazarlar arasinda
cocuk giyimi, ucak ve otomobil koltuk kiliflar1 ve yatak takimlarinin yapiminda kullanilan
elektronikler, plastikler ve kumaslar bulunur. Diger antimon bilesikleri cesitli kullanimlara sahiptir.
Ornegin; cam, alasim, fren balatas1, Li ve Na-pil ve akii {iretimi (Anderson, 2012; Mostashari ve
Baie, 2008; Beutl ve ark., 2018; Oztiirk ve ark., 2016).

Diinyada tanimlanmig antimon cevher yataklarmin biiyiik bir kismi1 Cin’de bulunmaktadir.
Bunun yani sira Cin’e kiyasla az da olsa ABD, Bolivya, Kanada, Meksika, Rusya, Giiney Afrika,
Tacikistan ve Tiirkiye’de de antimon sahalar1 bulunmaktadir. Kiiresel 6l¢ekte hazirlanan raporlar
incelendiginde antimon rezervlerinin biiyiik ¢cogunlugunun Cin’de bulunmasinin ilerleyen yillarda
tedarik riski agisindan iilkelerin problem yagamasina neden olacagi goriilmektedir. Arastirma ve
endiistriyel sektorlerde birgok kullanim alanina sahip olan antimon, Diinyada farkli iilkeler
(Avustralya, Giiney Kore, Kanada, Amerika Birlesik Devletleri ve Japonya), iilke topluluklar
(Avrupa Birligi, AB), arastirma kurumlar1 (Britanya Jeolojik Arastirmalar Kurumu) ve Diinya
Bankasi tarafindan son yillarda yayimlanan kritik hammadde raporlarinda yer almaktadir. Bu
raporlar incelendiginde, antimon (Sb) metalinin sekiz listenin yedisinde tedarik riski — ekonomik
deger agisindan oldukga “Onemli kritik hammaddelerden” biri olarak nitelendirildigi goriilmektedir
(Uysal 2021).

Antimon, kiikiirt ve bakir, kursun, altin, arsenik, civa ve glimiis gibi diger metaller i¢in giiclii
afinitesi nedeniyle, dogal halde element olarak nadiren bulunur; tipik olarak siilfiirlerde,
stilfotuzlarda, oksitlerde, antimonatlarda ve antimonitlerde bulunur (Boyle ve Jonasson, 1984). En
yaygin antimon cevheri minerali stibnittir (Sb2S3), ancak 100'den fazla diger mineral de antimon
icermektedir (Seal ve ark., 2017). Hali hazirda, hidrometalurjik ve pirometalurjik yontemler

uygulanarak cevherlerden antimon (Sb) metal\oksit tiretimi saglanmaktadir. Hidrometalurjik
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yontem; sirasiyla kimyasal lig, ayrigtirma/saflagtirma ve elektroliz asamalarindan olugsmaktadir. Bu
yontem ile kompleks antimon cevherlerinin iglenmesi miimkiindiir. Kullanilan ¢oziicii tiiriine gore,
asit veya alkali li¢ prosesleri uygulanmaktadir. Na,S — NaOH karigimi hazirlanarak alkali ortamda
stibnit cevherinden Sb’un ¢6ziinmesi oldukga yiiksek verimde saglanmaktadir (Yang ve ark., 2017).
FeCl; — HCI, SbCls — HCI, ozon-asit karisimlar1 da ¢6ziicii kimyasallar olarak kullanilarak cevherden
Sb’un ¢oziindiiriilmesinde kullanilabilmektedir (Tian ve ark., 2016; Rodriguez ve ark., 2016; Ye ve
ark., 2019). Ayrica inorganik asitler ile birlikte tartarik asit kullanilarak li¢ islemi sirasinda
antimonun antimonik asit olarak ¢okelmesi engellenmektedir (Groenewald, 1964; Rubesska ve ark.,
1967; Chengzhi ve ark., 2011). FeCl; c¢ozeltisi ile de stibnitten antimon %98,53 verimle
kazanilabilmistir (Ye ve ark., 2019). Hashimoto ve ark. (2003), Sb(III)-HCI-H>O sisteminin
kimyasal denge sartlarin1 belirlemis ve sonrasinda NaOH ilavesi ile degisik morfolojik 6zellikte Sb
bilesiklerini ¢oktiirme ile elde etmislerdir. Sonrasinda ¢o6zeltideki [SbOCI], [(SbO).NOs]+,
[(SbO),SO4] komplekslerinden elektroliz ile katodta antimon metali yiiksek saflikta
toplanabilmektedir (Madkour ve Salem, 1996).

Yeryliziindeki antimon rezervlerinin, diinyadaki mevcut iiretim hizinin devam etmesi
durumunda 2050 yilinda tiikenecegi 6n goriilmektedir (Zhong ve ark., 2018). Bu durum kaynaklarin
stirdiiriilebilir kullanimi1 agisindan antimonun cevherler disinda izabe ciiruflar1 gibi ikincil
kaynaklardan kazanimini kaginilmaz kilmaktadir. Antimon izabe tesisinde aciga ¢ikan ciirufun etkin,
ekonomik ve ¢evreye duyarli bir sekilde degerlendirilmesi, bu tez ¢aligmasinin en 6nemli hipotezidir.

Bu tez kapsaminda kullanilacak olan ciiruf numunesi Adana ilinde bulunan Anadolu
Antimon Ltd. Sti’ne ait antimon izabe tesisinden temin edilmistir. Tez kapsaminda yapilacak
caligmalarda kullanilacak numunenin temsili alinmasi i¢in; stok sahasinin farkli bolgelerinden bir
kepce yardimi ile numuneler alinmistir. Numune alma islemine baslanmadan 6nce stok sahasinin
cevresi ve 1lizerinde numune almacak yerler belirlenmis ve etiket yerlestirme islemleri
gergeklestirilmistir. Kepce yardimi ile isaretlenen noktalarda yarmalar agilmig olup toplam 3 ton
malzeme alinmistir. Harmanlama iglemini takiben numune azaltma yontemlerinden olan konileme-
dortleme ile temsili bir sekilde numune alimi saglanmistir. Calisma i¢in alinan toplam numune
miktart 400 kg civarindadir. Ciirufun o6zelliklerinin belirlenebilmesi amaciyla sirasiyla fiziko
kimyasal analizler (goriiniim/koku, pH, nem, organik madde miktari), inorganik igerik analizi
(XRD), toksik karakteristlik li¢ prosediirii (TCLP), sentetik c¢oktirme li¢ sartlar1 (SPLP),

radyoaktivite testleri uygulanmistir.

XRD analizi sonuglari ciiruf numunesinin ana hakim minerali olarak kuvars (SiO,)
mineralinden olustugu ve oldukga diisiik miktarda stibikonit (Sb3;Os(OH)) minerali igerdigini isaret
etmistir. Rietveld metotuyla yapilan detayli mineralojik analiz neticesinde; ciiruf i¢erisinde mikrolin
(KAISi305), manyetit (Fe3O4, <%5) ve Hedenbergite (CaFeSi2Os) mineralleri tespit edilmistir. SEM
analizi ile cilirufun elemental dagilim1 da tespit edilmistir. Ayn1 sekilde; ciirufun icerdigi metallerin

miktarlar1t XRF, AAS ve ICP-OES&ICP-MS cihazlar kullanilarak belirlenmistir. XPS analizi ile
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clirufun yiizey analizi yapilmistir. Ciirufun ylizeyinde tespit edilen S element miktarinin ¢ok az
olmasi, S ile Sb arasinda bir etkilesimin oldugu hakkinda yorum yapilmasint miimkiin kilmamistir
(Sekil 9.d). Sb,Os3 (Sb™), Sb,04 (Sb™) ve SbyOs (Sb™) olmak iizere ii¢ farkli antimon oksit varlig
bilinmektedir. Sb3ds» spektrumunun yalnizca bir pik ile ifade edilmesi, ¢aligmada kullanilan ciiruf
numunesinin igerdigi Sb elementinin Sb,O3 formunda bulundugunu gostermektedir (Moulder ve
ark., 1992; Wagner 2000). Numune {izerinde Sb metali veya bagka bir Sb-oksit minerali varligina

dair herhangi bir sonug elde edilememistir.

Li¢ islemlerinde arastirilacak parametreler ve kullanilacak asit tiirii belirlenmigtir. 6n
deneyler neticesinde ¢oziicii asit olarak HCI’in kullanilmasina karar verilmistir. Asit konsantrasyonu,
reaksiyon siire gibi parametrelerin daha detayli bir sekilde degerlendirilebilmesi i¢in optimizasyon
testlerinde bu parametrelerinde Sb ¢oziinmesine olan etkinlikleri arastirilmistir. On deneylerden de
elde edilen sonuglar 1s18inda; asit konsantrasyonu, tartarik asit miktari, kati-sivi orani, siire ve
sicaklik parametrelerinin hedef metallerin (Sb ve NTE) ve safsizlik olarak nitelendirilebilecek (Al,
K, Ca, Mg, Mn ve Si) elementlerin ¢dziinme davranislarina olan etkileri AAS ve ICP cihazlar ile
belirlenmistir. OFAT (One Factor at a Time) analizi kullanilarak her parametrenin etkinligi diger
parametreler sabit tutularak belirlenmistir. Belirlenen her optimum parametre sonrasinda diger

parametre i¢in islemler tekrarlanmigtir.

Asit konsantrasyonun etkisinin belirlenmesinde yapilan deneylerde agik bir sekilde
goriildiigii gibi; Sb ¢dziinme veriminin artis1 6 M ve daha yiiksek asit konsantrasyonlarinda nispeten
kayda deger bir farklilik oOngdriilememistir. Literatiirde yapilan bir ¢alismada da HCI asit
konsantrasyonunun Sb ¢6ziinmesi i¢in yiiksek olmasi gerektigi, aksi takdirde li¢ isleminin baginda
¢oOzeltiye gecen Sb’un zamana bagli olarak tekrar hidrolize olarak katilastigi ve Sb ¢oziinme
veriminin diistiigii belirlenmistir (Chae ve ark., 2020). Literatiirde yapilan ¢alismalar ¢ozelti i¢inde
Sb iyonlarinin daha kararli olmasi (tekrar hidrolize olmamasi gibi) igin belirli bir oranda tartarik asit
ilave edilmesinin gerektigini gostermekte ve bu sekilde dogru sonuglar elde edilecegine isaret
etmektedir (Kiiclikoglu ve ark., 2022). Li¢ islemi sirasinda ciiruf\cevher den ¢6ziinen antimon
iyonlariin ¢ozelti igcinde kararli olmadig1 ve tekrar hidrolize olarak ¢okeldigi tespit edilmistir
(Groenewald, 1964; Moldan, 1966). Bu durumda gergeklestirilen deneylerde li¢ isleminin veriminin
dramatik bir sekilde etkilenmesi c¢alismada hedeflenmeyen sonuglarin elde edilmesine neden
olabilecektir. Belirli bir oranda tartarik asit ilave edilmesi bu sorunun ortadan kaldirilmasini
saglamaktadir (Kiiciikoglu, 2022). Yapilan onceki bir ¢aligmada ¢ozelti i¢inde Sb ile tartarik asit
arasinda antimon tartarat seklinde kompleks olustugu ve bu kompleksin hidrojen iyonlarindan daha
fazla negatif potansiyeli oldugu icin ¢ozelti iginde SbCls iyonlarmin hidrolize olmasini dnledigi
ortaya konmustur (Uysal, 2019). Bu amagla, li¢ islemleri sirasinda 0, 1, 2, 3, 5 ve 6 g/L tartarik asit

ilaveleri gerceklestirilmistir. Tartarik asit miktarina bagli olarak Sb ¢oziinme hizi %19 ile %26



arasinda degisiklik gostermistir. Diger safsizliklarin ¢oziinmesine bir etkisi olmamistir. Ancak, La

elementinin ¢éziinmesinde nispeten yiiksek degerler elde edilmistir.

Kati/sivi oran1 parametresinin HCI asit konsantrasyonu gibi etkin bir parametre oldugu,
¢oOziicii konsantrasyonu basma diisen numune miktarinin azalmasmin ¢dziinme islemini
hizlandirmistir. Kati/sivi oraninin 1/5°den 1/20’e yiikselmesi ile birlikte sabit tutulan diger deneysel
sartlar altinda Sb ¢oziinme verimi %32°den %45 seviyelerine yiikselmistir. Ciirufun igerdigi Fe’in
¢oziinme hizi ise; Sb’ye gore daha hizli olmustur ve 1/20 kati/sivi orani sartlarinda yapilan
deneylerde ciirufun igerdigi Fe’in neredeyse tamami ¢ozeltiye gegmistir (¢oziinme verimi: >%99).
Diger safsizliklar agisindan da benzer durumlar s6z konusu olmus ve kati/sivi oraninin diigmesi (Mn
ve Si harig) safsizliklarin %100°e yakin ¢éziinme verimi degerlerine ulasmasina neden olmustur.
Beklendigi gibi kati/s1vi oranimin diisiisii La’nin ¢6ziinme oranini da hizlandirmistir. Ancak, Ce, Nd

ve Y ¢Oziinme verimleri agisindan bir farklilik gézlenmemistir.

Sicaklik ve siirenin etkisinin belirlenmesi ¢aligmalarinda ise sabit tutulan parametreler HCI
konsantrasyonu: 8 M, kati/sivi oran1 1/10 ve karigtirma hizi: 300 dev/dk’dir. Goriildiigi gibi, oda
sicakliginda yapilan deneylerde ¢ok diisiik seviyelerde ciiruftan Sb ve Fe ¢oziinme degerleri (<%30)
elde edilmistir. Her ne kadar reaksiyon siiresi 45 dk’dan 180 dk’ya artirilsa da oda sicakliginda
yapilan deneylerde ¢6ziinme verimleri agisindan herhangi bir olumlu yénde bir etki goriillmemistir.
Bu bulgular 6nceki bir ¢alisma ile uyumlu olmustur. Guo ve ark. (2017) yaptiklar1 ¢aligmada oda
sicakliginda HCI ile li¢ deneylerinde asit konsantrasyonu ve karigtirma hizi dahi artirilmig olsa da
elde ettikleri ¢oziinme verimleri ¢ok siirli olmustur (Sb ¢6ziinme verimi: <%30). Yiiksek verimde
Sb ¢oziinmesi i¢in reaksiyon sicakliginin yiiksek olmasi rapor edilmistir (Guo ve ark., 2017).
Ornegin; 40°C’de gerceklestirilen deneylerde reaksiyon siiresi 45 dk oldugunda Sb ¢dziinme verimi
%40 civarinda olgiiliirken, reaksiyon siiresinin artigina paralel olarak Sb ¢6ziinme verimi degerleri
%40°dan %80’e dogru yiikselme egilimi gostermistir. Bu deneylerde diger safsizliklarinda ¢éziinme
verimlerinde siireye bagli olarak artig egilimi izlenmistir. Ayn1 deneylerde NTE ¢6ziinme degerleri

sinirl seviyede olmustur.

Sicaklik 40°C’den 60 C’ye yiikseltildiginde ciirufun icerdigi Fe’ nin neredeyse tamami 180.
dk sonunda ¢ozeltiye ge¢mistir. Sicakligin artisi Sb ¢6ziinme veriminin 180 dk sonunda %80
civarinda olmasina neden olmustur. Palden ve ark. (2021) yaptiklar1 ¢alismada da ciiruftan Sb’un
¢oziinmesinde sicakligin en az 50 °C olmasi gerektigine isaret etmistir. Bu agidan bu ¢aligmada elde

edilen Sb ¢6ziinme davraniglarinin literatiir ile uyumlu oldugu sdylenebilir.

Literatiirde bazi c¢alismalar hem Sb hem de Fe li¢ davranigini incelemislerdir. Bu
caligmalarda elde edilen sonuglar Fe ¢0ziinme verimleri agisindan bu calismadan farklilik
gostermektedir. HCI kullanarak yiiksek sicakliklarda yiiksek Sb ¢oziinme degeleri elde edilirken,
Fe’nin ¢ok diisiik seviyelerde ¢dzeltiye gecmelerini saglamislardir. Ornegin; stibnit cevherinin HCI

ile ¢ozeltiye alinmasi sirasinda Sb ¢oziinme verimi li¢ sartlarina bagl olarak >%80 iken, Fe ¢oziinme
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verimi %10’dan diisiik olmustur (Tian ve ark., 2016). Bu farkliligin sebebinin Fe’in hammadde
igerisinde bulunus sekline (mineral kompozisyonuna) bagli oldugu diisiiniilmektedir. Diger bir
ifadeyle mevcut ¢alismada ciiruf halinde ikincil Sb cevheri kullanilirken sézkonusu ¢aligmada dogal

Sb mineralleri igeren cevherler kullanilmistir.

Beklendigi gibi, bu ¢alismada sicakligin artigina paralel ciiruftan Sb hedeflenen seviyelerde
cozeltiye gegmeye baslarken istenmeyen safsizliklarin da ¢ozeltiye gecis hizlarinda artis olmus ve
neredeyse ciirufun icerdigi K, Ca ve Mg’un tamami ¢oziinmiistiir. Reaksiyon sicakligi 60°C
oldugunda 180 dk sonunda ciiruftan La ¢6ziinme verimi degeri %50 civarinda olmustur. Ancak, Ce,

Nd ve Y ¢ozlinme verimlerinde siireye bagh olarak olumlu yonde bir artis gézlenmemistir.

Yapilan deneyler neticesinde ciirufun biinyesindeki Sb’un yiiksek verimde ¢ozeltiye
almabilmesi i¢in atmosferik sartlarda uygulanmasi gereken lic parametreleri asagidaki gibi

belirlenmistir.
HCI konsantrasyonu: 8 M,
Kati/s1v1 orani: 1/10,
Karistirma hizi: 300 dev/dk,
Tartarik asit miktari: 1 g/L,
Reaksiyon sicakligi: 75 °C

Reaksiyon siiresi: 180 dk

Optimum sartlarda yapilan ve farkli sicakliklarda yapilan li¢ deneyleri ile reaksiyonun hiz
sabiti, aktivasyon enerjisi (Ea) ve bu degere bagl olarak reaksiyonun agiklanabildigi kimyasal
kinetik model belirlenmistir. Sb ¢dziinmesi i¢in reaksiyon hiz sabiti degerleri sicakliga bagli olarak
6,01 x 10° dkile 107,84 6,01 x 10” dk' arasinda yer almaktadir Gergeklestirilen li¢ reaksiyonlari
Ea degerlerine gore farkli sekilde siiflandiriimaktadir. Ornegin; Ea <20 kJ/mol ise; li¢ reaksiyonu
difiizyon kontrollii bir mekanizmaya sahiptir. Eger Ea > 42 kJ/mol ise, reaksiyon hiz sabiti ile sicaklik
arasinda iissel bir sekilde iliski oldugu ve li¢ reaksiyonun kimyasal kontrollii bir mekanizmaya sahip
oldugu anlasilmaktadir (Kumari ve ark., 2018). Sekil 22°de verilen Arrhenius egrisinin egiminden

yararlanilarak aktivasyon enerji (Ea) degeri 46,75 kJ/mol hesaplanmustir.

Son asamada ise gerceklestirilen ilave li¢ deneylerinde ise tartarik miktarinin NTE
elementlerinin ¢oziinmesine olan etkileri ortaya konmustur. Li¢ islemi sirasinda ilave edilen tartarik
asit yalnizca ¢dziinen Sb iyonlariin hidrolize olmasini engellemekle kalmamis olup La ¢oziinmesine
de pozitif yonde katki saglamistir. La ¢éziinme verimi optimum sartlarda %50 civarinda olmustur.
Bu deneylerde sabit tutulan parametreler sirasiyla: HCI konsantrasyonu: 8 M, kati/sivi orani: 1/10,
karistirma hizi: 300 dev/dk, tartarik asit miktari: 1 g/L ve reaksiyon sicakligi: 60 °C’dir. Bu sartlar

altinda yapilan deneylerde ciirufun icerdigi La’in tamamin ¢dzeltiye gegmesi i¢in gerekli siirenin 20
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saat olmasi gerektigi ortaya ¢ikmistir. Ayni sartlarda diger NTE elementlerinin de ¢dziinme verimleri
%25 - %40 araliginda olmustur. La’in tamaminin ¢dziinmesi igin gerekli siire 20 saat olarak
belirlenirken, tartarik asit miktarmin 1 g/L.’den 6 g/L.’e ¢ikartilmasi La’mn yiiksek verimde ¢oziinmesi
i¢in gerekli siirenin 180 dk’ya inmesini saglamigtir. Bu bulgular literatiirde yapilan ¢alisma ile uyum
gostermektedir. Liang ve ark. (2016) yaptiklar1 ¢alismada tartarik asit kullanarak toprak numunesinin
icerdigi La elementinin ¢Oziinmesini hizlandirmigtir.  Yapilan c¢alismada tartarik asit

konsantrasyonuna bagli olarak La ¢dziinme veriminin de arttig1 belirlenmistir.

Uygulanan bu sartlar altinda ciiruf numunesinden Sb ¢oziinme verimi %91,19 olarak
belirlenmistir. La ¢oziinme verimi %97 civarindayken diger NTE’lerin (Y, Ce, Nd) ¢6ziinme
verimleri <%50 olarak dl¢iilmistiir.

Taguchi (L32, 21 4”3) yaklasimina gore hidroliz testleri gergeklestirilmistir. Alkaline tiirii
(NH40OH ve NaOH), karistirma hizi (100, 200, 300 ve 400 dev/dk), sicaklik (50, 60, 70 ve 80 °C) ve
pH (1,50 — 2 — 2,50 — 3) yiiklii li¢ ¢ozeltisinden Sb’in ¢oktiiriilmesine olan etkileri arastirtlmisgtir.
Yiiksek saflikta ¢okelti elde edebilmek i¢in NH4OH kullanilmasi gerektigi belirlenmistir. En iyi
sartlarda elde edilen ¢okelti %47,13 Sb, %10,23 O ve %2,51 Fe icermektedir. XRD analizine gore

de elde edilen ¢okelti antimon oksit olarak tanimlanmuistir.
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1. INTRODUCTION

Antimony (Sb) is a brittle, silver-white, shiny, and important metal with a specific gravity of
6.68 g/cm® and a melting point of 630 °C, which is widely used in modern industrialized societies
today. Sb metal breaks too easily to be used on its own, but it gives strength, hardness, and resistance

to corrosion to alloys (Miller, 1973). The physicochemical and mechanical properties of Sb are listed

in Table 1.1.

Table 1.1. General properties of antimony

Properties/Characteristics Value Unit
Atomic number 51 N/A
Atomic weight 121.76 u
Melting point 630.5 °C
Boiling point (at 101.3 kPa) 1325 °C
Density (at 20 -C) 6.688 g/cm®
Tensile strength 10.8 N/mm?
Mohs hardness 3.0-3.5 N/A
Modulus of elasticity 566 N/mm?
Surface tension of solid (at 432 ~C) 317.2 mN/m
Surface tension of a liquid (at 1200 °C) 255 mN/m
Crystal structure Rhombohedral N/A
Lattice constant a=0437,¢=1.1273 nm
Latent heat of fusion 10.49 kJ/mol
Latent heat of evaporation 195.10 kJ/mol
Coefficient of linear expansion (at 20 °C) 8-11 um/m--C
Electrical resistivity (at 0 °C) 37 puQd.cm
Molar heat capacity of solid (at 630.5 -C) 30.446 J/mol-K
Molar heat capacity of liquid (at 630.5 -C) 31.401 J/mol-K
Thermal conductivity (at 0 °C) 259 W/m-K

There are many reports published in recent years by different countries around the world
(Australia, South Korea, Canada, The United States of America, and Japan), country communities
(European Union, EU), research institutions (British Geological Survey), and the World Bank (AG,

2024). When these reports are examined, it is seen that antimony (Sb) metal is considered as one of



the “most important critical raw materials” in terms of supply risk and economic value in seven of
the eight lists. For example, the classification in the report prepared by the EU (2023) is shown in
Figure 1.1. Antimony is not only present in the 2023 report also have been in the critical raw materials

reports published in 2011, 2014, 2017, and 2023 (EU, 2023).
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Figure 1.1. Critical raw materials determined by EU (2023)

Although China is the largest supplier of antimony, the report published by the EU (2023)
indicates that Tiirkiye is the major supplier of antimony with a rate of 63% for EU countries, whereas
the rest of the antimony supply was provided by Bolivia (26%) and China (6%) as shown in Figure
1.2.
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Sb with superior properties has many uses in the industry, such as in the hardening of metals,
protection against corrosion and fire, paper, plastic, and paint. For example, Lead-acid accumulators
(the kind commonly used in automobiles) contain lead—alloyed antimony by 4-6%, and antimony's
resistance to corrosion is the reason why the so-called "lead" battery terminals are made of lead-
antimony alloy. Very high-purity antimony metal (99.99%+ pure) is used by the semiconductor
industry as the main component for infrared detectors, diodes, and other devices and applications in
silicon sheets in the form of compounds such as InSb, GaSb, and SbTe (Zhang et al., 2020).

Moreover, Sb in the form of antimony trioxide (Sb,03) is a widely used flame retardant
across many different industries such as; adhesives (to decrease the fire risk), paints (to prevent
flames and smoke from the layer during a fire), paper (to reduce the fire risk and allow the paper
products to withstand fire for long periods), plastic (to increase the durability of the product in case
of fire), rubber and textile floor coverings (as a fire retardant additive). The main markets for flame-
retardants include electronics, plastics, and fabrics used in the construction of children's clothing,
airplane and automobile seat covers, and bedding. In the semiconductor industry, silicon wafers
containing very high-purity antimony metal are used to create infrared detectors, diodes, and other
electronic components. Antimony is also present in anti-friction bearings, type metal for mechanical
typesetting, solder, and decorative castings made of pewter and Britannia metal. Antimony is
incorporated into graphite bearings to improve heat tolerance. Nuclear reactors use beryllium and
antimony as neutron sources during startup. Finely ground metallic antimony is referred to as
"antimony black" and is used in bronze metals and plaster molds. In the presence of oxygen,
antimony sulfide will burn. In the production of ammunition primers, detonators, smoke-screen
generators, visual range-finding shells, tracer bullets, and the striking surface of safety matches, it
serves as a crucial combustion-supporting element. Additionally, it is utilized to give fireworks their
"glitter" effect. Antimony is used in the rubber business as a vulcanizing agent. In addition, antimony
is used to make glass and ceramics. Sodium antimonate is employed as a glass bubble remover as
well as a flame retardant. Currently, secondary production accounts for 20% of global antimony
production and is mostly accomplished through the recycling of lead-acid vehicle batteries. To a
much lesser extent, antimony-containing waste products from the manufacturing of copper, lead, and
gold are also valued Because copper, lead, and gold processors must deal with lower-quality ores
and stricter environmental regulations, making it more challenging to simply discard or stockpile
antimony-containing residues, these secondary sources of antimony are anticipated to become more
significant (Dupont and Binnemans, 2017). Accordingly, recycling of the metal in spent lead acid
storage batteries of the type of metal and Babbitt is the main conservation technique employed in the
antimony business. Additionally, intermediate smelting products such as slags, drosses, flue dusts,
and residues produced at copper and lead smelters are recovered for antimonial lead and antimony
metal. For antimonial lead applications, secondary antimony is far more plentiful than it is from

original sources. In less significant applications, antimony oxides are employed as white paint



pigments in paints, whereas antimony trisulfide and pentasulfide provide black, vermillion, yellow,
and orange pigments. Antimony trisulfide, a component of camouflage paint, reflects infrared light.
The composition of safety matches and the brake linings of automobiles both use antimony trisulfide.
Antimony pentasulfide is a vulcanizing agent that is employed in the manufacturing of red rubber.
Catalysts, insecticides, weapons, and pharmaceuticals all use antimony compounds. Sb,Os is also
evaluated in additional applications such as glass production, alloys, brake pads, lithium—sodium
batteries, and battery production (Anderson, 2001; Mostashari and Baie 2008; Oztiirk et al., 2016;
Beutl et al., 2018). Figure 1.3 shows the usage area of antimony in the EU.

6,00% >00%

= Flame retardants

Figure 1.3. The general usage area of antimony in the EU

Sb is rarely found in its native form due to its strong affinities with other elements, including
sulfur, copper, lead, gold, arsenic, and silver (Boyle and Jonasson, 1984). There are more than 100
antimony-bearing minerals present in the nature, but the most common one is stibnite (Sb,S3)

mineral. Table 1.2 gives some examples of antimony-bearing minerals.

Table 1.2. Some examples of Sb-bearing minerals

Mineral Chemical Formula  Sb (wt%)
Sulfides | Stibnite SbyS3 71.7
Tetrahedrite CusSb2Se 29.8
Jamesonite PbsFeSb6S 14 35.4
Zinckenite PbSb,S4 42.1
Oxides Senarmontite (cubic) Sb03 83.5
Valentinite (rhombohedral) Sb,0s3 83.5
Cervantite (orthorhombic) Sb,04/Sb,03 -Sb20s 79.2
Stibiconite (antimony hydroxides) | Sb,O4 -H2O 74.8
Mixed Kermesite 2Sb,S;3 -Sb20s 83.5




1.1. The Aim of the Research

The abundance of Sb in the earth's crust is in a range from 0.2 to 0.5 ppm, which makes it a
scarce element. Table 1.3 lists the reserves and production rate of antimony mining (2022 and 2023
years) in worldwide.

It is seen that antimony mine production in China accounts for 49% of global antimony mine
production. However, Zhong et al. (2018) predicted that known antimony reserves will be depleted
by 2050 because of the rates of ore production. Anderson (2019) indicated that the demand for Sb in
lead-acid batteries will decrease, but the use of Sb in flame-retardants will increase in the plastics
industry. Therefore, it is inevitable that metallurgical slags will evaluated as secondary Sb resources,
except for primary ores and end-of-life products (lead-acid batteries). Also, the use of these slags as
raw Sb sources decreases the potential pollution of the environment (Guo et al., 2014). Although
there are many studies on the production of Sb from an antimony ore in the literature, studies focused
on the recovery of Sb remaining in the slag after the pyrometallurgical process by using
hydrometallurgical methods are limited. These studies focus on the recovery of Sb found in anode
slime resulting from pyrometallurgical processes involving metals such as lead, copper, and tin (Binz
and Friedrich, 2015; Han et al., 2017; Tan et al., 2018; Han et al., 2020; Palden et al., 2021).

Additionally, there is a study focusing on the characterization of crude products containing
high levels of As and Pb obtained from an antimony smelting plant, which contains about 8§2—-82.5%
Sb (Ling et al., 2021). The removal of As in the crude product is achieved through HNOs leaching
(Ling et al., 2022). No study has previously reported the extraction of antimony along with rare earth
elements from similar resources. In this thesis, the recovery of antimony from a smelter slag and the
extraction of rare earth elements have been investigated. This study is the first to report these
findings. The use of a different residue source in this thesis, especially with a material composition
different from the studies in the literature in terms of chemical content, is expected to positively
contribute to the uniqueness of the study. It is planned to develop a process for Sb and Rare Earth
Elements (REEs) recovery from a smelter slag generated during the processing of antimony ore in
the plant, which is located in Adana, Tiirkiye. Preliminary studies indicated that the slag used in this
study could be further evaluated as raw materials for REEs due to its content. Therefore, the work
planned to be carried out in the thesis consists of four (4) work stages.

(1) Raw material characterization and grinding,

(2) Preliminary leaching test to determine the range of leaching parameters,

(3) Extraction of Sb and REEs from the slag in the presence of HCI acid under atmospheric
conditions,

(4) Recovery of Sb from the PLS via hydrolysis test.



Table 1.3. Antimony mine production and reserves in the world (Survey, 2024).

Mine Production (ton)

Country Reserves (ton)
2022 2023

United States - - 60,000
Australia 2,290 2,300 140,000
Bolivia 3,000 3,000 310,000
Burma 4,600 4,600 140,000
Canada 2 2 78,000
China 40,000 40,000 640,000
Guatemala 24 24 NA

Iran 500 500 NA

Kazakhstan 300 300 NA

Kyrgyzstan 40 40 260,000
Laos 220 220 NA

Mexico 700 700 18,000
Pakistan 79 80 26,000
Russia 4,300 4,300 350,000
Tajikistan 21,000 21,000 50,000
Tiirkiye 5,800 6,000 99,000
Vietnam 250 250 NA

World total 83,100 83,000 >2.000,000




2. PRELIMINARY WORK

The production of Sb from primary ores is a well-known process and is described in detail
in previous studies (Zhao, 1988; Anderson, 2012). However, the recovery of Sb from end-of-life
products and metallurgical slag should be investigated in detail to gain knowledge of Sb recovery.

Currently, there are many studies carried out using pyrometallurgical or hydrometallurgical
processes on the recovery of Sb from different industrial wastes lead-acid battery (Liu et al., 2014;
Binz and Friedrich, 2015; Alev, 2019), metal oxide varistors (Gutknecht et al., 2017; Karlsson et al.,
2018), smelter slag (Anderson, 2001), arsenic filter cake(Zhang et al., 2012), Sb containing
concentrates [copper concentrate (Awe and Sandstrom, 2010, Awe et al., 2013)], copper electro-
refining stream (Diaz et al., 2023), antimony-rich oxidizing slag (Zhang et al., 2015), Sb-bearing dust
(Zhong et al., 2018), etc. Dupont et al. (2016) reviewed in detail the recovery of Sb from end-of-life
and industrial process residues. In another work, the trends, applications, and strategies in the Sb
recovery were systematically reviewed by researchers (Dembele, 2022).

Figure 2.1 shows the recovery of Sb from the Sb-containing feedstock. This process
comprises two main processes as follows: (i) leaching and (ii) purification. There are three options

namely electrodeposition, hydrolysis, and cementation in the purification stage.

Sb-containing feedstock Sb-containing feedstock

1 |

| Chiorination leaching | | Sulfide alkaline leaching |

Filtration

Filtration

Leaching residue Leachate Leaching residue Leachate
Purification | Purification
| Electrodeposition I I Hydrolysis l I Cementation l | Electrodeposition | | Oxidative precipitation ‘
! '
Antimony metal Antimony trioxide Antimon{' metal Antimony metal Sodium pyroantimonate

Figure 2.1. Hydrometallurgical processes for Sb recovery (Ling et al., 2022)

It is possible to process complex antimony ores with this method. Based on the mineralogical
composition of raw material, acid or alkaline leaching can be applied. For example, the selective
dissolution of Sb with an extraction rate of 96.64% from a stibnite ore was possible in the alkaline
(NaxS — NaOH) medium (Yang et al., 2017; Ye et al., 2019). The recovery of Sb and Bi from tin
anode slime was investigated using soda roasting followed by alkaline leaching processes (Han et

al., 2020). However, it was stated that the leaching behavior of Sb from Sb-bearing ores was



investigated based on pH-dependent release characteristics (Hu et al., 2016). Also, different leaching
agents, including FeCl; (Ye et al., 2019), HCI with ozone (Rodriguez et al., 2016), and HCI-NaCl
(Tian et al., 2016), can be used to provide an acidic medium to extract Sb from different raw
materials. In another study, Sb with an extraction rate of 98.53% from ore was dissolved under the
following conditions: a temperature of 50°C, an 8:1 of liquid-to-solids ratio, and a time of 1 h. There
was no need to use oxidants for the leaching of Sb (Ling et al., 2022). However, the addition of
tartaric acid prevents the precipitation of Sb dissolved during the HCI leaching (Groenewald, 1964;
Moldan, 1966). NaCl was further used to prevent Sb hydrolysis. Previous research suggested the use
of ultrasonic treatment during the leaching. The required reaction time for the leaching of Sb with
high extraction rates by conducting ultrasonic power was three times lower compared to that of the
regular leaching procedure (Zhang et al., 2015). Slurry electrolysis (a combination of leaching,
purification, and electrolysis) was recommended to extract Sb from high As and Au-containing
stibnite ore (Zhang et al., 2019). In another work, a potential-controlled chlorination leaching process
was suggested to increase the extraction of Sb. The solution potential increased from 260 to 450 mV
with the addition of Cl, and Sb, which was dissolved with an extraction rate of >99% (Cao et al.,
2010). Sudova et al. (2024) suggested the use of deep eutectic solvents (a mixture of choline chloride
and ethylene glycol) in the presence of iodine as an oxidant for the extraction of Sb from mining
residues and all of Sb was dissolved at a temperature of 100 °C for 4 h.

Previous researchers stated that the presence of Fe ions in the solution may create problems
in terms of the precipitate’s purity, as the precipitation rate of Sb and Fe reached 99% with the
addition of NH4OH. The separation mechanism of Sb from an Sb-Fe mixed solution was systemically
investigated by the hydrolysis technique (Ye et al., 2019). Hashimoto et al. (2003) determined the
chemical equilibrium conditions of the Sb(III)-HCI-H,O system and subsequently obtained various
morphological properties of Sb compounds by precipitation with the addition of NaOH. Different
Sb precipitates were obtained based on pH value, as shown in Figs. 2.2 and 2.3.

Sb,Os particles were prepared with the addition of NH4OH into SbCl; solution in the pH
range of 8.5 — 9 (Hu et al., 2007). Some researchers have recommended for use of water to conduct
the hydrolysis process for Sb, but their aging period was too long and the required aging time to

obtain Sb precipitate was found to be 7 days with a recovery of 97% (Meng et al., 2015).
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Figure 2.2. Theoretically distribution of Sb species as a function of pH (Gutierrez et al., 2023)
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Figure 2.3. Distribution of Sb species as a function of pH based on the experimental studies
(Gutierrez et al., 2023)






3. MATERIAL AND METHOD

3.1. Material

The slag sample was provided by Anadolu Antimon Factory, located in Adana, Tiirkiye.
These slag samples are the byproducts of the antimony extraction process, where the ore containing
antimony minerals is collected from various regions in Tiirkiye. The modal mineralogical
composition of the ore (taken from Van Province), determined by Mineral Liberation Analysis

(MLA), is shown in Figure 3.1.

-50+38_XBSE

I(-i;ldspﬁr

Fe_As Oxide
Kaolinite

Plagioclase
Sphalerite

Barite

2
i -
2

-QUﬁUI_XBSE

Monazite

| Al-oxide

[ A _Suifate
I Covelite
_Fe_Aa Phosphate

-150+90_XBSE

-250-1 5ID_XBSE
Data Source

Modal Mineralogy

g
3

-425+250_XBSE

_Law_CourIts

[N s_Mn Oxide
L Ipyite
e
Pyroxene
I Grossular

Fe_Sb Oxide

Spinel-chromite

Ca_Al Cxide

Fe-oxide

-600+425_XBSE

[ IMuscovte
[ |Serpentine
[ sr_Al Phosphate
I Urknown

-850+600_XBSE

8 ¥ 8 8 8 @ R 8 B 8 8 ¥ 8§ 8 8 & R 2 2 ¥ °

[ lAbite
[ sb Oxide
[ [Dolomite
I G inding Media

(%) wbann

Figure 3.1. The mineralogical composition of the ore used in the pyrometallurgical process
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MLA analysis shows that the ore used in this plant is mainly composed of quartz, stibnite,

and Sb-oxide minerals. The following minerals, including jarosite, muscovite, and other minerals

were detected in the minor phase (Figure 3.2).

[E Quartz, %41
[ Stibnite, %13
[ Sb_oxide, %15
[ Jarosite, %5
Muscovite, %4
[ Fe_Sb oxide, %4
[ Diger %18

Figure 3.2. The mineral composition of the ore

Pyro-metallurgical process is carried out to produce antimony-based products with high

purities from these ores. A flow-sheet conducted in this process can be seen in Figure 3.3.

ﬁ Coke (<10 mm)

v

Slag

Rotary Kiln
Ore — Jaw crusher —=2%% Hopper [— (92gy°C)

—  Cooling Unit

vapor

Filter system

v

SboOs

Figure 3.3. Processing of Sb,O3 from the ore in the plant

As clearly seen in Figure 3.3, the ore was crushed below 25 mm with the use of a jaw-crusher.

The crushed ore was mixed with coke coal (-10 mm), and these mixtures were heated in the rotary
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furnace at a temperature of 950 — 1150 °C. During the reduction process, antimony (Sb) is released
into the atmosphere as gas forms from the ore and leaves the rotary furnace. Upon exposure to air,
the Sb gas is oxidized and forms antimony oxide particles, which are subsequently captured in a

filtration system. Equations 3.1 and 3.2 represent the chemical reactions involved in this process.

SbySs + C + 11/,0, - 2Sb 1 +€0, 1 43505 1 (3.1

25b + 3/, 0, > Sb,04 (32)

As a result of the pyrometallurgical process, the slag remaining in the rotary furnace was

stored in suitable areas as waste material (Figure 3.4).

A

Figure 3.4. The iew of the stockpile of the plant.

Approximately 3 tons of slag were collected from various pre-identified locations within the
stockpile with the aid of an excavator (Figure 3.5). These locations were chosen based on random
sampling points. Subsequently, the collected material was subjected to cone and quartering

techniques to obtain a final sample (400 kg).
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Figure 3.5. The photographs showing the sampling of the slag from the stockpile

The chemical composition of the representative sample (except for Si) was determined by an
Atomic Absorption Spectrometer (AAS, Perkin Elmer 900H) after its digestion in a microwave
digestor (CEM, Mars 6) with a mixture of HF+HCI+HNO3;+H>0O (1.5 mL+1.5 mL+1.5 mL+1 mL)
at 200 °C for 30 min, followed by boric acid neutralization at 200 °C for 30 min. Inductively Coupled
Plasma - Optical Emission Spectrometry (ICP-OES, Perkin Elmer 7000DV) was employed to
confirm the accuracy of the AAS results. X-ray Fluorescence (XRF, Panalytical MiniPal) analysis
was performed on the slag for compositional analysis. XRF analysis (Thermo Scientific) at Anadolu
Antimony Factory further checked the contents of antimony (Sb) and arsenic (As) in the slag. The
results of these analyses, including average values for each element, are presented in Tables 3.1 and
3.2. Table 3.1 details the chemical composition of the slag determined by AAS and XRF, while its
rare earth elements (REEs) and other elements concentrations given in Table 3.2 were measured by

ICP-MS (Perkin Elmer, NEXION 2000 P).
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Table 3.1. The chemical composition of the slag used for experimental work in this thesis (%)

Element Al Ca Fe K Mg Mn Na
Amount (wt, %) | 2.10 1.32 2.12 0.55 0.51 0.05 <0.05
Element Cu Sb Ni P Si Ti Cr
Amount (wt, %) | 0.03 4.13 0.04 <0.01 33.39 0.09 0.03
Element S Loss on ignition: 2.60%

Amount (wt, %) | 0.51

Table 3.2. The concentration of REEs and other elements in the slag

Element Ce Dy Er Eu Gd Ho La
Amount (g/t) 31.11 3.91 1.10 0.44 4.46 1.24 78.52
Element Lu Nd Tb Th Tm U Co
Amount (g/t) 0.45 33.78 0.96 243 0.34 24.30 11.65
Element Y Yb Lu Pt As Cd Pb
Amount (g/t) 25.80 0.866 0.112 5.32 441 13 93.8
Element Sc Sm Pr Rb Li Sr v
Amount 3.41 2.56 6.17 84.55 39.60 47.60 33.70
Element W Zn Zr Ni Ba Be Bi
Amount (g/t) 0.162 942 23.50 348 43.5 1.50 0.031
Element Cr Ga Ge Mo

Amount (g/t) 356 6.15 0.14 11.95

The slag sample was also analyzed for their gold (Au) and silver (Ag) content due to their
potential (Ubaldini et al., 2000; Pohl, 2011; Zhang et al., 2019). The Au and Ag concentrations in

the slag were determined in four different laboratories and are listed in Table 3.3.

Table 3.3. The concentration of Au and Ag determined in four different laboratories in the slag

Element MTA ALS Private Lab. CUMERLAB
Ag (g/t) 21.20 23.70 26.20 25.65 24.01 -
Au (g/t) 3.60 3.70 3.61 3.951 4.065 3.58
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The chemicals (HCl, HNOs;, H,SO4, NaOH, NH4OH, and C4HeOs) used in this thesis are of

analytical grade and were used without any purification.

3.2. Method
The experimental study process, as shown in Figure 3.6, comprises different stages, including
characterization and grinding, preliminary leaching tests, HCI leaching, and hydrolysis. These stages

are explained below.

Slag

v

Characterization and Grinding
| _________________ -
l : HCI leaching after preliminary

Raw material characterization and | tests

|
| ! |
= | " |
| grinding, f | Time
| Physical and chemical analyses : LeachingTest | = »! Temperature :
Pt | | S '
' : Solid-liquid separation ' Solidfiquid ratio |
e a | The amount of tartaric acid I
- 1
v
Residue L4
{ Pregnant Leachate Solution
remememcmeloccaonano ! (PLS)
1 Leaching test for |
' Au and Ag i l
.
Hydrolysis
Precipitate

! Characterization tests for each product |
! AAS, |
¢ XRD, :
i XRF, )
i ICP-MS !
i :
i :

Figure 3.6. The experimental process conducted in this study

Although the leaching tests for Au and Ag from the residue was shown in Figure 3.6, any

experiments was not investigated; the residue obtained in this thesis was stored for future studies.

3.2.1. Raw Material Characterization
Prior to conducting the specified leaching operations, the following characterization tests
were carried out to determine the harmful potential of the slag to the environment:
e Appearance/odor
e pH
e Moisture content

e Organic matter content
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e Inorganic content analysis

Toxic Characteristic Leaching Procedure (TCLP): The slag was mixed with a solution of acetic
acid in a ratio of 1/20 (slag/solution). The pH of the solution was 4.93. The solution was stirred for
18 h at ambient temperature. After 18 h, the mixture was filtered by Whatman paper, and the
concentration of Sb in the solution was measured by AAS. The purpose of this procedure is to
determine the amount of Sb that can be leached from the slag under these conditions (EPA, 1994).
Synthetic Precipitation Leaching Conditions (SPLP): The leaching conditions conducted herein
are the same procedures as the aforementioned above stage (TCLP) except for the pH of the solution
and acid ratio. The pH of the solution was 4.20. A mixture of nitric acid:sulfuric acid with a ratio of
2:3 was used (EPA, 1994).

Radioactivity of the Slag: The radioactivity properties of the slag and residue were determined using

a radiation detector.

Other Instrumental Analyses

The mineralogical composition of the slag was determined using a PANalytical
EMPYREAN X-Ray diffractometer (XRD) equipped with Cu Ko radiation (A= 1,54049 A) in the 20
range of 10-85° with a 0.02 step size, and the obtained diffraction pattern was evaluated using a
PDXL software program for mineral identification. The surface morphology of the slag was
evaluated using a scanning electron microscope (SEM, FEI Quanta 650 Field Emission). In addition,
the presence of Au and Ag in the slag was proved by SEM. The particle size distribution of the slag
using a Malvern Mastersizer (Hydro 2000 MU) was determined. The surface property of the slag
was further determined using X-Ray Photoelectron Spectroscopy (XPS, Thermo Scientific K-Alpha).

3.2.2. Grinding
In this stage, the slag was crushed using a lab-scale jaw crusher and ground in a ball mill for
different times (1 h and 2 h). Therefore, the effects of particle size on the leaching behavior of the

slag were investigated.

3.2.3. Preliminary Leaching Test
A series of preliminary leaching tests were carried out in a 500 mL glass jacketed reactor
(equipped with a glass condenser) to determine the range of experimental parameters for the leaching

of Sb from the slag. The equipment used for leaching test can be seen in Figure 3.7.
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Figure 3.7. The equipment used in the leaching test

Different parameters, including particle size, acid type (H.SOs4, HNO;, and HCI), acid
concentration, leaching time, and stirring speed, were investigated. Previous studies indicate that the
leaching of Sb should be carried out at high temperatures to obtain satisfactory results. Considering
these findings, reaction temperature and solid-to-liquid ratio were kept as 60 C and 1:5, respectively.
The reaction temperature was provided by a circulation water bath (JSR-22T) and it was measured
by a laser thermometer. In each leaching test, 200 mL of the solution was used. The slurry was stirred
by a magnetic stirrer (MTOPS MS300HS). At the end of the reaction time, the stirring was stopped,
and the slurry was centrifuged (ELEKTRO-MAG M415 M) and filtered using Whatman NO 1 filter
paper. The concentration of Sb in the pregnant leach solution (PLS) was analyzed by AAS. The
following Equation was used to determine the extraction rate of Sb from the slag. The leaching

residue was washed many times and dried at 105 C in an oven (Memmert) for characterization tests.

ER (%) =%X 100 (3.1)

Where ER is the extraction rate (%), A is the concentration of element (mg/L), B is the final volume of the
PLS, C is the initial concentration of the slag (mg/kg), D is the amount of slag used in the leaching (kg)
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3.2.4. HCI Leaching Test
Considering preliminary leaching test results, HCI acid was selected as a leaching agent for
this study. The effects of parameters on the leaching of Sb, REEs, and other elements identified as

impurities from the slag were determined. The parameters with their levels are listed in Table 3.4.

Table 3.4. The parameters investigated in the leaching test

Parameters Value
Particle size (dso) <25 pum
Stirring speed (rpm) 300
Acid concentration (M) 1,2,3,4,5,6,7,8,and 9

Amount of tartaric acid (g/L) 0,1,3,5, and 6

Solid-to-liquid ratio (g/mL) 1/8,1/10, 1/12, and 1/15

Time (min) 45,75, 90, 180, 240, 360, 480, 600, 900, and 1200
Temperature (°C) Room temperature, 40, 60, and 75

It was decided to conduct leaching experiments based on the OFAT (One Factor at a Time)
approach. The concentration of Sb and other impurities (Al, K, Ca, Mg, Mn, and Si) from the slag
was determined by AAS, while the amounts of REEs in the PLS after each leaching test were
determined by ICP-MS (Perkin Elmer NEXION 2000 P). The extraction rate of all measured

elements was calculated using the Equation given above (Equation 3.1).

3.2.5. Chemical Kinetics

A series of leaching experiments under the best conditions at different temperatures (20, 40,
60, and 75 °C) were carried out for different times. During the leaching, the sampling procedure was
conducted in a certain time to observe the leaching behavior of the Sb. The obtained results for Sb
leaching were evaluated using the shrinking core model, which is one of the most used approach to

understand the leaching mechanism. Four different models with their equations are listed in Table

3.5.

Table 3.5. Different chemical kinetic models and equations used in this thesis

Model Equation
Diffusion from product layer 1-2/3a+ (1 —a)*® =kxt
Liquid boundary layer diffusion controlled model 1-(1—-a)?? =kxt

(Jander equation)
Chemical reaction (surface) controlled model

1
1—(1—a)3 =kxt
1
1-21—-a)3+(1—a)?? =kxt

Both chemical and diffusion controlled

The reaction rate constant was calculated, and the activation energy (E.) was determined

based on the best-shrinking core model.
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3.2.6. Additional Leaching Tests for REEs
Additional leaching tests were conducted for different times under optimum conditions to

determine the effect of tartaric acid amount on the leaching behavior of La from the slag.

3.2.7. Hydrolysis

After the leaching tests, the PLS was prepared for the hydrolysis test. It was aimed to
precipitate Sb with high precipitation rates with no Fe precipitation. Many parameters, including
metal concentration, pH, and Cl concentration, played a crucial role in the hydrolysis process
(Speight, 2018; Ye et al., 2019). Furthermore, it was stated by previous researchers that the color of
the obtained product may vary based on the alkaline types (Jo and Yoon, 1989). NH4OH, NaOH, and
Na,CO3). As such, the Sb,Os product obtained with the use of water was white, while yellowish
Sb,O; was obtained in the presence of NH4OH. Herein, two different bases (NaOH and NH4,OH)
were used. The molarity of NaOH and NH4OH were prepared in 5 M in liquid form. The hydrolysis
tests were carried out based on the Taguchi approach (L32, 2”1 473). The experimental parameters

with their levels are listed in Table 3.6.

Table 3.6. Hydrolysis experiments parameters with their levels
Parameters Level

Alkaline types NH4OH and NaOH
Stirring speed (rpm) | 100, 200, 300, and 400
Temperature (°C) 50, 60, 70, and 80

pH 1.5,2,2.5,and 3

Table 3.7 gives the experimental conditions for the hydrolysis test. In each hydrolysis test,
the PLS with a volume of 100 mL was used. The pH of the PLS increased to the desired levels with
the addition of two different alkaline (NHsOH and NaOH). When the pH of the PLS reached the
desired levels, the stirring was kept for an additional 30 min at the desired temperature. When the
required time was over, solid-to-liquid separation was carried out using a centrifuger followed by

Whatman 1 paper.
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Table 3.7. The experimental conditions in the hydrolysis test

Exp. No A':‘y‘:)‘i“e S;;r::gg Temperature | pH Exp. No A':‘y‘:)‘i“e S;;r::gg Temperature | pH
1 NH4OH 100 50 1.5 17 NaOH 100 50 3
2 NH4OH 100 60 2 18 NaOH 100 60 2.5
3 NH4OH 100 70 2.5 19 NaOH 100 70 2
4 NH4OH 100 80 3 20 NaOH 100 80 1.5
5 NH4OH | 200 50 1.5 21 NaOH 200 50 3
6 NH4sOH | 200 60 2 22 NaOH 200 60 2.5
7 NH;OH 200 70 2.5 23 NaOH 200 70 2
8 NH,OH 200 80 3 24 NaOH 200 80 1.5
9 NH4OH 300 50 2 25 NaOH 300 50 2.5
10 NH4OH 300 60 1.5 26 NaOH 300 60 3
11 NH4sOH | 300 70 3 27 NaOH 300 70 1.5
12 NH4sOH | 300 80 2.5 28 NaOH 300 80 2
13 NH4OH | 400 50 2 29 NaOH 400 50 2.5
14 NH4OH | 400 60 1.5 30 NaOH 400 60 3
15 NH4sOH | 400 70 3 31 NaOH 400 70 1.5
16 NH4sOH | 400 80 2.5 32 NaOH 400 80 2

The concentrations of Sb and Fe in the solution after the hydrolysis were measured by AAS.
The hydrolysis ratio of Sb was calculated using the following Equation 3.2. The obtained precipitate
was washed with hot water and dried at 105 °C for 1 h in an oven. An additional washing procedure
was carried out with the addition of alkaline to remove chloride from the precipitate and therefore

Sb-oxide can be obtained. The same drying procedure was conducted.

cXV

PR = 100 — (=2~ x 100) (3.2)

€1XVq

Where, PR is the precipitation rate (%), ¢ is the final concentration of the element after the hydrolysis (mg/L),
v is the final volume of the solution after the hydrolysis (mL), ¢, is the initial concentration of an element in
the PLS before the hydrolysis (mg/L), vi is the initial volume of the PLS (mL)

21



The XRD patterns of the selected products were analyzed and the pattern were identified by
Highscore software. Also, the polymorph properties of the selected products were examined by SEM.
Additional hydrolysis tests were carried out for the optimization of the process according to the

results obtained based on the Taguchi approach (Table 3.8).

Table 3.8. The experimental conditions of additional hydrolysis test

Exp. No Alkaline type Stirring speed Temperature pH
(rpm) O

HE-1 NH4OH 100 50 1.5
HE-2 NH4OH 100 50 1.25
HE-3 NH4OH 100 50 1.00
HE-4 NaOH 100 50 1.5
HE-5 NaOH 100 50 1.25
HE-6 NaOH 100 50 1.00
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4. RESULTS AND DISCUSSIONS

4.1. Characterization of the Slag

Firstly, a series of analyses were conducted to determine some physicochemical properties
of the slag used in this thesis. Physico-chemical analyses including color, pH, moisture, dried matter,
loss on ignition and inorganic phase analysis (XRD), Toxic Characteristic Leaching Procedure
(TCLP), Synthetic Precipitation Leaching Conditions (SPLP), Ecological Toxicity Test, Acute
Toxicity Test (fish test), and Radioactivity test were conducted. The obtained results for the

physicochemical properties of the slag are summarized in Table 4.1.

Table 4.1. Physicochemical properties of the slag

Parameter Result Analysis Method
Color Grey/No odor -
pH 5.8 TS EN 15933
Moisture <0.1 TS 9546 EN 12880
Dry matter >99.9 TS 9548 EN 12880
Loss on ignition (% weight) <0.1 TS EN 12879

Many methods can be used to determine the toxicity properties of the slag generated in
pyrometallurgical processes, and TCLP and SPLP methods are recommended (Fallis, 1992; EPA,
1994). The behavior of organic acid (acetic acid) with a low molecular weight on the slag was
determined in the TCLP method (de Andrade Lima and Bernardez, 2011). In contrast, acid rain’s
effect on the slag in the stockpile was simulated in the SPLP procedure (Nikfar et al., 2020). The
difference between those methods was the chemicals used. Acetic acid was used in the TCLP,
whereas a mixture of nitric-sulphuric acid was used in the SPLP. Table 4.2 shows the amount of Sb

dissolved from the slag.

Table 4.2. The amount of Sb dissolved from the slag and its extraction rate

Method: TCLP
Element Amount of dissolved Sb (mg/L) Extraction rate (%)
Sb 10.82+0.01 0.05
Method: SPLP
Element Amount of dissolved Sb (mg/L) Extraction rate (%)
Sb 13.06+0.01 0.06

The dissolved amount of Sb was 10.82 mg/l, corresponding to an extraction rate of 0.05%.

Although the amount of dissolved Sb was relatively lower than that of a previous study (Guo et al.,
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2014), it was thought that this value was higher than acceptable levels in drinking water. The amount

of Sb dissolved in a mixture of HNO3:H,SO4 acid was found to be 13.06 mg/L

Prior to conducting the leaching process, the radioactivity of the slag was measured using a
radiation detector (Gamma Easy). The average radiation value of the slag was measured to be 0.13

uSv/h, which was lower than that of the standard level (0.30 pSv/h) for life.

4.1.1. Mineralogical Composition of the Slag

It was determined that the dominant mineral in the slag sample is quartz (SiO,) and it contains
a relatively low amount of stibiconite (Sb3Os(OH)) mineral (Figure 4.1). Detailed mineralogical
analysis conducted using the Rietveld method revealed the presence of microline (KAISizOg),

magnetite (Fe;O4, <%>5), and hedenbergite (CaFeSi20s) minerals within the slag.
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Figure 4.1. XRD pattern of the slag used in this thesis (Q: Quartz (Card No: 01-086-1628, S:
Stibiconite, Card No: 96-101-1146)

q QQ QQ

SEM analyses were carried out to evaluate the properties of the slag. Figure 4.2 shows the
SEM images and EDX analyses taken from polished slag. It was determined that the slag has an
inherently shapeless and amorphous structure. From an elemental content perspective, it was also
observed that the Sb element under study forms compounds with different elements (S, O) and/or
element groups (Fe, Al, Si, Na, Ca), has a very small particle size distribution, and cannot be obtained

by conventional methods. The main element of the slag, consistent with XRD analysis, was
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determined to be quartz (SiO,) through SEM images. Elements such as Ag and Th could be detected

via BSE images, and their presence was confirmed by EDX analysis.
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Figure 4.2. SEM images of the slag used in this thesis
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Figure 4.2. SEM images of the slag used in this thesis (continued)

Figure 4.3 demonstrates the SEM images of the slag without the use of polishing and coating
processes. Although the detection of the Au element was possible through spatially performed EDX
analysis, the main peaks of Sb and Au were of the same peak intensity in the analysis conducted with
the EDX detector, thereby preventing a clear interpretation regarding the presence of Au. Therefore,

SEM image of the occurrence of Au in the slag could not be recieved.
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Element  Weight %
CK 4.68
OK 52.68
MagK 0.75
AIK 0.49
SiK 25.99
AgL 0.01
CaK 8.25
FeK 4.61
AuL 2.53

Figure 4.3. SEM images of the slag no-coated with carbon

Figure 4.4 presents the XPS spectra of the slag. The presence of Na, Fe, Sb, Ca, K, and Si
elements on the surface of the sample was detected in the general survey (Figure 4.4.a). The presence
of C observed in the analysis is attributed to carbon contamination. Due to the overlapping of the
Ols elemental spectrum with the Sbsds,, orbital during analysis, it was recommended to use the
Sbsds/, spectrum for deconvolution analysis (Schwoeble et al., 2011). As a result of the analysis, the
presence of an oxide peak attributed to the Sbds; orbital within the O1s peak was identified (Figure
4.4.b).

The elemental spectrum shown in blue represents the lower limit of the integral obtained after
background correction, while the yellow peaks represent the deconvoluted peaks resulting from the
analysis. Thus, the Ols and Sbsds,, orbitals yielded three peaks, one of which (approximately 9.4 eV
apart from Sbsds)) is attributed to Sb oxide, while the other two belong to the O element. The low
amount of S element detected on the sample surface did not allow any inferences regarding an
interaction between S and Sb (Figure 4.4.d). Three different Sb oxides are known: Sb,O; (Sb*"),
Sby04 (Sb*"), and Sb,0s (Sb>*) (Moulder et al., 1992; Wagner et al., 2003). The representation of the
Sbsds/, spectrum with only one peak indicates that the Sb element present in the slag sample used in
the study is in the form of Sb,O3; No evidence of metallic Sb or other Sb oxide minerals was obtained

on the slag.
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Figure 4.4. XPS analyses of the slag

4.2. Results of Preliminary Leaching Tests

The ore collected from a Smelter plant and brought to the laboratory was crushed by a jaw
crusher and ground in a ball mill for two different times. The particle size distributions of the ground
slag are shown in Figure 4.5. The average particle sizes (dso) of the slag prepared for the leaching
test were found to be 24.5 pm and 51.55 pm, respectively. It is understood from Figure 4.2 that the

uniformity of the product is good.
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Figure 4.5. Particle size of the slag after grinding in different times

The E-pH diagram in Figure 4.6 shows Sb-based species in acidic solutions at 25 °C. Using
this diagram, the phase conversion of Sb can be predicted during the leaching. It is seen that an acidic

and positive-potential atmosphere are necessary for the leaching of Sb. Although HCI was suggested

as the best leaching agent for Sb, herein HNO; and H>SO4 were used for comparison.

Figure 4.6. E-pH diagram at 25°C, (a) Sb-CI-H,O system with 0.1 M Sb** (Tian et al., 2016)
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The effects of particle size on the extraction of Sb from the slag were investigated under the
following conditions: a reaction temperature of 60 °C, a time of 45 min, a solid-to-liquid ratio of 5/1,
and a stirring speed of 300 rpm. Figure 4.7 shows the preliminary experimental findings for the
leaching of Sb from the slag. It was determined that a decrease in the particle size led to an increase
in the extraction rate of Sb as shown in Figure 4.7(a). The extraction rate of Sb from the slag increased
in parallel with the increase of HCI. The Sb with an extraction rate of 45% was achieved from the
slag with a particle size of <25 um in the presence of 6 M HCI, whereas the extraction rate of Sb was

found to be around 35% from the slag with a particle size of 52 pm under the same conditions.

As expected, the Sb extraction rate increased over an extended time (Figure 4.7(b)). For
example, an increase in the reaction time from 45 min to 180 min led to obtain high Sb extraction

rates, which are 59% and 45% for the slag with a particle size of 24.5 um and 51.55 um, respectively.

Figure 4.7(c-d) shows the effect of acid types and stirring speed on the extraction of Sb from
the slag ground for two different times. In these tests, the following parameters were kept constant:
acid concentration of 6 M, time of 180 min, solid-to-liquid ratio of 1/5, and temperature of 60 °C.
The extraction rate of Sb in the presence of HCI was found to be >50%, which was higher than other
inorganic acids (H2SO4 and HNOs3). In the leaching process, mixing the slurry at a controlled rate
enhances the interaction between the leaching agent and the solid, thereby prolonging their contact
time. This augmentation in the hydrodynamic behavior of the leaching system leads to a reduction

in the thickness of the liquid boundary layer, consequently bolstering leaching efficiency.

As shown in Figure 4.7.d, the positive influence of increased agitation speed on Sb
dissolution was determined. The intensified interaction between particles and the leaching agent is
evident, corresponding to higher stirring speeds. However, experiments conducted at speeds
exceeding 300 rpm revealed a limited increase in Sb dissolution efficiency. It can be inferred that the
augmentation in extraction efficiency, attributed to vortex formation dependent on stirring speed, is
achieved by elevating it from 150 rpm to 300 rpm. Similar findings were seen in the literature. Aktag
and Cetiner (2020) demonstrated that a speed of 200 rpm is adequate for vortex formation and

subsequent Sb dissolution, with no discernible change in efficiency observed at higher speeds.
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Figure 4.7. The experimental findings obtained from preliminary leaching tests

Figure 4.8 shows the Eh-log[Cl] diagram of the Sb-Cl-H»O system at ambient temperature
(Sillen 1971). It is seen that an increase of the CI ions in the leaching system triggered the increase
in the extraction rate of Sb from the slag, compared to that of other leaching agents (see Figure
4.7(c)). These findings are proved by previous study (Cetiner, 2022), which indicates that Sb (III)
species may form chloro-complexes, and its solubility increases within increasing CI ions activity.
Therefore, it was decided to use HCI as the leaching agent for this study. In addition, the slag was

prepared with a size of <25 pm in a ball mill for use in the subsequent leaching tests.
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4.3. HCI Leaching Test
Hu et al. (2007) suggested that leaching experiments should be carried out to extract Sb from
raw materials at higher reaction temperatures. The following equation represents the possible

leaching reaction.

Sb306(OH) + 13HCl - 3SbCly(aq) + 7H,0 + 4Cl (4.1)

In these tests, the effects of the acid concentration, tartaric acid amount, solid-to-liquid ratio,
reaction temperature, and time on the extraction of Sb from the slag were investigated. Furthermore,

the leaching behaviors of the impurities and REEs were examined.

4.3.1. Effect of Acid Concentration

First, the effects of the acid concentration (1, 2, 3,4, 5, 6, 7, 8, and 9 M) on the extraction of
Sb from the slag (<25 pum) were determined in the presence of HCl. The strength of the acid
concentration plays a crucial role in the leaching process. Other parameters, which were constant,
were a reaction time of 45 min, reaction temperature of 60 °C, solid-to-liquid ratio of 1/5, and stirring
speed of 300 rpm. Figure 4.9 shows photographs of the PLS after the leaching tests. An increase in
the acid concentration caused the PLS to become yellowish from colorless. These changes in PLS

color indicate the dissolution of Sb and other elements.
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Figure 4.9. The changes in the PLS color depending on the acid concentration

The extraction rates of Sb and other elements (Al K, Ca, Mg, Mn, and Si) from the slag are

shown in Figure 4.10. Sb and Fe extraction rates showed a linearly increasing trend with increasing

acid concentration. However, the extraction rate of Fe was more than two times higher (69%) than

that of Sb (32%) in the presence of the highest HC1 concentration (9 M), as shown in Figure 4.10(a).

Previous studies have indicated that the HC1 concentration should be high for the extraction of Sb;

otherwise, dissolved Sb may be hydrolyzed depending on time, and therefore, the extraction rate of

Sb from the slag started to decrease (Chae et al., 2020).
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Figure 4.10. The effects of acid concentration on the extraction rate of (a) Sb and Fe, (b) impurities,
and (c) REEs from the slag
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Based on the experimental findings, leaching tests were performed for the subsequent stages
in the presence of 6 and 8 M HCI. Moreover, the extraction rates of other impurities were lower than
30% (Figure 4.10(b)), except for the extraction rate of K. Figure 4.10(c) shows that the leaching
behaviors of REEs were quite below (<10%) even at the highest HCI concentration, except for La,

for which the extraction rate was 18%.

4.3.2. Effect of Tartaric Acid Amounts

As mentioned above, Sb ions may be hydrolyzed, decreasing the extraction rate of Sb
(Groenewald, 1964; Moldan, 1966). Therefore, the experimental findings were significantly
influenced. Previous studies have indicated that adding tartaric acid makes Sb ions more stable in
PLS during leaching (Kiigiikoglu et al., 2022). With the addition of tartaric acid, Sb ions form the
Sb-tartrate complex, which has a more negative potential than hydrogen ions and prevents the
hydrolysis of Sb from the PLS. For this purpose, the effects of tartaric acid (0, 1, 2, 3, 5, and 6 g/L)
on the extraction of Sb from the slag were determined in the presence of 6 and 8 M HCI. The
experimental parameters that were kept constant were as follows: reaction time of 45 min; reaction
temperature of 60 °C; solid-to-liquid ratio of 1/5, and stirring speed of 300 rpm. The use of tartaric

acid has a positive effect on the Sb extraction rate, as listed in Table 4.3.

Table 4.3. The effect of tartaric acid on the extraction rate of Sb

Tartaric acid (g/L) Extractiglré ftg f/{f Sb (%) Extractigzj Tfltg f/f Sb (%)
0 20.58 29.77
1 19.29 32.10
3 24.08 30.67
5 23.96 31.61
6 26.63 32.75

Figure 4.11 and Figure 4.12 show the effect of tartaric acid on the extraction rates of Sb
together with other elements and REEs from the slag. When the experimental findings were
evaluated, it was observed that there was no effect on the extraction rate, except for La extraction.
The increase in the extraction rate of La from the slag was due to the increase in the tartaric acid
content. However, the increase in the extraction rates of other REEs (Ce, Y, and Nd) is negligible.
In addition, the HCI concentration should be 8 M to extract La at high extraction rates in the presence
of tartaric acid (6 g/L). Although there was no effect on the extraction rate of Sb in the presence of
tartaric acid, tartaric acid was used at a concentration of 1 g/L in the subsequent leaching tests to
minimize the possible hydrolysis of Sb ions. Additional leaching tests were performed to determine

the effects of tartaric acid on the extraction rate of REEs in the subsequent stages.
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Figure 4.11. The effects of tartaric acid on the extraction rate of (a) Sb and Fe, (b) impurities, and
(c) REEs from the slag in the presence of 6 M HCl
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4.3.3. Effect of Solid-to-Liquid Ratio

Figure 4.13 shows the effect of the solid/liquid ratio on the leaching efficiency. The
experimental parameters were maintained at constant levels, including a reaction temperature of 60
°C, time of 45 min, HCI concentration of 8 M, and stirring speed of 300 rpm. The solid/liquid ratio
plays a crucial role, with a decrease in the sample quantity per solvent concentration accelerating the
dissolution process. As the solid/liquid ratio decreased from 1/5 to 1/20 under consistent
experimental conditions, the extraction rate of Sb increased from 32% to approximately 45%.
Notably, the extraction rate of Fe from the slag surpassed that of Sb, with nearly all Fe content passing
into the solution under 1/20 solid/liquid ratio conditions (extraction rate >99%). Similarly, except for
Mn and Si, the extraction rate of other impurities reaches 100% within decreasing solid/liquid ratios.
As anticipated, a decrease in the solid/liquid ratio accelerated the extraction rate of La. However, no

discernible differences in the extraction rates were observed for Ce, Nd, and Y.
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Figure 4.13. The effects of solid-to-liquid ratio on the extraction rate of (a) Sb and Fe, (b)
impurities, and (c) REEs from the slag

4.3.4. Effects of Reaction Time and Temperature
To investigate the effects of reaction time and temperature, a series of experiments were
carried out at room temperature, 40 °C, 60 °C, and 75 °C for varying durations (45, 60, 90, 120, 150,

and 180 min). Figures 4.14 — 4.17 show the extraction rates of Sb and Fe as a function of time. Other
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parameters kept constant at this stage included an HCI concentration of 8 M, solid/liquid ratio of
1/10, tartaric acid amount of 1 g/L, and stirring speed of 300 rpm. Experiments conducted at room
temperature yielded very low extraction rates of Sb and Fe from the slag (<30%). Despite increasing
the reaction time from 45 to 180 min, no positive effect on the extraction rate was observed at room
temperature. These findings are consistent with those of Guo et al. (2017), who reported limited
extraction rates even with increased acid concentration and stirring speed at room temperature (Sb
extraction rate <30%). It has been reported that a higher reaction temperature is required for highly
efficient Sb extraction. For instance, experiments conducted at 40°C with a reaction time of 45 min
yielded an Sb extraction rate of approximately 40%. In contrast, an increase in the reaction time, the
extraction rate of Sb dissolution efficiency tended to increase from 40% to approximately 80%.
Similarly, in these experiments, an increase in the dissolution efficiency of other impurities over time
was observed. However, limited dissolution values were observed for REEs in the same experiment.

When the temperature was increased from 40 °C to 60 °C, almost all of the Fe contained in
the slag had passed into the solution by the end of 180 min. An increase in the temperature led to an
Sb extraction rate of approximately 80% after 180 min. Palden et al. (2021) also indicated that a
temperature of at least 50 °C is necessary for the extraction rate of Sb from the slag. Therefore, the
Sb dissolution behaviors observed in this study are consistent with those reported in the literature.
Some studies have examined both Sb and Fe leaching behaviors. The results obtained in these studies
differ from those of the present study in terms of the extraction rate of Fe. Although high Sb
dissolution values were achieved at high temperatures in the presence of HCI, they ensured very low
levels of Fe passage into the solution. For example, during the dissolution of stibnite ore with HCI,
the Sb dissolution efficiency was >80%, depending on the leaching conditions, whereas the Fe
dissolution efficiency was less than 10% (Tian et al., 2016). This difference is thought to be due to
the Fe content of raw material.

As expected, as the temperature increased, Sb began to pass into the solution at the targeted
levels, while the rates of undesirable impurities passing into the solution also increased, and almost
all of the K, Ca, and Mg contained in the slag were dissolved. When the reaction temperature was
60°C, the La dissolution efficiency of the slag was approximately 50% after 180 min. However, no

positive increase in Ce, Nd, and Y extraction rates was observed over time.
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Figure 4.14. The effects of reaction time on the extraction rate of (a) Sb and Fe, (b) impurities, and
(c) REEs from the slag at ambient temperature
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Figure 4.15. The effects of reaction time on the extraction rate of (a) Sb and Fe, (b) impurities, and
(c) REEs from the slag at a temperature of 40 °C
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Figure 4.16. The effects of reaction time on the extraction rate of (a) Sb and Fe, (b) impurities, and
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Figure 4.17. The effects of reaction time on the extraction rate of (a) Sb and Fe, (b) impurities, and

(c) REEs from the slag at a temperature of 75 °C

39



4.4. Chemical Kinetics
Based on the experimental results, the leaching parameters required for achieving high
efficiency in extracting Sb from the slag under atmospheric conditions are determined as follows:
e HCI concentration: 8 M,
e Solid/liquid ratio: 1/10,
e Stirring speed: 300 rpm,
e Amount of tartaric acid : 1 g/L,
e Reaction temperature: 75 °C,
e Reaction time: 180 minutes.
At this stage, the leaching experiments were conducted at different temperatures (room
temperature, 40°C, 60°C, and 75°C) and durations to elucidate the extraction behavior of Sb during

the leaching process. Experimental results obtained depending on time are shown in Figure 4.18.
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Figure 4.18. The extraction rate of Sb from the slag at different temperatures

Leaching processes generally occur at the solid/liquid interface. The stages occurring during
the leaching process are represented schematically in Figure 4.19. The stages occurring in this
process are listed below:

(1) Diffusion of the solvent along the liquid boundary layer,
(i1) Diffusion of the solvent along the product layer,

(iii) Adsorption of the solvent on the surface of solid particles,
(iv) Surface reaction and desorption of products,

(v) Diffusion of products along the product layer, and

(vi) Diffusion of products along the liquid boundary layer.
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Figure 4.19. Stages occurred during the leaching process (ro = the initial radius of the slag, r = the
radius of the residue) (Havlik, 2007)

The occurrence of the stages mentioned above in the leaching process depends on the
physical and chemical properties of the solid particle targeted for dissolution, the type of solvent
used, and the experimental conditions (Brahim et al., 2022). Therefore, mathematical modeling is an
effective method used to determine the types of reactions and investigate leaching behaviors. The
shrinking core model is one of the most commonly used mathematical models. With this method,
values such as reaction type and reaction rate constant can be determined, and activation energy
values for the dissolution reaction can also be calculated according to the most suitable chemical
kinetic model. Thus, the most suitable kinetic model for the dissolution mechanism of Sb can be
identified. In this thesis, experimental results were evaluated using four different models (provided
in Table 3.5); namely, (1) ash layer diffusion-controlled (diffusion from product layer), (2) film
diffusion-controlled, (3) surface reaction-controlled (chemical), and (4) both chemical and diffusion-
controlled. Using the equations given in Table 3.5, the extraction rate of Sb from the slag depending
on time, is converted into values that can be used in different kinetic models to explain the leaching

behavior of the Sb. Table 4.4 lists the values for each kinetics model.
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Table 4.4. The conversion of the extraction rate of Sb to evaluate the leaching mechanism

The Kinetics model
amount of . . .
. Chemical Diffusion
Temperature | Time Sh Film Both chemical
©C) (min) (Surface) e from Ry
. iffusion and diffusion-
e Reaction product
o controlled controlled
(%) controlled layer
45 22.01 0.080 0.153 0.006 0.287
60 24.64 0.090 0.172 0.008 0.321
Room 90 25.95 0.095 0.182 0.009 0337
temperature
20°C) 120 26.42 0.097 0.185 0.009 0.343
150 28.51 0.106 0.200 0.010 0.370
180 29.02 0.108 0.204 0.011 0.376
45 30.01 0.112 0.212 0.012 0.388
60 39.20 0.153 0.282 0.021 0.502
90 39.14 0.153 0.282 0.021 0.501
40 °C
120 42.40 0.168 0.308 0.025 0.540
150 49.11 0.202 0.363 0.035 0.620
180 50.78 0.210 0.377 0.038 0.639
45 41.46 0.163 0.300 0.024 0.529
60 52.92 0.222 0.395 0.042 0.664
90 60.61 0.267 0.463 0.059 0.749
60 °C
120 77.45 0.391 0.630 0.113 0.919
150 82.35 0.439 0.685 0.136 0.962
180 84.75 0.466 0.715 0.150 0.980
45 45.56 0.183 0.333 0.030 0.578
60 53.27 0.224 0.398 0.043 0.668
90 65.50 0.299 0.508 0.071 0.802
75 °C
120 79.90 0.414 0.657 0.124 0.941
150 83.54 0.452 0.700 0.143 0.971
180 91.19 0.555 0.802 0.194 1.022
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It was possible to evaluate the extraction mechanism of Sb as a function of temperature, as
depicted in Figure 4.20. In determining which of the four chemical kinetic models best explains the
mechanism of Sb dissolution from the slag, particular attention has been paid to the R-squared (R?)
value. As observed, the R? value for each model is more significant than 0.90. The proximity of the
R? values to 1 indicates that the experiments can be explained by these models. Considering the R?
values obtained at each temperature, it has been concluded that the ash layer diffusion method is the

best model for modeling the extraction of Sb from the slag.
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Figure 4.20. Sb dissolution kinetics depending on time at different temperatures (a) Chemical
reaction (surface) controlled model, (b) Film diffusion model (Jander equation), (c)
Diffusion from product layer, and (d) Both chemical and diffusion controlled model

The reaction rate constant values were calculated from the slope values of these models
(Figure 4.20.b). Table 4.5 lists that the reaction rate constant values in a range of between 6.01 x 10-
Smin"' and 107.84 x 10°min”', depending on the temperature. The Arrhenius curve was plotted using

these reaction rate constants as shown in Figure 4.21.
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Table 4.5. The reaction rate constants for the ash layer diffusion model

Temperature (°C) Temperature (1/T, K) x 10° | Reaction rate constant In K
(min™)
20 3.412969 6.01 x 107 -9.71943
40 3.194888 21.15x 10° -8.46117
60 3.003003 83.08x 107 -7.09317
75 2.873563 107.84x 10° -6.83228
-6.0
-6.5
(]
-7.0
7.5
£ 80
-8.5
-9.0
y=-5.6196x + 9.5127
R*=0.9786
-9.5 -
-10.0 . . .
2.8 3.0 3.2 34

Temperature (1/T, 107

Figure 4.21. Arrhenius curve for the extraction of Sb from the slag

The activation energy (E,) can be calculated using the following Equation (4.2). The
conducted leaching reactions are classified based on their Ea values. For example, if E, <20 kJ/mol,
the reaction was governed by a diffusion-controlled mechanism. Conversely, if E;>42 kJ/mol, it
indicates an exponential relationship between the rate constant and temperature, the leaching
mechanism can be explained by a chemically controlled mechanism (Ait Brahim, Ait Hak et al.
2022). The E, was calculated to be 46.75 kJ/mol, which indicates that the chemically controlled

mechanism governed the leaching of Sb from the slag.

—Ea

k=A,eRrT (4.2)

4.5. Additional Leaching Experiments for REEs

It was determined that the addition of tartaric acid not only prevented the hydrolysis of
dissolved Sb ions but also posivitely contributed to the extraction of La from the slag. In previous
stages, the extraction rate of La from the slag was around 50% under optimum leaching conditions

(see Figure 4.18). Therefore, it was decided to conduct leaching experiments in extended times. The
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parameters that are kept constant in these experiments were as follows: HCI concentration: 8 M,
solid/liquid ratio: 1/10, stirring speed: 300 rpm, tartaric acid concentration: 1 g/L, and reaction
temperature: 60 °C. The experimental results can be seen in Figure 4.22. It was determined that a
leaching time of 20 h is required for the complete extraction of La contained in the slag. The
extraction rates of other REEs (Ce, Y, and Nd) under the same conditions are in the range of 25 — 40

%.

Extraction (%)

0 —
0 2 4 6 8 10 12 14 16 18 20 22

Time (h)

Figure 4.22. The leaching behaviors of REEs under optimum conditions in extended leaching times
(tartaric acid amount : 1 g/L)

Figure 4.23 shows that additional leaching experiments at a temperature of 60 and 75 °C
were conducted to determine the effect of tartaric acid amount on the extraction of REEs from the
slag, respectively. An increase in the amount of tartaric acid makes the extraction of La with high
rates in shorter times. While the experiments conducted with 1 g/L tartaric acid determined a
leaching time of 20 h for the complete extraction of La, increasing the tartaric acid concentration
from 1 g/L to 6 g/L reduced the time required for high-efficiency dissolution of La to 180 min. These
findings are consistent with previous studies (Zhang et al., 2016), which reveal that the required time
for the extraction of La from the soil decreased with the increase of tartaric acid concentration in the
leaching system.

Under these applied conditions, the extraction rate of Sb from the slag was determined to be
91.19%. While the extraction rate of La was approximately 97%, the extraction rates of other REEs
(Y, Ce, Nd) were found to be <50%. The extraction rates of other elements in the slag, which were

not considered in this thesis due to their low concentrations, are also detailed in Table 4.6.
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Figure 4.23. Leaching behaviors of REEs from the slag under optimum conditions in extended
leaching times (tartaric acid amount: 6 g/L)

Table 4.6. The extraction rate of all elements present in the slag under optimum conditions

Leaching Leaching
Element Residue Slag Extraction Element Residue Slag Extraction
(g/t) rate (%) (g/t) rate (%)
(g/t) (g/t)

La 2.89 78.62 97.13 Tm 0.082 0.138 35.25
Y 20.2 25.8 38.93 Yb 0.529 0.866 3343
Ce 19.65 31.11 50.73 Pr 2.15 3.46 32.28
Nd 21.55 33.78 50.24 W 0.105 0.162 29.37
As 53.7 441 90.50 Lu 0.073 0.112 28.97
Nb 0.939 4.36 83.20 Zn 664 942 23.19
Ni 83.6 348 81.26 Th 2.17 2.99 20.91
In 0.007 0.021 74.00 Ba 111 140 13.60
Cr 151 356 66.92 Tl 37.6 47 12.82
Cd 1.47 3.45 66.77 Ga 4.94 6.15 12.47
Eu 0.549 1.155 62.92 Zx 19.6 23.5 9.11
Co 5.79 11.65 61.23 Ge 0.12 0.14 6.59
Pb 49.6 93.8 58.75 Hf 0.554 0.637 522
U 12.85 243 58.75 Rb 75.1 84.6 3.26
Dy 2.05 3.58 55.34 \% 30.7 33.7 0.73
Sr 273 47.6 55.26 Mo 10.9 11.95 0.60
Er 0.632 1.1 55.19 Sc 3.51 3.81 .
Ho 0.291 0.504 54.96 Li 36.7 39.6 .
Gd 2.32 4.01 54.87 Be 1.46 1.5 _
Tb 0.382 0.644 53.73 Cs 23 22.2 -
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4.6. Hydrolysis Test
This technique is used for the recovery of Sb from the PLS. In this process, Sb ions are
hydrolyzed with different precipitators (water or alkaline) at a specific temperature. The possible

chemical reactions during the hydrolysis process are explained in Equations 4.2-4.5.

4SbCl; + 5H,0 — Sb,0:Cl, ! +10HCI (4.2)
Sb,0:Cl, + 2NH,O0H - 2Sb,05 + 2NH,Cl + H,0 (4.3)
Sb,0:Cl, + 2NaOH — 2Sb,05 + 2NaCl + H,0 (4.4)
Sb,04Cl, + 2Na,CO; — 2Sb,05 + 4NaCl + CO, (4.5)

As seen in Equation 4.2, HCI formed in line with the production of SbsOsCl, particles, and
therefore the pH of the solution increased slowly (Tian et al., 2016). Uysal (2019) indicates that the
concentration of CI"and OH ions determines the stability of SbCl; system. A mixture of Sb-products
was obtained based on Sb** and CI concentrations (Hashimoto et al., 2003). Depending on the
equilibrium changes, Sb ions may form a precipitate or the precipitate obtained may dissolve again.
Different Sb compounds (SbsOsCl,, Sb,O3, and SbOCI) were formed based on the process (Han-
ying, 1984; Liu et al., 2010). It was known that SbCls undergoes hydrolysis in water to form SbOCl
(Equation 4.2). With the addition of bases, SbsOsCl, is formed in the presence of tartaric and HCI
acids. The theoretical prediction for the hydrolysis product depending on the pH was illustrated by

previous studies (Du, 2012), as shown in Figure 4.24.

SHOCI  SbOCl;

I | I

|
-2 0 2 4

Figure 4.24. Sb hydrolysis products based on pH

It is known that other impurities (Al, K, Mg, Na, Mn) present in the PLS did not decrease
the purity of the precipitate obtained after the hydrolysis because all impurities are in ion form in the
PLS, except for Fe ions that start to precipitate in these pH range (0 — 4). The precipitation behaviors
of these metals depending on the pH value can be seen in Figure 4.25. REEs (La, Y, Ce, and Nd)
stayed in soluble form in the range of pH 0 — 4 (Figure 4.26).
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Figure 4.26. Precipitation behavior of REEs in a range of different pH: (a) 0 — 12 and (b) 0 -3
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Uysal (2019) explained the formation of Sb depending on pH value in detail, but the
hydrolysis mechanism of Sb is not fully understood. Considering previous studies, a series of
experiments were conducted. The results obtained from the hydrolysis test are listed in Table 4.7.
Sb ions from the PLS were hydrolyzed with a precipitation rate of 47.78 — 99.38% depending on the
experimental conditions, while the precipitation rate of Fe from the PLS was in a range of 2.14% -
98.83%. To evaluate these experimental results easily, Figure 4.27 was plotted. The photographs
taken during the hydrolysis test can be seen in Figure 4.27.

Table 4.7. Experimental results obtained in the hydrolysis test

Precipitation | Precipitation Precipitation | Precipitation
Exp. No rate of Sb rate of Fe Exp. No rate of Sb rate of Fe

(%) (“o) (Y0) (%)
1 90.38 25.12 17 99.38 98.83
2 80.62 63.69 18 92.48 85.91
3 93.09 87.05 19 79.76 62.08
4 94.00 91.00 20 81.36 29.65
5 53.86 13.54 21 88.03 79.52
6 66.02 36.32 22 82.02 66.31
7 73.87 51.03 23 79.03 55.11
8 85.00 91.00 24 65.51 38.21
9 50.91 8.02 25 71.51 55.35
10 47.78 2.14 26 84.82 80.36
11 89.09 79.55 27 60.76 35.21
12 71.64 46.87 28 72.60 57.14
13 55.75 17.09 29 89.31 82.46
14 55.92 17.41 30 90.86 88.27
15 89.91 81.10 31 59.55 26.70
16 75.45 53.99 32 68.35 42.72
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Figure 4.27. Some photographs taken during the hydrolysis test
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Figure 4.28. The obtained experimental results in the hydrolysis test.

Different options can be selected in the Taguchi approach to evaluate the experimental
results. These are: “larger to better”, “smaller is better, and “nominal is the best”. Herein, it was
aimed at increasing the precipitation rate of Sb while minimizing the precipitation rate of Fe from
the PLS. Therefore, the “larger-to-better” option was selected to evaluate the precipitation rate of Sb,

and the “smaller-is-better” option was used for the precipitation of Fe. Figure 4.29 shows the values
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of S/N ratio calculated based on S/N analysis. The effects of hydrolysis conditions can be easily

determined from these S/N graphs.

Alkali type Stirring Speed | Temperature pH
395

390 °
385

380
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365

360 @
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Signal-to-noise: Larger is better

Figure 4.29. S/N values of the experimental parameters for the precipitation of Sb from the PLS

As such, the influences of precipitation conditions (from the highest to the lowest effect) on
the precipitation rate of Sb was ordered as follows: pH > stirring speed > alkali type > reaction
temperature. To obtain Sb-precipitate with high recoveries, the hydrolysis test should be carried out
using NaOH in a temperature of 70 °C at the solution pH of 3 in the PLS that had been stirred at 100
rpm. The S/N values for the precipitation of Fe indicate that an increase in the solution pH up to 3
with the addition of NaOH resulted in the precipitation of Fe together with Sb (Figure 4.30).

Alkali type Stirring Speed | Temperature pH
-25.0 °

-275
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° .
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Figure 4.30. S/N values of the experimental parameters for the precipitation of Fe from the PLS
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The ANOVA analysis given in Table 4.9 showed that the solution pH and stirring speed
strongly affect the precipitation rate of Sb. The R-squared value for the model was 85.39%. The
effect of alkaline types and temperature was negligible for Sb precipitation. However, the
precipitation rate of Fe was highly dependent on all production parameters. The R-squared value for

the model was 91.40%.

Table 4.8. ANOVA results

For the precipitation of Sb from the PLS
Source DF Adj SS Adj MS F-Value P-Value
Alkaline type 1 264.81 264.81 5.97 0.023
Stirring Speed 3 1852.45 617.48 13.93 0.000
Temperature 3 56.26 18.75 0.42 0.738
pH 3 3267.04 1089.01 24.56 0.000
Error 21 930.99 44.33
Total 31 6371.54
Model Summary: S: 6.65, R-squared: 85.39%,
For the precipitation of Fe from the PLS
Source DF Adj SS Adj MS F-Value P-Value
Alkaline type 1 1497.6 1497.56 15.05 0.001
Stirring Speed 3 2165.4 721.79 7.26 0.002
Temperature 3 640.0 213.32 2.14 0.125
pH 3 17911.7 5970.57 60.01 0.000
Error 21 2089.2 99.49
Total 31 24303.8
Model Summary: S:9.97, R-squared: 91.40%

The precipitates were washed with water or alkaline and dried at 105 °C for 2 h in an oven.
The crystallographic properties of the selected precipitates were imaged by SEM, as shown in Figure
4.32. The obtained precipitates had amorphous structures. EDX analysis proved the precipitation of
Fe together with Sb. The precipitate contained in range of 13.13% - 21.45% Fe, depending on the
precipitation conditions. For example, the precipitate (obtained under the Exp. No:3 conditions)

mainly comprised 55.05% Sb, 23.51% O, and 21.45% Fe.
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Exp. : 3
O: 23.51%, Sb: 55.5’%, and Fe: 21.45%

xp : 3
0: %20.54, Sb: 61.08%, and Fe: %18.38

Exp. No: 8 o xp. No: 24

0: 25.45%, Sb: 47.48%, and Fe: 26.36% 0:21.57%, Sb: 65.11%, and Fe: 13.13%
Figure 4.31. SEM images of the selected precipitates and their chemical compositions determined
by EDX

It was aimed at decreasing the Fe content in the precipitate. The contour diagrams show the
effects of pH and stirring speed on the precipitation rate of Sb and Fe from the PLS, respectively
(Figure 4.31). The precipitation rates of Sb and Fe from the PLS increased with the increase of the
pH. The contour diagrams indicate that the stirring speed strongly influenced the precipitation rate
of Sb and Fe. During the hydrolysis test, if the PLS was stirred at higher speeds the precipitation rate
for both elements started to decrease. For example, the precipitation rates of Sb and Fe were found
to be around 75% and 20% when the solution pH was 1.7 and the stirring speed was <150 rpm. It
was decided to conduct additional hydrolysis tests at a solution pH of < 1.50. The obtained results

are given in Table 4.9.
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Figure 4.32. Contour diagrams that show the effects on pH and stirring speed on the hydrolysis of
Sb and Fe from the PLS (a) the precipitation rate of Sb and (b) the precipitation rate of

Fe
Table 4.9. The obtained experimental results from the additional hydrolysis test
Exp. No Final Volume Precipitation Precipitation pH
(mL) rate of Sb (%) rate of Fe (%)
HE-1* 145 85.65 7.96 1.50
HE-2* 153 No precipitate 1.25
HE-3* 155 No precipitate 1.00
HE-4* 203 82.77 22.74 1.50
HE-5%* 203 26.75 7.94 1.25
HE-6* 206 25.98 2.99 1.00

*NH4OH was used in the HE-1, HE-2, and HE-3, while NaOH was used in the HE-4, HE-5, and HE-

6.

The precipitation rate of Sb was higher than that of 80% at a solution pH of 1.0 under the

Exp. No HE-1. However, a decrease in the precipitation rate of Sb was determined when the solution

pH reached 1.25 or 1 using NaOH (HE-5 and HE-6). Furthermore, there were no precipitates obtained

at the same pH values with the addition of NH4OH (Figure 4.33). Depending on conditions, the

precipitates with different colors were obtained (Figure 4.34).
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Figure 4.33. (a) The precipitation rate of Sb and Fe from the PLS in the additional hydrolysis test
(b) Photographs of the obtained precipitates

It was understood from the SEM analyses given in Figure 4.34 that the washing procedure
must be carried out when the hydrolysis test ended up. The EDX analysis was performed on the
selected precipitates. The presence of Cl in the precipitate was observed in a range of 42.97% -
65.02%, which was easily removed by the washing process. Table 4.10 lists the final solution pH
after the washing procedure. Figure 4.35 shows the SEM images of the washed precipitates that

contain no chlorine ions.
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Figure 4.34. SEM images of the selected precipitates obtained in the additional hydrolysis test and
their chemical compositions determined by EDX prior to conducting the washing
procedure

Table 4.10. Measured pH values after washing procedures

Products obtained under the following Exp Final pH Washing type
No.
HE-1 8.70 With NH4OH
HE-5 8.83 With NaOH
HE-1 3.02 With water
HE-5 2.58 With water
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Figure 4.35. SEM images of the selected precipitates obtained in the additional hydrolysis test and
their chemical compositions determined by EDX after the washing procedure

The precipitate, which was obtained under Exp No HE-1 conditions, contained 81.43% Sb,
16.23% 0O, and 2.34% Fe. Considering all results, it was decided to use NH4OH rather than NaOH
to prepare Sb-precipitate with desired purities as the precipitation rate of Fe was higher when NaOH
was used. The precipitates were identified as antimony oxide minerals in XRD analysis. However,
the XRD patterns of the selected products given in Figure 4.36 indicated that the amorphization of
the product was high due to the low peak intensities. Similar results obtained by Diaz et al (2013),

show no crystalline structure were observed under any pH and temperature conditions.
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Figure 4.36. XRD pattern of the selected product (a) HE-1 and (b) HE-5
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5. CONCLUSIONS

In this thesis, it was aimed to investigate the recovery of Sb from a smelter slag (4.13% Sb)
generated in a smelting furnace using HCI leaching and hydrolysis processes. The slag used in this
thesis was provided by Anadolu Antimony Factory located in Adana, Tiirkiye. The characterization
of the slag was determined using various techniques, including physico-chemical properties (pH,
moisture, odor, organic matter content, inorganic content), TCLP, SPLP, and radioactivity
measurement. Different instrumental analyses, such as XRD, XPS, and SEM, were conducted on the
slag and the selected precipitates.

The ore was mainly composed of quartz mineral along with minor minerals: stibiconite
Sb306(OH), Microline (KAISi3Os), magnetite (Fe3Os, <%5), and hedenbergite (CaFeSi2Os). XPS
analysis indicates that Sb in the slag was in oxide form. Preliminary leaching tests were carried out
to determine the parameters and their levels for subsequent stages. Considering these results, it was
determined that Sb (III) species may form chloro-complexes and its solubility increases within
increasing Cl- ions activity. Therefore, it was decided to use HCI as the leaching agent for this study
instead of other inorganic acids. The effects of leaching parameters on the extraction rates of Sb,
impurities, and REEs were investigated using the OFAT approach. These parameters were acid
concentration (1, 2, 3, 4, 5, 6, 7, 8, and 9 M), amount of tartaric acid (0, 1, 3, 5, and 6 g/L), solid-to-
liquid ratio (1/8, 1/10, 1/12, and 1/15), time (45, 75, 90, 180, 240, 360, 480, 600, 900, and 1200 min),
and temperature (room temp, 40, 60, and 75 °C). The best conditions for the leaching process were
determined as follows: HCI concentration: 8 M, solid-to-liquid ratio: 1/10, Stirring speed: 300 rpm,
amount of tartaric acid : 1 g/L, Reaction temperature: 75 °C and reaction time: 180 min. The leaching
mechanism of the slag was evaluated by different shrinking core models including; inner-diffusion-
controlled model, liquid boundary layer diffusion controlled model (Jander equation), chemical
reaction controlled model, and both chemical and diffusion controlled model. The Ea was calculated
to be 46.75 kJ/mol, which indicates that the leaching of Sb from the slag was governed by the
chemically controlled mechanism.

Moreover, the use of tartaric acid had a significant influence on the leaching of La from the
slag. An increase in the amount of tartaric acid makes the extraction of La with high rates in shorter
times. For example; experiments conducted with 1 g/L tartaric acid required a leaching time of 20 h
for the complete extraction of La, while increasing the tartaric acid concentration from 1 g/L to 6 g/L.
reduced the time required for high-efficiency dissolution of La to 180 min from 20 h. Under the best
leaching conditions, the extraction rate of Sb from the slag was determined to be 91.19%. While the
extraction rate of La was approximately 97%, the extraction rates of other REEs (Y, Ce, Nd) were
measured to be <50%.

The hydrolysis tests were conducted based on the Taguchi approach (L32, 2*1 4/3). The
effects of alkaline types (NH4OH and NaOH), stirring speed (100, 200, 300, and 400 rpm),
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temperature (50, 60, 70, and 80 °C), and pH (1.5, 2, 2.5, and 3) on the precipitation of Sb from the
PLS were investigated. The presence of Fe in the PLS created pollution problems in the precipitate
obtained after the hydrolysis. Sb ions from the PLS were hydrolyzed with a precipitation rate of
47.78 — 99.38% depending on the experimental conditions, while the precipitation rate of Fe from
the PLS was in a range of 2.14% - 98.83%. The validiation of these models was proved by the
ANOVA analysis. Additional hydrolysis tests were carried out at pH <1.5. Depending on the pH, the
precipitates with different colors were obtained due to the precipitation of Fe together with Sb.
NH40H was suggested to use in the hydrolysis test to obtain preciptiate with higher purities. The
final product was mainly composed of 16.23% O, 81,43% Sb, and 2.34% Fe. The product was
identified as antimony oxide. For future studies, some studies are recommended below:

(1) Pressure leaching of Sb from the slag,

(i1) Electro-winning of Sb from the PLS,

(ii1) Production of tripuhyite (FeSbO,) mineral from the PLS,

(iv) Cementation of Sb from the PLS with the addition of different metal powders.
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