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Metal Igerigi Yiiksek Siilfat Cozeltilerinden Bakirin Coktiiriilerek
Kazanimi

Recovery of Copper from Metal-Rich Sulphate Solutions by
Precipitation

E.Y. Yazici, A. Ehsani, H. Deveci
Dept. of Mining Eng., Karadeniz Technical University, Trabzon

OZET Bu calismada, atik baskili devre kartlarinin (ABDK) asidik peroksit ligi sonucu elde
edilen bakir igerigi yiiksek (27-30 g/L Cu®") gercek/sentetik li¢ ¢ozeltilerinden bakirin,
elektro-kazanima alternatif olarak, ¢oktiiriilerek kazanilmasi aragtirilmigtir. Bakir, etanol ile
bakir siilfat (CuS045H,0) ve sodyum siilfit (Na,SO;) ile Chevreul tuzu
(Cu,S05.CuS0;.2H,0) olarak ¢oktiiriilmiistiir. Yiikli li¢ ¢ozeltisinden (27 g/L Cu) bakar,
etanol kullanilarak %99,9 verim ile c¢oktiriilmistir. Bakirmm Chevreul tuzu olarak
¢oktiiriilmesinin gergeklestirildigi testlerde sentetik li¢ ¢ozeltileri (30 g/L Cu®’, 2,5 g/L Fe’™,
I M H,SO,) kullanilarak pH ve SO;/Cu (molar) oranimin c¢oktiirme iizerine etkileri
arastirillmistir. Testlerde pH 2,5’ten 4’e ve SO5/Cu orani 1’den 1,6’ya cikarildiginda bakir
coktliirme verimi de artmistir. Sadece bakir iceren ¢ozeltilerden yapilan test sonucunda %20
daha yiiksek ¢oktiirme verimi elde edilmistir. Bu da demir gibi safsizliklarin siilfit tiiketimini
arttirmak suretiyle ¢coktiirme islemini olumsuz etkiledigini gostermistir. Elde edilen verilere
gore, yiksek coktirme verimlerine ulasmak i¢cin SO;/Cu oranmin yiiksek (>1,6) olmasi
gerekmektedir. Cokeleklerin kimyasal ve mineralojik bilesimi yas kimyasal, SEM-EDS ve
XRD analizleri ile belirlenmistir.

ABSTRACT In this study, recovery of copper by precipitation from copper-rich
real/synthetic leach solutions derived from the acidic peroxide leaching of waste printed
circuit boards (WPCBs) was investigated as an alternative to electro-winning. Copper was
precipitated using ethanol as copper sulphate (CuSO,.5H,0) and using sodium sulphite
(Na,S03) as Chevreul's salt (Cu,SO;3-CuSO;-2H,0). About 99.9% of copper was precipitated
using ethanol from the pregnant leach solution (27 g/L Cu). In the tests where the
precipitation of copper as Chevreul's salt was investigated, synthetic leach solutions (30 g/L
Cu*', 2,5 g/L Fe*', 1 M H,S0,) were used and the effects of pH and SO;3;/Cu (molar) ratio on
the precipitation process were studied. Precipitation recovery of copper was found to increase
with increasing pH from 2.5 to 4 and SO;/Cu (molar) ratio from 1 to 1.6. In the absence of
impurities, 20% higher recovery of copper was achieved in the test (SO;/Cu: 1.6) indicating
adverse effect of impurities such as iron, on the precipitation process by leading to the
excessive consumption of sulphite. These findings suggested that high SO3/Cu (molar) ratios
(>1.6) should be maintained to achieve high precipitation recoveries. The chemical and
mineralogical characterization of the precipitates was performed by wet chemical, SEM-EDS
and XRD analysis.
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1 GIRIS
Kullanim Omriiniin dolmasi veya farkl
nedenler sonucunda hurdaya ayrilan

elektrikli ve elektronik esyalarin (EEE)
miktar1 giderek artmaktadir. Atik elektrikli
ve elektronik esyalarin (AEEE) atik
sahalarina depolanmasi veya yakilmasi,
yeralti/yeriisti su ve hava kirliligi gibi
gevresel sorunlara neden olmaktadir (Yazici
ve Deveci, 2011).

AEEE'de bulunan temel (Cu gibi) ve
degerli metallerin (Au, Ag ve Pd) onemli
bolimii atik baskili devre kartlarinda
(ABDK) bulunmaktadir. Atik baskili devre
kartlar1 (ABDK), ait oldugu EEE tiiriine gore
degigsmekle birlikte, tipik olarak %10-20
oraninda bakir icermektedir (Hageliiken,
2000). Cevherlerle (%0,5 Cu)
kiyaslandiginda ABDK'lar 6nemli bir ikincil
bakir kaynagidir. Bu nedenlerle,
ABDK'lardan metallerin geri kazanimi hem
gevresel hem de ckonomik nedenlerden
dolayr 6nemlidir ve yasal diizenlemeler ile
zorunlu hale getirilmistir (Widmer, 2005;
Yazici ve Deveci, 2009 ve 2011).

AEEE’den metallerin geri kazaniminda
fiziksel ayirma ve sonrasinda pirometaliirjik
yontemler endiistriyel 6lgekte yaygin olarak
kullanilmaktadir. Fiziksel ayirma yontemleri,

basit olmalarina karsin metal kayiplar
yiiksektir ve ayirma isleminden Once
atiklarin, metallerin serbestlesmesini

saglamak i¢in, uygun boyuta kigiiltiilmesi
gerekir. Pirometaliirjik yontemler, fiziksel
ayirma ile elde edilen metal igerigi yiiksek
konsantrelere veya kaba bir boyut kiigiiltme
islemi sonras1 atiklara uygulanir. Ozellikle
baca gazlari/tozlar1 ile ilintili potansiyel
cevresel sorunlar ve degerli metal igerigi
yiiksek atiklar i¢in uygun olmalarn bu
yontemlerin en Onemli dezavantajlaridir.
Hidrometaliirjik yontemler, yiliksek metal

kazanimina olanak saglarlar ve
pirometaliirjik islemlere gore daha esnek
proseslerdir.  Ayrica,  kiigiikk  06lgekli

uygulamalardir ve nispeten diisiik maliyetli
yontemler olmalar1 nedeniyle degerli metal
icerigi diigiik atiklar i¢in uygundur (Cui ve
Zhang, 2008; Akgcil vd., 2009; Yazict ve
Deveci, 2009; Tuncuk vd., 2012).
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ABDK'lardan metallerin lig ile
kazaniminda, siilfat, kloriir ve nitrat gibi li¢
sistemleri kullanilabilir. Oksitleyici olarak
hidrojen peroksit (H,0,), Fe'" ve O, tercih
edilebilir (Quinet, 2005; Madenoglu, 2005;
Deveci vd., 2010). Asidik siilfat ortaminda
ve H,0, varliginda, ABDK'lardan bakir
basta olmak iizere diger bazi metaller, (Fe,
Ni, Zn gibi) yiiksek verimlerle ve degerli
metallerden (Au, Ag ve Pd) sec¢imli olarak
¢ozeltiye aliabilmektedir (Oh vd., 2003;
Kamberovic vd., 2011; Yang vd., 2011).

Siilfirik  asit lici  sonras1 yiikli lig
cozeltilerinden (YLC) bakir, geleneksel
olarak solvent ekstraksiyon ile saflastirma
islemini  takiben elektro-kazanim veya
sementasyon yontemleriyle kazanilir.
Sementasyon yontemi seyreltik (<1 g/L Cu),
solvent ekstraksiyontelektrokazanim
yontemi ise nispeten zengin (1-5 g/L Cu)
¢ozeltiler i¢in uygundur. Bakir igerigi
yiiksek ¢ozeltiler (>15 g/L) ise dogrudan
elektro-kazanim islemine tabi tutulabilir.

Ancak, c¢ozeltide bulunan demir gibi
safsizliklar ~ elektro-kazanim  isleminin
etkinligini  biiyiilk  dlgiide olumsuz

etkilemektedir (Davenport, 2002; Beukes ve
Badenhorst, 2009).

Ehsani vd. (2012), asidik siilfat
¢ozeltisinden (1,2 M H,S0O,) bakirin (30 g/L
Cu”) elektro-kazaniminda Fe’*derisiminin 1
g/L'den 2,5 g/L'ye artmast sonucunda akim
veriminin =~ %95'den  %88'e  geriledigini
bulmustur. Ayrica, Fe'" varliginda katot
morfolojisi olumsuz etkilenerek daha iri
taneli ve piriizli bir katot olusmustur
(Ehsani  vd., 2012). Elektro-kazanim
oncesinde demirin siilfat ortamindan jarosit
veya gotit olarak c¢oktiiriilmesi durumunda
ise bakir basta olmak iizere metal kayiplar
olusabilmektedir (Dutrizac, 1984; Pollard,
1992). Bu nedenlere bagli olarak, bakir
icerigi yiiksek siilfat ¢ozeltilerinden bakirin
elektro-kazanimma  alternatif ~ yontemler
gelistirilmesi gerekir.

Tuz ¢ozeltilerinden metallerin  klasik
buharlastirma (kristalizasyon) yontemi ile
metal tuzu halinde kristallendirilerek
coktiiriilmesi, yiiksek enerji gereksinimi
nedeniyle maliyetli bir islemdir. Bu yonteme
alternatif olarak, suyla karigabilen organik
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¢oziiciler  varhiginda  metallerin  oda
sicakliginda tuz halinde ¢oktiiriilmesi
(salting out) saglanabilir. Organik ¢oziiciiler,
¢Ozeltideki metal tuzlarmin gevresindeki su
ligandlarin1 uzaklastirarak metallerin tuz
seklinde ¢Okmesini saglamaktadir
(Weingaertner vd., 1991; Moldovenau ve
Demopoulos, 2002). Metal igerigi yiiksek
siilfat ¢ozeltilerinden nikelin (Moldovenau
ve Demopoulos, 2002) ve bakirin (Aktas,
2011) alkoller kullanilarak siilfat tuzlan
halinde yiiksek verimlerle ¢oktiiriilebildigi
ortaya konulmustur. Coktiirme isleminde
kullanilan organik ¢oziiciiler, buharlastirma
yontemine gore daha diisiik sicakliklarda
veya vakum  distilasyonu ile  geri
kazanilabilmektedir (Moldovenau ve
Demopoulos, 2002).

Siilfat ¢ozeltilerinden bakir (Cu®"), uygun
kosullarda ve siilfit iyonu (SO;”) varhiginda
Cu,S0;-Cu""S0;-2H,0  (bakir  siilfit,
Chevreul tuzu) olarak  ¢oktiiriilebilir

2Cu*" + S0, + H,0 — 2Cu’ +S0,> +2H"

(AGO(20°C): '50 kJ/mOl, AGO(SOOC)Z —65 k

2Cu" + Cu*" +280;* + 2H,0 — Cu,SO;-

3Cu*" +3S05% + 3H,0 — Cu,SO;-CuSO

(Fischmann ve Dixon, 2010). Asidik
kosullarda (<pH 6) siilfat ortamina SO,
ve/veya SO;” verildiginde kuprik bakir
(Cu*") kuprus bakira (Cu") indirgenmekte
(1) ve Chevreul tuzu olugsmaktadir (2) (Silva
vd. 2000). Net ¢okme, 3 no'lu tepkime ile
ifade edilmistir (Fischmann ve Dixon, 2010).
Chevreul tuzu, Cu’ ve Cu*" tiirlerini
iceren ve yogun kirmizi renge sahip
kristalize bir ¢okelektir. Bakirim  saf
Chevreul tuzu formunda ¢oktiiriilebilmesi,
kimyasal ve termal kararliginin yiiksek
olmas1 (200°C'ye kadar) gibi o6zellikleri
nedeniyle g¢esitli  avantajlara  sahiptir
(Habashi, 1999; Silva vd., 2000). Siilfit
(SO57?) kaynag: olarak siilfiir dioksit (SOx)),
siilfit tuzlari (NaHSO;, Na,SO3;, Mg(HSO5),
veya (NH4),SO;)) gibi farkli kimyasallar
kullanilabilmektedir (Habashi, 1999; Calban
vd., 2006). Chevreul tuzunun Cu-SO,-H,O
sisteminde kararli oldugu bolgeyi gosteren
Eh-pH diyagrami Sekil 1’de sunulmustur.

(D
J/mol) (HSC Chemistry, 2011)
CuS0;-2H,0 2)

3 2H,0 + SO4% + 2H' (3)

14
L\\\_ : ~. Cu (oK),
1.0 cu :{CHIUH112+ b
N 0.6 LR <=
g ~—
~ 0.2 24,
s 2
S of T~ o
i ] leusoy ™~
"O'Z'_Ic-"'l ': (ceso3Ty g N
1 *
- I S |
e A R S S R | T S

pH

Sekil 1. Cu-SO,-H,0 sistemi i¢in Eh-pH diyagrami (Das vd., 2000)
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Bu gahsmada bakir igerigi yiiksek (27-
30 g/L Cu") ¢ozeltilerden bakirin, elektro-
kazanima alternatif olarak, etanol ve
sodyum siilfit (Na,SO3) ile ¢oktiiriilerek
kazanimi  arastinlmustir.  Etanol  ile
coktlirme deneyleri, atik baskili devre
kartlarinin peroksit katkili siilfat licinden
elde edilen vyikli li¢ c¢ozeltisi ile
gerceklestirilmistir.  Sodyum  siilfit  ile
¢oktiirme deneylerinde pH (2,5-4) ve
SO;/Cu (molar) oraninin (1-1,6) bakir
kazanmimina etkileri sentetik ¢dozeltiler
kullanilarak aragtirilmistir.  Deneylerde,
diger metallerin de (Fe, Pb, Sn, Co)
davranisi izlenmistir.

2 MALZEME VE YONTEM

2.1 Atik Baskili Devre Kartlar

Atik baskili devre kartlar1 (ABDK),
atil duruma gelmis ve depolanmis olarak
bulunan atik bilgisayar, monitér, modem
vb. elektronik cihazlardan el ve gerekli
yardime1 aletler (tornavida, keski vb.)
yardimiyla  sokiilerek  ayrigtirlmustir.
ABDK'larin ayristirma ve boyut ufalama
siireglerini de kapsayan genel akim gemasi
Sekil 2'de sunulmustur.

ABDK'larin metal igerikleri yas kimyasal
analiz (kral suyu) sonrasi ¢ozeltiden atomik
absorpsiyon  spektrofotometresi  (AAS,
Perkin  Elmer AAnalyst 400) ile
belirlenmistir (Tablo 1).

Tablo 1. ABDK'larin metal igerigi

Metal Icerik (%) Metal Icerik (g/ton)

Cu 18,5

Fe 2,05 Au 86
Ni 0,43
Al 1,33 Ag 694
Pb 2,66
Sn 491 Pd o7

2.2 Etanol ile Coktiirme

Etanol ile bakirin ¢oktiiriildiigii siiregte
izlenen akim semast  Sekil  3'de
sunulmustur.
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Atik Bilgisayarlar

4

[ Elle/Mekanik Ayristirma ]

g

[ Atik Baskili Devre Kartlan}

(250 kg)

Devre
Elle/Mekamk Aynistirma = Elemanlart

il (50 kg)

Iki Kademeli Boyut Kﬁgﬁltme}

(Kesici-kirici)

1l 335mm

| Kesici-ogitici |
@ -1 mm

(Ultra—santrifﬁj liide girmen]

1l 250 um

( Peroksit Katlali Siilfat Ligi |

1]

[ Kat1/S1v1 Ayirimi }::){ Atik ]

( Yakii Lic Gozeliisi |

[ Coktiirme Testleri ]

Sekil 2. ABDK'larin 6n hazirlik islemlerini
iceren genel akim semasi

Deneyde, atik bilgisayar baskili devre
kartlarmin (-250 um) asidik peroksit ligi
(1,2 M H,SO,, 4,8 M H,0,, %15 w/v kati
orani, 3 saat, 80°C) ile elde edilen yiiklii lig
cozeltisi (27 g/L Cu, 2,2 g/L Fe)
kullanilmistir. YUkli li¢ ¢bzeltisinin oda
sicakligina gelmesini takiben bu ¢ozeltiye
NaOH (4 M) ilave edilerek pH 2,5'a
ayarlanmistir. Etanol (C,HsOH, >%99,8),
hacmi ¢o6zelti hacminin 4 katt olacak
sekilde  (Vewnot/Veszeni=4), 100 ml  li¢
¢ozeltisine ilave edilmis ve ¢ozelti
manyetik karistiricida (150 devir/dk) 10 dk.
karistirilmigtir. Karistirma siiresi sonunda
¢okelekler filtre edildikten sonra etiivde
(40°C) 2 saat ve ardindan desikatorde 12
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saat kurutulmustur. Kurutulan g¢okelekler,
porselen havanda ogiitiiliip toz haline
getirildikten sonra kimyasal analiz, SEM-
EDS ve XRD analizlerinde kullanilmistir.
Berrak ¢o6zeltiden etanolii uzaklagtirmak
icin ¢ozelti >100°C’de karistirildiktan
sonra 100 ml hacime tamamlanmustir.
Cozeltiden AAS ile Cu, Fe, Sn, Pb ve Co
analizleri yapilmstir (Sekil 3).

Atik Baskili Devre Kartlari
(-250 pm)

[H,S0,]: 12 M

. .. . .| [H,05]p: 4.8 M
[Peroksn Katkil Siilfat L1<;1] Kati orant: %15 a/h
80°C’de 3 saat

Kati/S1v1 Ayirim Atik

27 g/L Cu
pH2,5

Karistirma (10 dk)
Etanol ile ¢oktiirme Etanol
Vetunu]/v

Kati/Sivi Ayirimi - [== Cokelek

(%18,3 Cu)
Cozeltiden etanoliin
buharlastirilmasi

Bos ¢ozelti
(131 mg/L Cu)

4

¢ozelti

Sekil 3. Yiikli li¢ ¢ozeltisinden bakirin
etanol ile ¢oktiiriilmesine ait akim semasi

2.3 Chevreul Tuzu Olarak Coktiirme

Bu testlerde, li¢ testinden elde edilen
YLC'nin metal igerikleri gozoniine alinarak
sentetik yiiklii li¢ ¢ozeltileri (30 g/L Cu*’,
2,5 g/L Fe*', 1 M H,S0,) hazirlanmistir.
Bu ¢ozeltilerden sodyum siilfit (Na,SO;) ile
bakirin Chevreul tuzu olarak ¢oktiiriilmesi
arastirlmistir. Uygulanan akim semasi
Sekil 4'de sunulmustur.

Deneyler 250 ml Erlenmeyer flasklar
iginde ve 125 ml ¢bzelti hacminde, sicaklik
kontrollii banyo tipi diiz ¢alkalayici i¢inde
(140 dev/dk) gerceklestirilmistir. Deneyler
stiresince flasklar plastik tipalarla kapali

tutulmustur.  Deneyler, li¢ testlerinin
gergeklestirildigi sicaklikta (80°C)
yapitlmigtir.  Cozelti  sicakligi  istenen

dereceye (80+1°C) ulastiktan sonra Na,SOs
kat1 olarak (SO;/Cu (molar)=1-1,6) ilave
edilerek 20 dk karistirilmis ve ardindan
Li,CO; (kat1) veya NaOH ile pH 2,5 veya
4'e ayarlanmstir. Na,SO; ilavesi
yapilmayan deneylerde dogrudan pH
ayarlamas1 yapilmistir. pH ayarlandiktan
sonra ¢oOzelti 1 saat karistirilmus ve elde
edilen ¢okelek santrifiij ile (4100 rpm'de 4
dk) aynilmustir. Cokelek, iki kez ayn1 pH'da
hazirlanmis ¢6zelti ve ardindan yine iki kez
saf su ile santrifiij edildikten sonra
kurutularak (105°C) karakterize (SEM-
EDS, XRD) edilmistir. Belirli siirelerde
alman Ornekler santrifiijden gegirildikten
sonra (4100 rpm'de 4 dk) berrak kisimdan
Cu ve Fe analizleri AAS ile yapilmustir.

H,S0,]: IM
Sentetik YLC [Cuz% 3 (]) ol

L T Fe3:25¢/L
| I Sicaklik: 80°C

I| Karistirma(20 dk ) I

1 1

NaOH, NaOH,

Li,CO, ly Y[ 1ico.
Karistirma Karistirma

pH 2,5 (1 saat) pH 4 (1 saat)

{ {

Chevreul<—{ Filtrasyon J [ Filtrasyon }-»Chevreul
tuzu tuzu

Na,SO;

Bos ¢ozelti Bos ¢ozelti

Sekil 4. Sentetik li¢ ¢ozeltisinden bakirin
Chevreul tuzu olarak c¢oktiliriilmesine ait
akim semasi (80°C)

3 BULGULAR VE TARTISMA

3.1 Etanol ile Coktiirme
Deneyde, asidik peroksit li¢i ile elde

edilen yiiklii li¢ ¢ozeltisinden (27 g/L Cu")
bakir, %99,9 verim ile c¢oktiriilmistiir.
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Cokeleklerde Fe, Al ve Na gibi bazi
safsizliklarin da varlignt SEM-EDS analizi
(Sekil 5a) ile belirlenmistir. XRD analizi
(Sekil 5b) c¢okelegin baslica bakir siilfat
pentahidrat ~ (CuSO,;.5H,0)  oldugunu
gostermistir. Cokelek, yapilan kimyasal
analize gore %18,3 Cu ve safsizlik olarak
%1,2 Fe, 545 ppm Sn, 119 ppm Pb ve 17
ppm Co igermektedir.

o= BHT = 008 SgmAnSLi Frbes Hak ST Vs
] e e M« Wi Ut M0 Uy

4 CuSO,5H,0

Siddet (cps)

0 I‘O 2‘[) 30 4‘0 50 60
20 ()
Sekil 5. Etanol ile ¢oktiirme sonucu elde
edilen ¢okelegin (a) SEM-EDS goriintiisii
ve (b) XRD deseni

Aktas (2011), yaptig1t caligmada, bakir
siilfat ¢ozeltilerinden bakirin etanol ile
¢oktiirilmesinde baslangic bakir derigimi,
etanol/bakir ¢ozeltisi orani (hacimsel) ve
pH'nin  etkisini  arastirmistir.  Diigiik
baslangi¢ bakir derisimlerinde (<5 g/L Cu)
¢ok diisiik ¢oktiirme verimlerine (< %20)
ulagabilmistir. Yiiksek bakir i¢erigine (> 20
g/L Cu) sahip ¢ozeltilerden bakirin etanol
(C,HsOH) ile uygun pH’larda (>pH 2)
yiksek verimle (>%90) bakir siilfat
pentahidrat (CuS0,4.5H,0) halinde
coktiiriilebildigini ortaya koymustur. Ilk
kademede elde edilen ¢okelekte Zn, Fe, Ag
ve Mg gibi bazi safsizliklarin da
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bulundugunu ifade etmistir. Safsizliklarin
uzaklastirilmas1 amaciyla her seferinde
cokelegi ¢oziip yeniden etanol ilavesi ile 4
kademede ¢oOktiirme yaparak safsizlik
icerigini  azaltmayr  basarmistir.  Bu
calismada (Sekil 5) yapilan c¢oktiirme
deneyinde elde edilen ¢okelek icin de ayni
yontem izlenerek, ¢oOkelekteki  bakir
disindaki metaller uzaklagtirabilir.
Yontemin en dnemli dezavantaj1 ¢okelegin
bakir igeriginin diisiik olmasidir. Elektro-
kazanim Oncesi, bu yontemle iiretilen
CuS0,4.5H,0 kristalleri  siilfirik  asitte
¢oOziindiriilerek, istenen bakir derisiminde
hazirlanan elektrolit elektro-kazanima tabi
tutulabilir.

3.2 Chevreul Tuzu Olarak Coktiirme

Sekil 6'da, Na,SO; ilavesi olmadigi
durumda, sentetik li¢ ¢6zeltisinin dogrudan
pH 2,5 ve 4'e ayarlanmas ile elde edilen
¢coktlirme sonuglar1 goriilmektedir. Tim
pH'larda demirin yaklasik tamami (>%99)
uzaklasirken, pH 2,5 ve 4'te sirasiyla
bakirin %6 ve %26's1 ¢okmiistiir.

Cokeleklerin XRD analizi ferrik demirin
(Fe’) gotit (FeOOH) ve Fe(OH); olarak
coktligiinii gostermistir. SO; varliginda
(SO;3/Cu=1-1,6) pH 2,5'ta yapilan testlerde
de (Sekil 7a) benzer sonuglar elde
edilmistir. pH 4'de gerceklestirilen testlerde
ise  SO3/Cu oranmin I'den 1,6'ya
yiikseltilmesi bakirin ¢okmesi lizerinde %3
gibi ¢ok smirli bir artig saglamistir (Sekil
7b). pH'daki artig bakirin ¢ékme verimini,
ozellikle SOs3;/Cu=1 kosulunda, olumlu
etkilemistir (Sekil 7a-b).

100 -

TpH 2.5
& pH4

%
=3

S
3

Cokme verimi (%)
&
&

I
S

0

Bakir (Cu) Demir (Fe)

Sekil 6. Bakir ve demirin pH 2,5 ve 4’te
¢oktiiriilmesi (30 g/L Cu, 2,5 g/L Fe',
SO5™ yok, 1 saat, 80°C)



23" International Mining Congress & Exhibition of Turkey « 16-19 April 2013 ANTALYA

O S03 yok
@ S03/Cu=1
£1S03/Cu=1,6

Ckme verimi (%)

“| @

0
Bakir (Cu)

Demir (Fe)
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Sekil 7. Bakir ve demirin SO;” varhiginda
Chevreul tuzu olarak ¢oktiiriilmesi (30 g/L
Cu, 2,5 g/L Fe*', 80°C) (a) pH 2,5 (b) pH 4

SO;/Cu orant 1 iken pH 2,5'ten 4'e
arttirlldiginda  bakirin  ¢ékme veriminde
%?38’lik bir artig gézlenmistir. SO;/Cu=1,6
iken bu artis %15 ile sinirh kalmistir.
Demirin ¢okme verimi, test edilen her iki
pH ve SO;/Cu oraninda >%93'tiir (Sekil 7a-
b). Chevreul tuzu olusumunu net olarak
belirleyebilmek i¢in SO;/Cu=1,6 oraninda
ve pH 4'de sadece bakir iceren ¢ozeltiden
bir test yapilmis ve %62 Cu ¢dkme verimi
elde edilmistir (Sekil 7b). Cokeleklerin
XRD analizlerinde Chevreul tuzunun yani
sira brokantit de (CusSO4(OH)s) tespit
edilmistir (Sekil 7). Calisilan kosullarda
bakir, antlerit (Cuz;SO4(OH),) ve brokantit
(Cu3SO4(OH)e) olarak da
cokelebilmektedir (Pollard vd., 1992).

Bakirin SO; varliginda Chevreul tuzu
olarak ¢6kmesi igin gerekli stokiyometrik
oran (SO;/Cu) "1"dir (3). Ancak, bu
caligmada elde edilen sonuglar, test edilen

en yiksek SO;/Cu oranmin (1,6) bile
yetersiz kaldigii gostermistir. Bu durum,
SOs’iin biiylik Olciide yan reaksiyonlar
tarafindan tiiketilmesine baglanabilir. SO,
varliginda Fe*', Fe*"'ye indirgenir (4). SOs
ilavesindeki artisa bagli olarak demir
cokelme oraninda gozlemlenen azalma da
(Sekil 7), bunu desteklemektedir. Ayrica,
bakirin yam sira ortamda bulunan Fe®',
Mn®* ve Cd*" gibi katyonlar Chevreul
tuzunun yapisina girerek
Cu,S0;.MS0O3.2H,0 (M: Fe, Mn, Cd)
seklinde ¢okelekler olusabilir (Silva ve De
Andrade, 2004). Bu durum da bakirin
¢okme verimini belli Ol¢lide olumsuz
etkileyebilir. Buna gore, demirin pH 2,5'ta
uzaklastirilmasindan sonra bakirin
Chevreul tuzu (SOs/Cu>1,6) olarak
¢oktiiriilmesi daha uygun olacaktir.

Benzer sekilde, Na,SOs'lin siilfiirik asit
ile tepkimeye girerek (5), bir kisminin
SO, e doniismesi de SO; sarfiyatini
artirabilir (Calban vd., 2009). Dolayisiyla,
daha yiiksek bakir ¢oktlirme verimlerine
ulagmak amaciyla, SO; kaynagi olarak SO,
gaz1 kullanilmasi 6nerilebilir.

Bakirin Chevreul tuzu halinde ¢okelme
etkinligi pH, sicaklik, SO,/SO;*, Cu®" ve
siilfat derisimi ile yakindan iliskilidir (Das
vd., 2000). Bu c¢alismada elde edilen
bulgular (Sekil 7) pH ve SO;/Cu oraninin
yani sira ortamdaki Fe’™ derigiminin de
bakirin ¢okelmesi iizerinde etkili oldugunu
gostermistir. Literatiirde, NH;-(NH,4),SO,
lig¢ c¢ozeltilerinden bakirm SO, gazi
kullanilarak Chevreul tuzu olarak yiiksek
verimle (%99,92) cokturtldigi
bildirilmistir (Calban vd., 2006 ve 2009).
SO; kaynagi olarak Na,SO; kullanilan bir
calismada Yesilyurt ve Calban (2007),
bakirin (CuSO,) ¢oktiirilmesinde en uygun
kosullari, pH 3, SO;/Cu=1,6, 60°C ve 20
dk. olarak belirlemistir.

2Fe* + SO5* + H,0 — 2Fe*" + 80,7+ 2H" 4)
(AG® o= -161 kJ/mol, AG’gqecy= -187 kJ/mol) (HSC Chemistry, 2011)
HzSO4 + Nast3 - 2Na+ + SO42_ + SOz(g) + HzO (5)

(AG® apecy= -109 kJ/mol, AG’gg:c =-119 kJ/mol) (HSC Chemistry, 2011)
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Sekil 8. Sentetik li¢ ¢ozeltisinden elde edilen bakir ¢okelegin XRD profili (30 g/L Cu*’, 2,5
g/L Fe*', pH 4, 80°C) (Chs: Chevreul tuzu; Br: Brokantit)

4 SONUCLAR

Bu ¢alismada, elektro-kazanima alternatif
olarak, bakir igerigi yiiksek gercek/sentetik
yiiklii li¢ ¢ozeltilerinden (27-30 g/L Cu®")
bakirin, etanol ile bakir siilfat tuzu ve
sodyum siilfit (Na,SO;) ile Chevreul tuzu
olarak ¢oktiiriilerek kazanimi gosterilmistir.

Test kosullarinda, etanol ile bakirin
%99,9°u, CuS0,.5H,0 halinde
coktlrilmiistiir. Ancak, ¢okelegin bakir

silfatin (%18,3 Cu) yam sira safsizliklar
(%1,2 Fe, 545 ppm Sn, 119 ppm Pb ve 17
ppm Co) igerdigi belirlenmistir.

Sentetik li¢ ¢ozeltilerinden (30 g/L Cu®",
2,5 g/L Fe’’, 1 M H,SO,) bakirm Chevreul
tuzu olarak ¢oktiiriilmesinde, pH ve SO;/Cu
(molar) oraninin ¢dktiirme islemini Snemli
Olciide etkiledigi belirlenmistir. pH'nin
2,5'tan 4'e ve SO;/Cu oranmin 1'den 1,6'ya
yiikselmesi ile birlikte bakirin ¢6kme verimi
de artmistir. Yilksek ¢oktiirme verimlerine
ulagsmak icin yiiksek SO;/Cu oraninda (>
1,6) calisgitlmast  gerektigi  bulunmustur.
Cozeltide bulunan demirin, siilfit tiiketimini
arttirmak  suretiyle ¢oOktiirme  verimini
disiirdiigi  belirlenmistir.  Bu  nedenle,
oncelikle demir pH 2,5'ta c¢oktiiriilerek
uzaklastirilabilir. Ancak, ¢oktlirme isleminde
bakir kayiplart da dikkate alinmalidir.
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Constrained Multivariable Control of a Pilot Flotation Column at
AEM Laronde Concentrator
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Département de génie électrique et de génie informatique
Université Laval. Québec City, QC, Canada G1V0A6

ABSTRACT A 15cm diameter by 732 cm height, fully automated pilot column was
installed in the Agnico-Eagle’s Laronde concentrator (Québec), for evaluating the
performance of newly developed sensors and advanced process control algorithms. For
eventual comparison purposes, the pilot column is continuously fed with the same slurry
feeding the copper-circuit third cleaner column. It is equipped with electrical conductivity-
based sensors for estimating the three variables used in the multi-variable control algorithm
under evaluation: froth depth, fraction of wash water underneath the interface and gas hold-
up. Froth depth is regulated using a PI controller while a predictive controller is formulated
as the minimization of the tracking errors of gas hold-up and bias rate, keeping several
operating constraints between their practical upper and lower limits. In particular, an
unreachable high set point of gas hold-up can be selected in order to maximize the bubble
surface area available for particle collection, while maintaining bias rate above a minimum
value required for froth cleaning. The proposed strategy may indirectly help optimizing
flotation column operation by using these secondary variables, without the implementation of
a real-time optimization layer.

1 INTRODUCTION

Flotation columns have already been used
for more than 30 years, mainly in cleaning
stages, as a result of their froth washing
capabilities. Despite their widespread usage,
the measurement of some pertaining
variables and their use for automatic control
is rather scarce. Among the most important
variables directly related to the process
metallurgy (concentrate grade and recovery),
froth depth (hg) is the only one normally
monitored and controlled. Even though
commercial sensors are available, the gas
hold-up ('), a variable directly related to
concentrate recovery, is seldom measured
and never controlled. Another important
variable, bias rate (J,), responsible for

concentrate cleaning, is simply not measured
at all, as there is no commercial sensor
available. Therefore, besides froth depth,
continuous monitoring of process variables
is limited to flow rates (gas, feed, tailings,
wash water), i.e., to manipulated variables.
Some new available sensors have been
industrially tested, e.g., the Sonar-TracTM
for gas hold-up (O'Keefe et al., 2007) and
the McGill hold-up sensor (Tavera et al.,
2002). Others sensors, for bias rate and
frother concentration, have been successfully
validated at laboratory scale by Laval’s
LOOP researchers (Maldonado et al., 2008b;
Maldonado et al., 2010a). The McGill
bubble viewer (Gomez et al., 2007) and
others similar devices have been extensively
used for off-line monitoring of bubble size
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and bubble space distribution, but not yet for
control purposes.

On the other hand, advanced control and
supervision techniques are available and
efficiently working in many industrial fields
(Quin et al., 2003; Jelali, 2006). The bubble
size distribution, measured with the McGill
bubble viewer, has recently been measured
and modeled (Maldonado et al., 2008c;
Matiolo et al., 2011), opening a door for the
control of bubble size (d3,;) in a laboratory
two-phase system (Maldonado et al., 2010b).

At the laboratory level, our research group
has demonstrated the usefulness of some
conductivity-based sensors (for froth depth,
gas hold-up and bias rate), as well as the
good performance of several advanced
control techniques (del Villar et al., 2010).
Usually developed in two-phase systems
(water-air), most of these tools have also
been validated in a three-phase system (pulp-
air). A thorough NSERC-CRD industry-
university  research  project  (Agnico-
Eagle Mines Laronde concentrator, Xstrata
Nickel - Strathcona concentrator, COREM
and Universit¢ Laval), concerning the
application of all above mentioned aspects to
the optimization of flotation column
operation, has recently been completed.
Besides the industrial evaluation of
conductivity-based sensors for froth depth,
gas hold-up and bias rate, it aimed at:
(a) producing an on-line version of the
McGill bubble viewer for process control
purposes, (b) improving the modeling of the
obtained bubble size distribution,
(c) studying the relationship between the
floatable particle size distribution and the
bubble size distribution, with the objective
of controlling this latter at its optimum
value, and (d)using all these tools for
control and real-time optimization purposes.

The present work is a critical step towards
the final objectives of this CRD program,
since the multivariable stabilizing control of
secondary variables (such as hg, Jp, |, and
Sp), is fundamental for the development and
the implementation of an indirect (or
hierarchical) real-time optimization strategy.
This paper presents the results of the
simultaneous constrained control of gas
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hold-up in the collection zone and the
fraction of wash water underneath the
interface (related to bias rate) in an industrial
environment, while froth depth is being
controlled independently through a classical
PID control loop.

2 INSTRUMENTATION & CONTROL

2.1 Variables and Sensors

For more than two decades, researchers from
McGill University and Université Laval
have been working on the development of
devices or techniques for the measurement
of flotation column operating variables such
as froth depth h¢ bias rate J, gas hold-up &,,
bubble diameter d,, BSD, bubble size distri-
bution, and bubble surface area flux, Sy, .

These variables are hereafter named as
“secondary controlled variables”, to make a
distinction from the ultimate metallurgical
controlled (primary) variables: concentrate
grade and recovery. A third level of
variables are the so-called tertiary variables,
typically flow rates, being manipulated to
maintain the secondary variables at their
optimal set points. These latter values would
ultimately lead, through empirical models, to
the desired values of primary variables,
ideally determined by an economical
criterion (i.e. Net Smelter Return).

2.1.1 Froth depth

This variable is successfully measured in
industrial columns using a float combined to
an ultrasound emitter and receiver. In the
case of the present work, this option was not
possible as a result of the small section of
the pilot column. Therefore, it is measured
through a  semi-analytical technique
proposed by Pérez (Pérez et al., 1993) and
improved by Grégoire (del Villar et al.,
1999), based on the conductivity profile
across the interface position. This approach
has recently been improved (Maldonado et
al, 2008a) by using a non-linear interpolation
between the two probable values of froth-
depth determined by the “maximum slope
method” (Uribe et al, 1991). A final
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improvement concerns the measurement of
electrical conductivities through a Field-
Programmable Gate Array (FPGA), which
allows precise measurements over a very
large range of conductivities (article recently
submitted)

2.1.2 Gas hold-up

Collection zone gas hold-up can be
measured in columns using the hydrostatic
pressure reading at two relatively close
heights of the column. To relate the pressure
difference to the gas content, the value of the
specific gravity of the non-aerated pulp is
required, although seldom available.
Another device recently introduced is the
Sonar-Trac™ (O’Keefe et al. 2007). In the
case of the present work this latter method
was excluded as a result of the small cross
sectional area of the pilot column, whereas
the first one was not considered because of
the problem of measuring the specific
gravity of the non-aerated pulp.

The measure of gas hold-up (volumetric
fraction of gas) in the collection zone is then
made using the method proposed by Tavera
(Tavera et al., 2002) based on Maxwell's
equation for electrolyte mixtures (Maxwell,
1892). This equation relates the relative
proportions of a dispersed non-conducting
phase (i.e. gas bubbles) and the continuous
liquid phase to their respective electrical
conductivities. The final relation for
measuring the gas hold-up is then:

ksl _ksl
g, = 1001 1)
¢ k, —0.5k,,

where kg is the conductivity of pulp only
(solid and liquid) measured by the siphon
cell of the McGill gas hold-up sensor and kg,
is the conductivity of pulp-gas mixture,
measured by its open cell. Once more,
conductivities are measured using the FPGA
technique

2.1.3 Bias rate

The original definition of bias (Finch and
Dobby, 1990) as the difference between the
water flow rate in the tailings stream and the

water flow rate in the feed stream, originates
from a steady-state water balance in the
lower part of the column, underneath the
feed port. Consequently, the calculated value
is very inaccurate (a small value, bias, being
calculated by subtraction of two large values
subjected to large measurement errors) and
strongly relies on steady-state conditions,
which excludes its use for control purposes.

A much better estimation approach was
proposed by Maldonado et al. (2008b), who
related the actual bias rate (J,) to the
volumetric fraction of wash water present
underneath the pulp-froth interface (gy). This
latter was estimated by the authors through a
local ‘conductivity balance’, underneath the
interface and close to the feed port. For a
two-phase system, g, can then be estimated
using the following expression, where kyand
ky are the conductivity of the feed water and
wash water streams.

*

k —k
¢ (%) = 100~ @)
k, —k,

The conductivity k* of the liquid (without
gas) contained in the it conductivity-cell of
the froth depth sensor, immediately below
the cell containing the interface, is given by
equation 3, where k; is the conductivity of
the liquid-gas mixture contained in that cell:

k™ (uS/em) =k, :—’ (3)
lg

From experimental data, it was finally
found that a linear relation exists between J;,
and &,. However, obtaining this relation in a
continuous industrial operation, such of the
present work at the Laronde concentrator, is
quite difficult, since the only independent
method of measuring bias (for curve fitting)
is a steady-state water balance, an almost
impossible endeavor in plants. Therefore, it
was decided to simply use &, as controlled
variable.

Esteban-Rojas (2011) adapted this method
to estimate g, in a three-phase system.
Considering that the air hold-up is measured
sufficiently close to the interface and
assuming no solid conductivity, and using
the "additivity rule" (Uribe-Salas et al.,1991)
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for a three-phase system, he proposed the
following expression for & :

056, +1
100 k, ~ k', ——5"

(%) = p— @

k/' _kw(l_q)s)

where k¢ is the conductivity of feed pulp,
k’g, is that of the pulp-gas mixture
underneath the interface, k,, is that of the
wash water and @, is the percentage of
solids in the pulp.

2.2 Automatic Control

A hierarchic structure is usually employed to
adequately control a process. This pyramidal
structure is composed of up to four control
layers (from bottom to top): instrumentation,
regulatory control, advanced process control
and real-time optimization.

Instrumentation has been discussed in the
previous section. Regulatory control, the
basic control layer, consists of local mono-
variable control loops (usually PIDs)
providing a constant operation for the
flotation column inputs: feed flow rate (here
feasible as upstream fluctuations are damped
by the existing feed box), gas flow rate and
wash water flow rate. It is also supposed that
the feed has been correctly conditioned
ensuring adequate pH and reagent
concentration (collectors, frothers, etc.).

The advanced control layer aims at
maintaining process (secondary) variables
having a strong influence on metallurgical
results (grade and recovery), such as froth
depth, bias rate, froth parameters, gas hold-
up or bubble surface area flux, etc., in a
bounded region, i.e., an acceptable operating
zone where it is possible to handle the
process and reach production objectives. In
our case, the selected controlled variables
are froth depth, volumetric fraction of wash
water present underneath the pulp-froth
interface and gas hold-up. The manipulated
variables are tails pump speed, gas flow rate
set point and wash water flow rate set point.
Results of this advanced control will be
presented in the next section.
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The ultimate goal of this university-
industry- project is a real-time optimization
(RTO) of the column, which as described
next has not been implemented yet. This
layer would calculate on-line the set points
for froth depth, fraction of wash water
underneath the interface and gas hold-up,
leading to optimal grade and recovery values

A schematic diagram of the proposed
advanced control is depicted in Figure 1 (a
thicker line means a stronger effect from one
variable to another). A PI controller
regulates the froth depth by manipulating the
tails speed pump. The volumetric fraction of
wash water present underneath the pulp-
froth interface and gas hold-up are regulated
with a model predictive control (MPC) that
manipulates the wash water flow rate set
point and the gas flow rate set point. Model
predictive control is, by far, the most widely
accepted multivariable control algorithm
used in the process industry. Several
commercial MPC technologies allowing
model identification and control with
constraints can be purchased and successful
applications are found in many process areas
(Quin et al., 2003).

The main advantage of MPC is its ability
to handle coupling in multivariable
processes while taking into account various
constraints. In the case of flotation columns,
an important coupling that must be taken
into account is the significant effect of the
gas flow rate set point on both the gas hold-
up and the fraction of wash water underneath
the interface (Figure 1). The importance of
controlled variables for the column operation
and the operational constraints will be
detailed in the next paragraphs.

The position of the pulp-froth interface
sets the height of the collection zone and
therefore is directly related to the time
available for collection of hydrophobic
particles on the gas bubble surface, the other
factor being the tails flow rate. As a result, it
is partly responsible for the recovery of the
valuable mineral. However, large froth depth
set point changes would be necessary to
obtain a significant effect on recovery,
seriously limiting its use for optimization
purposes.
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Figure 1. Schematic diagram of advanced control of a flotation column

Nonetheless, pulp-froth interface position
is an important is a control variable since its
constancy is a guarantee of stable column
operation: a continuously moving interface
is certainly undesirable since it implies the
risk of feeding the column in the middle of
the froth zone or deepening it so much that a
risk of froth collapse exists.

While some authors claim that a slight,
but positive, bias value (or fraction of wash
water underneath the interface) ensures an
adequate cleaning action, others have
established that small values do not
contribute to reduce the gangue entrainment
(Finch et al., 1990; Clingan et al., 1987). On
the other hand, high bias values (above 0.4
cm/s) are detrimental since they might
generate increased froth mixing and thus,
drop-back of collected particles (Yianatos et
al., 1987).

Gas is at the heart of the flotation process.
Therefore, controlling gas hold-up, bubble
surface area flux or bubble size distribution
appears to be the way to improve the column
metallurgical performance. If, as in the
present case, only gas hold-up is measured,

then selecting a gas hold-up set point as high
as possible would maximize the bubble
surface area available for particle collection.
Therefore, the constraints implemented in
the MPC algorithm and their justifications
(Maldonado et al., 2009), are the following:

o Gas flow rate set point < Jg max
- To prevent hydraulic entrainment
- To prevent loss of the interface
- To prevent froth “burping”

o Gas flow rate set point > Jg in
- To keep solid in suspension

e Wash water flow rate set point < Jy nax
- To avoid froth mixing
- To avoid wash water short-circuiting

o Wash water flow rate set point > Jy nin
- To promote froth stability
- To easy transfer of collected particles to
the concentrate

e Fract. wash water below interface < &y max
- To avoid reduction of valuable mineral
residence time in the collection zone

e Fract. wash water below interface > &y min
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- To perform cleaning action thus reducing
entrainment

Since the MPC can handle operating
constraints, an alternative to the RTO
(Maldonado et al., 2009) can be obtained by
an ingenious use of the advanced-control
layer, without implemented the RTO level
itself. The idea of this optimization approach
consists in selecting an unreachable high set
point for the gas hold-up (i.e. equivalent to
maximizing the bubble surface area
available for particle collection at a given
collector dosage, thus maximizing recovery),
while respecting operating constraints (e.g.
ensure a positive bias rate to prevent gangue
entrainment, i.e. lower concentrate grade, as
well as some other constraints listed above).
Results of this original approach on a two-
phase system are presented in the next
section.

3 EXPERIMENTAL SET-UP & TESTS

3.1 Experimental Set-up

The pilot flotation column used in this work
is made of 14 cm internal diameter poly-
carbonate tubes for a total height of 720 cm,
provided with the necessary feed and tailing
ports, as well as a froth overflow launder. A
cylindrical porous stainless-steel sparger
(5 um porosity, 340 cm® area) is located at
the bottom of the column for bubble
generation. A perforated copper ring is
placed over the froth overflow to provide a
gentle wash water spray for concentrate
cleaning.

Wash water (fresh water) is added using a
3.78 /min gear pump, the flow rate being
measured using a 0.5 to 5 1/min McMillan
micro turbine flow meter. Tailings are
evacuated from the bottom of the column,
using a 0 to 37 I/min peristaltic pump. The
column is fed using a similar pump, from an
intermediate reservoir continuously filled
with the same feed as the 3" cleaner column
of the Laronde’s copper circuit, i.e. a slurry
containing between 15% and 25% solids,
99% of the particles being smaller than
100 um. Column feed flow rate is

876

manipulated by varying its pump speed. To
measure froth depth, the pilot flotation
column is instrumented with eleven
stainless-steel ~ conductivity  electrodes,
located in the uppermost section of the
column. These electrodes are 14 cm external
diameter by 1.5 cm height rings, flush-
mounted inside the column wall at 10 cm
interval, for measuring the conductivity
profile across the interface. Both the wash
water and the column feed pipes, are
provided with flow conductivity cells (a pair
of 3 cm external diameter and 1.5 cm height,
5 cm apart), for measuring the conductivity
of the corresponding stream.

Wash water flow
rate set point

Syphon
concentrate 'I'EE'E”

8

SAdn i HYE Ty

N

i

-

Feed

Computer

Gas flow rate
set point

Tails

Tails pump speed

Figure 2. Experimental set-up

Gas hold-up is measured with a reduced
version of the McGill air hold-up sensor.
The tubes, for both open and syphon cells,
measure 5.2 cm diameter by 30cm height
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and contain two conductivity electrodes,
5.2 cm external diameter by 1.5 cm height
rings separated by 10 cm. The insert in
bottom part of the syphon cell, can be easily
changed to avoid bubble entrance, according
to the operating conditions

As already mentioned, the bias rate was
replaced by its equivalent g, Wwhose
measurement, detailed in previous section,
relies on available conductivity readings
from other variable sensors (also described
there). The only remaining necessary value,
solid concentration, is measured with a
Marcy balance and manually introduced into
the iIFIX® g,, function.

Wash water flow rate is controlled using a
local PI control loop (Moore Mycro 353).
Gas flow rate is regulated by a built-in PI
controller within the Aalborg GFC-1737
mass flow controller. Graphical interfaces
and data acquisition are performed by a
HMI/SCADA software iFIX®, working
under a Windows XP® operating system. An
Opto 22 T/O system is used to centralize
sensor and actuator signals as shown in
Figure 2. Algorithms for the froth depth
control and multivariable predictive control
of ¢, and ¢, are implemented in Matlab®,
which exchanges information with the
iIFIX® database. All signals are sampled at a
two seconds interval.

3.2 Experimental Work

The experimental work implied the
following steps: (a) hydraulic system
evaluation and sensor calibration, (b)
process  dynamic  identification  and

controller tuning, (¢) control testing and (d)
sampling to  assess the achieved
metallurgical performance. Due to the
prevailing space limitations, only step (c)
will be detailed here.

The process dynamic identification
exercise, basically consisted in varying (in
open loop) over a 2 hour period, a given
manipulated variable (alternatively, tail,
water and gas flow rates) and recording all
targeted controllable variables (hy, &y and &,).
The identification of the process transfer
functions was then made using an iterative

prediction error minimization method
provided by the Matlab® System
Identification toolbox. Second-order models
were sufficient to adequately explain the
dynamic behaviors.

The obtained dynamic models were used
to design the considered controllers (PI and
MPC), which were then tested for tracking
and regulation performance through
Matlab® simulations. The tuned controllers
were then implemented in the column
control system and their performances were
again evaluated for both tracking and
regulation.

Then, a series of control tests was
completed, seeking the evaluation of the
controlled column behavior under the
following conditions:

I)no active constraints: to evaluate the
performance of the closed-loop system
and the ability of MPC to handle
interactions in the column;

2)with an active constraint: to evaluate the
capability of MPC to deal with operation
restrictions; and

3)long-term functioning: to illustrate the
robustness of the system facing varying
operating conditions.

After reaching a steady-state condition
following a given set point change, samples
of the feed, concentrate and tailing streams
were collected for subsequent chemical
analysis, aiming at evaluating the
concentrate recovery and grade achieved
under those conditions. These results would
eventually allow determining the operating
conditions (controlled variables) leading to
the optimal column performance.

4 RESULTS AND ANALYSIS

This section demonstrates the capacity of the
multivariable constrained MPC to achieve an
effective control of secondary variables of
pilot flotation columns and illustrates its
potential of being included into a RTO
strategy. Results are first presented on a two-
phase system to emphasize the possibility of
optimizing flotation column operation
without having to implement a complete
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optimization layer. Then, results obtained in
an industrial environment at Agnico-Eagle
Laronde concentrator are shown.

4.1 Tests on a Two-Phase System

These results were previously obtained
during preliminary testing of MPC on a two-
phase column installed at COREM pilot
plant in Quebec City (Maldonado et al.,
2009). The experimental set-up is very
similar to that described in a previous
section. The control strategy is also similar,
except by the fact that bias rate is directly
controlled, instead of the fraction of wash
water underneath the interface.

Figure 3 shows the performance of the
control system for a series of set point
changes applied to the gas hold-up. J,, J,
and J; are the superficial velocity of wash
water, gas and tails, i.e. the flow rate (cm’/s)
divided by the column cross-sectional area

(cm?). The underlying objective of this test
was to progressively increase the gas hold-
up while maintaining the bias rate above a
minimum limit. From a metallurgical point
of view, this means maximizing the bubble
surface area for particle collection (i.e.,
increasing recovery) while ensuring froth
cleaning (i.e., constant grade). For the first
set point change, applied at 20 minutes, the
target gas hold-up is reached but the
specified bias rate could not be maintained
as a result of the upper constraint imposed
on the wash water rate. When the gas hold-
up set point is changed for a second time (at
65 min), the minimum limit on the bias rate
is hit and the desired value for the gas hold-
up could not be attained. Under these
conditions, the MPC strategy maximizes the
bubble surface area and ensures that other
operational requirements are met.
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Figure 3 — Control of a two-phase flotation column: set point (- -), controlled and
manipulated variables (-), constraint (- .)
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4.2 On-site Tests at Laronde Concentrator

Test I, shown in Figure 4, presents the
results of a MPC for tracking set point
changes on gas hold-up while keeping the
fraction of wash water underneath the
interface as constant as possible. In this case,
no constraints are active, so that it is
possible to  directly appreciate the
performance of the closed-loop system. The
time response of the gas hold-up is
acceptable as well as the control action on
the gas rate. Interactions in the column are
adequately managed by the controller, as the
gas hold-up set point changes do not
excessively impact the fraction of wash-
water underneath the interface.

Results for the second test (Test II) are
presented in Figure 5. The fraction of wash
water underneath  the interface is
progressively increased then decreased. One

can see that, for the first three set point
changes, the wash water rate reaches the
maximum constraint. These set point
changes have minor impact on the gas hold-
up, which is reasonable from a physical
point of view. The addition of wash water
has a little effect on the gas hold-up in the
collection zone. The general performance of
the controller is quite satisfactory for this
test

The final test (Test III) confirms the
capacity of the multivariable constrained
control strategy to operate on a long-term
basis under different conditions. Figure 6
shows the closed-loop system continuously
working for a ten hour period with good
performances in terms of both manipulated
and controlled variables behavior as well as
constraints handling

80 100 120 140
time (min)

Figure 4 — Test I: set point (- -), controlled and manipulated variables (-)
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Figure 5 — Test II: set point (- -), controlled and manipulated variables (-), constraint (- .)
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5 CONCLUSION

This paper presents the multivariable
constrained control of a pilot column
installed in the Agnico-Eagle’s Laronde
concentrator. The controlled variables are
froth depth, fraction of wash water
underneath the interface and gas hold-up, all
estimated from electrical conductivity
measurements. A PI controller regulates the
froth depth, whereas a multivariable
predictive controller maintains the fraction
of wash water underneath the interface and
the gas hold-up to their respective set points,
as long as operational constraints are
respected.

This control scheme allows an indirect
optimization by setting an unreachable high
set point of air hold-up, thus maximizing the
bubble surface area available for particle
collection, while maintaining bias rate above
a minimum value required for froth cleaning.

Also, several steady-state tests were
performed, during which the three controlled
variables were kept constant and feed, tails
and concentrate samples were drawn at
steady-state conditions. Analysis of the
samples allowed establishing relationships
between primary and secondary variables,
which will be later used in the design of a
new real-time optimization.
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Assessment of New stator/rotor Design on Metallurgical
Performance and Power Consumption at Cayeli Bakir
Isletmeleri (CBI)

A.N. Sahin, A. Tirnak¢ioglu
Cayeli Bakir Isletmeleri A.S., Rize, Turkiye

ABSTRACT In flotation, recovery is the most important parameter in conjunction
with concentrate grades. These parameters could be optimized making several
changes in flotation plants. Flow dynamics are one of effecting point on recovery
for different grain sizes in flotation cells.

At CBI Copper - Zinc flotation plant, the older mechanism in existing Zn
Rougher first two cells has been directly replaced with the new rotors and stators
design. The criteria for this new design rotor were to improve pumping and air
dispersion without affecting the several good features of the traditional rotor, and
without the need for larger motors or additional modifications. The new rotor
design achieves this by dispersing the air through separate air inlets.

In order to compare the flotation cells performance test work has been
performed before and after the installation. Samples from Zn rougher circuit were
collected and analysed in the laboratory. Metallurgical performance and power
consumption has been evaluated using the new design mechanism. Performance
monitoring results show that Zn recovery has increased after implementing the
mechanism, especially in low Zn head grades. Changing pulley of Zn rougher
cells from 200 mm to 150 mm, power saving is increased, leading to a significant
decrease in the motor revolution. This effectively decreased the cost associated
with power consumption such as current is decreased from 105 ampere to 50
ampere.

OZET Yiizdiirme prosesinde randiman, konsantre tendriiyle bag1 olan en énemli
parametredir. Bu degisken flotasyon tesislerinde yapilacak birka¢ degisiklik ile
optimize edilebilir. Akiskanlar dinamigi de flotasyon hiicrelerinde farkli tane
boylarinda randiman iizerinde etkili olan noktalardan biridir.

CBI Bakir ve Cinko flotasyon tesisinde, ¢inko kaba devresinin ilk iki hiicresinin
karistict sisteminde yeni bir tasarim monte edildi. Bu yeni tasarim karistiricidaki
oOl¢iit; geleneksel karistiric1 dizaynindaki birgok iyi 6zellikleri etkilemeden ve daha
bliyiik motorlar veya ek modifikasyon gerektirmeden pompalama ve hava
dagilimmi gelistirmekti. Yeni karistirict tasarimi ayni performansi ayri hava
girislerinden havay1 dagitarak yapmaktadir.
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Flotasyon hiicrelerinin performansint karsilastirmak i¢in kurulum oncesi ve
sonrasinda test calismalar1 yapilmistir. Zn kaba devresinden alinan numuneler
laboratuvarda analiz edilmistir. Metalurji performansi ve enerji tiiketimi yeni
mekanizma kullanilarak degerlendirilmistir. Performans sonuglari, mekanizmanin
uygulamas1 sonrasinda Zn randimaninin 6zellikle diisiik Zn besleme tenérlerinde,
arttigint  gostermektedir. Zn kaba hiicrelerinin 200 mm uzunlugundaki motor
kasnaklarinin 150 mm’le degistirilmesi de motor devrinde dnemli bir azalma ve
glic tasarrufu saglanmistir. Bu durum, etkin bir sekilde cekilen akimi 105
amper’den 50 ampere diisiirerek, giic tikketimi ile iliskili maliyeti de diislirmiistiir.

1 INTRODUCTION

Selection of a particular type of
flotation machine for a given circuit is
usually the subject of great debate and
controversy (Lelinski et al., 2005).

The main criteria in assessing cell
performance are:

e metallurgical performance, i.e.
product recovery and grade

e capacity in tonnes treated per unit
volume

e economics, e.g. initial costs,
operating and maintenance costs
(Wills, 2006).

In minerals processing, a
concentrator goes through several
changes during its lifetime. Typically
the ore characteristics will change,
either through normal development and
excavation of one ore body, or because
of supply changes between several ore
bodies. And even if no such change is
foreseeable, there is always the need to
optimize existing operations. Every
percent of increased recovery is
valuable and can be immediately
recorded as sheer profit.

One way of optimizing the flotation
process is to alter the flow dynamics to
improve the metallurgical performance
of the cell, especially the flotation
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recovery in the particle size ranges that
are normally difficult to recover.

Outotec has developed a new
flotation mechanism that not only has
potential to improve the metallurgical
performance of existing flotation
circuits and enables the reduction of
energy consumption of flotation
operations. FloatForce is a new
stator/rotor design that can be directly
retrofitted to cells to improve their
mixing profiles and solids suspension.
In addition, the efficient bubble
dispersion and mixing achieved by
FloatForce creates the potential to
improve metallurgical recoveries.

The criteria for the new FloatForce
rotor were to improve pumping and air
dispersion without affecting the several
good features of the traditional rotor,
and without the need for larger motors
or additional modifications. The new
rotor design achieves this by dispersing
the air through separate air inlets.
Power consumption no longer drops
significantly ~when air feed is
increased. Additionally, coarse
particles are kept in suspension by the
pumping effect resulting from the rotor
shape.

1.1 CBI Plant

The CBI plant processes ore from
the CBI underground mine located
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close to the Black Sea in North East
Turkey, near the border with Georgia.
The mine has been operating since
1994 and produces respectively about
150,000t per year of copper
concentrate and 100,000t per year of
zinc concentrate (Sahin et. al, 2012). It
has been the major copper and zinc
concentrate producer in Turkey, with a
design capacity of 600,000 tonnes/year
and its upgraded capacity has been
1.250.000 tonnes/year since 2002
(Mian and Aksani, 2006). The zinc
flotation circuit is shown in Figure 1.

= (e TS i
-|';|.—.'. []-4 | fl
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Figure 1. CBI zinc flotation circuit

The plant treats mainly two distinct
ore types named as spec and off-spec.
Besides variety in the mineralogy of
these ore types such as simple to
complex, the head grades also change
between 2-5% copper and 2-15% zinc
(Aslan et. al, 2011).

2 RESULTS AND DISCUSSION
2.1 Plant Results

Metallurgical  performance  and
power consumption has been evaluated
using the Float Force mechanism. In
order to compare the flotation cells

performance test work has been
performed before and after the
installation.  Sampling for feed,

concentrate and tail streams were

collected and analysed in the
laboratory. Performance monitioring
results are shown in Figure 2, which
shows that Zn recovery has increased
after floatforce mechanism, especially
in low Zn head grades.

Zn Float Force Performance

2nRougher Recovery %

Figure 2. % Zinc recovery vs %zinc in
zinc feed

Changing pulley from 200 mm to
150 mm, power consuming is
decreased, leading to a significant
decrease in the motor revolution. This
effectively  decreased the  cost
associated with power consumption
such as current is decreased to 50
amper from 105 amper.

3 CONCLUSIONS

The running of this rotor/stator
design on the CBI zinc rougher circuit
has;

o Shown an improvement in the
zinc grade recovery curve in the
zinc circuit

« Reduced energy consumption
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Recovery of Lithium Rich Mica from Mineral Waste

Z. Igbal, N. A. Rowson, S. Blackburn

School of Chemical Engineering, University of Birmingham, Birmingham, UK

ABSTRACT Lithium is a strategically important metal for the UK and Europe due to the
limited availability of primary deposits of sufficient grade for economical processing in close
geographical proximity. Recent increases in lithium’s application in electrical technology
driven devices, such as: lithium ion batteries, has seen a great interest in developing
secondary sources of lithium for secure reserves. As lithium is a finite resource, if methods
are not investigated to recover the metal from secondary sources problems with its
availability and price may soon limit the development of the next generation of battery
technology.

This paper investigates mineral processing techniques for the extraction of lithium rich
mineral concentrates, in order to recycle lithium hence making it a sustainable source for
future generations. Various separation methods were investigated to develop a mineral
processing flow sheet for lithium concentrates from existing waste streams. Using this
technique sufficient lithium concentration levels were obtained with a recovery rate of up to

96%, thus making the process of potential interest.

1 INTRODUCTION
1.1 Background

Over recent years, the demand for lithium
has increased, primary due to the increased
use of lithium batteries in electrical devices;
it is now classified as a strategically
important metal (McKnee, 2011). Other
applications for lithium include: glass,
ceramics and primary aluminium production
(USGS, 2010).

In one of Europe’s largest industrial
mineral processing producers operations,
significant amounts of waste product from
kaolin production contains a lithium bearing
mineral, Lepidolite, has been detected as a
by-product. By attempting to recycle the
waste product to recover lithium, we are not
only reducing the rate at which lithium ores
are utilized but also maintaining the
environment balance by reducing waste
produced by industries.

Previous reports (J. R. Hawkes, 1987)
show that, lithium mica has been identified
as a waste product in the early stages of the
process; it is produced as hydrocyclone
underflow from the kaolin production
process. At present, the waste material has
no use thus it is discarded. In order to
recover the metal lithium, initially we must
separate the lithium bearing mineral,
lepidolite, K(Li,Al);(Si,Al)40;(F,OH),. This
can be achieved using various physical
separation techniques, in this study the most
significant lithium recoveries were obtained
using froth flotation. Lepidolite a lithium
rich mica, K(Li,Al);(S1,Al)40,0(F,OH),, that
has a high aspect ratio, flaky structure and a
distinct lilac colour. Lepdiolite is a member
of the mica group; these are silicate minerals
that have silicon and oxygen as their two
major components. Other members of the
mica group include: biotite,
K(Mg,Fe);AlSiOo(F,OH),, and muscovite,
KAI,(AlSi30,9)(F,OH),, which act as
impurities in this study.
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The fundamental principle of froth
flotation separation utiﬁzes the differences
in the surface chemistry of the minerals
species present in the kaolin waste. Minerals
can be classified into two groups: polar and
non-polar. Polar minerals are minerals that
have strong covalent or ionic surface
bonding with high free energies. Non-polar
mineranurfaces have weak molecular bonds
and are difficult to hydrate; as a result they
are hydrophobic. These minerals form a
froth layer when air is passed through the
flotation cell and thus are collected as the
flotation concentrates (Rowson, 2010). In
order to enhance the flotation concentrate we

can add reagents such as depressors,
collectors and frothing agents.
In order to determine the lithium

concentration in the flotation concentrate,
inductively coupled plasma (ICP) was
utilised. ICP uses emission spectroscopy to
quantify the elements. Atomic emission
spectroscopy detects and measures elements,
intensity of light emitted at specific
wavelengths. The samples are initially
heated at very high temperatures in order to
excite electrons. Atoms absorb energy by
collision thus are heated up which resuﬁs in
excitation. The electron which is furthest
away from the nucleus moves into a higher
energy orbit which is unstable, thus the
electron drops back to its original position.
The energy difference this creates is omitted
in light energy which is detected and the
wavelength measured. The intensity of the
light omitted is due to the atoms excited as
shown by Manning T.J., Grow W.R., (1997).
ICP indicates the quantitative analysis of
lithium present.

1.2 Experimental

1.2.1 Material

The feed material was obtained from an
industrial mineral processing company in
Europe. It was taken from the early stages of
the process, hydrocyclone underflow; which
currently has no use and is discarded. The
hydrocyclone underflow is rich in various
mica species; previous reports (J. R.
Hawkes, 1987) have found it may contain
lithium mica. This waste material has been
used as the starting point for the
development of a lithium concentrate
recovery process flowsheet. Experimental
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studies indicated that optimal recovery was
achieved with a of particle sizes between 53-
250um. The hydrocyclone underflow was
initially screened to remove particles less
than 53um, as these compromise froth
flotation efficiency. The feed samples were
analysed using a particle size distributor,
QICPIC (HELOS/BF Sympatec), which
performed a high speed analysis determining
the particle size and density distribution of
the samples to show the efficiency of the
separation.
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Figure 1: Particle Size distribution of 53-250pm
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Figure 2: Particle Size distribution of 250-500pum

1.2.2 Analytical procedures

The samples were analysed using various
techniques to find the mineral and chemical
composition and lithium concentration of
the feed and separation products formed.
The quantitative chemical analysis was
carried out using a combination of: X-ray
fluorescence (XRF) and inductively coupled
plasma  (ICP) by the following
manufactures: Bruker S8 Tiger X-Ray
Fluorescence Spectrometer and
Thermoscientific iCAP 6000 series ICP
spectrometer, respectively.

1.2.2.1 Froth flotation separation

The lithium concentration and recovery
experiments were carried in a Denver cell
with a 3 litre cell. The impeller speed was
set at 1500 reeves per minute. The feed
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sample used for each experiment was 500g
which was then mixed with tap water to fill
the cell. The mixture was then conditioned
at pH 1.5 for five minutes by the addition of
sulphuric acid. The depressor was then
added, it reduces the impurities collected in
the final concentrate, Cyquest 40E
Antiprecipitant ~ (supplied by  Cytec
Industries, UK). The cationic collector used
was  AEROMINE 3030C  Promoter
(supplied by Cytec Industries, UK). The
amount of depressor and collected added
was varied in order to optimise the lithium
concentrate recovered.

1.2.2.2 X-ray fluorescence

The samples were prepared into pressed
pellets by mixing 0.5g of the sample with
0.1g of wax (supplied by Specac Ltd, UK).
The samples were analysed by full analysis
which ran for eight minutes, this then gave
us the elements/oxides present in the
pressed pellet. The results show that
rubidium oxide (for the mineralogy of this
specific deposit) is a good indicator for
lithium recovery hence we can use it to
estimate the initial recovery rate as it is
much easier and accessible form of analysis.

1.2.2.3 Inductively coupled plasma

Prior to lithium analysis the powder samples
were prepared into solutions. The samples
were weighed and 0.1g was mixed with
0.95g of sodium tetraborate (BORAX),
followed by heating at 1000°C for 10
minutes. The samples were allowed to cool
down before adding 50 ml of a 3% solution
of nitric acid and then placing them in a
water bath for 30 minutes. The solutions
were then filtered using 12.5cm Whatman
No.40 filter paper into 100ml volumetric
flasks, the flasks where then diluted with
distilled water. The samples were then
analysed for the amount of lithium metal
they contained.

2 RESULTS AND DISCUSSION

Various particle size ranges of the feed
sample were analysed for lithium content.

The highest, 0.071%, was found in the
particle size range of 53-250pum. Similar
results were obtained with the particle size
range 250-500pm, here we obtained Li,O
(%) between 0.062-0.065% lithium feed
concentrate. Hence further separation
techniques were used in this particle size
range. The lowest Li concentration levels
were found below 53pm.

Figure 3: Relationship between lithium oxide
content and particle size in ore deposit

2.1 Particle size range 53-250pm

Flotation experiments were conducted using
samples from the particle size range 53-
250pum. The optimal pH for the experiments
was found to be 1.5, under these conditions
both the greatest lithium concentration and
recovery rate, 0.47% and 99% respectively
were  obtained.  Other  experimental
parameters (such as collector and depressor
dosage levels) were investigated at pH 1.5.
Figure 5 and 6 compare the depressor and
collector dosage, respectively.
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variables were: depressor and collector dosage
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Figure 5: Flotation recovery of Li,O, constant
variables were: pH (1.5) and collector dosage
(6ml/kg).
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Figure 6: Flotation recovery of Li,O, constant
variables were: pH (1.5) and depressor dosage
(6ml/kg).

2.2 Particle size range 250-500pm

Further investigations were carried out on
the optimal conditions, which were: pH 1.5,
collector dosage 6ml/kg and depressor
6ml/kg.

Figure 7, shows that the experiments
processing the smaller particle size range 53-
250um, gave a greater lithium concentrate
grade compared to the coarser size fraction
of 250-500um. This is thought to be due to
inefficient liberation of the lithium from the
granite/kaolin matrix. Although the final
concentrate values are still too low in order
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to economically recover lithium from this
specific ore deposit — others are now being
investigated for processing potential.
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Figure 7: Flotation recovery of Li,O, constant
variables were: pH (1.5) and depressor and collector
dosage (6ml/kg).

3. CONCLUSION

Using froth flotation a 0.47% lithium
concentrate was produced from a 0.071%
very low grade feed material, with a
recovery rate of 99%.

Further work will involve optimising the

process  flowsheet for the lithium
concentrate to make it more suitable for
downstream processing.
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Filtre Yardimci Kimyasalinin CBI Bakir Konsantre
Nemine Etkisi

The Effect of Filter Aid Reagent on CBI Copper
Concentrate Moisture

O. Altun, Z. Goller
Cayeli Bakir Isletmeleri, Madenli Beldesi, Cayeli/Rize, Turkey

ABSTRACT Current transportable moisture limits (TML) for shipping of mineral
concentrates tend to decrease due to the safety measures, especially the ones taken
in order to prevent liquefaction. This emphasizes the importance of the moisture
content of filter cake obtained in dewatering/filtration stage. CBI produces copper
concentrate of which primary copper mineral is chalcopyrite. Generally this type
of concentrate has a moisture content ranged between 10% and 15% by weight.
Current TML value for copper concentrate in Cayeli Copper-Zinc mine is 10.4 %
which is close to physically achievable limit.

In some industrial areas, dewatering aid chemical —aka filter aid reagent- is
being used to obtain filter cake including less amount of water. These chemicals
tend to reduce the surface tension of water or to increase the capillary radius and
thus water molecules can evaporate from the surface of the filter cake easier. For
this reason, laboratory and plant scale studies on the final concentrate of copper
circuit in CBI were done with different ore types and filtration conditions.

In this study, optimum reagent dosage and achievable moisture content were
investigated to achieve an allowable final product below the TML value. Results
showed that addition of 2000 g/ton of filter aid chemical addition decreases the
moisture content by 10 to 15 % in laboratory studies with different ore blends but
the cloth properties negatively affected in terms of surface porosity and
permeability.
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OZET Mineral konsantrelerinin gemi araciligiyla tasmabilmesi amaciyla,
ozellikle sivilasmayr Onlemek amaciyla alinan emniyet kistaslari nedeniyle
Tasinabilir Nem Smirlarinda (TNS) diisis s6z konusudur. Bu durum,
susuzlandirma/filtrasyon asamasinda edinilen, filtre kekindeki nem oraninin
onemini vurgulamaktadir. CBI birincil bakir minerali kalkopirit olan bakir
konsantreleri tiretmektedir. Genel olarak bu tip konsantreler agirlik bazinda %10 -
15 oraninda nem ihtiva etmektedir. Cayeli Bakir-Cinko madeninin mevcut TNS
degeri %10.4 olup fziksel olarak ulasilabilir sinirdadir.

Endiistriyel alanlarin bazilarinda daha az miktarda nem igeren filtre keki
edinmek i¢in susuzlandirma yardimci kimyasali — baska bir degisle filtre yardimci
reaktifi - kulanilmaktadir. Bu kimyasallar suyun yiizey gerilimini azaltir ya da
kapiler yarigapini artirirlar ve bdylece su molekiilleri, filtre keki ylizeyinden
kolayca buharlasabilirler. Bu nedenle, CBI bakir konsantre devresi iizerinde farkli
cevher tipleri ve filtrasyon sartlarinda laboratuvar ve tesis Olgekli caligmalar
yapilmustir.

Bu calismada TNS altinda nihai iirlin elde etmek igin en uygun kimyasal
eklemesi ve basarilabilecek nem igerigi arastirildi. Sonuglar gosterdi ki,
laboratuvar kosullarinda gergeklestirilen calismalarda 2000 gr/ton kimyasal
eklemesiyle %10-15 arasinda bir nem diisiisliniin saglandig1 fakat filtre bezi
ylizeyinde, gecirimlilik 6zelligini olumsuz etkileyecek belirtiler gozlemlendi.
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1 INTRODUCTION
1.1 CBI Plant

The CBI plant, which is located in
Northeast region of Turkey, close to
Black Sea, produces 100.000 tons of
zinc concentrate (Sphalerite mainly)
and 150.000 tons of copper concentrate
divided into two concentrate types
which are named as Spec and Off-Spec
(Chalcopyrite is the primary mineral)
(Sahin A.N. et. al., 2012).

Besides variety in the mineralogy of
these ore types such as simple to
complex, the head grades also change
between 2-5% copper and 2-15% zinc
(Aslan A. et.al, 2011). The term Spec
and Off-Spec concentrate depends on
the Cu and Zn content in the
concentrate. For Spec campaign, the
concentrate must not have more than 5
% Zn and less than 23 % Cu and for
Non-Spec production, the concentrate
must not have more than 10-12 % Zn
and less than 16-17 % Cu.

The innovations in the plant granted
higher production by time and thus the
amount of concentrate increased
slightly which is shown in

Table 1.

Table 1. Mill production since 2009

2013
(Budget
1250,0

x1000 2009 2010 2011 2012

Milled
Tomnage
Off-Spec

Concentrate

1151,0 11470 11954 1218.5

99.6 940 940 972 112.3

This high production rate led the
dewatering process in high intense
circumstance in which the current rate
increased design capacity which
becomes a Dbottleneck in whole
operation.

The mineral (or coal) concentrates
obtained by flotation are dewatered
before they can be further processed or
shipped to customers. The dewatering
process consists of several steps. In the
first step, slurry is thickened from 35 to
75% solids in a large thickener, while
free water is removed from the top and
recycled back to the plant. In the
second step, the thickened pulp is
subjected to a mechanical dewatering
process, such as filtration, to further
removing the water. However this
process 1S highly inefficient,
particularly when the mineral (or coal)
particles are fine (Adamson, AW,
1997).

In general, the moisture content in
the dewatered product increases with
decreasing the particle size, which
indicates that the residual moisture is
mostly due to the surface water. For
sulfide mineral concentrates, the
filtered products contain typically 10 to
18% moisture by weight (Yoon RH et
al, 2004).

Figure 1. Flow sheet of dewatering unit
in CBI

In current flow sheet (Figure 1), the
underflow of the Cu Off-Spec
thickener is being pumped to the Cu
surge tank, which is stirring the pulp to
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hold homogeneity. In some cases,
when the Mill feed is at maximum
capacity (180 wmtph) and the copper
head grade is high (above 3.25 %), the
amount of copper concentrate exceeds
the settling rate of material in thickener
and starts to overflow to recycle water
line.

In this case, the density of the
thickener underflow is being set for
more diluted ratio to decrease the
residence time of concentrate in the
thickener, by increasing the pump
speed to higher degrees. This helps
reducing and/or eliminating the
overflow of concentrate from thickener
but causes another issue which will be
mentioned below.

1.2 Filtration

CBI plant has press filter with 41 plates
which supplies 5.5 tones (at optimum
conditions) of copper concentrate filter
cake for each cycle with an average
moisture content ranges between 10 to
14 percent. This high range of moisture

content becomes dramatic in most
cases; hence the metallurgical
accounting and transportation

limitations became an important issue.
Some physical arrangements were
done, such as increasing the feeding
and cake blow (air injection) durations,
but still the moisture content did not
provide appropriate values.

In literature, dewatering chemicals
(or aids) agents are being used to
reduce the capillary pressures of the
water trapped in a filter cake (Myers, D
1988) by 1) decreasing the surface
tension of water, ii) increasing the
contact angles of the particles to be
dewatered, and iii) causing the particles
to coagulate, all the same time. Some
studies proved that dewatering aids

896

could reduce the moistures of the filter
cake by 30 to 50 % (Yoon RH, et al
2004).

2 EXPERIMENTAL & RESULTS
2.1 Plant Scale Studies

After the installation of filter aid
chemical to the Cu Off-Spec
concentrate surge tank, the set up was
tested by pumping the chemical to a
measured container. The pump curve
was plotted (Figure 2) to calibrate the
instant pump speed seen on the control

room panel and actual pumping
dosage.
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Figure 2. Pump dosage curve

On the second phase, the point of
taking moisture sample was considered
for representative sampling. For this
reason, a sample from concentrate
stockpile was taken and another sample
was taken under the filter when the
filter cake was being discharged by
opening the plates.

Table 2. Comparison between sample
points

Thickener
Underflow
Density Manual,
kg/l

Surge tank Manual | Moisture| Sample

Date Hour Density % Point

27 Haziran | 14:55 2.020 1.920 10,7 Plate

27 Haziran | 14:55 2.020 1.920 11,1 Stockpile

12 Temmuz | 09:30 1.870 1890 10,8 Plate

12 Temmuz | 09:30 1.870 1890 12,3 Stockpile
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The results (Table 2) showed that
taking sample under the plates is much
better to reduce the possibility of
contamination in the concentrate pad or
stockpile, especially from the previous
cycles’ products and water leakages
from the filter lid.

—

JECat: 2 P OREN

Figure 3. Plant set-up

After having the set-up shown in
Figure 3, the samples were taken in
different campaigns and in different
dosages. When the stability of the
process agreed by checking the density
readings and surge tank level. The
results are shown in graphs below ;

Moisture results in Non-Spec
campaign

Majsture %

L] » i 0 B in i

Chemicad Cazape. I

Figure 4. Plant scale study results in
Non-Spec campaign

The results shown in Figure 4, that
the dewatering aid chemical has
reduced the moisture content by 10%
from 10.3 to 9.3%. When the dosage
increases 7.6 1/h, the moisture content
increases.

The most of the tests were conducted
in Spec campaign and the variance
between tests are higher than Non-Spec
campaign. The tests were done in
different days with different blends, so
that the filtration performance may
change. The same trend can be seen in
Spec campaign (Figure 5) in which the
increase in chemical dosage after a
certain point, negatively affects the
filtration performance.

This shows that in Spec campaign, it
takes much chemical consumption to
decrease the moisture content to an
acceptable limit. The difference
between the minimum and maximum
value is around 16.4%.

Moisture results in Spec campaign

Weislirs, %

Chemical Dosage. |

Figure 5. Plant scale study results in
Spec campaign

In BCO campaign, the results
(Figure 6) show that the chemical
addition has a negative effect on the
removal of water molecules from the
filter cake which may be due to clay
mineral content in BCO campaign.
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Moisture results in BCO campaign
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Figure 6.Plant scale study results in
BCO campaign

Moisture results in BYQ campaign
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Figure 7.Plant scale study results in
BYO campaign

The most resistant campaign type
was BYO campaign (Figure 7) in
which the filter aid reagent did not
make any change in the moisture
content of the filter cake, even the
dosage was twice as Non-Spec
campaign. After addition of 7.5 lh
chemical addition, the moisture results
did not reflect any changes which
shows the pulp has a saturated amount
of chemical addition.

As conclusion, the plant scale
studies gave a rough information for
the behavior of filter aid chemical in
the filtration process. But the plant
process conditions, other factors
affecting the filtration perfromance
(lockings in the filter cloths, instant
fluctuations in the pulp densities) could
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influence the test conditions and might
be kept in decision making.

In light of the trial tests done in
plant, a laboratory scale filter press was
brought for comparing the plant studies
and decide on chemical advantages and
disadvantages.

2.2 Laboratory Scale Tests

The results in plant studies showed
that, it is important to have a conserved
test condition in order to comment on
data for filtration performance. A
laboratory size filter equipment which
has 2 liters of capacity at most, was
placed in the process laboratory.

First of all, the reproducibility of test
set-up was found by doing two tests in
the same condition. The third test was
done to have the minimum moisture
content giving process conditions (cake
blow time) and all three tests’ results
were given in Table 3.

Table 3. Reproducibility tests results

[ Test1Test 2] Test3 [Test4Test 5[Test 6]Test 7
Filter aid addition, mf 0 15 3 451 6 [ 45] 0
Pulp density, g/l 1688 | 1640 | 1640 | 1666 | 1654 | 1660 | 1666
Feeding time, min 3 3 3 3 3 3 3
V1 Filtrate Water,| | 460 | 500 | 510 | 450 | 510 | 500 | 570
Cake Blow time, min| 45 | 45| 45 | 45| 45 | 45| 45
V2 Filtrate Water,| | 100 | 100 [ 70 | 150 | 90 | 80 | 60

Wetweight, g 805 | 844 | 8% | 838 | 869 | 867 | 850
Dry weight, g 693 | 727 | 774 | 726 | 768 | 748 | 733
% Moisture 1391 | 13.86] 1352 | 13.37| 1361] 13.73] 13.76

It is clear that the tests supplied
satisfactory results in the same
condition and proved the
reproducibility of test set-up. In order
to find the appropriate chemical dosage
for optimum moisture content, the filter
aid chemical was decided to be added
with the dosages between 2 and 8
kg/ton.
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The amount of the pulp to be fed in
the filter was decided to be 1 liter in all
tests and in all conditions the pulp
density was measured when the
material was taken into the container
by weighing on a scale. The chemical
then injected into the pulp and was
conditioned in the container for 1
minute. After the conditioning was
done, the pulp was poured into the
feeding vessel of filter set-up and then
fed to the filter with 6 bar air pressure.

Table 4. Filter test results in different
chemical dosages

Test1 |Test2| Test3
Pulp density, g/l 1717 | 1669 | 1649
Feeding time, min 3 3 3
V1 Filtrate Water, | 0.47 | 0.55 0.45
Cake Blow time, min 4.5 4.5 6
V2 Filtrate Water, | 0.085 | 0.055| 0.07
Wet weight, g 927 941 821
Dry weight, g 811 820 726
% Moisture 12.51 | 12.86| 11.57

The test results were represented in
Table 4, and shows that filter aid does
not make any difference even in four
times higher than the literature usage.
After the second test, the filter cloth
seemed to have a hydrophobic surface
which might be the fact of high amount
of chemical addition.

3 DISCUSSION & CONCLUSION

Both plant and laboratory tests
showed that the dewatering aid
chemical did not make a significant
effect on moisture content, even in
high amount of  additionThe
operational observations also showed
that reagent is coating the surface of
filter cloth and might prevent the water
molecules to penetrate through the
pores in cloth, thus lead filter cake to
have high moisture content.

Additional tests can be done with
different process control parameters
and with different campaign types. In
order to reduce the moisture content in
the concentrate, different types of filter
cloths can be investigated with a
similar series of tests which would
provide much confident results
compared to plant studies.
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ABSTRACT Paints provide protection against any possible corrosion by forming a thin film
layer on the material surface. Paint is a colloidal system consisting of four main parts: binders,
pigments or minerals, solvents or water, and additives. Minerals or so-called pigments with a
proportion of 20 to 50 % by weight play a fundamental role on paint properties. The variation
of these constituents gives rise to a fluctuation in paint type and its quality. In a general
architectural paint, titanium dioxide (TiO,) is used as a main white pigment with high
refractive index but is quite expensive compared to the rest. Other minerals such as calcite and
calcined kaolin are also used as filler or substitute for TiO,. Various researches on these
minerals have been carried out in order to reduce TiO, consumption without affecting the
paint quality.

In present paper, the behavior of precipitated calcium carbonate (PCC) which differs from
ground calcium carbonate (GCC) in terms of morphology and purity has been examined as a
substitution for TiO, in paint mixture. The rheological properties of PCC along with the
quality of paints produced by PCC was evaluated by standards based on both wet and dry
paints such as viscosity, density, opacity and brightness. It was observed that PCC partly
substituted for TiO, can improve the stability, scrub resistance, brightness and coverage of
produced paints.

1 INTRODUCTION

Paints are used to protect the material
surfaces against various corrosions along
with their decorative purpose. Consumption
of waterborne paints increases since they are
environmentally-friendly when compared to
the solvent based paints. A typical
waterborne paint consists of approximately
20% water, 30% binder, 10% agents and
additives, and 40% pigments and minerals.
In a dry film, however, there are just pigment
particles and binder polymer fibers to keep
the particles on the surface. As a consequent,
the minerals used in the paint recipe directly
affect the characteristics of the paint. TiO, is

the main pigment used in the waterborne
paints due to its high refractive index and
coverage capability; nevertheless, its high

price encourages researchers in paint
industry to look for abundant and
inexpensive substitutions. A number of

minerals are used with the aim of decreasing
the cost and improving some physical and
mechanical properties of paints (McGonigle,
1996; Karakas et al, 2009). Beside calcined
kaolin, talc and other mineral fillers such as
ground calcium carbonate (GCC) or calcite
are widely used to lower the cost. Pigments
proportion in paints could vary between 25-
35% (Wypych, 1999). GCC particles are
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slightly positively charged while that of TiO,
is negative and this phenomenon causes
electrostatic interactions among them at the
natural pH of paint. It is already known that
calcite particles with optimum size
distribution  contribute to the better
distribution of TiO, particles in paint
medium via electrostatic interaction (Werner,
1998; Karakas and Celik 2012).

In this study, the rheology of PCC, its
behavior in waterborne paints and the effects
of this filler as a substitution for TiO, on the
physical properties of both wet and dry
paints were investigated.

2 MATERIALS AND METHODS
2.1 Materials

Calcined kaolin and calcite used in this
study were received from "Microns" and
"Som Group" companies respectively.
Titanium dioxide (TiO, - RC828) was
obtained from Nanokim. Styrene acrylic
copolymer used as binder was obtained from
“Organic Chemical” and the rest of the
components such as dispersants, surfactants
and some solvents were obtained from
“Ishakol Paint Company”. The PCC (B1)
was received from "Adagal A.S.". Some
physical properties and d,o, dso and dgg sizes
of the minerals used as a pigment are given
in Table-1 and the SEM images of minerals
received from Adacal A.S. are shown in
Figl-3.

Table 1.Properties of Used Minerals

Oil Size (um)
Mineral absorption 4 4
ml/100g 50 90
TiO,
(CR 828) 19 0.3 0.8
GCC
(Calcite N95) 17 11 1.6
PCC
(B1) 40 1.8 3.1

As it is seen in SEM images, the particles of
TiO2 and PCC are more uniform than that of
the Calcite in terms of size and particle
shape. This uniformity generally results in a
consistent paint film formation on the surface
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which directly affects the coverage and
scrubbing resistance.

Figed s SEM Feoage af T8 Parsicles s

Fig-3: SEM Imoge of POC-BT Particha L

2.2 PCC Characterization

Electrokinetics and rheological properties of
PCC were examined. PCC suspensions of
10wt% were prepared in order to measure
zeta potential and viscosity. Desired pH
values were obtained using 0.1M HCI or
0.IM NaOH solutions. “Zeta meter 3.0+
and “Brookfield DVII+” were used for zeta
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potential and viscosity —measurements,,
respectively.

2.3 Paint Characterization

A commercial paint recipe is shown in
Table-2. This recipe contains 36.6% of
pigment including different amounts of TiO,,
calcined kaolin, GCC and PCC. Paint
production process and analysis were
described in detail in previous paper
published by Karakas et al. 2010.

Table 2. Commercial Paint Recipe

Material Quantity (%)
Water 20.1
Antifreeze 0.8
Biocide 0.3
Thickener 0.2
Dispersant & Wetting
Agent 0.5
Defoamer 0.35
pH adjuster 0.15
Thickener 0.1
Pigment 36.6
Styrene Acrylic Binder 37
Silicone 0.1
Dispersant 0.8
Synthetic thinner 1.6
Antibacterial 0.3
Butyl Glycol 0.8
Anti settling agent 0.3
TOTAL 100

The properties of paint suspension were
determined in terms of density and apparent
viscosity using liquid pycnometer and
“Stormer Krebs” viscosimeter, respectively.

In order to evaluate the coverage of dry
paint films, the contrast ratio was measured
by a reflectometer. Brightness values of the
paint films were determined at three different
incident angles; 20°, 60° and 85° using a
glossmeter. Scrubbing resistance of the
produced paints was also determined using a
standard scrubber with 200 times rubbing on
the paint film of 200pm in the presence of
Sodium  dodecyl  benzene  sulfonate
(C12H25C6H4SO3N3).

30
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Fig-4: Zeta Potential of PCC as a
function of pH

pH Value
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3 RESULTS AND DISCUSSION
3.1 Suspension Characterization of PCC

Both zeta potential and apparent viscosity
values of PCC suspensions as a function of
pH were utilized to determine the rheological
characteristics.

As described in Table-3 and Fig-4, the
natural pH and IEP values of PCC were
found as 9.2 and 9.8, respectively. It was
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Fig-5: Apparent Viscosity of PCC
suspension versus Shear Rate in
different pH values of 8, 9.2 ,and 10.5
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Fig-6: Apparent Viscosity as a function

of pH in Shear Rate of 30 S*!

revealed that the apparent viscosity of the
PCC suspensions increased with increasing
pH from 7.8 to 10.8 due to a decrease in zeta
potential; the flow regime of this suspension
is Pseudoplastic (Fig-6). As shown in Fig-5,
decrease in zeta potential with increasing pH
values results in high apparent viscosity of
PCC.

Table 3. Zeta potential of PCC as a function
of pH

Zeta Potential,
pH (24h)
mV
7.8 21.27
8.1 19.37
8.6 12.13
9.2 (Natural) 8.04
10.8 -8.35

The IEP of 9.8 found for PCC is quite
higher than that of TiO, which is around 7.8;
The IEP of the alumina coated TiO, used in
paint production as a pigment is between the
IEP of pure rutile (pH 4.9) and that of the
pure alumina (pH 9.2). Similarly, IEP of the
pigment form of TiO, has been reported at
pH 6.7 based on the previous studies (Nsib et
al. 2007). Surface charge of PCC in the pH
range of paint, which is around 8.0 — 8.5, is
between 15 to 20 mV. This difference in IEP
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Fig-7: PCC Sustitution Results

results in a slight adsorption of negatively
charged TiO, particles on the well distributed
positively charged PCC particles; hence the
surface of PCC particles get coated with
TiO, particles and leads to an overall
increase in paint coverage since PCC
particles start to behave like a spacer for
TiO,.

3.2 Paint Characteristics

Although substitution of TiO, with GCC
reduces the production costs, the opacity of
the film is not desirable. Using PCC instead
of GCC seems to overcome this negative
result (Kogel et al. 2006). As shown in
Table-4, a typical paint recipe containing
35% pigment consists of 20% TiO, and 15%
GCC, whereas a standard coverage is 98.7. A
1.3% decrease in coverage occurs upon 8%
substitution of TiO, by GCC. Savings 8%
TiO, with just 0.2% decrease in opacity is
obtained using 20% of PCC along with
3.32% GCC (Fig-7). The prices of TiO,,
GCC and PCC are around 3100€/t, 150€/t,
and 340€/t respectively. As the PCC costs
almost one ninth of TiO,, this amount of
TiO, substitution in industrial scale gives rise
to a significant economical savings.

Eventual viscosity of the paint is affected
by the oil absorption of the pigments. Oil
absorption of TiO,, GCC and PCC were
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found 19, 17 and 40 ml/100g, respectively.
Since the oil absorption of PCC is higher
than the other pigments, addition of PCC
increases the apparent viscosity of the paints,
as shown in Table-4. Brightness is another
parameter that was investigated in dry films.
Two types of recipe with different amounts
of pigments were utilized in this experiment.
It is found that PCC causes an increase in
brightness of the paint films and in some
cases upgrades the paints almost one class
higher than that without PCC in terms of
standard brightness classes (Fig-8).

Table 4. Properties of Paints (Series A)
. TiO, | GCC | PCC | Opacit Viscosit
# of Paint o, % % p% y (KU) ¥
1 20 [15.15] 0 98.7 115.7
2 12 123116 0 97.4 112.0
3 12 132 | 10 97.6 109.8
4 12 332 | 20 98.5 122.4

PCC also seems to increase the resistance
of the film against scrubbing which is one of
the desirable properties. Paints become more
resistant against scrubbing if their binder
proportion to pigments becomes high. This
ratio is  called Pigment  Volume
Concentration (PVC). Rise in the PVC value
in the direct ratio of the pigment proportion
to the binder is a positive result which means
the lower the PVC value the higher is the
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Fig-8: Effect of PCC on Scrubbing and
Brightness of paint

content of polymeric binder (Tiarks et al.
2002). Paints examined in terms of resistance
against scrubbing are two extreme points of
PVC with various minerals as pigment and
fillers (Table-5). In both PVC points, those
films containing PCC as filler performed
good resistance against scrubbing since this
strength strongly depends on the particle-
particle and particle-binder interactions.
Since PCC has narrowed particle size
distribution as described in materials and
methods  section more  homogenous
dispersion is achieved thus optical and
mechanical properties of the paint is
improved.

Table 5. Properties of paints subjected to

Brightness and Scrubbing experiments
(Series B)
roportion . Eo S
of pigments Pigments 551 ) e _-é %o
* | & @
%16 | %28
) GCC | 1 [ 9.80 [ 0.065
PVC55 |TiO,| Kaolin | 2 9.47 | 0.052
PCC 3 | 17.87 | 0.045
%16 | %36
(In) GCC | 1 | 17.97 | 0.734
PVC 80 |TiO,| Kaolin | 2 | 16.03 | 0.604
PCC 3 | 28.80 | 0.416

4 CONCLUSION

It was revealed that the PCC suspensions
exhibit a natural pH of with an IEP value of
9.8. PCC particles are positively charged in
the pH range of paint. The flow behavior of
the PCC suspension was defined as
pseudoplastic and its viscosity increases with
increase in pH. PCC was also found as an
acceptable substitution for TiO, since its
contribution to opacity is higher than the
other filler substitutes. PCC production is a
process of re-crystallization of calcite under
well controlled conditions; hence, the
products are more pure than the other
minerals. Due to this purity, paints
containing PCC yield higher brightness than
the standard paints which contain GCC as a
pigment. PCC was also found to increase the
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resistance of paint films against scrubbing.
As a result of the investigation, 8% of TiO,
can be substituted with PCC without any
adverse effect on main paint properties of
which economical beneficiations has been
explained.
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Sepiyolitin [Fe(CN)q]*" Kompleksi ~ Adsorpsiyonunun Yapay
Sinir Aglar1 Ile Modellenmesi

The Modelling of [Fe(CN)6]" Adsorption onto Sepiolite with
Artificial Neural Network
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OZET Yapay sinir aglari, son yillarda adsorpsiyon prosesleri igin basarili bir sekilde
kullamlan bir yéntemdir. Bu ¢alismada, kuvvetli metal siyaniir komplekslerinden [Fe(CN)q]*
’in sulu ortamdan adsorpsiyonla giderilmesinde sepiyolitin etkinligi i¢in yapilan deneysel
calismalarda elde edilen veriler, YSA ile gelistirilen tahmin modelinde kullanilmustir. Tki gizli
katmanli YSA modeli ile sepiyolitin Fe ve CN adsorplama kapasitesi tahmin edilmistir.
Konsantrasyon, tane boyutu, siire ve aktivasyon kosullari giris bagimsiz degiskenleri iken
¢ikis bagimli degiskeni olarak kapasite tahmini yapilmistir. 324 veriden olusan veri setinin
oncelikle 232’°si egitme, 92’si test igin kullanilmustir. Tansig-tansig-logsig fonksiyonlari
kullanilarak ilk gizli katmanda 8, ikinci gizli katmanda 7 diigiim sayisiyla elde edilen en iyi
korelasyon ve en diisiik hata oranlar1 sirasiyla egitmede 0.99401-0.015, testte 0.98983-0.020
bulunmustur. Ayn1 veri setiyle yapilan 9 capraz dogrulama sonucunda korelasyon ve hata
performanslarinin bu degerlere olduk¢a yakin olmasi (0.99442-0.015 ve 0.98088-0.026)
modelin basarili ve giivenilir oldugunu gostermistir.

ABSTRACT Artificial neural network (ANN) is the modeling method which has been
succesfully used for adsorption processes in recent years. In this study, effectiveness of
sepiolite in the adsorption of a strong metal-cyanide complex, [Fe(CN)¢]", from aqueous
solution was investigated. The experimental results was used as the database in forecasting
model developed in ANN. Fe and CN adsorption capacities of sepiolite were forecasted by
two hidden layer ANN model. Concentration, particle size, time and activation conditions
were input independent variables while the capacity was forecasted as output depended
variable. Total 324 data was randomly separated to two subsets as 232 training and 92 test
data. Tansig-tansig-logsig functions and 8 and 7 neurons in the first and second hidden
layers, respectively, resulted in the best model configuration. The highest correlation and the
lowest errors achieved with this configuration were 0.99401-0.015 at training and 0.98983-
0.020 at test. Cross validation was applied to the best configuration. A nine fold cross
validation resulted in 0.99442-0.015 correlation-error values for training and 0.98088-0.026
for testing. The achieved close correlation and error values after cross valudation indicated
the success and confidency of the established model.
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1 GIRiS
Altin iceren cevherlerden altin
ekstraksiyonunda siyaniir lici  yOntemi

yaygin olarak kullanilmaktadir. Siyaniiriin
yiiksek toksik 6zelligi ve ¢evresel etkilerinin
kamuoyunda dikkatle izlenen ve tepki
gosterilen bir konu olmasi bu tesislerde
siyaniirlii atiklarin aritimmin énemini giincel
hale getirmektedir. Siyaniir ligi islemi
sirasinda  Au ve Ag yaninda, cevher
icerisindeki bazi metaller de metal siyaniir
kompleksleri seklinde ¢oziinmektedir. Agir
metal siyanlir kompleksleri stabiliteleri,
¢oziiniirliikleri yada az ¢oziinilir olmalar ile
karakterize edilirler. Bu anyon kompleksleri
ultraviyole 1smlara maruz kaldiklari zaman
normal sicaklikta yavas ayrnisirlar  ve
ayrismadiklart siirece serbest siyaniirlerden
daha az toksik etkiye sahiptirler (Donata vd,
2007). Ancak potansiyel tehlike olduklari
i¢in 6nlem alinmasi gerekliligi de goz ardi
edilmemelidir. I¢inde siyaniir komplekslerini
en fazla tasiyan atik grubu olan madencilik
ve endiistri atiklarinin miktarlariin ytiksek
olusu da diisiiniiliirse, bu atiklarda bulunan
metal siyaniir komplekslerinin giderimi igin
ekonomik ve verimli yontemlerin bulunmasi
ve dogru uygulanmasi daha da Onem
kazanmaktadir.

Silikat yapili minerallerden sepiyolitler
hem yiiksek ylizey alanlari, hem de negatif

ylizey  yikleri sebebiyle, ozellikle
katyonlarin ~ (metallerin)  degistirilmesi
ve/veya adsorpsiyonu amaciyla yaygin

kullanilmaktadir (Brigatti,2000). Bu metaller
arasinda siyaniir komplekslerinde yer alan
Cu, Zn, Fe gibi bircok metal de
bulunmaktadir ve bunlar zayif, orta ve
kuvvetli siyaniir komplekslerini olusturan
orneklerdendir (Brigatti vd,1999). Sepiyolit
asit, baz ve tuz gibi kimyasallar ile iglenerek
ya da 1sil isleme tabi tutularak daha da
gozenekli hale getirilmekte ve adsorpsiyon
kapasitesi artirilabilmektedir.

Miihendislik  sistemlerinde  optimum
kontrol ve igletme stratejileri gelistirebilmek
i¢in kaliteli temsili modellerin gelistirilmesi
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onem  tagimaktadir.  Boylece
performanst  agiklanabilmekte,
arzeden kontrol
gelistirilebilmektedir. Bu tiir modelleme
calismalarinda ¢ogu zaman kompleks
sistemlerdeki c¢oklu giris/cikis degiskenleri
arast  dogrusal olmayan  (non-lineer)
iliskilerin agiklanmasi ve ¢oziimlenmesinde
modelleme  tekniginin  hassasiyeti  ve
basarisin1  saglamak zordur ve Onemlidir.
Modelleme yontemlerinden biri olan YSA
yaklagimlarryla, klasik tekniklerle ¢oziimii
zor olan problemlerde ¢ok farkli yapida ve
formlarda bulunabilen degiskenleri ve
verileri hizli bir sekilde tanimlayarak etkin
¢Oziime ulasmak miimkiindiir. Son yillarda
adsorpsiyon  proseslerinin ~ YSA  ile
modellenmesine yonelik dnemli arastirmalar
yapilmaktadir. Singh vd (2006), YSA
kullanarak  hematit’in Cd adsorpsiyon
kapasitesini tahmin ettikleri ¢aligmalarinda
deneysel ve tahmin edilen degerler
arasindaki korelasyon degerini 0.9607 olarak

proses
stireklilik
stratejileri

bulmuglardir. Yetilmezsoy ve Demirel
(2008), Antep fistig1 kabugu ile siv1
soliisyonlardan Pb(II) adsorpsiyon

etkinliginin tahmini i¢in gelistirdikleri ii¢
tabakalt YSA modelinde korelasyon degerini
0.936 olarak bulmus ve Turan vd, pomzanin
Cu(Il) (2011a) ve Findik kabugunun Zn (II)
(2011b) adsorpsiyon kapasitesini YSA ile
modelledikleri caligmalarinda yiiksek
korelasyon katsayilari (R>= 0,99) elde
etmiglerdir.

Bu calismada, kuvvetli metal siyaniir
komplekslerinden ~ [Fe(CN)s]*’tin  sulu
ortamdan adsorpsiyonla giderilmesinde ham
ve asit aktif sepiyolitin etkinligi i¢in yapilan
deneysel ¢alismalarda elde edilen veriler,
YSA’nin en temel alogaritmalarindan biri
olan ¢ok katmanli yapay sinir aglarn
(CKYSA) ile gelistirilen tahmin modelinde
kullanilmistir. CKYSA modeli ile sepiyolitin
Fe ve CN adsorplama kapasitesi tahmin
edilmistir.
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2 MATERYAL VE METOT
2.1 Adsorpsiyon Denemeleri

Calismada Dogus madencilik Ltd.Sti’nden
temin edilen Eskisehir-Sivrihisar sepiyoliti
ogitiiliip elendikten sonra <0.106, 0.106 -
0.300 ve 0.300-0.600 mm tane boyutundaki
fraksiyonlar kullanilmistir. Ham sepiyolit
numunelerinin ortalama spesifik yiizey alani
293 m*/g’dir. Ham mineralin yani sira, ayni
tane boyutlarinda sepiyolit farkli
normalitelerdeki HNO; ile asit aktivasyona
tabi tutulmus ve adsorpsiyonda asit
aktivasyonun  etkisi de  calisilmustir.
Aktivasyon isleminde 0.5, 0.75, 1.0 ve 1.25
N HNO; (%65°lik) c¢ozeltisi kullanilarak
%10’luk sepiyolit slispansiyonlari
hazirlanmigtir. 70°C’de 6 saat karistirildiktan
sonra saf su ile pH 5.5 oluncaya kadar

yikanmis, siiziilmiis ve 60°C’de
kurutulmustur. Asit normalitesi 0.75 N
degerine kadar spesifik yiizey alani artarak
310 m%g’a wulasmus, daha yiksek
normalitelerde ise 210 m%/g’a kadar
diigmiistiir.

Demir-siyaniir kompleksi [Fe(CNg)]* 5

g/100 mL stok ¢ozelti olarak hazirlanip
calisma boyunca seyreltilerek kullanilmistir.
Deneyler kesikli reaktorlerde 50 mg
sepiyolit/100mL kompleks c¢ozeltisi olacak
sekilde hazirlanan farkl baslangi¢c kompleks
konsantrasyonundaki numunelerle
yapilmigtir. Reaktorler oda sicakliginda 220
rpm hizdaki c¢alkalayicida dengeye ulasana
kadar karistirtlmigtir. 10 saat boyunca
yapilan 6n denemelerde ilk 4 saatte sistemin
dengeye ulastigni  gozlenmistir. 4  saat
boyunca alinan numunelerde hem Fe hem de
CN analizleri yapilmistir. CN analizleri
titrimetrik olarak glimiis nitrat metoduyla
(APHA, 1998), Fe analizleri ise GBC
SensAA  model Atomik  Absorpsiyon
Spektrometresiyle yapilmistir. Reaktorlerde
baslangic ve sonu¢ pH degerleri de
Jenway3060 model pH metre ile takip
edilmistir. Ayni deneyler tane boyutu ve
aktivasyon kosulu degiskenleri i¢in de
tekrarlanmustir.

2.2 YSA Modelleme

Yapay Sinir Aglar1 (YSA), beyinde bulunan
noéronlarin matematiksel modeline dayanarak
olusturulmus giliniimiizde matematik,
istatistik, bilgisayar bilimleri ve miihendislik
alanlarinda pek ¢ok modelleme, sinyal
isleme, desen tanima ve smiflandirma
problemlerine ¢oziim iiretebilecek yetenege
sahip bir sistemdir (Haykin 1999). YSA,
birbirine hiyerarsik olarak bagli, paralel
olarak calisabilen, néron yada diigiim olarak
adlandirilan yapay hiicrelerden olusmustur.
Ayni zamanda, noronlar arasinda agirhk
denilen her baglantinin bir degeri vardir ve
bilginin 6grenme yolu ile elde edilmektedir.
Ogrenilen bilgiler agirhiklarda saklandig
icin dagiik bir hafiza séz konusudur
(Oztemel 2003).

CKYSA, giris ve ¢ikis arasinda dogrusal
iligki olmadigi zaman Ogrenme islemini
gerceklestirebilen ve  YSA’nin  yaygin
kullanilan algoritmalarindan biridir. Giris
katmani ile ¢ikis katmani arasinda bir veya
birden fazla gizli katman mevcuttur.
CKYSA modeli damigmanli  $grenme
yontemini kullanmaktadir. Aga hem girisler
hem de bu girislere karsilik gelen hedef
¢ikiglar verilmektedir. Bu algoritmaya gore
agin egitilebilmesi igin egitim seti ve bu sete
karsilik hedef cikis seti olmalidir. (Oztemel
2003, Fausett 1994).

Bir CKYSA modelinin egitilmesi ii¢
adimda gerceklestirilir: giris egitme verisinin
ileriye dogru yayilmasi, verilen hedef
degerlerine karsilik hatanin hesaplanmasi ve
bu hatanin geriye dogru yayilarak
agirliklarin ayarlanmasi (Fausett 1994).

Egitime baslamadan oOnce maksimum
iterasyon sayisi, gizli diigiim sayisi, 6grenme
oranmnin ve en kiigik hata kriterinin
degerleri tanimlanir. Daha sonra giris, gizli
ve c¢ikis katmaninda bulunan noronlar
arasindaki biitiin baglant1 agirliklarina ve
esiklere rastgele kiiciikk degerler atanir son
olarak egitme islemine baglanir.
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1.Admm: ileriye dogru yayilma:

fleriye  dogru  yayilma adim  giris
katmanindan  ¢ikig  katmanina  dogru
noronlarin giris ve ¢ikis degerlerinin, hatanin
geriye  yayilma  algoritmasina  gore

hesaplandigi adimdir. Bu adimda, oncelikle
egitim setinin bir segmenti (x, X,,..X ) ve
bu segmente karsilik gelen hedef c¢ikis
segmenti (d1’ dz,..,dp) aga sunulur. Girig
katmanina uygulanan giris degerleri higbir
islem uygulanmadan gizli katmana iletilir.
Gizli katmanda ve ¢ikig katmaninda bulunan
ndronlar, sirayla bir dnceki katmandan gelen
bilgileri baglantt agirliklarinin etkisi ile
kabul eder (Fausett 1994, Haykin 1999,
Oztemel 2003). Bir noronun giris agirhikl
toplamu elde edildikten sonra néron ¢ikigini
bulmak i¢in noron transfer fonksiyonu
uygulanir. Bu sekilde ag tizerinde 6nce gizli
katmanda ve sonra ¢ikis katmaninda bulunan
biitiin ndronlarin agirlikli giris degerleri ve
ndron ¢ikis degerleri sirasiyla hesaplanir.

2.Adim: Hatanin hesaplanmasi ve geriye
yayilmast:
Bu adimda, ¢ikis katmanindaki biitiin
ndronlar i¢in agm drettigi ¢ikis ile hedef
cikis arasindaki fark hesaplandiktan sonra
toplam hata hesaplanir. Hesaplanan hata
degeri, biitiin agirliklarin giincellenmesinde
kullanilir.  Egitimin  amact da  ag
parametrelerini ayarlayarak, toplam karesel
hata degerini en aza indirmektir (Haykin
1999, Oztemel 2003).

3.Adim: Agirliklarin Giincellenmesi:
Bu adimda ise hataya ve noron transfer
fonksiyonuna bagli olarak 6nce girig katmant
ile gizli katman arasindaki agirliklar, daha
sonra gizli katman ile ¢ikis katmani
arasindaki agirliklar giincellenir.
Agirliklar  giincellendikten sonra agmn
girisine egitme setinin ve hedef ¢ikis setinin
bir sonraki segmenti sunularak, ileriye dogru
yayllma adimmindan (1.Adim) baslanir.
Bundan sonra egitme setinin her segmenti
icin bu islem tekrarlanir. Egitimin amaci,
giris segmentine karsilik agin irettigi cikis
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degerlerinin, hedef ¢ikis degerleriyle aymi
olmasim1 saglamak yani hatayr kabul
edilebilir diizeye indirmektir (Haykin 1999,
Oztemel 2003).

CKYSA modellerinde, maksimum iterasyon
sayisi ve kabul edilebilir hata degeri
(minimum hata kriteri) durdurma kriteri
olarak belirlenmistir. Eger ag maksimum
iterasyon  sayisina  ulagmamissa,  her
iterasyon sonunda hesaplanan karesel hata
degeri  minimum  hata  kriteri  ile
karsilagtirilarak ~ 6grenmenin  gergeklesip
gerceklesmedigine bakilir. Agin egitiminin
tamamlanmasi, ag girisine uygulanan
verilere karsilik gelecek uygun ¢ikisi
iretmesini saglayan agirlik degerlerinin
bulundugu anlamma gelmektedir (Oztemel
2003).

Bu calismada, kesikli deneylerden elde
edilen bulgulara dayanilarak, bir CKYSA
modeli gelistirilmis ve sepiyolit ile Fe ve CN
adsorpsiyonu kapasitesinin eldeki
degiskenlerin  kosullarina  bagli  olarak
tahmini yapilmigtir. CKYSA modeli ile elde
edilen kapasite ¢iktilar1 ile deneysel verilerle
ulagilan kapasite degerleri kiyaslanarak
modelin basarisi ortaya konulmustur.

3 BULGULAR VE DEGERLENDIRME

3.1 Sepiyolit ile Fe ve CN Adsorpsiyonu

Sekil 1 ’de 106-300 mm tane boyutlu
sepiyolitin farklr asit aktivasyon kosullarinda
tutabildigi Fe ve CN miktarlarinin zamanla
degigimi goriilmektedir. Sekil 1 a ve b
birlikte degerlendirildiginde CN gideriminin
Fe giderim verimlerinden ¢ok daha yiiksek
oldugu acik¢a goriilmektedir. Ham sepiyolit
%?2 verimle hemen hemen hi¢ Fe giderimi
saglayamazken %380 CN giderimi
saglamigtir. Her iki iyon i¢in de asit
aktivasyonun performans iizerinde belirgin
bir etkisi olmamustir. Sekil 1 a’da gorildigi
gibi en diisiik performans ham sepiyolitte
elde edilmis, aktivasyon normalitesi
diistiikce verim artmistir. Ancak toplamda Fe
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giderim verim aralifinin  %2-8 oldugu
diisiiniilirse aktivasyonun sozii edilen bu
etkisi ihmal edilebilir diizeydedir. CN
giderimi baslangigtan itibaren denge siiresi
olan 240 dakikaya kadar azalarak devam
etmistir (Sekil 1b). En yiiksek CN giderim
verimi 1 N asit aktif sepiyolit numunelerinde
%87 verimle elde edilmistir. Ancak toplam
CN giderim verim araligi %80-87 gibi dar
bir aralik oldugundan aktivasyonun onemli
bir etkisi diiglinlilmemektedir.
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Sekil 1. 0.106 -0.300 mm tane boyutlu
sepiyolitin farkli asit aktivasyon kosullarinda
tutabildigi Fe ve CN miktarlarinin zamanla
degisimi (a) Fe (b) CN

Ham ve asit aktif sepiyolitlerin Fe ve CN
giderimindeki performanslarinin tane boyutu
ile degisimi Sekil 2’de sunulmustur.
Caligilan tane boyutlar1 ve aktivasyon

kosullarinda Fe giderimi igin Onerilebilecek
diizeyde verim saglayan bir numune
olmamistir (Sekil 2a). Ancak CN giderim
verimleri oldukca yiiksektir (Sekil 2b). Asit
aktivasyon denemelerinde her {ii¢ tane
boyutunda da CN giderimi agirlikli olarak
%80-87 arasinda ger¢eklesmis ancak ham
sepiyolit numunelerinde %94 CN giderim
verimine kadar ulagilmigtir. Bu nedenle asit
aktivasyonun adsorbsiyonu artirict 6nemli
bir etkisinin olmadigr diisiiniilmektedir.
Deneysel sonuglarda, tane boyutu yer yer
etkili gibi goriilmekle birlikte ulasilan
toplam verim araligi gozoniine alindiginda

bu etkilerin dikkate deger olmadigi
goriilmektedir.
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Sekil 2. Farkl tane boyutu ve asit aktivasyon
kosullarinda sepiyolitin: (a) Fe ve (b) CN
giderim verimlerinin kiyaslanmasi.

3.1.1 YSA Modeli Performansit

Bu c¢alismada CKYSA ile gelistirilen
model ile sepiyolitin Fe ve CN adsorplama
kapasitesi tahmin edilmistir. Konsantrasyon,
tane boyutu, siire ve aktivasyon kosullar

M



V. Onen, E. Yel, G. Tezel

giris bagimsiz degiskenleri iken c¢ikis
bagiml degiskeni olarak kapasitenin tahmini
yapilmistir. 324 veriden olusan veri setinin
oncelikle 232’si egitme, geriye kalan 92’si
test i¢in kullanilmistir.

Olusturulan CKYSA modeli igin katman
sayisl, iterasyon sayisi, momentum sabiti
(mc), Ogrenme oram1  (Ir), tranfer
fonksiyonunun tipi, gizli katman sayisi ve bu
katmanlardaki diiglim sayisini optimize
etmek amaciyla her asamada digerleri sabit
tutulup bir tanesi degistirilmek suretiyle
farkli konfigiirasyonlar denenmistir. Her
asamada ulagilan model tahmin sonuglar1 ile
deneysel sonuglar arasinda ortalama mutlak
hata (MAE), ortalama karesel hata (MSE),
ortalama karesel hatanin karekokii (RMSE)
ve belirlilik katsayis1 (R®) hesaplanarak
kiyaslama yapilmis ve en diisiik hatayi, en
yiiksek Rz’yi veren kosul en iyi kosul olarak
secilmigtir. Bu hata hesaplamalart hem
egitme, hem de test verileri i¢in yapilarak
egitme ve test performanslart ayr1 ayr
degerlendirilmistir. Her bir asamada ¢alisilan
kosullar ve aralik degerler ile model sonucu

hesaplanan hata degerleri Tablo 1°de
sunulmaktadir. Bu  tabloda capraz
dogrulama haricindeki diger sonuglarin

tamami ayni egitme ve test veri setleri
kullanilarak elde edilmistir.

Bazi degiskenlerde egitme ve test igin en
yiiksek R?, en diisik hata sonucunu veren
kosullar aym degerde ¢ikarken bazilarinda
egitme ile test performanslar1 farkli degerde
daha iyi ¢ikmustir. Ornegin Tablo 1°deki
ticiincii ve dordiincii konfigilirasyonda egitme
ve test performanslari farkli kosullarda daha
yiiksek oldugundan her iki kosula da tabloda
yer verilmistir. Bu durumda ise en basarili
konfiglirasyon test performansina gore
degerlendirilmistir.

Tablo 1’de goriildiigii gibi ilk agsamada tek
gizli katman kullanilmig, tansig-logsig
transfer fonksiyonu ile 5000 iterasyonda mc
0.2, Ir 0.3 iken diglim sayilar1 4 ile 26
arasinda degistirilmistir. Burada en basarili
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sonug 11 diigiimde elde edilmistir, egitme ve
test igin R? sirastyla 0.9861 ve 0.9760 olarak
bulunmustur. Nisbeten yiiksek degerler
olmasina karsin bu tiir bir kapasite tahmini
modelinde beklenen performansin 1’¢ ¢ok
daha yakin olmasi gerektigi yaklagimiyla
optimizasyona gegilmistir. ikinci asamada Ir
0.2 ile 1.0 arasinda degistirilmis ve Ir 0.9
i¢in bulunan en yiiksek R* ve en diisiik hata
degerlerinin O6nceki asamadan neredeyse hig
farkli olmadigi goriilmiistir. Bir sonraki
adimda iterasyon sayist degistirildiginde
hem egitme, hem de test performanslar
beklendigi sekilde artmistir. En iyi sonuglar
10000 iterasyonda gozlenmistir, ancak
egitmede en iyi performans 11 digim, Ir 0.9
ile testte ise 12 digiim ve Ir 0.3 ile elde
edilmigstir. Bu durum bir degiskeni optimize
ettikten sonra diger kosullarin iyilestirilmesi
sirasinda ayni degiskeni tekrar kontrol etmek
geregini gostermistir. Bu sebeple sonraki
asamalarda da model tekrar tekrar
caligtirilarak  degiskenlerin optimizasyonu
kontrol edilmistir.

Bu tiir tahmin modellerinde en yaygin
kullanilan transfer fonksiyonunun tansig ve
logsig oldugu bilinmekle birlikte diger
transfer fonksiyonlari da CKYSA modelinde
denenmistir. Ancak Tablo 1°de goriildiigi
gibi  diger transfer  fonksiyonlarinin
performanslart daha diistiktiir.

Tek gizli katman yerine iki gizli katman
kullanildiginda  yine Oncelikle digim
sayilar1 degistirilerek denemeler yapilmistir.
Ik gizli katmanda 7, ikinci gizli katmanda 6
diigiimle tek katmanlida elde edilen biitiin
sonuglardan daha basarili bir performansa
ulasilmigtir. Bundan sonraki adimda Ir ve mc
degisimleri denenmistir, ancak Tablo 1°de
son kisimda goriildiigii gibi ve egitme ile test
basaris1 farkli konfigiirasyonda maksimum

olsa da performanslarda ¢ok kiiciik
degisimler gorilmistir. MAE  disindaki
hatalarda kiiciilk azalmalar gdzlenmistir,

ancak MAE degerinde iki gizli katmanh
model denemelerinde tek gizli katmanliya
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kiyasla onemli diisiisler gostermistir. En iyi
egitme ve test performansi, iki gizli
katmanli, gizli katman ve ¢ikis katmani
noron transfer fonksiyonlari sirasiyla tansig,

Bunun yaninda Ir degeri 0.8 iken en iyi
egitme performansi elde edilmesine ragmen
test performansi oldukca azalmaktadir. Bu
nedenle, modelin Ir 0.1 iken en iyi

tansig ve logsig ve mc 0.9 degerinde olan  performans: gosterdigi kabul edilmistir.
CKYSA mimarisi ile elde edilmistir. Gizli  (Tablo 1).
katman diigiim sayilart sirasiyla 8 ve 7 dir.
Tablo 1. YSA modelinin farkli konfigiirasyonlarda hata ve R? degerleri
Kosul MAE MSE | RMSE R® | MAE | MSE | RMSE | R’
osu egt egt egt egt tst tst tst tst
Tek gizli katman, tansig-logsig, Iterasyon sayis1:5000, mc:0.2, Ir:0.3, Gizli Diigiim : 4-26
11 |[mc02]1r03 [0.0253]0.0341 [0.0012 09861 [0.0312 [0.0459 [0.0021 [0.9760

Tek gizli katman, tansig-logsig, Iterasyon sayis1:5000, mc:0.2, Gizli Diigiim : 11, Ir:0.2-1.0

11 [mc0.2]1r0.9 [0.0254[0.0341 [0.0012 [0.9861 [0.0311 [0.0458 [0.0022 0.9760
Tek gizli katman, tansig-logsig, mc:0.2, Gizli diigiim : 11, 1r:0.9, iterasyon say1s1:5000-10000
10000 11 |1Ir0.9 [0.0217|0.0283 0.0008 0.9904 [0.0258 [0.0387 0.0015 |0.9829
10000 12 |Ir0.3 ]0.0194 [0.0253 [0.0006 |0.9924 |0.0272 |0.0397 |0.0016 |0.9817
Tek gizli katman, tansig-logsig, Iterasyon sayis1:10000, Gizli Diigiim : 11, Ir:0.9, m¢:0.2-0.9
mc 0.7 11 |Ir0.9 |0.0165 0.0207 |  0.0004 |0.9949 |0.0240 |0.0327 |0.0011 |0.9878
mc 0.9 12 |Ir0.3 [0.0153 0.0202| 0.0004 |0.9951 |0.0247 |0.0403 |0.0016 |0.9811

Tek gizli katman, Iterasyon say1s1:10000, Gizli Diigiim :11, Ir:0.9, mc:0.7, Farkh transfer fonksiyonlar

logsig-logsig 0.0295[0.0395 [0.0016  [0.9813 [0.0378 [0.0549  [0.0030 |0.9651
tansig-purelin__ [0.0432 [0.0644  [0.0042  [0.9498 [0.0413 |0.0607 [0.0037 |0.9567
tansig-tansig 0.0442 [0.0622  [0.0039  [0.9532 [0.0400 |0.0515 [0.0027 0.9691
Iki gizli katman, tansig-tansig-logsig, Ir:0,3, Gizli diigiim: 2-15/2-10
7 | 6 [0.0133[0.0189 [0.0004 [0.9957 [0.0230 [0.0369 [0.0014 [0.9843
iki gizli katman, tansig-tansig-logsig, 2 katman, Gizli diigiim: 8/7, 1r:0.1-0.9
Ir 0.1 8 7 100156 [0.0225  |0.0005 | 0.9940 [0.0209 |0.0298 |0.0009 | 0.9898
Ir0.2 8 7 00150 [0.0221  [0.0005  0.9942 [0.0224 [0.0354 |0.0013 [0.9855
Ir 0.8 8 7 [0.0124 [0.0165 ]0.0003 [0.9968 [0.0479 [0.1038 [0.0108 |0.8789
Capraz Dogrulama
rol | 8 | 7 [00153]0.0216 [0.0005 [0.9944 [0.0266 | 0.0403[0.0017 [0.9809

Ayrica, en iyi CKYA mimarisi ile tahmin
edilen degerlerle deneysel olarak o6lgiilen
degerler Sekil 3(a) ve (b)’de kiyaslanmustir.
Hesaplanan deger Olciilen degere teorik
olarak esit ise bu durumda orijinden gegen
egilim cizgisinin egimi 1 olacaktir. Her iki
grafikte de egimler 1’e olduk¢a yakindir. Bu
da modelin basarisini dogrulamaktadir.
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Sekil 3. Modelin egitme performansi (a)
ve test performansi (b)

Bu modelin basarisini ortaya koymak {izere
sonuncu asamada, basarili olarak segilen
model konfigiirasyonlarinda n kat c¢apraz
dogrulama (n  fold  cross-validation)
uygulanmistir. Bunun igin veriler rastgele
karistirllarak veri kiimesi n esit pargaya
boliinmiis ve egitme-test islemleri n defa
tekrarlanmistir. Bunun igin her adimda n
pargadan bir tanesi test i¢in ayrilirken geriye
kalan (n-1) par¢a egitme islemi igin
kullanilmistir. Ayrica her adimda egitme ve
test hatalar1 ile R* degerleri hesaplannus n
adim bittikten sonra ortalamasi alinmistir.
Bu sekilde veri kiimesinde bulunan biitiin
veriler hem egitme hemde test igin
kullanilmis  olmaktadir.  Bu  sekilde
gergeklestirilen 3, 6 ve 9 kat capraz

dogrulamada R® bazinda elde edilen
basarilar Sekil 4’de kiyaslamali olarak
gosterilmistir.  1lk  asamada  denemeler

yoluyla bulunan en iyi CKYSA modeli 9 kat
capraz dogrulama ile de en iyi sonucu
vermistir.  Capraz ~ dogrulama  islemi
sonucunda da yiiksek performanslar elde
edilmistir. Ayrica, capraz dogrulama ile
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modelin  egitme  basaris1 daha da
yiikselmistir. Bu da modelin giivenilirligini
ortaya koymaktadir.

faprm dodrufams kanligirasseey

W ERime-RT [F

Sekil 4. Bagarili model konfigiirasyonlarinda
farkli capraz dogrulama performanslari

4 SONUCLAR

Bu c¢alismada ilk olarak kuvvetli metal
siyaniir  komplekslerinden  [Fe(CN),]* tin
sulu ortamdan adsorpsiyonla giderilmesinde
sepiyolitin  etkinligi arastirilmugtir.
Konsantrasyon, tane boyutu, siire ve
aktivasyon kosullart ¢alisilan  deneysel
parametrelerdir.

Calisilan deneysel kosullar icerisinde Fe
giderimi i¢in Onerilebilecek diizeyde verim
saglayan bir numune olmamustir. Fe giderim
verimi tiim numunelerde %?2-8 arasindadir.
Ancak CN  giderim  verimleri  asit
aktivasyona tabi tutulan numunelerde %80-
87, ham sepiyolitte ise %94 tiir.

Tane boyutu ve asit aktivasyonun
adsorpsiyonu artirict  6nemli bir etkisi
olmamustir.

Calismanin ikinci asamasinda, elde edilen
veriler, YSA ile gelistirilen tahmin
modelinde kullanilarak iki gizli katmanh
YSA modeli ile sepiyolitin Fe ve CN
adsorplama kapasitesi tahmin edilmistir.
Konsantrasyon, tane boyutu, siire ve
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aktivasyon  kosullart  giris  bagimsiz
degiskenleri iken ¢ikis bagimli degiskeni
olarak kapasite tahmini yapilmustir.

324 veriden olusan veri setinin 6ncelikle
232’si egitme, 92’si test i¢in kullanilmigtir.

Tansig-tansig-logsig fonksiyonlari
kullanilarak ilk gizli katmanda 8, ikinci gizli
katmanda 7 diigiim sayisiyla elde edilen en
iyi korelasyon ve hata oranlari sirasiyla
egitmede 0.99401-0.015, testte 0.98983-
0.020 bulunmustur.

Ayn1 veri setiyle yapilan 9 capraz
dogrulama sonucunda korelasyon ve hata
performanslariin  bu degerlere oldukca
yakin olmast (0.99442-0.015 ve 0.98088-
0.026) modelin basarithh ve giivenilir
oldugunu gdstermistir.
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Fractional Method of Sulfide Copper Ore Processing

A. Boteva, M. Parashkevova
Mining and Geology University St. "Ivan Rilski" Sofia-1700, Sofia-2095

ABSTRACT Global experience shows that the use of fractional technologies provides
opportunities for economically viable complex ore processing. This study addresses the
possible use of fractional technologies for processing of complex gold-containing raw
materials. The ore has high pyrite content and part of this pyrite is gold-carrier, and another
part is not. Copper mineralization is represented by a set of primary and secondary sulfides. If
all the pyrite is removed, a large portion of the gold is lost, too. If the pyrite is left in the
copper concentrate, the latter is of poor quality. One solution of this problem is the fractional
technology. The study focused on the different influence of collectors on flotation kinetics of
ore components. The purpose of the study was to monitor copper and gold recovery kinetics
in the common concentrate and the cooper/gold ratio in individual fractional concentrates
employing xantogenate and mercaptobenzothiazole as collectors, jointly and separately. The
collectors were selected on the basis of the difference in the nature of bonds ensuring
adsorption of the respective sulfhydrile collector on sulfide mineral surfaces. Study results
showed that separation was possible for copper concentrate fraction with gold-containing
pyrite. The remaining pyrite had low gold content. In this low-gold-content fraction, the pyrite
was depressed and disposed with the residue. High-quality copper concentrate was obtained
and then blended with the remaining gold-containing pyrite to produce standard copper
concentrate with high gold content.

Key Words: fractional, flow sheet, sulfide copper ore, gold, pyrite

1 INTRODUCTION We looked for solution of this problem in
Sulfide copper ores with high pyrite and the differences of flotation rates with the use
gold content are one of the best studied of different collectors, which, for copper
minerals in technical aspect [Boteva, 2002].  sulfides are a large number [Boteva, 1992].
Nevertheless, the issue of separation of Correlation of such collectors to the other
gold-containing from non-gold-containing important sulfide mineral present in ore -
pyrite remains unresolved. If all the pyrite is  pyrite — is especially important. Therefore,
removed, a large portion of the gold is lost, our research focused on isobutyl
too. If the pyrite is left in the copper xanthogenate and mercaptobenzothiazole.
concentrate, the latter is of poor quality.

This problem is particularly significant

where copper sulfides are not copper-rich

minerals such as chalcocite, covellite, and

bornite. In such cases, high quality of copper

concentrates is quite difficult to be achieved.
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2 MINERALOGICAL DESCRIPTION
OF THE ORE SAMPLE AND
CHARACTERISTICS OF SELECTED
REAGENTS

The ore sample subjected to mineralogical
analysis belongs to compact sulfide copper-
pyrite-polymetal ores with high gold content
in copper minerals, quartz sulfide veins and
pyrite. The enargite, with Cu content of
48,78 %, is the main mineral. Tetraedite,
tennantite, chalcopyrite, bornite are also
present. Iron sulfides are represented mainly
by pyrite /sometimes up to 80 % of the ore
minerals/ and by marcasite. Galenite and
sphalerite are also found. Gold is found both
as virgin and as ore inclusion. In view of the
significant pyrite quantities, gold is
distributed quantitatively equally in copper
sulfides and pyrite. Ore sample composition
is represented by copper of— 1,86 %; iron-
14,30 % ; sulfur-18,81 % ; silver- 12,9 g/t
and gold- of 3,93 g/t. After crushing to 0-3
mm, the sample was processed in ball mill
to 0,086 mm 70 % by weight. Denver

machine with variable flotation cell volume
was used for flotation. Collectors included
isobutyl xanthogenate, double purified via
crystallization from alcohol solution, and
pure mercaptobenzothiazole dissolved in
ethyl alcohol.

3 RESEARCH METHOD AND
RESULTS

Research methods included open and closed
cycle flotation trials with different
collectors. The other reagents were kept the
same and were noted on the relevant
schemes. The results are presented in tables
and on comparative graph. Figures 1, 2, 3
show the schemes employed for flotation
froth removal in portions for the purpose of
flotation kinetics analysis of copper minerals
and gold under different regimes. Results
are presented in tables 1, 2, 3, and the
comparison — on figure 4. Closed cycle trial
schemes are shown on figures 5 and 6, and
the results thereof - in tables 4 and 5.

Table 1. Flotation results by flow sheet on Figure 1

Products Assay Recovery,E ECu/EAu
Cu,% Au,g/t Cu,% Au,%
I concentrate 441 9,32 77,20 83,66 0,92
II concentrate 3,17 4,81 12,45 9,69 1,28
III concentrate 1,17 1,94 3,13 2,66 1,17
IV concentrate 1,44 1,54 2,00 1,10 1,82
V concentrate 1,47 0,63 0,83 0,18 4,61
Table 2. Flotation results by flow sheet on Figure 2
Products Recovery,E ECu/EAu
Cu,% Au,g/t Cu,% Au,%
I concentrate 10,20 12,50 40,85 22,93 1,78
II concentrate 4,95 6,15 9,34 5,31 1,76
III concentrate 3,79 5,55 9,37 6,29 1,49
IV concentrate 2,63 6,61 6,92 7,97 0,87
V concentrate 2,30 6,28 5,99 7,47 0,80
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Table 3. Flotation results by flow sheet on Figure 3

Products Assay Recovery,E ECu/EAu
Cu,% Au,g/t Cu,% Au,%

I concentrate 8,04 9,29 37,54 19,59 1,92
II concentrate 3,73 6,31 38,01 29,04 1,31
III concentrate 1,96 12,37 14,56 41,60 0,35
IV concentrate 1,79 4,40 2,97 3,30 0,90
V concentrate 1,57 5,04 1,15 1,67 0,67

Table 4. Flotation results by flow sheet on Figure 6
Product Yield Assay Recovery
Cu,% Au,g/t Cu,% Au,%
Copper concentrate 10,03 17,17 36,45 93,67 89,17
Tail 89,97 0,13 0,49 6,33 10,83
Ore feed 100,00 1,86 4,10 100,00 100,00
Table 5. Flotation results by flow sheet on Figure 5
Products Yeild Assay Recovery
Cu,% Aug/t Cu% Au,%
I copper concentrate 3,66 20,13 28,01 40,30 25,30
II copper concentrate 6,25 16,12 46,12 55,02 70,98
copper concentrate 9,91 17,60 39,07 95,32 96,60
tail 90,09 0,10 0,18 4,68 3,72
Feed ore 100,00 1,83 4,05 100,00 100,00

4 TRIAL RESULT ANALYSIS

Trials with fractional froth removal in fig. 1-
3 and change of collectors showed the
following:

The well-known fact was confirmed that
mineral flotation rate expressed as E=f{(t) is
strongly dependent on the collector used.

Xanthogenate extracts sulfide minerals
without differences between copper sulfides
and  pyrite in  table 1. With

mercaptobenzothiazole /MBT/, the results
are different. Lack of collecting properties
with regard to pyrite in table 2 is evident.
We used as indicator for this purpose the
gold contained in the pyrite. Gold bonded to
copper minerals is extracted in the first four
minutes and thereafter the remaining portion

of copper minerals is extracted, though very
poorly, most probably in the form of
accretions with pyrite and adjoining rock
minerals. If MBT is fed in the beginning
Fig. 1, copper minerals and the gold
contained therein are extracted. = Then
xantogenate is introduced leading to sharp
change of copper/gold ratio extraction in
Table 3 thus ensuring good gold extraction,
the gold being mainly the pyrite — bonded
variety.

The results /graph on fig. 4/ allowed us to
develop a closed cycle trial scheme as
compared to the classical scheme used in
practice in fig. 5 and fig. 6. Consecutive
feeding of MBT and isobutyl xanthogenate
in the process ensured, by employing
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factional scheme, substantial increase of
copper and gold extraction. Obtaining two
concentrates in fig. 3 and subsequent
blending thereof /table 5/ allowed for
increased extraction of both gold and
copper. These are most probably copper-
pyrite accretions.

5 CONCLUSIONS

Trial results led to the
conclusions:

1.Fractional schemes using more than one
collector fed consecutively allowed
obtaining of copper concentrates with the
required copper content and good extraction
of the gold contained in pyrite.

2. Given the current state of technology,
gold losses in some of the pyrite are
inevitable. Such losses are reduced where
copper sulfides are rich in copper
/chalcocide, covelline, bornite/ since more
pyrite can be absorbed without affecting
profitable metallurgical processing of copper
concentrates.

3. Except for MBT in combination with
xenthogenate , such experiments should be
carried out with other known collectors
which are selective in respect of copper
sulfides else [Bhambhani , 2012].

4.  Technological  opportunities  for
separation of gold-containing from non-
gold-containing pyrite, through different in
terms of flotation susceptibility [Bogdanov,
1990], remain unutilized. Fractional
schemes are one way for such utilization.

following
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ABSTRACT The aim of this study is to obtain the maximum copper recovery from the
copper sulfide-oxide ore by optimization of effective parameters of copper sulfides using
orthogonal array Lig (2° x 3% of Taguchi method and acid leaching of the optimum flotation
tailing (copper oxides) under optimum working conditions. The flotation test was optimized
with Design Expert 7 software. The optimum conditions were found to be: pH: 11, collector
dose rate: 300 gr/t, activator addition rate: 100 gr/t, time: 7 min, aeration rate on: 3 lit/min,
solid percent: 10%, particle size: 100 um and mixing speed: 1000 rpm. Under these
conditions, copper sulfides were floated and recovery and grade of copper obtained 68.36%
and 14.92% respectively at rougher stage. Tailing of the optimum flotation test was leached
and 441.2 ppm of copper obtained from leaching test with 98.69% of copper oxides recovery.
Finally, total copper recovery at 72.86% was obtained by using flotation-leaching process and
a process flowchart was presented.

Key Words: Copper sulfide-oxide ore, Optimization, Taguchi, Flotation- Leaching process.

1 INTRODUCTION molecular level are still not well known
(Montes and Montes Atenas, 2005). The
improvements in flotation efficiency usually
tend to the increase metal recovery and

concentrate grade. However, at many

Froth flotation is a separation method used
for the beneficiation of a considerable
portion of the world's mineral ores (Deglon,

2005). It is a complex combination of
various physical principles, such as
surface  chemistry, colloid chemistry,
crystallography, and physics. Various factors
influence the performance of a flotation unit,
among these are the bubble size (Gorain et
al., 1995), the stator and rotor configuration
(Forrester et al., 1998), the type and quantity
of chemicals added (Evans et al., 1995;
Ralston et al., 2001) and residence time
(Rubio et al., 2002). Collector specificity
and its role on the separation process at a

concentrator plants the chances of improving
flotation efficiency, using only physical
methods, are currently limited
(Luszczkiewicz and Chmielewski, 2008).
Copper ore is mainly copper sulfide or
copper oxide ore. Many copper sulfide
mines around the world have significant
copper oxide ore reserves associated with
the larger primary copper sulfide deposit
(Lee et al., 2009). An important problem
facing the copper industry in the world is the
recovery of oxide copper minerals because
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they float poorly. It is expected that the
reverse flotation technique may be
appropriate to recover such oxide copper
minerals from the accompanying mineral
oxides/sulfides (Saleh et al., 2008).
Generally copper oxide minerals do not
respond well to traditional sulfide copper
collectors and require alternative flotation
techniques to concentrate the copper oxides.
For example, Lee et al. (2009) found out
those N-octyl hydroxamate collectors such
as AM28 can be used successfully to recover
the oxide mineral component in mixed
copper sulfide-oxide blends.

In order to change the ore structure and
surface properties, process of sulfurization
should be considered before the flotation
(Aydin et al., 2005; Ziyadanogullari and
Aydin, 2005; Akgiin et al., 2006). Usually
sodium sulfide is the sulfidizing agent which
yields the best performance in most flotation
systems (Rey and Raffinot, 1953; Rey et al.,
1954; Rey, 1979).

A leaching process can often be selected
for dissolving valuable metals from an ore or
a secondary resource; while leaving most of
the gangue largely unaffected. A large
number of studies have been carried out to
optimize these processes (Arslan and Arslan,
2002; Wang and Zhou, 2002). Copper oxide
minerals such as azurite, malachite, tenorite
and chrysocolla are completely soluble
either in acidic or alkaline medium at room
temperature (Barlett, 1992 ; Ata et al., 2001;
Oudenne and Olson, 1983). It has been very
well known that sulfuric acid is the most
usual leaching agent for oxidized copper ore.

The aim of the present study is to obtain
the maximum copper recovery from the
copper sulfide-oxide ore by optimization of
effective parameters of copper sulfides
flotation (pH, collector dose rate, activator
addition rate, time, aeration rate, solid
percent, particle size and mixing speed)
using Taguchi method and Design Expert7
software and then acid leaching of the
flotation tailing (copper oxides) under
optimum  working  conditions  (pH,
solid/liquid ratio, temperature and leaching
time).
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2 EXPERIMENTAL

2.1 Materials

The copper sulfide-oxide ore used in this
research was obtained from the Chodarchaie
mine, northeast of Zanjan, Iran. After drying,
crushing and homogenizing, the sample was
grounded to 80, 100 and 120 pm using a ball
mill in order to obtain various particle sizes.

Figure 1 shows the XRD analysis of the
sample. It indicated that the main copper
minerals in the ore were chalcopyrite and
malachite.

The chemical analysis of the sample was
carried out by a Perkin-Elmer AA300 model
atomic absorption spectrophotometer. Table
1 summarizes the chemical composition of
the copper ore used in the experiments. The
amount of copper in the sample was 1.28%
which consisted of 1.09% copper sulfide
(Chalcopyrite) and 0.19% of copper oxide
(Malachite).

Tablel. Chemical composition of sample
used in the experiment (Wt.%)

Component Wt. (%)
Cu 1.28
Fe 2.28
Zn 1.28
Pb 0.23
Ca 0.19
Ni 0.007
Mn 0.31

2.2 Procedure and Equipment

According to the various values of the solid
percent and particle size parameters, the
sample was mixed with water to produce a
flotation feed. The experiments were
implemented in a laboratory Denver flotation
cell and pH was controlled by Inolab pH
meter during the tests. The pH of the pulp
was adjusted with milk of lime.

The chemicals added in the process were
as: activator (Na,S), collector (Potassium
Amyl Xanthate) and frother (Pine oil). Each
stage of chemical addition having 2 minutes
conditioning period during the experiments.
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The aeration rate was controlled with a
designed flow meter and the concentrate was
then collected for different time of flotation
by bubbling air through the pulp.

After optimization of flotation process,
the tailing of optimum flotation test was
dried and homogenized. Then copper oxides
recovered from the tailing by leaching in
suitable conditions.
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Figure 1. X-ray diffraction analysis of the
ore

2.3 Taguchi Method

The Taguchi method, introduced by Dr.
Genichi Taguchi, contains system design,
parameter design and tolerance design
procedure to gain a robust process and result
for best product quality.

Taguchi designs experiments using
specially constructed tables known as
orthogonal array (OA). The use of these
tables makes the design of experiments very
easy and consistent, and it requires relatively
lesser number of experimental trials to study
the entire parameter space. As a result, time,
cost, and labour saving can be achieved. The
experimental results are then transformed
into a signal-to-noise (S/N) ratio (Roy,
1990).

These S/N ratios are meant to be used as
measures of the effect of noise factors on
performance characteristics. S/N ratios take
into account both amount of variability in
the response data and closeness of the
average response to target. There are several
S/N ratios available depending on type of
characteristics: smaller is better, nominal is
best (NB) and larger is better (Lochner and

Matar, 1990; Syrcos, 2003; Kamaruddin et
al., 2010).

S/N ratio is formulized with the following
equation (Taguchi, 1987):

O

; i3
-= Ilf':n|l.( —
¥ o
! Where n is the

number of repetition for an experimental
combination and y; is a performance value of
the ith experiment.

In this research to optimize copper
flotation, Taguchi technique was used.
Primitive rough tests indicate that eight
parameters including: mixing speed, solid
percent, pH of pulp, collector dose rate,
aeration rate, time, particle size and activator
addition rate are effective. Thus, to
investigate the effects of above mentioned
parameters in copper flotation, different
levels of them were selected. Copper grade
and recovery were selected as the responses.
Orthogonal array L (2°x3%), which clarifies
6 parameters at 3 levels and 2 parameters at
2 levels, was chosen to carry out the tests.
Table 2 shows the experimental procedure.

3 RESULTS AND DISCUSSION

3.1 Flotation

As the sulfide part of the ore can be
extracted using flotation technique, the feed
firstly go to the flotation stage. After
extracting copper sulfide as the flotation
concentrate; the flotation tailing (copper
oxide) can be extracted by acid leaching.
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Table 2. Experimental procedure

Mixing Solid Collector Aeration Time Particle ~ Activator

No. speed Percent pH dose rate rate (min) size: dgy  addition

(rpm) (%) (g/t) (/min) (um)  rate (g/t)
1 1000 15 10 200 4 5 80 200
2 1000 10 10 100 3 6 120 200
3 1000 15 11 300 3 6 100 100
4 900 15 9 300 5 6 80 200
5 1000 10 9 300 4 5 100 150
6 900 15 11 100 5 5 100 200
7 900 10 11 300 4 7 120 200
8 1000 10 11 200 5 7 80 100
9 900 15 10 100 4 7 100 100
10 900 15 11 200 3 5 120 150
11 900 10 10 200 5 6 100 150
12 1000 15 9 200 3 7 100 200
13 1000 15 9 100 5 7 120 150
14 900 15 10 300 3 7 80 150
15 900 15 9 200 4 6 120 100
16 1000 15 10 300 5 5 120 100
17 1000 15 11 100 4 6 80 150
18 900 10 9 100 3 5 80 100

3.1.1 Effect of parameters on the copper
sulfides recovery

Figure 2 illustrates the effect of mixing
speed, solid percent, pH and collector dose
rate on the copper recovery.

As seen in figure 2(A), increasing the
mixing speed up to 1000 rpm increased the
Cu recovery. Due to more contact between
solid particles and collector molecules, the
connection of these particles increases and
so the recovery of copper also enhances.

According to  experimental results
presented in figure 2(B), the recovery of Cu
decreased as the solid percent increased.
Decreasing the solid percent causes to create
more chances for solid particles to be
connected with collector molecules and thus
the copper recovery will be increased.

In this research 3 levels of pH of 9, 10,
and 11 were investigated. As seen in figure
2(C) increasing of the pH, increased the
copper recovery. It seems that pH of 11 is
suitable for copper flotation.

As the collector dose rate increases, the
probability of contact between solid
particles and collector molecules also
increases and thus the probability of copper
particles to be floated rises. Figure 2(D)
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indicates that higher collector dose rate has
higher effect on the recovery of copper.
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Figure 2. The effect of mixing speed, solid
percent, pH, and collector dose rate on the
copper recovery

Based on what figure 3(E) indicates, higher
aeration rate between levels 1 and 2 has
lower effect on the recovery of copper and
the effect of this parameter on copper
recovery was insensitive between levels 2
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and 3. High aeration rate causes disturbance
in the pulp and this turbulence makes the
mineral particles to be separated from air
bubbles, so less copper would enter the
concentrate.

The time parameter was examined in 3
levels of 5, 6 and 7 minutes. Effect of time
on the copper recovery is shown on the
figure 3(F). The more time spends, the more
copper minerals enter the concentrate; but in
return, the grade of the concentrate would
decrease with time spending.

Figure 3(H) shows that increasing the
activator addition rate up to 200 g/,
decreased the copper recovery. It seems that
by increasing the Na,S concentration, this
material acts as a depressant.

In this study, the effect of particle size on
the copper recovery because of its
insensitive effect was pooled.

[
H At s ks @

Figure 3. The effect of aeration rate, time
and activator addition rate on the copper
recovery

3.1.2 Effect of parameters on the copper
sulfides grade

Figure 4 illustrates the effect of mixing
speed, solid percent, pH, and collector dose
rate on the copper grade.

Figure 4(A) shows that increasing the
mixing speed has not sensitive effect on the
copper grade. Also figure 4(B) shows that
grade of the copper decreased as the solid

percent increased. As the solid percent
increases, the probability of connection
between solid particles and air bubbles
decreases and thus both the grade and
recovery reduce.

As can be seen from figure 4(C), higher
pH has higher effect on the grade of copper.
This is probably because that the pH of 11 is
more effective for recovering the free
particles of copper.

According to experimental results
presented in figure 4(D), the grade of copper
increased as the collector dose rate increased
between levels 1 and 2, but it some
decreased as the parameter increased
between levels 2 and 3. More than a certain
collector concentration causes CMC (critical
micelle concentration) which results in
reducing grade.

CuDomw

Figure 4. The effect of mixing speed, solid
percent, pH, and collector dose rate on the

copper grade

Figure 5 illustrates the effect of aeration
rate, time, particle size, and activator
addition rate parameters on the copper
grade.

In this research 3 levels of aeration rate of
3, 4, and 5 I/min were investigated. As can
be seen in figure 5(E), increasing the
aeration rate from 3 to 4 1/min decreased the
copper grade and increasing this parameter
from level 2 to 3 was insensitive.
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Based on what figure 5(F) indicates; time
has negligible effect on the grade of copper.
This is due to entrance of some locked
particles (valuable and gangue minerals
together) into the concentrate, thus the grade
of copper decreases.

Figure 5(G) shows that the grade of
copper increased while increasing the
particle size. It is probably because of fine

particles which reduce the grade.
Figure 5(H) indicates that increasing the
activator addition rate up to 200 g/t
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decreased the copper grade. .

Figure 5. The effect of aeration rate, time,
particle size, and activator addition rate on
the copper grade

3.1.3 Analysis of variance

The purpose of the analysis of variance

(ANOVA) is to investigate which
parameters  significantly  affect  the
performance  characteristic. ~ This  is
accomplished by separating the total

variability of the grey relational grades,
which is measured by the sum of the squared
deviations from the total mean of the grey
relational grade, into contributions by each
welding parameters and the error. Thus;

SS7=SSi+SSe )

928

Where:

SSr=2P1 (YiYm)” 3)
And

SSt: Total sum of squared deviations
about the mean

v;: Mean response for jth experiment

Ym: Grand mean of the response

p: Number of experiments in the
orthogonal array

SSg: Sum of squared deviations due to
each factor

SS.: Sum of squares deviations due to
error
In addition, the F test was used to determine
which parameters have a significant effect
on the performance characteristic. Usually,
the change of the parameter has a significant
effect on the performance characteristic

when the F value is large (Esme et al.,
2009).

3.1.3.1 ANOVA for copper sulfides recovery

According to table 3, F-value for pH factor
is greater than extracted F-value from the
table (5.79) at 95% confidence level and for
df=2. Therefore variation of this parameter
has significant role on the copper recovery.
In other words, variations of pH could
change the recovery of copper in a
meaningful manner in this set of
experiments. In this table the term of particle
size is pooled.

Also other parameters such as time,
activator addition rate, and solid percent
have important role on the copper recovery.

3.1.3.2 ANOVA for copper sulfides grade

Table 4 shows the analysis of variance for
copper grade. Normally, the larger F-value
means that this factor has greater influence
on the recovery. Besides, the P-value is
another indicator. Values of less than 0.0500
shows the model terms are significant.
According to Table 4, F-value for solid
percent factor is greater than extracted
F-value from the table at 95% confidence
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level for df=1 (F=10.1) and also F-value for
pH factor is greater than extracted F-value
from the table at 95% confidence level for
df=2 (F=9.55). Therefore, variation of these

parameters have significant role on the
performance of the process. Besides, P-
Value confirms this finding.

Table 3. Analysis of variance for copper recovery

Sum of Mean F

Source Squares DF Square Value p-value
Mixing speed 70.34 1 70.34 1.86 0.2311
Solid percent 116.05 1 116.05 3.06 0.1404
p 2165.5 2 1082.76 28.59 0.0018
Collector dose rate 137.69 2 68.84 1.82 0.2551
Aeration rate 56.77 2 28.39 0.75 0.5191
Time 403.20 2 201.60 5.32 0.0577

Particle size - - pooled - -
Activator rate 258.32 2 129.16 3.41 0.1164

Residual 189.35 5 37.87 - -

Total 372 1 ; - ;

Table 4. Analysis of variance for copper grade
Sum of Mean F

Source Squares DF Square Value p-value
Mixing speed 0.05 1 0.05 0.05 0.8368
Solid percent 19.80 1 19.80 22.18 0.0181
pH 83.08 2 41.54 46.53 0.0055
Collector dose rate 9.13 2 4.56 5.11 0.1081
Aeration rate 1.09 2 0.55 0.61 0.5987
Time 2.96 2 1.48 1.66 0.3272
Particle size 14.47 2 7.23 8.10 0.0617
Activator rate 4.40 2 2.20 2.46 0.2329

Residual 2.68 3 0.89 - -

Total 137.65 17 - - -

3.1.4 Optimum conditions of copper
sulfides flotation

Finally, wusing these findings about
influential parameters on the process,
optimum working conditions could be
predicted. The proposed optimum conditions
were as: pH of 11, collector dose rate: 300
gr/t, activator addition rate: 100 gr/t, time: 7
min, aeration rate: 3 l/min, solid percent:
10%, particle size: 100 pm, and mixing
speed 1000 rpm. The predicted recovery and
grade for copper were 69.11% and 15.42%
respectively using DX7 software. Figures
6(a) and 6(b) show the predicted values

versus the experimental values for grade and
recovery of copper respectively.

Figure 6. Linear correlation between actual
and predicted values of copper grade (a) and
recovery (b)
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As can be seen, the correlation between
actual values and predicted ones is
satisfactory.

To investigate the accessibility of this
result, a test with optimum conditions was
done. The experimental recovery and grade
were 68.36% and 14.92% respectively at
rougher stage.

3.2 Copper Oxides Recovery Using Acid
Leaching of the Flotation Tailing

A maximum recovery of copper during the
leaching tests of chodarchaie copper oxide
ore was obtained in following condition: pH
of 1, solid/liquid ratio: 1/8, temperature:
25°C  and leaching time: 30 min
(Moradkhani et al., 2011). Tailing of the
optimum  flotation test was dried,
homogenized, and leached under optimum
leaching condition. 441.2 ppm of Cu
obtained from leaching test and copper
oxides recovery was 98.69% during the
leaching test.

Thus total recovery of Cu could calculate
as equation (4).

Rr=(aRi+bRz) 4)
Where:

Rt : Total recovery of copper after the
flotation and leaching process

a : Percent of copper sulfides (85.16%)

b : Percent of copper oxides (14.84%)

R; : Recovery of the copper sulfides
during the flotation test

R, : Recovery of the copper oxides during
the leaching test

Finally, total copper recovery at 72.86%
was obtained by using flotation-leaching
process.

3.3 Working Diagram

The proposed process flowchart is shown in
figure 7. According to the diagram, the
crushed and homogenized sulfide oxide
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copper ore enters the conditioning stage.
After preparation, the feed go to the
flotation stage; and at the end of cleaner and
recleaner stages, copper sulfides would be
extracted as concentrate of flotation process.

By acid leaching of the flotation tailing,
copper oxides would be achieved including
441.2 ppm of Cu in filtrate and recovery of
98.69%. So total copper recovery will be
72.86%.

The iron scrap would be added to the
filtrate of leaching stage and finally during
the circle, the copper is being cemented. The
copper content of the product will be more
than 90%.

4 CONCLUSIONS

In this study, the effect of operating
conditions of flotation process was studied
with the Taguchi method using an Lg (2* x
3% orthogonal array. As a result, the
ultimate optimum conditions were found to
be: pH: 11, collector dose rate: 300 gr/t,
activator addition rate: 100 gr/t, time: 7 min,
aeration rate on: 3 1/min, solid percent: 10%,
particle size: 100 um and mixing speed:
1000 rpm. Under these conditions, copper
sulfides were floated and recovery and grade
of Cu were 68.36% and 14.92% respectively
at rougher stage. The most -effective
parameter of flotation for maximum
recovery of copper sulfides was found to be
as: pH and the most effective parameters for
maximum grade of copper sulfides were
found to be as: pH and solid percent. Tailing
of the optimum flotation test was leached
under optimum leaching condition (pH: 1,
solid/liquid ratio: 1/8, temperature: 25°C
and leaching time: 30 min). 441.2 ppm of
Cu obtained from leaching test and copper
oxides recovery was 98.69% during the
leaching test. The total copper recovery at
72.86% was obtained by using flotation-
leaching process under optimum conditions.
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Figure 7. Flowchart of flotation-leaching cementation process
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Abstract The electronic level for individual atoms of prototype minerals were studied as well
as their reaction ability at interaction with reagent collectors in liquid phase. The ChemBio 3D
program of specialized complex ChemOfice Cambridge Soft Corp, MOPAC 2012. The most
wide spread prototypes of antimony sulfide minerals and its oxide minerals were studied.
Using certain equations of their rigidities, electronegativenes and charge transitions the
selectivity indices were calculated. The charges of separate atoms of minerals, as well as
sulthydrilic collectors were estimated. The molecular models were shown and general steric
energy of mineral for attachment of butyl xanthate to individual atoms of antimonite,
gudmuntite and activated antimonite by the cations of lead and copper. The mechanism of
fastening of row sulfhydrilic collectors to minerals was analyzed. There were calculated
molecular orbitals and their levels.

The indices for selection of collectors at flotation of antimonite and gold-antimonite ores are
suggested.
Keywords: reagents for flotation, antimony minerals, molecular models, computer modelling
1 INTRODUCTION collectors reagents (before reagents were
synthesing and their properties estimated).
The flotation research is demanding That is important at flotation of
stereochemical representation of reagents antimonite ores because no computer
molecules at mineral surfaces attachments modeling for them were provided.
as well as effect of chemical activity of the

compounds. The importance of computer
technologies and chemical programming

2 MATERIALS AND METHODS

are productive at the research.

The quantum-mechanical research is
reliable at the geometrycal presentation of
molecules, as well as structural presentation
of compounds. The importance of
Quantitative Structure-Property
Relationship (QSPR) in calculation of the
reactivities indices of metals cations with

For computer modeling of minerals
prototypes the program ChemBio 3D from
ChemOffice of Cambridge Soft corp., as
well as program MOPAC 2012 was
applied. As a result, the basic computer
parameters, and levels of moleculars
orbitals were estimated (higher occupied
molecular orbital HOMO and lower
unoccupied molecular orbital LUMO.
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Also, the particular charges of sulfhydryl
collectors and mineral prototypes were
estimated. For minerals and collectors were
also estimated the absolute rigidity and an
absolute electronegativity of internal
molecules and extend of charges transfer,
using principle rigidity-softness acids-
bases. Computers data were minimized by
MM2 program.

2.1 Quantum-Chemical Representation
of Antimonium Minerals.

The models of different minerals were
constructed, called as prototype minerals,
that reflect chemical formula, and the
distances between separate atoms correlate
with table data. The first data on prototype
antimonite and gudmuntite minerals and
their interaction with collectors and water
were published (Solozhenkin, 2012).

The molecular models of prototype
sulfide minerals kermesite Sb,S,0,
bertyerite FeSb,S, Jemsonite PbsFeSbsS4,
semseite PbSbgS,;, bulanjerite PbsSb,Si,
gudmuntite FeSbS, as well as oxide
minerals valentinite Sb,0s3, and
senarmontite ~ Sb,O;, were  studied.
Molecular models and molecular orbitals
were constructed, the energy levels were
calculated.

The structures of gudmuntite and
arsenopyrite were similar. In gudmuntite
the atoms of antimony could be substituted
by arsenic atom with forming arsenopyrite.
MO levels the same.

The different models of kermesite shown
on Figure 1

a)

(==Sb——0——sb=8
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b)

Figure 1. The models of kermesite:
a- sferic roads model.

b — transparent — balls - rods

model in form of net with

border of interaction with water;

c- transparent model with border of
Van-der-Walls radius
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The different models of bertyerite are
shown in Fig.2.

a)

=508

Fe—S

Sb

\

b)

Figure 2. The bertyerite models: a)
chemical formula; b) balls - rods bond
model

Computer parameters of bertyerite:
Iteration 42; Stretch valency connections
0,7430; The bend of valency angle;
49,8625; Stretch-

bend corrections -1,5639; intrinsic torsion
0.0000; non 1,4 VDW interaction 3,1751;
1,4 VDW -03557; total energy 51,8611
kcal/mol.

The iron atom addition in bertyerite
structure resulted in increasing Total
Energy to 51.8611 cal/mole as compare to
kermesite 0.3670 kcal/mol.

Calculated computer parameters of
minerals were estimated: absolute rigidity
1, eV, chemical potential up to Pirson and
Paru y, and the degry of charge transfer AN.

Minerals have general characteristics of
absolute rigidity m =0,489+6,391 eV.
Guantum-chemical representation state that

electrophilic centers of sorption are cations
of minerals.

Minerals have a negative magnitude of
HOMO and LOMO.

2.2 Quantum-Chemical Representation
of Antimonium Minerals Activation by
the Cations of Minerals.

The molecular models of prototypes of
antimony minerals with substitution of
atoms of antimony and sulfur by cations of
lead (copper) from known minerals,
containing antimony, were constructed.

The structure of antimonite Sb,S; relate to
chain constructions as quaternary SbS-
groups in form of radicals Sh,S¢ oriented
toward axis C. Therefore with the salts of
Pb, Cu and Ag could be formed combines
with Cu(l), Ag(I) , Pb(Il) , Cu(ll), Fe(ID),
Ni(IT), Co(II)(Solozhenkin,2007).

At Fig.3 are the molecular models with
different degree substitution of the atoms of
antimony and sulfur by the cations of Pb
(Cu) in combines of PbSb,S,, CuPbSbS;,
PbSbZS4, szszS5, and Pb3Sb2S6.
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Figure 3. The molecular models with different degrees of replacement of the atoms of
antimony and sulfur by the cations of Pb (Cu) in combines; a- of PbSb,S, ; b-CuPbSbS;; c-

Pbszs4, d-szszSs; e-Pb;SbZSG.

The cations of lead and copper could
substitude the sulfur atom from antimonite
CuSb,S,. The lead (copper) cations
substituted two atoms of the antimony and
sulfur with forming combines zincenite
Pbszs4 or CUszs4

At activation of radicals SbyS¢  of
antimonite by cations of lead and copper it
is possible substitutions and forming
combines Pb,Sb,Ss and Cu,Sb,Ss, or
Pb;Sb,Ss 1 CusSb,Sg The cations of lead
and copper could substituted the sulfur
atom from antimonite with forming
PbSb,S, or CuSb,S, which not found in the
nature. Silver cations (different quantity)
displace atoms of antimony and sulfur in
antimonite forming combines AgSbS,

936

with forming combines of PbSb,S, or
(tablel).
miargilite, AgSbS, aramayonite, Ag;SbS;
pyrostilpnite and AgPbSbS; freieslebenite.
At activation of antimonite by silver cations
could be substitutions in antimony radical
Sb4Se and forming combines andorite type
AngSb3SG

The iron cations displace from radicals
Sb,4Se two atoms of antimony and two
atoms of sulfur forming FeSb,S, bertyerite
or Fe,Sb,S, chain-like gudmuntite. The iron
cations displace antimony and sulfur atoms
from Sb,S; forming FeSbS plain
gudmuntite. The charges of separate atoms
in these compounds with MOPAC 2012
program (tablel).
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Table 1. The charges of separate atoms combines

CuPbSbS3 PbszS4
Pb,Sh,Ss Cu,Sh,Ss Pb3Sh,Se Cu3Sh,Se (bumotite) (zinkenite)
S -0,7145 S -0,1995 S -0,2497 S -0,4486 Cu 0,5691 Pb0,9614
Sb 0,7145 Sb 0,5496 Sb 0,2132 Sb 0,3035 S -0,7089 S -0,6579
S -0,5595 S -0,2292 Pb 0,4231 Cu 0,5495 Sb 0,6117 | Sb 0,5883
Sb 0,7142 Sb 0,5069 S -0,5958 S -0,3146 S -0,4849 S -0,4111
S -0,7148 S -0,5848 Pb 0,5156 Cu 0,4315 Pb 0,7016 | S- 0,6581
S -0,7262 S -0,6236 S -0,5907 S -0,4304 S -0,6886 S-0,4112
Pb 1,0054 | Cu 0,5688 | Pb 0,7208 Cu 0,4652
Pb 1,0057 | Cu 0,5794 S -0,2858 S -0,3620
S-0,3731 S-0,2989
Sb 0,6770 Sb 0,7264
S -0,4546 S -0,6216
Heat Heat Heat . Heat Heat
. . . Heat forming . .
forming forming forming 481.58243 forming forming
-66,29983 -0,48387 666,48117 ’ 212,64903 | 120,56877
Energy
Ene_rgy Encﬁrgy Eneirgy Energy En(irgy
-3333,91485> -
1316,915505 | 2485,22537> | 1578,55667> 1421,11451> 1045,79531
Dipole Dipole Dipole Dipole Dipole Dipole
3,53245 4,25038 12,04004 11,98605 15,69869 13,08659
HOMO HOMO HOMO aSOMOLUMO HOMO HOMO
-8,480 -8,178 -6,692 -6,870;1,723 -8,157 -8,906
LUMO LUMO LUMO BSOMOLUMO LUMO LUMO
-1,995 -2,593 -2,523 -7,618;1,331 -1,497 -2,500

Using these data possible to say, that from
all constructed combines the most probable
forming on the surface of the prototype
antimonite ~ PbSb,S;  (zinkenite) and
CuPbSbS; (burnotite). These combines will
be used at analyses of flotation process.

There was estimated, that for zinkenite
general energy PbSb,S, is -0.5996
kcal/mole and for burnotite. CuPbSbS; -
0.3856 kcal/mol. General energy for
Pb,Sb,Ss is 21.9174 kcal/mol and total
energy for Cu,Sb,Ss is 17.2149 kcal/mol.

The charges at lead atoms are higher,
that on copper atoms. This explains using
the salts of lead as activators of antimony
minerals than copper salts.

The heat of forming for Pb;Sb,S¢ and
Cu;Sb,S¢ are high and their forming on the
surface have low probability.

The computer parameters for antimonite,
activated by lead, Sb,Pb3S¢: iteration 161,
Stretch 0.0006; Bend 0.0547; Stretch-Bend
-0.0015; torsion 0.0000; Non-1,4 VDW
interaction -0.3284; 1,4 VDW -0.9291;
Total energy -1.2037 kecal/mol.
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The computer parameters for lead

activated antimonite Sb,CusSe: iteration
161; Stretch 0.0006; Bend 0.0547; Stretch-
Bend --0.0015; torsion 0.0000; Non-1,4
VDW interaction --0.3157; 1,4 VDW k-
0.4984; Total energy -0.4979 kcal/mol.
The general energy for copper activated
antimonite higher -0.4979 kcal/mol than for
lead activated antimonite  -1.2037.
Antimonite will react with lead cations.

2.3 The Creation Combines of Collectors
with Sulfide Minerals of Antimony.

The authors consider that interaction of
collectors with mineral surface could be
presented as complex combine of the
mineral prototype and mineral bonding to
atom of metal (Solozhenkin, Solozhenkin,
Krausz, 2012). Only for such created
combine could be reserved the basic
computer  parameters and  estimate
properties of the structure.The general
energy for combine of activated by lead
antimonite and attached butyl xantogenate
(1.3314 kcal/mol) lower than for combine
could be received the computer parameters
and estimate properties of combine
structure.

The combines of butyl xantogen acid and
antimonite (its ball-rod model) preactivated

HsC——CH, CHa
S N——CH,
Y \\o—o
H—sS
S—FPb
Sb S—Sb=—=s

Y

by lead Pb;Sh,S¢ were created, and their
parameters calculated.

The sketch of combines butyl xantogen
acid with antimonite (spheric-rod model)
preactivated by copper Cus;Sb,Ss was
created and their parameters calculated

The general energy for combine of
activated by lead antimonite and attached
butyl xantogenate acid lower (1.3314
kcal/mol) than for the combine with
activated by copper antimonite and butyl
xantogenate (2.2566 kcal/mol) e.i. the
optimal structure of the combine was
reached at lower energy.

There was
diethylaminxantogenate
(C,Hs5),NCH,CH,OCSSNa—/IEAminKx) as
a selective reagent for separation of
antimonite from arsenopyrite at activation
of antimony sulfide by high doses of the
lead nitrate (750-1000 g/t) with following
flotation in low acid medium ( pH 5.5-6)

At antimonite flotation from arsenate ores
elective is sodium dibythylamin
dithiophosphate  (C4HoNH),PS;Na.  The

suggested

collectors were attached to PbSb,S,
zinkenite and chalkostibnite CuSbS, At
Fig. 4 is combine of ethylaminxantogen
acid with PbSb,S; zinkenite (its ball-rod
model) and their parameters (table 2).

Figure 4. The scheme of combine ethylamine xantogene acid with PbSb,S, zinkenite: a)

initial chemical formulae; b) ball-rod model
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At Fig 5 is the combine of The parameters of complex combines of
dibuthylamindithiophosphate acid  with antimony minerals and collectors at Table
PbSb,S, zinkenite (its ball-rod model) and 2.

their parameters (table 2).

) L s
ko) Sb
/ T/
HaC S
\ b, Sk
S N
H—N |
S
D
NN
Q H, | S
“ H
b)

Figure 5. The scheme of the combine of dibuthylamindithiophosphate acid with PbSb,S,
zinkenite (its ball-rod model): a) initial chemical formulae and their parameters b) ball-rod
model).
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Table 2. The parameters of complex combines of antimony minerals and collectors

| Complex combines of antimony minerals and collectors

0.8378
Stretch 0.8459 0.4303 1.0792
Bend 2.6443 2.4189 2.2128 52.2695
Stretch-Bend 0.2345 0.2504 0.1394 -0.6135
Torsion 0.1802 0.1750 -0.0512 -0.2544
-4.4945
Non-1, 4 VDW -8.4533 -8.1305 -7.3389
Parameters
1,4 VDW 5.6953 6.5153 42134 8.8309
Dipole/dipole 2.4621 2.5067 -0.3242 -0.8548
Total Energy , 3.6089 82097 41,5100 53.1181
kcal/mol
Sb2PbS,4 SbCuS, SbyPbSs SbCuS,
. + DJIEAmineKx + +
DEAmineKx DButyilAmine DButilAmine
. Iteration 301 Phosphate Phosphate
lteration 424 Iteration 286 Iteration 826

General steric energy for combines with
activation by lead cation lower (3.6089; -
1.5100 kcal/ mol ) than with combines with
copper activated prototypes minerals of
antimony.

Conclusion: Lead activators are preferable.

2.4 Innovate technologies for processing
antimony minerals flotation gold-
antimony ores

The basic resourses for production of
antimony in Russia is naw in republic Saha
(Amusinsky atal. ,2001, Komin,
Klyucharev, Volkova ,2006) that
comparable with production of Bolivian,
Un. S. Afr., Thailand, Mexico, Malaysia,
Italy, USA. Could be mentioned, that
medium contents of antimony in above
countries is 2-5% in Saha ores it is 20-25%.
Almost all prospected Saha ores (95%) are
counted by two deposits — Sarylah and
Sentachan. Antimonite is a main ore
mineral of both deposites.

940

2.4.1 Processing of gold-antimony ores of
Sarylah and Sentachan on the Sarylah
plant.

The practice of the processing and

innovation are presented in detail
(Solozhenkin,2006; Baltuhaev and
Solozhenkin 2009 a, 2009 b). High
recovery of both metals reached

(Salomatova 2007; Matveev, Salomatova,
2008; Solozhenkin at. al.
2008;Solozhenkin,2008).

Some of processing data are below:
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Sarylahskoye Sentachanskoye
deposit deposit
Ore contents Sb, | Sb, % 28,7
% 16,73; 13,2 Au, g/t 42,2
Au, Sb, % 58, 9
g/t 7,4;4,7 Au, g/t 68,6
Concentrate Sb, % | Sb, % 92, 1
63,01; 60 Au, 71,5%
cjntent Au,
g/t12,8;13,4
Conc.Recovery. Sb,
% 91, 6 ;90
Au,
85,7-86%

The results are highest in the world on Au-
Sb ores.

There were recommended a number of
selective reagents. As an activating reagent
is investigated hydrazine N,H, 1/2 H,SO,.
The insignificant addition of hydrazine (8
g/t) positively affects flotation, reducing
losses of antimony by 0.4%, of gold by 6.6
%; the charge of the collector reduced by
30 %. The sodium dimethyldithiocarbamate
was studied as a collector for
antimonite.The synergism of mixture of
dimethyldithiocarbamate with xantogenate.
(Solozhenkin at.al. 1993).

The most perspective area of mineral
base of Russia is East Transbaikalia
(Transbaikalian territory). In territory of
East Transbaikalia is known more than 200
exposes of antimony and mercury-
antimonies mineralization. Gold antimonial
deposits, including Solonechenskoye and
Zhipkoshinskoye, with the average contents
of antimony from 4.5 up to 18%, and
industrially important by the contents of
gold.

2.4.2 Processing of antimony ores of
Zhipkoshinskoye deposit (Transbaikalia
territory).

For low grade ore there was applied
roentgen radiometric separation

(Solozhenkin, Bondarenko, Chertogova,
2008). There was found:
The higher contents of antimony in ore
the better concentrate received;
The higher the limit of the separation
the better concentrate received;
From the ore with the content of Sb
1% there was received concentrate 4,1 %
Sb. The recovery was high - 95-98%.
Radiometric sorting is recommended
The authors have shown selectivity of
new reagents "Oxafor-43" and "Pemisol.
The simple technological circuit without
special depressors of arsenic minerals
(Abdusalyamova at. el., 2012).

2.5 The hydrometallurgy
2.5.1 Processing of lead- antimony
concentrates by the pulp electrolyses.

This is a new process of hydrometallurgy
developed in last 20 years. It unites three
parts of known processes of leaching,
solution cleaning and electrical settling
(Solozhenkin, 2010: Solozhenkin, 2012).

New industry use only sulfide-alkali
leaching of antimony  concentrates
(Solozhenkin, 2006).

But acid processes have many

advantages for complex gold-antimony
ores.
Hydrometallurgical ~ processing  could
produce the antimony three oxide and
antimony directly from concentrates
without pyrometallurgical treatment and
emanation of the sulfur dioxide in
atmosphere.

2.5.2 Innovate technologies for processing
gold-antimony concentrates

The authors applied as an antimonite
solvent solutions FeCl;, SbCls,
tetrafluorineboron acid HBF, to realization
of reaction under the circuit:
2Sb,S; +6MeAs; =2SbAj; +6MeA, +38,

(1)
Where A- CL, F, Br, I, HBF,; Me-Fe.

941



P.M. Solozhenkin, V.P. Nebera

The method of ferrochloride leaching of
gold - antimony concentrates includes
leaching by a acidic solution of iron
chloride, separation from pulp sulfur and
cake, containing noble metals, an
electrolytic sedimentation of antimony from
solution. An electrolyte is going back on
repeated leaching.

Use of antimony pentachloride solution
more effective, than FeCl;, as it excluded
pollution of antimony trioxide by ions of
iron because of hydrolyses reaction.

Sb,S; +3SbCls = 5SbCl; + 3S; (2)

Sb,S; +3HSbCls = 5SbCl; + 3S+HCI (3)

The inventors -Olper, Marco - offered
derivative tetra fluorine boron acid HBF,
for extraction of antimony from sulfide ores
after alkaline leaching, extraction of
elementary sulfur and electrowinning of
antimony from fluorine borate solutions.
Extraction of element sulfur and electro
sedimentation of  antimony from
tetrafluorineboron solutions are offered
derivative  fluorineboron acid HBF4 for
extraction of antimony from sulfides ores
after sulfide - alkaline leaching.

Sb,S; + 2 NaOH = NaSbS, + NaSbSO +

H,O 4)
NaSsz + NaSbSO + HzSO4 = szS3 +
Nast4 + Hzo (5)

The leaching of antimony from
Sb,S; by iron (II) fluorineborate is carried
out on reaction:
szS3 + 6 Fe (BF4)3 =2Sb (BF4)3 +
6Fe(BF,), + 3S. (6)

Electrolyses of the filtered solutions in
diaphragms electrolizer allows to receive
pure antimony cathodes, and on the anode
dissolved fluorine borate of iron (II) oxidize
again up to fluoroborate of iron (III):
2Sb(BFy);+ 6Fe(BF,), = b+6Fe(BF,); (7)
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The above listed process is innovating in
comparison to classical antimonite leaching
process by sulfide-alkaline solutions.

CONCLUSIONS

1.The modeling of the prototypes antimony
minerals Studied. Computer parameters of
minerals and charges of the separate
minerals, the distances between atoms.
2.The method of attachment for the
different sulfhydryl collectors to the
separate atoms of prototype minerals was
elaborated.

3. There was shown that lead salts are
preferable as activators for antimony
sulfides several new reagents were
suggested as collectors for flotation of
antimony ores.

4 The prospect was shown for the acid
leaching concentrates with use as the
solvents antimony sulfide SbCls and Fe
(BF,);, receiving high-quality antimony
trioxide and metallic antimony.
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Piroluzit Cevheriyle Sulu Cozeltilerden Bakir (II) Iyonlarinin
Adsorpsiyonu

Adsorption of Copper (Il) lons from Aqueous Solutions by
Pyrolusite Ore

Nizamettin Demirkiran
Inonii Universitesi Miihendislik Fakiiltesi Kimya Miihendisligi Boliimii, Malatya-Tiirkiye

OZET Metal iyonlarinin atik ¢ozeltilerden giderilmesinde bircok yontem uygulanmaktadir.
Bu yontemler arasinda adsorpsiyon iglemi en ¢ok uygulananlardan birisidir. Biiyiik dlgekli
uygulamalar i¢in diisiik maliyetli adsorbanlarin kullanilmasi prosesin ekonomisi agisindan
onemlidir. Bu ¢alismada, sulu ¢6zeltilerden bakir (II) iyonlarinin giderilmesi amaciyla diistik
maliyetli adsorban olarak piroluzit cevheri kullanilmigtir. Deneylerde adsorban miktari, bakir
iyonlarinin baslangi¢ konsantrasyonu, ¢ozeltilerin baslangic pH degerleri ve adsorbanin
partikiil boyutunun bakir adsorpsiyonu iizerine olan etkileri incelenmistir. Cozeltideki bakir
iyonlarmmn kisa siirelerde hemen hemen tamammin giderildigi belirlenmistir. Izoterm ve
kinetik degerlendirmeler yapilmis ve incelenen adsorpsiyon prosesinin Langmuir izotermine
uydugu ve yalanci-ikinci mertebe kinetigi izledigi belirlenmistir.

ABSTRACT Several techniques are performed to remove the metal ions from waste
solutions. Among these methods, adsorption process is one of the most widely used methods.
The use of low-cost adsorbents for large scale applications is important in terms of process
economy. In this study, pyrolusite ore has been used as low-cost adsorbent for removing of
copper (II) ions from aqueous solutions. In the experiments, the effects of the adsorbent
dosage, initial concentration of copper ions, initial pH values of solutions, and particle size of
adsorbent on copper adsorption have been investigated. It was found that almost all of copper
ions were removed from aqueous solution in short periods of time. The kinetic and isotherm
studies were performed. It was determined that the adsorption process in this study fit the
Langmuir isotherm and it followed the pseudo-second order kinetic.

1 GiRiS

Bir¢cok endiistriyel islem sonunda ortaya
cikan ve gesitli agir metal iyonlarini igeren
atik ¢ozeltilerin herhangi bir aritma islemine
tabi tutulmadan dogrudan ¢evreye verilmesi
durumunda ¢evre ve insan sagligi bundan
olumsuz etkilenebilir. Bundan dolay1
endiistriyel atik cozeltilere uygun ayirma
proseslerinin uygulanmasiyla metal
iceriklerinin  giderilmesi veya miisaade
edilebilir  smirlara indirilmesi  gerekir.
Kimyasal ¢oktiirme, elektro ¢oktiirme, iyon

degisimi, filtrasyon, sementasyon ve
adsorpsiyon gibi ayirma ve saflastirma
yontemleri metal iyonlarmin atik sulardan
giderilmesinde uygulanabilmektedir (Wang
et al., 2007; Pehlivan vd., 2009; Demirkiran
ve Kiinkiil, 2011). Bu yontemler arasinda

adsorpsiyon metodu en fazla
uygulananlardan  birisidir. ~ Adsorpsiyon
prosesinde  ¢ozeltideki metal iyonlan

konsantrasyonlarina bagli olarak kismen
veya tamamen giderilebilmektedir.
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Adsorpsiyon isleminde metal iyonlarinin
giderilmesinde genellikle adsorban madde
olarak cesitli kaynaklardan elde edilen aktif
karbon  kullanilmaktadir.  Aktif karbon
adsorpsiyon i¢in biiyiik bir yiizey alani
saglamasina ragmen {iretim maliyetlerinden
dolayr  biiylik  olgekli  uygulamalarda
ekonomik olmayabilir. Bu sebepten daha
diisiik maliyetli adsorbanlarim kullanilmasi
prosesin  ekonomisini  olumlu  ydnde
etkileyebilir.

Cesitli kil mineralleri bakir, ¢inko, nikel,
kadmiyum, kursun gibi metal iyonlarinin
sulu c¢ozeltilerden giderilmesinde  diisiik
maliyetli  adsorban  maddeler  olarak
kullanilmistir (Arpa vd., 2000; Srivastava et
al., 2004; Catalfamo et al., 2005; Fonseca et
al., 2006). Bu tiir maddelerin yani sira bazi
hidrometalurjik islem atiklari ve cevherlerde
cesitli metal iyonlar ve organik tiirlerin sulu
cozeltilerden giderilmesinde diigiik maliyetli
adsorban madde olarak kullanilmistir (Park
et al.,1995;Ajmal et al., 1995; Bernard et al.,
1997; Sahoo et al.,, 2001; Agrawal et.al.,
2004; Pehlivan et al., 2009; Behera et al.,
2010; Orlov et al., 2011).

Bu caligmada, bir mangan cevheri olan
piroluzitin ~ sulu  ¢dzeltilerden  bakir
tyonlarinin  adsorpsiyonunda  adsorban
madde olarak kullanilabilirligi incelenmistir.

2 DENEYSEL CALISMA

Deneylerde kullanilan piroluzit cevheri
Konya ilinden temin edilmistir. Cevher
ogitiildiikten sonra gesitli partikiil boyutuna
sahip ornekler elde etmek icin elenmistir.
Cevherin kimyasal analizi yapilmis ve
%57.66 MnO,, %10.00 CaO, %8.04 Fe,0;,
%7.08 SiO,, %0.93 AlL,O;, %0.44 MgO
icerdigi tespit edilmistir. Cevherin kizdirma
kaybi1 ise 800 °C’de %15.85 olarak
belirlenmistir. Calismada kullanilan piroluzit

cevherine ait X-ray grafigi Sekil 1’de
verilmisgtir.
Bakir iyonlart iceren cozeltiler

CuS0O,4.5H,0O kullanilarak  hazirlanmstir.
Adsorpsiyon deneyleri 100 mL’lik agz
kapatilmig erlenlerde magnetik karistiric

kullanilarak gerceklestirilmistir. Her
deneyde 50 mL  ¢ozelti erlenlere
konulduktan sonra belirlenen miktarda
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piroluzit ¢ozelti lizerine eklenmis ve belirli
sirelerde  deneyler  gergeklestirilmistir.
Cozeltilerin pH ayarlamasi seyreltik siilfiirik
asit ¢cozeltileri kullanilarak yapilmigtir. Bakir
iyonlar1  iceren  ¢Ozeltilerin  baslangig
konsantrasyonu, adsorban miktari,
cozeltilerin baslangi¢ pH degerleri, cevherin
partikiil boyutu ve temas siiresinin bakir
adsorpsiyonu  ilizerine  olan  etkileri
incelenmistir. Biitiin deneyler laboratuvar
ortam sicakliginda ve 200 rpm karigtirma

hizinda yapilmistir. Deneylerin sonunda
¢Ozeltide kalan Cu®* miktari
kompleksometrik titrasyonla tespit

edilmistir. Baslangigtaki ve islem sonunda
belirlenen bakir miktarlar1 arasindaki farktan
adsorplanmig olan bakir iyonlart miktar
belirlenmistir.

Ly
petd)

1:Filbostlikat

2 Kuartz
150 F 3Pirchazt

4 Kalszt
10 F

Siddelel

2Teta
Sekil 1. Piroluzit cevherinin X-ray grafigi

3 SONUCLAR VE TARTISMA

3.1 Adsorban Miktarmin Etkisi

Bakir iyonlarinin farkli konsantrasyonlar
icin optimum adsorban miktart farkli
olabileceginden, deneysel c¢alismada ilk
olarak 0.001-0.0075 mol/L araliginda bakir
iyonlari igeren ¢ozeltiler kullanilarak her bir
konsantrasyon i¢in en uygun adsorban
miktar1 belirlenmistir. Bu deneylerde her bir
konsantrasyon i¢in 0.2-0.5 g araliginda
degisen miktarda piroluzit kullanilmistir.
Deneyler sirasinda ¢ozeltilerin baslangic pH
degeri, ¢ozelti hacmi, karigtirma hizi,
ortalama partikiill boyutu ve temas siiresi
sirastyla orijinal pH, 50 mL, 200 rpm, 120
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um ve 24 saat olarak sabit tutulmustur. Bu
deneylere ait sonuglar  Sekil 2’de
gosterilmistir.  Deneyler sonunda, ayni
baslangic  konsantrasyonu i¢in piroluzit
miktart arttik¢a adsorplanan bakir miktarinin
arttig1 belirlenmistir. Bagka bir ifadeyle, aym

miktarda adsorban i¢in baslan(%lg
konsantrasyonu arttikca ¢Ozeltiden
uzaklastirilan ~ bakir  iyonlar1  miktari

azalmistir. 0.0075 mol/L  disindaki diger
bakir konsantrasyonlar i¢in 0.3 g piroluzit
miktarinin - maksimum adsorpsiyon ig¢in
yeterli olacag1 belirlenmistir. Boylece diger
deneylerde piroluzit miktar1 0.3 g olarak
secilmistir.

100

90 |

80

—6—0.0010 mol/L
—5—0.0025 mol/L
—%—0.0050 mol/L
——0.0075 mol/1.
50 : ' : :

0.1 02 0.3 0.4 0.5 0.6

Adsarpsiyon, %

Adsorban miktar, g

Sekil 2. Farkli konsantrasyon ve farkli
adsorban miktarlari i¢in bakir adsorpsiyonu

3.2 Baslangi¢ pH Degerinin Etkisi

0.001-0.0075 mol/L  araliginda farkh
konsantrasyonlarda bakir iyonlar1 igeren
cozeltilerin baslangic pH degerlerinin bakir
adsorpsiyonu iizerine olan etkisi her bir
konsantrasyonu i¢in 3, 4 ve orijinal pH
degerlerinde incelenmistir.  0.001-0.0075
mol/L.  arasinda konsantrasyonlara sahip
cozeltilerin orijinal pH degerleri 5.52-5.10
arasinda oldugu pH-metre ile Olgililerek
belirlenmistir. Bu deneylerde adsorban
miktar1 0.3 g, siire 24 saat, ortalama partikiil
boyutu 120 pm, ¢dzelti hacmi 50 mL ve
karigtirma hizi 200 rpm olarak seg¢ilmistir.
pH etkisinin incelendigi deneylerde, pH
degerinin artmasiyla adsorplanan bakir
miktarinm arttigr  belirlenmigtir. Her bir
konsantrasyon igin maksimum

adsorpsiyonun orijinal pH’larda meydana
geldigi gozlenmistir. Bu pH degerlerinde
bakirin oksit halinde ¢Okmesi
gbzlenmemistir  ve  sonraki  deneyler
¢ozeltilerin orijinal pH’larinda yapilmstir.

3.3 Baslangic Konsantrasyonunun Etkisi

Bakir adsorpsiyonu {izerine baslangi¢
konsantrasyonunun etkisi 0.001, 0.0025,
0.005 ve 0.0075 mol/L bakir i¢eren ¢ozeltiler
kullanilarak farkli adsorpsiyon siireleri igin
incelenmistir. Bu deneylerde baslangic pH
degeri, adsorban miktari, ¢ozelti hacmi,
karistirma hizi ve partikiil boyutu sirasiyla
orijinal pH, 0.3 g, 50 mL, 200 rpm ve 120
pum olarak alinmigtir. Sekil 3’de bu deneylere
ait sonuglar gdsterilmistir.

100

80

60

—&—0.0010 mol/1.
——0.0025 mol/L
—=—0.0050 mol/L
—a&— 0.0073 mol/L

Adsorpsiyon, %o
=

20

0 20 40 60 80 100 120 140 160 180 200

Zaman, dakika

Sekil 3. Fakli siireler i¢in bakir adsorpsiyonu
iizerine baglangi¢ konsantrasyonunun etkisi

Sekilden goriilecegi gibi  belirli  bir
adsorban miktari 1¢in baslangi¢
konsantrasyonu arttikga adsorplanan bakir
miktar1  azalmaktadir.  0.001 mol/L
konsantrasyona sahi ¢Ozelti igin
adsorpsiyon islemi daEa kisa bir siirede
dengeye ulagsmigken diger biitiin baglangi¢
konsantrasyonlar1 i¢in adorpsiyon isleminin
180 dakikada dengeye ulastigi sdylenebilir.

3.4 Ortalama Partikiil Boyutunun Etkisi

Adsorbanin yilizey alani etkileyecegi igin
partikiil boyutu adsorpsiyon prosesinde
onemli bir faktordiir. Bakir adsorpsiyonu
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iizerine piroluzitin partikiil boyutunun etkisi
160, 140, 120 ve 93 pum ortalama boyuta
sahip ornekler kullanilarak farkli siireler igin
incelenmistir. Bu deneylerde baslangi¢
konsantrasyonu, karigtirma hizi, baglangi¢
pH’s1, adsorban miktar1 ve c¢ozelti hacmi
strasiyla 0.0025 mol/L, 200 rpm, orijinal pH,
03 g ve 50 mL degerlerinde sabit
tutulmustur. Sekil 4’de partikiil boyutu ile
ilgili deney sonuglar1 verilmistir. Sekil 4’den
goriilecegi gibi partikiil boyutu kiiciildiikce
adsorplanan bakir miktar1 artmaktadir.

100
30
£ 60
g
=
£ 40
5 —— 160 um
= —E— 140 um
-
~ —d— 120 pym
20 —£—03 um

O 2 40 60 30 100 120 140 L16C 180 200

Zamen, dakika

Sekil 4. Bakir adsorpsiyonu iizerine piroluzit
partikiil boyutunun etkisi

3.5 Adsorpsiyon izotermi

Adsorpsiyon prosesinde, adsorplanan iyonla
kat1 adsorban arasindaki denge adsorpsiyon
izotermleriyle ifade edilir. Bunun i¢in g¢esitli
adsorpsiyon izotermleri gelistirilmistir. Bu
izotermler igerisinde en ¢ok Langmuir ve
Freundlich izotermleri g¢esitli adsorpsiyon
proseslerine uygulanmaktadir.

Piroluzit cevheri  kullanilarak  bakir
adsorpsiyonunun incelendigi bu g¢alismada
da so6zii edilen bu iki model deneysel verilere
uygulanmugtir. Elde edilen sonuglara gore bu
adsorpsiyon prosesinin Langmuir modeline
uydugu belirlenmistir. Bu model i¢in asagida
verilen Esitlik (1)’in sol tarafinin C.’ye kars1
grafigi  olusturulur. Elde edilen diiz
dogrunun egimi 1/qu., degerini_verirken,
dogrunun kaymast 1/q,x. Ky degerini verir.

Ce/qe = (l/qmax~KL) + (Ce/qmax) (1 )
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Bu esitlikte C. adsorplanan iyonun denge
konsantrasyonunu (mg/L), q. adsorbanin
birim kiitlesi basma adsorplanan iyon
miktarint (mg/g), qma adsorban icin tek
tabaka adsorsiyon kapasitesini (mg/g) ve K
ise Langmuir sabitini (L/g) gostermektedir.
Sekil 5’de bu adsorpsiyon prosesi igin
Langmuir grafigi gosterilmistir.

L5

CJg. Lig

o 200 40 50 BO 100 120 1400 160

C.egl
Sekil 5. Bakir adsorpsiyonuna ait Langmuir
grafigi
3.6 Adsorpsiyon Kinetigi

Adsorpsiyon prosesinin kinetik analizinde
]%enelhkle yalanci birinci ve ikinci mertebe
inetik modeller kullanilir. Bu ¢alismada
elde edilen deneysel verilere yalanci birinci

ve ikinci mertebe kinetik modeller
uygulanmig ve prosesin yalanci ikinci
mertebe kinetik modele uydugu

belirlenmistir. ikinci mertebe kinetik model
Esitlik (2)’deki gibi tanimlanir.

t/q, = (1/k>.q¢%) + (t/q.) )
Bu esitlikte, t adsorpsiyon siiresini (dak), q,t
zamaninda  adsorplanan  metal  iyonu

miktarin1 (mg/g), k, ise ikinci mertebe hiz
sabitini gostermektedir.

Elde edilen deneysel veriler kullanilarak
olusturulan t/q,’ye kars1 t grafigi Sekil 6’da
]%ésterilmistir. Sekil 6’daki duz dogrularin

aymasindan adsorbanin birim kiitlesi bagina
adsorplanan iyon miktar1 olan q. degerleri
hesaplanmis ve deneysel olarakqbulunan Je

degerleri ile olduk¢a iyi uyustugu
belirlenmistir.
Bu deneysel c¢alismadan elde edilen

bulgulara gore piroluzit cevherinin bakir
iyonlarinin adsorpsiyonunda oldukc¢a etkili
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bir adsorban  olarak  kullanilabilecegi
sOylenebilir. Deneyler sirasinda cevherin
¢ozlinmedigi  belirlenmistir.  Dolayisiyla
adsorpsiyondan sonra uygun bir desorpsiyon
islemm uygulanarak cevher tekrar
adsorpsiyon prosesinde kullanilabilir veya
mangan bilesikleri iiretiminde
degerlendirilebilir.

<0.0010 mol/L
©0.0025 mol/L
00.0050 mol/T.
A0.0075 mul/L

/0, dak.g'mg

020 40

60 8O 100 120 140 160 180 200
Zaman, dakika

Sekil 6. Bakir adsorpsiyonu igin yalanci
ikinci mertebe kinetik model grafigi

Piroluzit  cevherinin  siilfiirik  asit
cozeltileri ile li¢ isleminden sonra ortaya
¢tkan lic atiklar1  kullanilarak  bakir
adsorpsiyonu i¢in bazi denemeler yapilmig
ve li¢ islemine tabi tutulmayan orijinal
cevher kadar yiliksek kapasitede olmasa da
olumlu sonuglar alinmistir. Boylece bu
calismanin devaminda piroluzitin ¢esitli
coziciilerde li¢ edilmesinden sonra ortaya
cikan kati atigin cesitli iyonlarin sulu
¢ozeltilerden adsorpsiyon yontemi ile
giderilmesinde adsorban madde olarak
kullanilabilirligi  incelenecektir. ~ Ayrica
desorpsiyon ¢alismalar1 yapilarak gerek
orijinal gerekse li¢ atiginin adsorpsiyon
isleminde tekrar kullanilabilirligi
arastirilacaktir.
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Investigation of the Beneficiation of Low Grade Manganese Ores
Diistik Tenorlii Manganez Cevherlerinin Zenginlestirilmesinin
Arastirilmasi

O. Bayat, M. Altiner
Cukurova University, Department of Mining Engineering, Adana, Turkey

S. Top
Abdullah Giil University, Department of Mining Engineering, Kayseri, Turkey

ABSTRACT In this study, beneficiation of low grade manganese ores was investigated by
applying high intensity dry magnetic separation, MGS (Multi Gravity Separator) and flotation
methods. Manganese grades of the ores were 25.65% Mn and 13.96% Mn taken from Antalya
and Kayseri regions, respectively. Flotation and magnetic separation recoveries of both tested
samples were low and the grades of the concentrates were less than 45% Mn. Similar results
were also observed using a lab-type MGS but a concentrate could be obtained with 41.24%
Mn and 78.71% recovery for manganese ores taken from Antalya region.

Keywords: Manganese, Flotation, Magnetic Separation, MGS

OZET Bu c¢ahsmada, diisiik tendrlii manganez cevherlerinin yiiksek alan siddetli kuru
manyetik ayirma, MGS ve flotasyon yontemleri uygulanarak zenginlestirilmesi arastirilmistir.
Antalya bolgesinden alinan numune %25,65 Mn, Kayseri bolgesinden alinan numune ise
%13,96 Mn icermektedir. Flotasyon ve manyetik ayirma testlerinde her iki bolgeden alinan
numunenin verimleri olduk¢a diisiik olmus ve elde edilen konsantrelerin tendrleri %45 Mn
degerinden daha azdir. Ayni sekilde laboratuvar tipi MGS kullanildiginda da benzer sonuglar
elde edilmis ancak Antalya bolgesinden alinan manganez cevherlerinden %78,71 verim ve
%41,24 Mn igeren bir konsantre elde edilebilmistir.

Anahtar kelimeler: Manganez, Flotasyon, Manyetik Ayirma, MGS

1 INTRODUCTION

The world rapidly growing demand for
manganese has made it increasingly
important to develop processes for economic
recovery of manganese from low grade
manganese ores and other secondary sources
(Zhang and Cheng, 2007). In the
metallurgical industry, manganese is used as
a deoxidizing and desulfurizing agent, and as
an alloying element in certain steel, copper
and aluminum alloys. Non-metallurgical

applications of manganese include battery
cathodes (manganese dioxide), soft ferrites
(manganese-zinc ferrites) used in electronics,
micronutrients found in fertilizers and animal
feed (manganese sulphate and manganous
oxide), a water treatment chemical
(potassium permanganate), a colorant for
bricks and ceramics, and others (Corathers
and Machamer, 2006).
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Manganese mineralization in Turkey is
divided into four main groups according to
their age spans, hostjocks, processes of
formation and  mineralogical-chemical-
textural features. The first is hydrothermal
and rare hydrogenetic type manganese
mineralization which is associated with
chiefly radiolarian chart series. The second is
black shale hosted manganese mineralization
that takes place in the black shale horizon
within the carbonates of Lower Cretaceous
age in Western Taurides. These deposits are
represented by relatively large reserves and
are composed of rhodochrosite and its
oxidizing products. The third is volcanic arc
hosted ores along the Black Sea coast occur
in different types of metasomatic,
hydrothermal and stratabaund settings. The
fourth is the post-tectonic sedimentary
hosted ores in the Thrace Basin (Oztiirk,
1997).

Generally, manganese deposits positioned
in Turkey have low grades and small
reserves. These reserves are approximately
4.5 million tons. The largest manganese
reserves of Turkey are located in Denizli-
Tavas-Ulukent ore beds with 4 million tons.
In Turkey, demands for manganese ores
result from iron and steel plants such as
Kardemir, Isdemir and Erdemir corporations.

Shake

Feed slurry

Scraper Bars (4)
—_

Washwater

Scrapers (34)

MGS (Multi Gravity Separator) consists of
a slightly tapered open ended drum that
rotates in a clockwise direction and shakes
sinusoidal in an axial direction. Inside the
drum is a scraper assembly which rotates in
the same direction as the drum but at a
slightly faster speed (Figure 1).

Feed slurry is introduced continuously
midway onto the internal surface of the drum
via an accelerator ring cleaner. Wash water is
added via a similar launder positioned near
the open end of the drum. As a result of the
high centrifugal forces and the added
shearing effect of the sinusoidal shaking, the
dense particles migrate through the slurry
film to form a semisolid layer against the
wall of the drum. This dense layer is
conveyed by the scrapers towards the open
end of the drum where it discharges into the
concentrate cleaner. The less dense minerals
are carried by the flow of wash water
downstream to the rear of the drum to
discharge via slots into the tailings cleaner.

Wash water flow rate, vibrational
amplitude, vibrational frequency, tilt angle
and drum rotational speed are critical
variables which affect concentrate grade and
recovery (Ozbayoglu and Atalay, 2000).

Figure 1. Pilot Scale MGS (Wills and Napier-Munn, 2006)
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When manganese ores have been floated,
fatty acids have been used as collector
(McCarroll, 1954; Kurova, 1970; Goldberg
et al, 1986a; Kharlamov et al., 1966;
Fahrenwald, 1957).

Manganese  flotation  with  anionic
collectors decreases in the order: manganite,
pyrolusite, and psilomelane.

This order was observed for both oleic
acid and tridecylic acid and was explained by
Goldberg et al. (1968) to be established by
the corresponding order of increase in
surface hydration energies (Goldberg et al.,
1968a, 1968b, 1969; Kharlamov et al., 1966;
Kharlamov and Kirnosov, 1966; Fuerstenau
et al., 1986).

Some manganese flotation studies were
performed by using sodium oleate as
collector (Yamaguchi, 1932; Acevedo, 1977;
Song, 1994; Andrade, 2010; Andrade et al.,
2012).

In this study, dry magnetic separation,
MGS and flotation methods were applied in
order to recovery manganese from low-grade
ores.

2 MATERIAL AND METHOD
2.1 Materials

The feed samples for this study were taken
from Antalya and Kayseri regions. A Philips
model PW2404 WDXRF spectrometer was
used for the determination of the chemical
composition of both samples as seen in
Tables 1-2.

Mineralogy of the samples was
determined using a Shimadzu XRD-6000
analyzer applying Cu x-ray tube (A: 1.5405
Angstrom).

As seen from Figures 2-3, the manganese
ore taken from Kayseri region consists of
quartz, hematite, goethite, todorokite,
manganese (II) oxide (MnO) and tricalcium
aluminate while the sample taken from
Antalya region mainly consists of quartz,
manganite and pyrolusite.

Table 1. Chemical Composition of Kayseri

Manganese Ores

Element % Element %

Al 0.660 O 43.936
As 0.006 P 0.323
Ba 0.295 S 0.068
Ca 1.306 Si 24.193
Cr 0.009 Sr 0.053
Fe 14.460 Ti 0.029
K 0.274 Y 0.003
Mg 0.409 Zn 0.004
Mn 13.960 Zr 0.013

Table 2. Chemical Composition of Antalya

Manganese Ores

Element % Element %

Al 0.495 Mo 0.016
Ba 0.329 Ni 0.014
Ca 0.064 0] 45.925
Cl 0.027 P 0.092
Co 0.006 Pb 0.008
Cr 0.065 S 0.067
Cu 0.027 Si 26.141
Fe 0.667 Sr 0.017
K 0.253 Ti 0.010
Mg 0.083 \Y% 0.023
Mn 25.651 Zn 0.010
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2.2 Methods

Magnetic separation experiments were
conducted using a high intensity dry
magnetic separator (PERMROLL) at the
Department of Mining Engineering of
Istanbul Technical University.

In the tests, three different sized samples
(-2.8+1 mm), (-1+0.5 mm) and (-0.5+0.150
mm) were prepared and used from Kayseri
samples. Also, magnetic field strength was
chosen as 1.7 Tesla.

Each test was carried out by using
approximately 1.5 kg sample. Other working
conditions are given in Figure 4.

Feeding
(-2.8+1 mm)

Feeding
(-1+0.5 mm)

Feeding
(-0.5+0.150 mm)

Permroll Magnetic

Permroll Magnetic

Permroll Magnetic

Magnetics

Magnetics

Non Separator Separator Separator
Masneti Front knife 100° Front knife 120° Front knife 120° 1
agneties Rear knife 70° Rear knife 120° Rear knife 120°
Feeding Speed 120 rpm Feeding Speed 120 rpm  Feeding Speed 120rpm
2 Moderate Magnetics ‘?
Permroll Magnetic Permroll Magnetic Permroll Magnetic
Separator Separator Separator |:> 2%
Front knife 100° Front knife 100° Front knife 120°
Rear knife 85° Rear knife 110° Rear knife 120°
Feeding Speed 120 rpm Feeding Speed 120 rpm  Feeding Speed 120 rpm
Moderate Magnetics
Figure 4. Flow Sheet of the Dry Magnetic Separation Tests
After the magnetic separation tests, tests, pulp density was set at %15 solids and

samples were sized below 0.106 mm by
using a raw crusher and ceramic ball mill for
both MGS and flotation tests. In spite of
being detected degree of liberalization as
0.106 mm, removal of slimes was not
applied to both of the methods in advance. If
removing slimes had been applied, the large
part of manganese would have stayed in
slime phase. Therefore, removal of slimes
was skipped in MGS and flotation tests.

For MGS tests, carried out at the
Department of Mining Engineering of Dokuz
Eylil  University, optimum  working

conditions achieved from the preliminary
tests were 180 rpm drum speed, 4° incline
rate and 2.2 L/min washing water. In these

the pulp was fed into the MGS device
through feeding pump as 2.6 L/min. After
pulp was fed; in order to form separation
layers in the walls of the drum, one minute
was waited during all tests before sampling
was carried out. Afterwards, concentrated
and residual portions were taken from
concentrate and tailings section of MGS at
intervals of 10 seconds. Finally, the samples
were dried, weighed and analyzed for Mn
grade.

Approximately 300 grams samples were
used in the flotation tests. Flotation
experiments were carried out in a 2 L
flotation cell. Optimum flotation test
conditions are seen in Figure 5. Both
potassium oleate and sodium oleate were
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used as collector in order to improve the
performance of the flotation process.

Figure 5. Flowsheet of the Flotation Tests

3 RESULTS

Results of the high intensity dry magnetic
separation tests are given in Table 3.
Although a concentrate with 35% Mn grade
was recovered, desired yield could not be
obtained by high intensity dry magnetic
separation tests.

As a result of the MGS tests, manganese
grade of the concentrate was 41.24% Mn and
recovery was 78.72% for Antalya sample
working at the optimum conditions.

However, both grades and recoveries of
the concentrate, 22.48% Mn and 28.02%
yield, from Kayseri region manganese ores
were lower than Antalya samples. MGS test
results are presented in Table 4.

956

Test Conditions Crushing + Grinding

Stirring speed: 1400 rpm

Pulp density: 15% solids ﬂ

pH: 10

Kerosene + Diesel Oil: Rough .

124 g/ton |:> oughet C—> Tailings
Na,SiO;: 500 g/ton Flotation

Potassium Oleate: 150 g/ton

Sodium Oleate: 150 g/ton

10 min. conditioning and

12 min. flotation time

pH: 9

Potassium Oleate: 35 g/ton 1. Cleaning I:> Middling 1
Sodium Oleate: 35 g/ton |:> Flotation

4 min. conditioning and

10 min. flotation time 1A

pH: 9 2. Cleanin o
Potassium Oleate: 35 g/ton |:> Flotationg :> Middling 2
Sodium Oleate: 35 g/ton

4 min. conditioning and ﬂ

8 min. flotation time

pH: 9 IZ> 3. Cleaning C—> Middling 3
Potassium Oleate: 35 g/ton Flotation

Sodium Oleate: 35 g/ton Iyl

4 min. conditioning and

6 min. flotation time

When the samples from Antalya region
were used for preliminary flotation tests, no
success was achieved at all. Therefore,
results of the flotation tests of the samples
taken from Kayseri region are only presented
in this study (Table 5).

A concentrate with 27.14% Mn and
44.64% recovery could be obtained after
three cleaning.

Nevertheless, increasing the further
cleaning stages of the flotation was
unsuccessful since the grade of the

concentrate was almost the same after the
three stages of cleaning.
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Table 3. Results of High Intensity Dry Magnetic Separation Tests

Feeding (-2.8+1 mm)

Weight Fe,0; Mn Mn Yield
Product
(%) (%) (%) (%)
1* Magnetic 12.5 16.16 35.00 61.64
2™ Magnetic 8.8 17.70 17.95 22.25
Middling 17.4 9.23 3.10 7.61
Non-Magnetic 61.3 5.08 0.98 8.50
Feed 100.0 8.29 7.10 100.00
Feeding (-1+0.5 mm)
Weight Fe,O; Mn Mn Yield
Product
(%) (%) (%) (%)
1* Magnetic 11.0 17.13 34.93 30.19
2" Magnetic 12.9 17.09 31.87 32.29
Middling 17.1 15.69 20.34 27.33
Non-Magnetic 59.0 5.70 2.20 10.19
Feed 100.0 10.13 12.73 100.00
Feeding (-0.5+0.150 mm)
Product Weight Fe,0; Mn Mn Yield
(%) (%) (%) (%)
1* Magnetic 5.6 17.12 29.92 13.37
2"! Magnetic 16.4 15.69 29.71 38.87
Middling 233 15.69 21.95 40.80
Non-Magnetic 54.7 5.70 1.59 6.96
Feed 100.0 10.30 12.53 100.00
Table 4. Results of the MGS Tests for Antalya and Kayseri Manganese Ores
Antalya Sample
Product . .
Weight (%) Mn (%) Yield (%)
Concentrate 48.96 41.24 78.72
Tailings 51.04 23.98 21.28
Feed 100.00 25.65 100.00
Kayseri Sample
Product . .
Weight (%) Mn (%) Yield (%)
Concentrate 17.40 22.48 28.02
Tailings 82.60 12.17 71.98
Feed 100.00 13.96 100.00
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Table 5. Flotation Test Results of Kayseri Manganese Ores

Product Weight (%) Mn (%) Yield (%)
Concentrate 22.96 27.14 44.64
Tailings 77.04 10.03 55.36
Feed 100.00 13.96 100.00
4 CONCLUSIONS Corathers, L. A. and Machamer, J. F., (Kogel, J. E.)

Even though a concentrate with 35% Mn
grade was obtained by dry magnetic
separation method, further studies should be
carried out for the optimization to obtain
marketable manganese product.

Manganese beneficiation by using MGS
was unsuccessful for Kayseri manganese
samples but a concentrate with 41.24% Mn
and 78.72% vyield could be recovered from
Antalya manganese samples.

Flotation experiments with Kayseri
samples resulted in low recovery yield. The
desired yield and concentrate could not be
obtained by flotation method since
manganese minerals were superbly coated
with slime sized impurities such as calcite,
hematite, quartz etc. Therefore, flotation
reagents were not effective for flotation.
Also, Na,SiO; used for depressing silicates
did not show the expected depressing effect.
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Bolkardag Au/Ag Cevherinin Siyaniirleme Performansim
Iyilestirmek i¢in Alkali On Islemin Degerlendirilmesi

Evaluation of Alkaline Pre-Treatment to Improve Cyanidation
Performance of Bolkardag Au/Ag Ore

E. Yogurtcuoglu, 1. Alp, O. Celep, V. Serbest

Karadeniz Teknik Universitesi, Maden Miihendisligi Boliimii, Trabzon

OZET Ulukisla-Bolkardag (Nigde) Au/Ag cevheri yaklasik olarak 150-200 g/t Ag ve 6-10 g/t
Au icermekte ve limonit, gotit, pirit, kalsit, seriizit / plumbojarosit gibi oksitli kursun
mineralleri, smitsonit / hidrozinkit / hemimorfit gibi oksitli ¢inko mineralleri ve kilden
olusmaktadir. Ogiitiilmiis cevherin karistirmali siyaniir ligi testlerinde (% 33 kat1 oran1 ve 1,5
g/L NaCN, 24 saat) Ag ve Au i¢in diisiik kazanma verimleri (% 20-30 Ag ve % 50-60 Au) elde
edilmistir. Yapilan mineralojik incelemelerde, giimiisiin ¢ogunlukla arjantojarosit minerali
seklinde bulundugu tespit edilmistir. Altin ise; nispeten kiigiik boyutlarda (6-24 pm), nabit ve
elektrum seklinde ve genellikle gang minerallerinin igerisinde kapanim halinde veya limonit-
gotit gibi demir mineralleri ile birlikte bulunmaktadir. Alkali 6n bozundurma islemi 6giitiilmiis
cevher &megi (dop= 21,7 pm) iizerine uygulanmusti. On islem deneylerinde, alkali
konsantrasyonun (0,5-3M NaOH) ve sicakligin (20-90°C) etkisi incelenmistir. Alkali 6n iglem
sonrasi ger¢eklesen siyaniirleme deneylerinde, Ag (>% 80) ve Au (>% 90) verimleri i¢in dnemli
iyilesmeler gergeklesmistir.

ABSTRACT Ulukisla-Bolkardag (Nigde) Au-Ag ore contains 150-200 g/t Ag and 6-10 g/t Au,
approximately, and is composed of limonite, goethite, pyrite, calcite, lead oxide minerals (such
as cerussite / plumbojarosite), zinc oxide minerals (such as smithsonite / hydrozincite /
hemimorphite) and clay. At agitated cyanidation tests of ground ore (solid ratio of 33% and 1.5
g/L NaCN concentration, 24-hours), low recovery efficiencies for Ag and Au (% 20-30 Ag and
% 50-60 Au) were obtained. In the mineralogical investigation, it is determined that silver is
mostly in the forms of argentojarosite mineral. Gold is also available relatively small sizes (6-
24 um), in the form of native and electrum and usually in inclusion into gang minerals or the
iron minerals such as magnetite-goethite. Alkaline pre-treatment process was applied on ground
ore sample (dyo=21,7 pm). In the pre-treatment experiments, effect of alkali concentration (0.5-
3 M NaOH) and temperature (20-90°C) was studied. In cyanidation experiments carried out
after alkaline pre-treatment, significant improvements for Ag (>80%) and Au (>90%)
recoveries was occurred.

1 GIRIS siyaniir ve oksijen tiiketiminin yaninda kabul
edilebilir ekonomik altin/giimiis kazanim elde
edilen cevherlere ise “kompleks cevherler”
denir. Ilave reaktifle dahi kazanilamayan ve
ekonomik olmayan cevherlere de “refrakter”
cevherler denilmektedir (La Brooy vd., 1994;

Au/Ag cevherleri, metalurjik agidan genellikle
“serbest”, “kompleks” ve “refrakter” olmak
iizere smiflandimilirlar.  Serbest Au/Ag
cevherden (% 80 <75 pum) siyaniir ligiyle >%
90 verimle kazamlabilmektedir. Yiiksek
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Adams, 2005). Au ve Ag cevher icerisinde
pek ¢ok sekilde ve c¢ok farkli boyutlarda
bulunabilmektedir. “Refrakter” terimi altin ve
gimiigiin  cevherde asagidaki sekillerde
bulunmast  durumunda  kullanilmaktadir
(Sinadinovic vd., 1999; Roshan, 1990; Gupta
ve Mukherjee, 2000):

e Au ve
silikatlarin
bulunmast

e Reaktif tliketen minerallerin
igerisinde fazla miktarda bulunmasi

e Degerli metali adsorplama 6zelligine sahip
yapilarin  cevher igerisinde bulunmasi
(preg-robbing)

e Au ve Ag’nin zor ¢dziinen alagim ve
mineraller seklinde bulunmalari

e Tane yiizeyinde olusan film tabakasi ile
pasiflesmenin olusumu

e Au ve Ag’nin diger minerallerin kristal
kafes yapisi igerisinde bulunmalari

Ag’nin siilfitler, oksitler ve
icerisinde kapanim halinde

cevher

Refrakter cevherlerden metal kazaniminin
diisiik olmasi bir 6n islemin uygulanmasini
gerektirmektedir. Bu tiir cevherlere siyaniir ve
oksijenin temasin saglayacak sekilde siilfit
yapisint  bozundurmak amaciyla kavurma,
basmg oksidasyonu ve bakteriyel oksidasyon
on iglemleri uygulanmaktadir (La Brooy vd.,
1994; Costa, 1997; Sinadinovic vd., 1999).
Geleneksel bir yontem olan kavurma metodu;
stilfir fazim bozundurarak degerli metalin
siyaniir ile temasini saglamay1 hedefleyen bir
yontemdir (Dunn ve Chamberlain, 1997).
Islem sonunda olusan gazlardan kaynaklanan
ekonomik  ve/veya  c¢evresel  faktorler
yiiziinden proses Onemini kaybetmistir.
Yiiksek tendrli ve siilfiir fazinin tamamen
pargalanmasi gereken cevherler i¢in uygun bir
proses olan basing oksidasyonu ise otoklav ve
oksijen tesisine gereksinim duymasindan
dolayr yiiksek yatirim maliyetine ve ayni
zamanda yiiksek isletme maliyetine sahiptir
(Gunyanga vd., 1999). Biyooksidasyon iglemi

diisik reaksiyon hizi, disik pH’dan
kaynaklanan korozyon ve hassas proses
sicakligit  kontroliiniin  gerekliligi  gibi

dezavantajlara sahiptir (Iglesias ve Carranza,
1994; Crundwell, 1995). Sb ve As
minerallerinin ~ refrakterlik igin  Onemli
oldugunda alkali bozundurma proseslerinin
verimli olarak kullanilabilmesi s6z konusu
olmaktadir (Alp vd., 2010; Celep vd.,
2011a,b).
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Uygulanacak 6n islemlerin belirlenmesinde
refrakterlik &zelliginin karakteri belirleyici bir
role sahiptir. Ornegin; preg-rob cevherler i¢in
uygulanacak prosesler ile tane yiizeyinde film
tabakasi olusumu durumunda uygulanabilecek
prosesler birbirinden tamamen farklidir. Au
ve Ag’nin kapanim halinde bulunmasi
durumunda ise i¢inde bulundugu mineralin
Ozelligine gore Dbirbirinden ¢ok farkh
prosesler uygun olabilmektedir.

Jarosit grubu mineraller, genel formulii
[AB;3(X04),(OH)s] olan alunit sﬁper—grug
icerisinde yer alir (Tablo 1). Burada, B = Fe
> Al A= Na*, K', AI®, Ag”, Rb"”, H;0+,
NH,", Pb"?; X='S > As yada P’dir (Dutrizac
and Jambor, 2000). 1990’larda jarosit prosesi
uygulamalar1  genigletilmis ve  sentetik
arjantojarosit ve amonyum-jarositin alkali
bozundurma kinetik caligmalart yapilmistir
(Roca vd., 1993 ve 2006; Patino vd., 1998 ve
2003; Cruells vd., 2000).

Tablo 1. Jarosit grubundaki mineraller ve
bunlarin sentetik olarak olusan bilesiklerinin
adlar1 (Dutrizac ve Jambor 2000)

Formiilii Mineral ad1
KFe3(SO4)2(OH)g Jarosit
NaFe;(S04),(0OH)s Natrojarosit
AgFe;(S04),(OH)s Arjentojarosit
NH4Fe;(SO4)2(OH)s Amonyajarosit
PbFes(SO4)4(OH);2 Plumbojarosit
TIFe;(SO4)2(OH)s Doralsarit
Pb(Fe,Cu);(S04)(OH, H,O)¢  Bevarit
(H30)Fes(S0O4).(OH)s Hidronyum-jarosit
RbFC3(SO4)2(OH)6 -
HgFes(SO4)4(OH) 1 -

Rio Tinto’da  (Ispanya)  “gossan”

cevherlerinde dogal jarosit mineralleri onemli
miktarda glimiis icermektedir (Roca wvd.,
1999). Jarosit grubu minerallerin yapisinda
bulunan giimiis igerigini siyaniir ligiyle
kazanmak gii¢ oldugundan refrakter olarak
smiflandirilabilir. Gerek endiistriyel olarak
cokeltilen ve gerekse dogal jarositlerin
bilinyesinde gilimiis arjanto-jarosit formunda
yada diger jarosit bilesiklerinin yapisinda
yaygin bir sekilde bulunmaktadir. Jarosit
mineralinin alkali bozundurulmasiyla kristal
kafes yapisindan stilfat iyonlart
uzaklastirilarak geride Fe-Ag hidroksit igeren

bir kati jel olugmasi saglanmaktadir.
Arjantojarositin  alkali ortamda bozunma
reaksiyonu asagidaki gibidir (Esitlik 1)

(Kasaini vd., 2008; Salinas vd., 2001, Roca
vd., 2007 Patino vd., 2010).
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AgFes(S04),(0H)s (o +40H> Ag(OH) ¢ + 3Fe(OH); (o +
28047 (eon) 1)

Alkali bozundurma prosesinde,
arjantojarositin yapisinda bulunan giimiis kati
kisimda kalarak [Ag(OH) kristali] sonrasinda
siyaniir licinde [Ag(CN),]" kompleksi olarak
¢Oziindiirillebilmektedir (Esitlik 2). (Patino
vd., 1998; Cruells vd., 2000; Salinas vd.,
2001).

Ag(OH) gy +2CN"> Ag(CN)y" (o) + OH (¢ (2)

Gilimiistas Madencilik ve Ticaret A.S.” ye
ait olan Bolkardag madeni, Nigde ili, Ulukisla
ilcesi, Madenkdy smurlart iginde yer
almaktadir. Maden yatagindan yeralti
madenciligi yontemi ile cevher ¢ikarilacak ve
siyaniir li¢i yontemi ile iglenerek dore altin ve
gimiis elde edilmektedir. Proje sahasinda
yeralti madenciligi ile toplam 430.000 ton
cevher {iretimi planlanmaktadir. Uretimi
planlanan 3 ayr1 galeri bulunmakta olup,
ortalama tenorler Au 10 gr/t, Ag 332 gr/t
olarak verilmistir (Mesta vd., 2009).

Yapilan o6nceki g¢alismalarda, cevher
yatagimm tamamen oksidize oldugu ve
cevherin yogun limonit + gétit ile birlikte
oksitli  ¢inko (smitsonit,  hidrozinkit,
hemimorfit), oksitli kursun (seriizit, plombo-
jarosit, ¢cok az galen) nabit altin ve giimiis,
elektrum (altint+Ag alasim), pirit, silis, kalsit,
psilomelan;  kil, mika ve  feldispat
minerallerinden olustugu rapor edilmistir
(Mesta vd., 2009).

Bolkardag maden yatagindan alinan altin
ve giimisce zengin cevherden (14,5 gr/ton
Au, 415 gr/ton Ag, % 2,75 Zn ve % 7,03 Pb)
altin, giimiis, ¢inko ve kursunun kazanim
olanaklar1 arastirilmustir (Acarkan, 1984). 0,3
mm altma boyutu kiiciiltiilmiis cevher,
sarsmtilt masa ile zenginlestirilerek altin ve
gimiisgce zengin kursun konsantresi elde
edilmistir Deneylerde konsantrenin Au tendrii
202,6 g/t iken kazanma verimi % 13,5, Ag
tendri ise 2232 g/t’a ulasirken kazanma
verimi % 6,5’ta kalmistir (Acarkan vd.,
2009). Acarkan vd. (2011), flotasyon
yontemiyle altin ve giimiis kazaniminda farkli
toplayict kombinasyonlarinin etkisini
arastrmiglardir. En iyl sonuglar, Aero
208+Aerophine 3418 A toplayicilarinin
birlikte kullanimiyla (350+350 gr/t
konsantrasyonunda, 1000 gr/t Na,SiO3;) pH
4,5°de elde edilmistir. Sonuglara gore, 1026.9

gr/t Au ve 10185 gr/t Ag tendrlii konsantre
diisiik verimlerle elde edilebilmistir. Yapilan
CN deneylerinde ise; Ag i¢in % 28, Au i¢in
% 52 kazanim verimlerinin elde edildigi, ince
ogiitmede de bu oranin Ag icin %22-43, Au
icin %76-87 oldugu bulunmustur (Celep vd.,
2012). Bu durum giimiisiin arjanto jarosit
yapisinda bulunmasindan, altnin ise limonit
gotit lepidokrosit gibi yapilar i¢inde kapanim
halinde bulunmasimdan kaynaklandigi
distiniilmektedir. Yapilmisg ¢aligmalar
degerlendirildiginde Ulukisla cevherinden Au
ve Ag'nin siyanir lici  deneyleriyle
kazaniminda alkali 6n iglemin etkili
olabilecegi diisiiniilmektedir. Bu c¢aligmada;
Nigde-Ulukisla Au-Ag cevherinin alkali 6n
islem uygulamasiyla siyaniirleme
performansina etkisi aragtirtlmugtir.

2 MALZEME VE YONTEM

2.1 Malzeme

Deneylerde kullanilan numune; Nigde ili,
Ulukssla ilgesi, Madenkoy siirlar iginde yer
alan Giimiistag Madencilik ve Ticaret A.S.’
ye ait olan Bolkardag madeninden almmustir.
Cevher numunesi (=150 kg) deneyler
oncesinde kirma iglemine tabi tutulmustur.

2.2 Yontem

Kati  analizleri ACME Laboratuarinda
yaptirilmigtir.  Mineralojik  analiz  Nikon
Polarizan Mikroskop ve SEM analizi

ZEISS/EVO LS10 cihazinda parlak kesitler
tizerinde  yapimustir.  Ogiitme  c¢ubuklu
degirmen ile yapilmis olup boyutu analizi
Malvern Mastersizer 2000 MU cihaz1 ile
lazer difraksiyon yontemi ile yapilmustir.
Alkali licleri su ceketli beherlerde % 20 kati
oraninda, 0,32-2-3,68 M konsantrasyonda ve
sicaklik (19,66—57,5-95,340C) kontrolii ile 4
saat olarak yapilmustir. 24 saatlik karigtirmalt
siyaniir li¢i deneyleri %33 kat1 oraninda, 1,5
g/L NaCN, pH 11°de yapilmstir. Cozelti
Au/Ag analizleri VARIAN AA200 AAS’nde
yapilmustir.
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3 BULGULAR VE TARTISMA
3.1 Cevher Ozellikleri

Cevherin  kimyasal Dbilesimi dort asit
bozundurmasi sonras1 ICP-ES ile, kupelasyon
ve XRF analizi yaptirilarak tanimlanmustir.
Cevherin % 34,77’si Fe,0s, % 22,80’i SiO,
oldugu goriilmektedir. Cevher % 4,78 Zn, %
2,59 Pb, 8,6 gr/t Au ve 176 gr/t Ag igerdigi
belirlenmistir (Tablo 2). XRD analizinde
kuvars, plumbojarosit, smitsonit, hidrozinkit,
galen, anglezit minerallerinin varligi tespit
edilmistir.  Cevherde altma 6-24 pm
boyutlarinda rastlanmustir (Sekil 1). Altin;
hematit-limonit mikro ¢atlag: icerisinde, kalsit
icerisinde basing gecirmis olarak, hematit,

gotit lepidokrosit ile beraber, gang ile
bulundugu goriilmektedir. SEM
gortntiilerinde ~ plumbo  jarosit  yapisi
gorilmiistiir. Arjantojarosit yapist
gozlemlenememis olup konu ile ilgili

arastirmalara devam edilmektedir (Sekil 2).
Deneyde cubuklu degirmen igerisinde 30
dakika  Ogitiilmis cevher  Ornekleri
kullanilmugtir. Bu 6giitiilmiis 6rneklerin tane
boyut dagilimi dgy=21pum olarak belirlenmistir
(Sekil 3).

Tablo 1. Bolkardag cevherinin temsili

numunesinin kimyasal analizi

Bilesik Igerik, Element Icerik,
% gr/t

SiO, 22,80 Au 8,6

ALOs 4,07 Ag 176

Fe, 05 34,77 Sb 500

CaO 5,79 Ba 300

MgO 1,32 Mo 60

Na,O 0,07 Ni 90

K,O 0,77 Co <10

MnO 1,35 Cr 80

TiO, 0,14

P,0;s 0,05

SO; 0,18

Cu 0,13

Pb 2,59

Zn 4,78

As 1,60

Top.C. 1,77

Top.S. 0,54

AZ. 15,80
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Sekil 1. Altin tanelerinin bulunusu. Hematit-
limonit mikro ¢atlak igerisinde (a), kalsit
kristali igerisinde basing gecirmis (b),
hematit, gotit lepidokrosit ile beraber (c),
Gang igerisinde kuvars yaninda (d)
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3.2 Direkt Siyaniir Lici

Direkt siyaniir lici deneyi % 33 kat1 oranm1 ve
1,5 g/ NaCN, 24 saat olarak yapildiginda
stireye gore; 0,17-0,5-1-2-4-8 ve 24 saatlik li¢
kinetiginde caligilarak Au-Ag % kazanma
verimleri sekilde gosterilmektedir (Sekil 4).

24 saatlik siyaniir li¢i deneyleri %52 Au ve
%28 Ag kazanim verimlerini gegmemektedir.
Verimlerin diisiik olmasinin sebebi, altin ve
giimiigiin refrakter 6zellikte olmasidir.

Sekil 2. a) Cevher orneginden hazirlanan
parlak kesitten SEM goriintiisii b) + isaretli
noktadan mikroanaliz sonucu

Tane Baratiiijomi

Sekil 3.Cevher 6rneginin 30 dakika sonras1 %
EA analizi
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Sekil 4. Direkt siyaniir liginin siireye gore %
Au-Ag kazanim verimlerindeki degisim

3.3 Alkali
Etkisi

On islemin Siyaniir Licine

Alkali 6n islemin siyaniir ligine etkisinin
arastirilmasi amaciyla farkll alkali
konsantrasyonlarinda (0,32, 2 ve 3,68 M) 6n
bozundurma deneyleri yapllrmstlr Islem
sonrasinda uygulanan  siyaniir lici deney
sonuglarina gore Ag (%80)-Au (%85)
kazanma verimlerinde artiglar gozlenmistir
(Sekil 5).

Direkt  siyaniir lici  deneyleri ile
kiyaslandiginda, alkali 6n islemin 0,32 M
konsantrasyon oraninda Ag’nin kazanim
verimi % 37’ye yiikselirken, 2 M ve 3,68 M

uygulandiginda verimlerinin lineer olarak
artift  gorlilmektedir.  Altn  kazanim
verimlerinin  de  konsantrasyon oranlari

arttik¢a nispeten arttigi tespit edilmistir.

Alkali 6n islemde; sicakligin etkisi 19,66,
57,5, 95,34°C degerlerinde incelenmistir.
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Yaklasik olarak % 90 Ag, % 99 Au kazanimi
s6z konusudur (Sekil 6). Sicaklik artigmin
alkali o6n islem sonrast siyaniir ligi
deneylerinde Au-Ag kazanim verimleri
iizerine lineer olarak etki etmektedir. Sicaklik
19,66 °C iken Au’nun kazanim verimi %72
iken, Ag %37°dir. Sicaklik 57,5 °C’ye
yiikseldiginde Au kazanim veriminde pek
degisiklik olmazken, Ag %49’a
yiikselmektedir. ~ Sicaklik 95,34  °C’ye
ulagtiginda verimlerde Au i¢in %99 ve Ag %
90’a ulagmaktadir.

i

T -
% o | o =
| =
T 3 Ag WA
_; 1y
I n | 2 5 1
Alkall Bansasdian e g, &
Sekil 5 Alkali 6n isleminde alkali

konsantrasyon oraninin CN ligindeki Au/Ag
kazanma verimi iizerine etkisi (Alkali islem:
19,66°C, 240 dk; Siyaniir ligi: 1,5 g/L NaCN,
pH: 11, 24 saat)

.
. L ] P = o
i] 80 g -
| 0 ] n
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Sekil 6 Alkali 6n islem sicakliginin CN
licinde Au ve Ag kazanma verimine etkisi
(Alkali islem: 0,32 M, 240 dk; Siyaniir ligi:
1,5 g/L NaCN, pH: 11, 24 saat)
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4 SONUCLAR

Direkt siyaniir li¢i deneylerinde %52 Au ve
%28 Ag kazanim verimlerinin elde edilmesi
nedeniyle Nigde-Ulukisla cevheri igin
refrakter Ozellige sahip bir cevher oldugu
sOylenebilir. Bu refrakterligin sebebi igin;
giimiisiin jarositik yapilar halinde bulunmasi,
altinin ise manyetit-limonit-g6tit gibi demir
icerikli minerallerin i¢inde kapanim halinde
bulunmalarinin oldugu diisiiniilmektedir.

Refrakter 6zelligin giderilmesi amaciyla bu
caligma kapsaminda yapilmis olan alkali 6n
islem sonrasmda uygulanan siyaniir liginde
%99 Au ve %90 Ag verimlerine
ulagilabilmektedir. Bu durum alkali 6n islemin
refrakter yapilarin bozundurulmasi agisindan
basarili oldugunu gostermektedir. Caligmanin
sonuglar1 incelendiginde alkali o6n islem
sonrasinda uygulanan siyaniir lici
deneylerinde altn ve giimiis kazanimlarinin
alkali  konsantrasyonu ve 6n iglem
sicakligindaki artis ile dogru orantili olarak
arttigi belirlenmistir. Bu durum yiiksek alkali
ve vyiksek sicaklik sartlarinda refrakter
yapilarin daha verimli bozunduruldugunu
gostermektedir.

Sonu¢ olarak Nigde-Ulukisla refrakter
Au/Ag  cevherinin  siyanir lici ile
degerlendirilmesinde; alkali bozundurmanin
on islem kademesi olarak uygulanabilecegi
sOylenebilir.

5 ONERILER

Altin ve glimiisiin bulunusuna yonelik ve
alkali  bozundurma  sonrasi  {iriinlerin
karakterizasyonuna yonelik c¢aligmalar1 daha
detayli olarak yapilabilir. Farkli alkalilerin
siyaniir lici deneylerine etkileri ¢alisilabilir.
Alkali iglem ile siyaniir li¢i deneylerinin

eszamanli olarak gerceklestirilmesi
incelenebilir.
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Sulu Cozeltilerden Bakir Ekstraksiyonunda Oleik  Asidin
Ekstraktant Olarak Kullanilabilirliginin Incelenmesi

Investigation of the Usability of Oleic Acid as Extractant in
Copper Extraction from Aqueous Solutions

M. K. Tanaydin
Tunceli Universitesi Miihendislik Fakiiltesi Kimya Miihendisligi Boliimii, Tunceli-Tiirkiye.

N. Demirkiran, A. Ekmekyapar
Inénii Universitesi Miihendislik Fakiiltesi Kimya Miihendisligi Boliimii, Malatya-Tiirkiye.

OZET Hidrometalurjide solvent ekstraksiyonu li¢ c¢ozeltilerinden metal kazanmak veya
¢Ozeltiyi saflastirmak igin uygulanir. Bu ¢alismada, bakir iyonlari igeren ¢ozeltilerden bakirin
solvent ekstraksiyonuyla kazamilmasinda oleik asidin ekstraktant olarak kullamlabilirligi
incelenmistir. Coziicii tiirii, sicaklik, organik faz/sulu faz orani, karistirma hizi ve baslangic pH
degerinin ektraksiyon verimi {izerine olan etkileri arastirilmistir. Coziicii kullanildigi zaman
bakir kazanma veriminin diisiik oldugu sadece oleik asit kullanildiginda ise verimin daha
yiiksek oldugu belirlenmistir. Karistirma hizi ve baslangi¢ pH degerinin artmasiyla sulu fazdan
uzaklastirilan bakir miktarin arttig1 gdzlenmistir.

ABSTRACT Solvent extraction is applied to gain the metal from the leach solution or refine
the solution. In this work, the usability of oleic acid as extractant for the gain of copper by
solvent extraction method from aqueous solutions was examined. The effects of the solvent
type, temperature, organic phase/aqueous phase ratio, stirring speed, and initial pH value on the
extraction efficiency were studied. It was determined that the recovery efficiency of copper is
low in case of using a solvent, while it is higher in case of using only oleic acid. It was
observed that the amount of copper removed aqueous phase increased with increasing the
stirring speed and initial pH value.

1 GIRiS gerek c¢ozeltinin saflastirilmasi gerekse metal

kazanilmasinda giiniimiizde c¢okga tercih
Diinyada ve iilkemizde zengin cevher edilen bir metot haline gelmistir (Biswas and
rezervlerinin - azalmastyla  diisiik  tendrli  Davenport, 1994; Habashi, 1997). Solvent
cevherlerin  islenmesine ilgi artmaktadir.  ekstraksiyonu icin iyon degistirici ligandlar,
Pirometalurjik islem basamaklarmin bu tir  bitkisel yaglar ve yag asitleri gibi organik
cevherlere uygulanmasinin ekonomik  maddeler ekstraktant olarak kullamlmaktadir
olmamasi nedeniyle hidrometalurjik  (Flett et al., 1973; Fatibello-Filho et al., 1986;
yontemler  tercih  edilmektedir. Lic Sole and Hiskey, 1995; Navarro and
¢ozeltilerindeki metal ~degerlerin  se¢imli  Alguacil, 1999; Suhendra et al, 2005;

olarak kazanilmasina imkan taniyan solvent
ekstraksiyonu metodu, hidrometalurjideki en
6nemli  gelismelerden  birisi  olmustur.
Ozellikle diisik tendrlii  oksitli-karbonatli
cevherler ile metal igeren bazi atiklarn
hidrometalurjik olarak degerlendirilmesinde,

Voropanova and Yakovleva, 2005; Haron et
al., 2012). Coziicii olarak benzen, toluen,
kerosen, ksilen gibi ¢ok ¢esitli kimyasal
maddelerden yararlanilmaktadir (Marcus and
Sen Gupta, 2001).
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Oksitli bakir cevherlerinden bakir iiretimi
bazi avantajlarindan dolay1r hidrometalurjik
yontemler kullanilarak gerceklestirilmektedir
(Tanaydin,2010). Li¢ ¢dzeltisine alinan bakir
nispeten basit bir yontem olan sementasyon
yontemi kullanilarak olduk¢a yiiksek bir
verimle kazanilabilir (Demirkiran vd., 2007,
Demirkiran ve Kiinkiil, 2011; Ekmekyapar
vd., 2012). Ancak igerdigi safsizliklardan
dolay1 kazamilan bakirin ilave islemlere tabi
tutulmas1 gerekir. Solvent ekstraksiyonu
yonteminde ise bakira secici olan maddeler
yardimryla bakir iyonlart hizli ve etkili bir
sekilde c¢ozeltiden kazanilabilir ve styirma
isleminden sonra oldukc¢a saf bir ¢ozelti elde
edildiginden dogrudan elektroliz yoluyla
metalik bakir iretilebilir (Jergensen, 1999;
Komulainen et al., 2006; Ekmekyapar vd.,
2012).

Bu calismada, bir yag asidi olan oleik
asidin sulu ¢ozeltilerden bakir iyonlarinin
solvent ekstraksiyonu ile kazanilmasinda
ekstraktant olarak kullanilabilirligi
incelenmigtir.

2 DENEYSEL CALISMA

Deneysel ¢aligmada, bakir iyonlar igeren sulu
¢ozeltiler CuSO,4.5H,0 ve saf su kullanilarak
hazirlanmigtir. Ekstraktant olarak oleik asit,
¢Oziici olarak ise toluen, benzen, ksilen, n-
hekzan, kerosen kullanilmigtir. Deneyler 100
mL hacimli cam balonlarda sabit sicaklikta
yapimistir.  Cozeltilerin ~ karigtirilmasinda
manyetik karigtirict kullanilmugtir.
Ekstraksiyon deneyleri, baslangic pH degeri
ve derisimi bilinen Cu" iceren ¢ozeltinin 20
mL'lik kisminin cam balona konulmasi, oleik
asit/¢oziicii orami bilinen organik fazm bu
¢Ozelti {izerine eklenmesi ve belirli siirelerde
iki fazin yogun bir sekilde karistirilarak temas
ettirilmesi  seklinde yapilmigtir. Her islem
sonunda balondaki karigim bir ayirma
hunisine aliarak fazlarm  ayrilmasi
saglanmistir. Daha sonra sulu fazda kalan
bakir iyonlar1 miktar1 kompleksometrik
titrasyonla belirlenerek sulu fazdan organik
faza gecen bakir miktar1 hesaplanmugtir.
Coziicli tiirli, sicaklik, organik faz/sulu faz
orani, karistrma hizi ve Dbaglangic pH
degerinin bakir kazanilmasi {izerine olan
etkileri incelenmistir.
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3 SONUCLAR VE TARTISMA

3.1 Coziicii Tiiriiniin Etkisi

Solvent ekstraksiyonuyla sulu ¢ozeltilerden
metal iyonlarinin kazanilmasinda kullanilan
ekstraktant maddeler genellikle organik
¢ozicliler yardimiyla seyreltilirler. Bu
caligmada uygun ¢oziiciiniin belirlenmesi i¢in
toluen, benzen, n-hekzan, ksilen ve kerosen
gibi organik c¢oziicliler kullanilarak bazi
deneyler yapilmistir. Bu deneylerde oleik
asit/coziici  oram1  1/9 mL/mL, organik
faz/sulu faz orami 3/20 mL/mL, sicaklik 35
°C, karigtirma hiz1 1000 rpm, baglangi¢ pH’s1
5.2 ve temas siiresi 2 saat degerlerinde sabit
tutulmustur. Bu deneylerden elde edilen
sonuglar Sekil 1°de gosterilmigtir. Sekilden
goriildigii gibi, bir solvent kullanildigi zaman
bakir ekstraksiyon verimleri birbirine oldukca
yakin ¢ikmustir. Ayrica bir solvent kullanildigi
zaman bakir ekstraksiyon veriminin yiiksek
olmadigi, sadece oleik asit kullanildigr zaman
ise daha yiiksek bir ekstraksiyonu verimine
ulasildigi Sekil 1°den anlagilmaktadir. Solvent
olarak ksilen kullanilan deneyde %12’lik bir
ekstraksiyonu verimine ulasilmisken, ¢oziicii
kullanilmadigr yani sadece oleik asidin
kullanildigt aym1 deneysel sartlarda ise
%61’lik  bir ekstraksiyonu verimi elde
edilmistir. Herhangi bir  ¢oziiciinilin
kullanilmadigi  deneylerde daha yiiksek
ekstraksiyon  verimlerine  ulasildigindan
sonraki deneyler sadece oleik asit kullanilarak
yapilmustir.

3.2 Faz Oranmin EtKisi

Organik faz/sulu faz (oleik asit/gozelti)
oranmnin  ekstraksiyon verimine etkisini
incelemek igin 1.5/20, 2.0/20, 2.5/20, 3.0/20,
4.0/20, 5.0/20, 6.0/20 mL/mL oranlarinda
deneyler yapilmistir. Bu deneyler yapilirken
sicaklik 35 °C, baslangi¢ pH’s1 5.2, karigtirma
hizi 1000 rpm ve temas siiresi 2 saat
degerlerinde  sabit tutulmustur. Organik
faz/sulu faz oraninin ekstraksiyon verimine
etkisi Sekil 2'de gosterilmistir. Bu sekilden
goriilecegi gibi sabit sulu faz oraninda artan
oleik asit miktar1 ile ekstrakte edilen bakir

miktar1 artmaktadir. 3.0/20 mL/mL oleik
asit/cozelti oram1  sonraki  caligmalarda
uygulanmustir.
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3.3 Sicakhgin Etkisi

Sicakliginin bakir ekstraksiyon verimi lizerine
etkisi 24, 30, 35, 40 ve 45 °C degerlerinde
incelenmistir. Bu deneylerde organik faz/sulu
faz oran1 3/20, baslangic pH’s1 5.2, karigtirma
hiz1 1000 rpm ve temas sliresi 2 saat
degerlerinde sabit olarak alinmustir. Elde
edilen veriler Sekil 3'de gosterilmistir. Bu
sekilden gorildigi gibi 35 °C’de maksimum
ekstraksiyon verimine ulasilmistir.
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Sekil 3. Sicakligin bakir ekstraksiyonuna

etkisi

3.4 Kanistirma Hizimin EtKisi

Solvent ekstraksiyonunda sulu ve organik
fazin etkili bir sekilde karigtirilmasi, sulu
fazdan organik faza kiitle transferini
kolaylastirmak suretiyle, ekstrakte edilen iyon
miktarinin artmasini saglayabilir. Bu sebepten
yeterli bir karigtirma hizinin  saglanmast
gerekir. Oleik asit kullanarak sulu fazdan
bakir iyonlarinin ekstraksiyon verimine
karigtrma hizinin etkisi 550, 650, 750, 850,
1000 rpm degerlerinde incelenmistir. Bu
deneylerde sicaklik 35 °C, baglangig pH’si
5.2, organik faz/sulu faz orami 3/20 ve temas
stiresi 2 saat degerlerinde sabit tutulmustur.
Karigtirma hizina ait deney sonuglart Sekil
4'de verilmistir. Bu sekilden goriilecegi gibi
karisimin karistirilma hizinin artmasiyla sulu
fazdan oleik asit fazina transfer edilen bakir
iyonlar1 miktarinda artig olmaktadir.

3.5 Baslangic pH Degerinin Etkisi

Bakir ekstraksiyonu iizerine sulu fazin
baslangic pH degerinin etkisi 3.6, 4, 4.56, 5,
5.2 ve 5.58 degerlerinde incelenmistir. Bu
grup deneylerde organik faz/sulu faz orami
3/20, sicaklik 35°C, karigtirma hizi 1000 rpm
ve temas siliresi 2 saat degerlerinde sabit
tutulmustur. Yapilan deneylerden elde edilen
sonuglar Sekil 5'te gosterilmistir. Bu sekilden
pH 5.2 degerinde yapilan deneyden elde
edilen ekstraksiyon veriminin maksimum
oldugu goriilmektedir.
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Deneyler sonunda ¢oziicii  kullanildigi
durumda bakir kazanma veriminin diisik
oldugu buna karsin sadece oleik asit
kullamldiginda ise sulu fazdan ekstrakte
edilen bakir miktarinin daha yiiksek oldugu
belirlenmistir. Oleik asit miktar1 ve karistirma
hizinin artmasi ile bakir kazanma veriminin
arttig1 gozlenmistir. Sicakhigin 35 °C’ye kadar
artmasiyla ekstraksiyon veriminin
maksimuma ulagtigi bu sicakliktan daha
yiiksek sicaklik degerlerinde ise verimin
azaldig1 belirlenmistir. Optimum baglangi¢ pH
degerinin ise sulu ¢dzeltinin orijinal pH
degerinin oldugu tespit edilmistir. E1Jde edilen
bulgulara gore oleik asidin sulu ¢gozeltilerden
bakir iyonlarinin kazanilmasinda ekstraktant
olarak kullanilabilecegi ifade edilebilir.

Calismalarimizin devaminda farkli
kaynaklardan temin edilen oksitli bakir

970

cevherinin li¢ edilmesiyle elde edilecek olan
gercek li¢ ¢cozeltilerinden oleik asit, diger yag
asitleri ve endiistriyel olarak uygulanmakta
olan  ekstraktantlar  kullamlarak  bakir
kazanilmasina yonelik caligmalar
gerceklestirilecektir.
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Refrakter Bir Altin Cevherinden Altinin Oziitlenmesinde
Siyaniirleme ve Tiyoiire Yontemlerinin Karsilastirilmasi

The Comparison of Cyanidation and Thiourea Methods for Gold
Leaching from a Refractory Gold Ore

N.Gonen T.Olger

Eskisehir Osmangazi Universitesi, Metalurji ve Malzeme Miihendisligi Béliimii, Eskisehir
U.Selengil, O.S.Kabasakal

Eskisehir Osmangazi Universitesi, Kimya Miihendisligi Béliimii, Eskisehir

OZET: Bu calismada, diisiik tenérlii cevherlerinden altin {iretimi igin siyaniirleme ve tiyoiire
yontemlerinin kargilastirilmas1 amaglanmistir.

Deneysel ¢alismalar, Tiirkiye’nin Dogu Karadeniz Bolgesinde bulunan Giimiishane-Kaletas
altin cevheri 6rnekleri kullanilarak yapilmistir. Bu cevherin yapisal 6zelliklerinin dogrudan
siyaniirlemeye uygun olmadig1 ve en iyi sonuglarin elde edildigi en uygun kosullarda bile
yiiksek siyaniir tiiketim degerlerine ragmen oOziitleme veriminin (%66,7) diisikk oldugu
gOriilmiistiir.

Dogrudan 6ziitleme ve CIL (Oziitlemede Karbon) siirecleri kullanilarak tiyoiire ¢ozeltisi ile
altin ozilitlenmesi iizerine kavurmanin etkisi arastirilmistir. CIL siireci uygulandiginda en
uygun oziitleme kosullarinda altin 6ziitleme verimi (%90,75) en yiiksek degere ulagmistir.

ABSTRACT: In this study, the aim was to compare the cyanidation and thiourea methods for
the gold production from the low-grade gold ores.

The experiments were conducted using the gold ore samples taken from the Giimiishane-
Kaletas gold deposit situated in the East Blacksea Region of Turkey. It was seen that the
structural properties of this ore were not suitable for direct cyanidation and even at the
optimum conditions, at which the best results were obtained, the leaching efficiency (66,7%)
was low in spite of high cyanide consumption values.

The effect of oxidative roasting on the gold leaching by thiourea solution were investigated
using the direct leaching and CIL (Carbon In Leach) processes. The gold leaching efficiency
increased to its maximum value of 90,75% when the optimum leaching conditions were
applied to the CIL processes.
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1 GIiRiS

Altin o6ziitleme veriminin yiiksek olmasi,
aktif karbon iizerine etkili sogurulmasi,
oziitleme kimyas1 ve mekanizmasinin ¢ok iyi
biliniyor olmas1 gibi nedenlerle giiniimiizde
ozellikle diisiik tenorli ve kiigiik tane
boyutlu altin igeren epitermal cevherlerden
altin ve giimiis eldesinde yaygin olarak
siyaniir kullanilmaktadir (Orgiil et al., 2002).

Siyaniirle oziitleme yOnteminin tiim
dstiinliikleri  yaninda, zararli  gevresel
etkileri, yiiksek pH degerinde c¢aligma
geregi, yavas Oziitleme kinetigi ve refrakter
altin  cevherlerinde Oziitleme veriminin
diisiik olmasi gibi nedenlerle siyaniire
alternatif ¢oziicliler lizerinde arastirmalar
yapilmaktadir.

Son yillarda tiim Diinya’da artan cevre
duyarlilig1 da dikkate alinarak siyaniirlemeye
alternatif =~ olarak; tiyoiire, tiyosiilfat,
tiyosiyanat, organik nitriller, asit ve
halojenlerle (klor, brom ve iyot) 6ziitleme,
bakteriyel oziitleme gibi yeni ydntem ve
stireclerin  gelistirilmesi konusunda yogun
arastirmalar yapilmaktadir (Smith et al.,
1991; Tiikel et al., 1996; Gonen et al., 2004;
Tanriverdi et al., 2005; Kuzugiidenli vd.,
1999). Altin ¢oziindiirme sistemleri ile ilgili

baz1 bilgiler Cizelge 1°de verilmistir
(Woodcock, 1988).
Siyaniire alternatif olarak arastirilan

kimyasal maddeler arasinda tiyoiire (NH,-
CS-NH,) ¢ozeltiye alma kinetiginin ¢ok daha
hizli olmasi, daha az zehirli olmasi ve
ortamdaki diger iyonlardan daha az
etkilenmesi gibi nedenlerden dolay1r One
cikmaktadir. Ozellikle altin ve giimiis iceren,
refrakter ve kiikiirtlii cevherlerden kiymetli
metallerin kazaniminda, siyaniire alternatif

olarak tiyolirenin kullanilabilirligi
arastirmalarinda  umut  verici  sonuglar
almmmaktadir (Gonen et al., 2007).

Cevherlerden tiyotire (TU) ile altin

kazanimi; kirma, 6giitme, katidan 6ziitleme,
aktif karbona ylizey sogurma, geri siyirma,
c¢inko ile ¢oOktiirme ve elektroliz gibi
siyaniirleme  yonteminde de kullanilan
benzer siirecleri kapsamaktadir.
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Cizelge 1. Altin ¢oziindiirme sistemleri

Oziitleme Kullanilan Cozeltideki En
Reaktifi Yiikseltgen Altin Uygun
Kompleksi pH
Bazik Sistemler
Siyaniir 0, Au(CN), pH>10
Amonyak- 0, Au(CN), pH>10
Siyaniir
Organik 0, Au[CH(CN),],, pH>7
nitriller
Bazik 0, Au[C(CN);1,>  pH>10
siyanoform
Kalsiyum 0, Au(NCN),”  pH>10
siyanamid
Notral Sistemler
Tiyosiilfat 0, Au(S,05),” pH>7
Bromosiyanid  Br, CN Au(CN),’ pH=7
Brom Br, AuBry pH=7
Asidik Sistemler
Klor Cl, AuCly pH<2
Demir kloriir Fe’ AuCly pH<2
Kral suyu HNO; AuCly pH<2
Tiyosiyanat ~ Fe®',H,0,  Au(SCN), pH<3
Tiyotire Fe’',H,0, Au[CS(NH,),l," pH=1-2

Her iki yontem arasindaki temel farklilik;
katidan oziitleme asamasinda Oziitleyici
olarak siyaniir ya da tiyolire c¢dozeltisi
kullanilmasidir.

Siyaniirlemede; bazik ortamda anyonik
kompleks olusurken tiyoiire ile 6ziitlemede
asidik ortamda katyonik kompleks olusur.

Siyaniirleme:
4Au+8CN + 0, + 2H,0 — 4Au(CN), + 40H"
Tiyoiire ile dziitleme:

Au+2TU + Fe** = Au(TU)," +Fe*"

Siyaniirlemede; yiikseltgeyici olarak hava
oksijeni bile yeterli olurken, tiyoiire ile
Oziitlemede ise sistem i¢inde dogal olarak
bulunacak formamidin disiilfiir yaninda,
demir (IIT) siilfat, H,O,, ozon, gibi daha
giiclii yiikseltgen maddelerin kullanilmasi
gerekmektedir. Organik bir bilesik olan
tiyoiire suda kolay ¢ozliniir ve kararh
formunu  yilikseltgen olmayan  asidik
ortamlarda koruyabilir (Gonen et al., 2007;
Li et al., 2002).
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Kati-sivi dziitleme yontemine dayanan ve
ii¢ farkli sekilde gelistirilen siire¢lerden CIP
(Carbon In Pulp)’da oziitleme isleminin
tamamlanmasindan sonra bulamag¢ (pulp)
icine yaklasik 1-3 mm boyutlu aktif karbon
ilave edilerek sivi fazdaki altin aktif
karbonun gozenekli yiizeyinde
sogurulmaktadir. CIL (Carbon In Leach)
stireci cevherlerde bulunabilecek humuslu
organik maddeler ile kil minerallerinin
etkisiyle sivi fazdaki altinin zamanla artik
kati faz yiizeyine geri sogurulmasi
durumlarinda uygulanmaktadir. Bu siirecte,
aktif karbon Oziitleme sirasinda sisteme
verilerek ¢oziinme ve ylizey sogurma es
zamanli olarak ayni karistirma tankinda
gergeklestirildiginden  ekonomik  agidan
tasarruf da saglanmaktadir. CIC (Carbon In
Column or Carbon In Clear Solution) siireci
ise yigin oziitlemede oldugu gibi, kati artik
ve Oziitleme ¢oOzeltisinin ayr1 ayr1 elde

edilebildigi durumda kullanilmakta,
Oziitleme ¢oOzeltisi, icinde aktif karbon
bulunan yilizey sogurma kolonlarindan
gegirilerek igerdigi altin  aktif karbon

tarafindan tutulmaktadir.

Bu siireglerin son asamasini, altin yiikli
aktif karbonlarin uygun bir sulu ¢ozelti ile
geri sogurulmasi (desorption) olusturmakta
ve geri sogurma sonucunda baglangigtaki
Oziitleme c¢ozeltisinin  altin  derisiminin
yaklagik 1000 kat zenginlesmesi
saglanabilmektedir (Bayraktar, 1995; Tiimer,
1993).

Altinin  analizi, altinin ilk bulundugu
duruma bagl olarak ii¢ sekilde yapilir. Filiz
ve cevherlerde “ates analizi”; metaliirjik

alasimlarda “kupelasyon” yontemleri
kullanilir. Cozeltilerde ise organik
coziiciilerle Oziitleme yontemleri

kullanilarak ICP (Indiiktif Eslesmis Plazma)
ya da AAS (Atomik  Absorpsiyon
Spektroskopisi) ’de altin analizi
yapilmaktadir (Gonen et al., 2007).

2 DENEYSEL CALISMALAR

Ulkemizde Giimiishane - Kaletas cevheri
ile yapilan ilk caligmalar MTA tarafindan
1999 yilinda gerceklestirilmistir. Yapilan bu
calismada cevhere dogrudan siyaniirleme
yontemi uygulanarak 48 saat 6ziitleme siiresi
sonunda ancak % 66,76’lik altin Gziitleme
verimi elde edilmistir. Teknolojik a¢idan bu

verimin yeterli olmadigi goriilmiistiir.
Verimin  diisik  ¢ikmasinin ~ nedeni;
cevherdeki altimin bir kisminin arsenik,

kiikiirt ve demir gibi siyaniirlemede sorun
yaratan elementlerle kenetlenmis bir yapida
olmasi ile agiklanmustir (Génen vd., 1999).

MTA tarafindan daha sonra yapilan
deneysel ¢alismada ise ayni cevher iizerinde
kavurmanin etkisi arastirilmigtir.  Cevhere
550°C’da kavurma &n islemi uygulanmus
sonrasinda  siyaniirleme  yontemi ile
%79,70’lik altin Oziitleme verimi elde
edilmistir. Ayn1 zamanda kavurma iglemi ile
dogrudan siyaniirlemede kullanilan NaCN ve
Ca(OH), miktarlarinda da azalma
saglanmistir (Oktay vd., 2001).

Bu caligmalara ait deney kosullar1 ve elde
edilen sonuclar Cizelge 2°de verilmistir.

Cizelge 2. Siyaniirleme deneylerinin
sonuglari
Kavurma
Siyaniirleme +
Siyaniirleme
Kavurma sicakligi - 550
(°C)
Kati/S1v1 orani 1/1,5 1/1,5
(/ml)
NaCN tiiketimi 6,20 4,63
(kg/ton cevher)
Ca(OH), tiiketimi 8,23 2,85
(kg/ton cevher)
pH >10,5 >10,5
Oziitleme siiresi 48 48
(saat)
Altin 6ziitleme 66,76 79,70

verimi (%)
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Gumiishane - Kaletas cevherinden altin
Oziitlenmesinde  siyaniirlemeye  alternatif
olarak tiyoiire ¢ozeltisi kullanarak yapmis
oldugumuz deneysel c¢aligmalarda Once
cevhere dogrudan tiyoiire ile 6ziitleme
uygulanarak %66,73’lik bir altin 6ziitleme
verimi elde edilmistir. Bu durumda bulunan
en uygun kosullar temel alinarak ortama
aktif karbon ilave edilerek yapilan CIL
(Carbon in Leach) siireci deneyleri
sonucunda altin 6ziitleme verimi %74,94’e
yiikselmistir. Bu ¢alismalara ait deney
kosullar1 ve elde edilen sonuglar Cizelge
3’de verilmistir.

Cizelge 3. Tiyolire ile oOziitleme deneyi
sonuglari

Tiyoiire
Tiyotire ile +
Oziitleme CIL
Aktif Karbon miktar1 - 50
(kg/ton cevher)
Kat1/Sivi orani (g/ml) 12 172
Tiyotire tiiketimi 15,2 15,2
(kg/ton cevher)
Fez(SO4)3.X Hzo tiketimi 140,9 140,9
(kg/ton cevher)
H,SO04 tiiketimi 46,2 46,2
(kg/ton cevher)
pH 1,5 1,5
Oziitleme siiresi (saat) 5 5
Altin 6ziitleme verimi (%) 66,73 74,94
MTA’da yapilan siyaniirleme deneyi

sonuglar1 (Ciz. 2) ile karsilastirdigimizda,
tiyolire kullanilarak siyaniirle elde edilen
altin oziitleme verimlerine yakin degerler
elde ediligi goriilmiistiir. Ayrica siyaniirle
Oziitleme isleminin 48 saat sirdiigi
diisiiniildiiginde bu verime 5 saat oziitleme
islemi sonunda ulasilmigtir. Ancak altin
Oziitleme veriminin %75 dolaymda kalmasi
ve Ozellikle tiyoiire, Fe,(SO,);.xH,O ve

H,SO, tiiketimlerinin  yiiksek  olmasi
ekonomik agidan olumsuzluk
yaratacagindan, bu tiir refrakter ozellik

gosteren cevherlerden tiyoiire yontemi ile
altin kazaniminda CIL siirecinin dogrudan
uygulanmasinin yeterli olmayacagi
goriilmiistiir (Gonen et al., 2007).
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Bu nedenle (Yapllan calismanin devaminda
cevhere 550°C’da kavurma On islemi
uyguladiktan sonra tiyoiire ile Oziitleme
islemini gergeklestirilmistir. Bu durumda en
uygun kosullarda %82,36’lik bir oziitleme
verimine ulagmislardir. Bu durumda bulunan
en uygun kosullar temel alinarak aym
kavrulmus cevhere ortama aktif karbon ilave
edilerek CIL siireci uygulandiginda ise
verim %90,75’e yiikselmistir. Bu ¢aligmalara
ait deney kosullar1 ve elde edilen sonuglar
Cizelge 4’de verilmistir.

Cizelge 4. Kavrulmus cevhere uygulanan
tiyotire ile 6ziitleme deneyi sonuglari

Tiyolire  Tiyolire
ile +
oziitleme CIL
Kavurma sicaklig1 (°C) 550 550
Aktif Karbon miktart - 50
(kg/ton cevher)
Kat1/S1v1 oran1 (g/ml) 1/2 1/2
Tiyotire tiiketimi 18,67 18,67
(kg/ton cevher)
Fey(SO4)3.x HyO tiiketimi 51,41 51,41
(kg/ton cevher)
H»SO04 tiikketimi 77,96 77,96
(kg/ton cevher)
pH 15 15
Oziitleme siiresi (saat) 2,5 9
Altin dziitleme verimi (%) 82,36 90,75
Bu c¢alisma sonuglari  kavrulmamis

cevherin tiyoiire ile Oziitlendigi deney
sonuglart (Ciz. 3) ile karsilastirildiginda,
altin 6ziitleme verimi belirgin sekilde artmis
ve Fey(SO4);.x H,O tiiketiminin azalmustir.
Ancak hala reaktif tiiketimlerinin yiiksek
oldugunu goriilmiistiir (Gonen vd., 2011).

3 SONUCLAR

Elde edilen sonuglar ekonomik agidan
degerlendirildiginde,  refrakter  Ozellik
gdsteren bu tiir cevherlerden tiyoiire yontemi
ile altin iretiminin ekonomik kosullarda
gerceklestirilebilmesi igin reaktif
tiikketimlerinin azaltilmasi ve altin &ziitleme
veriminin yiikseltilmesi gerekmektedir.

Son yillarda iizerinde g¢alisilan 6ziitlemede
karbon (CIL) siireci ve oOziitleme islemi
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Oncesi cevhere uygulanacak kavurma gibi
bir takim 6n islemlerle bu olumsuzluklarin
azaltilmasina yonelik caligmalar
yapilmaktadir.

Cevre, bizim ve gelecek nesillerimizin
iizerinde yasayacaklar1 alanlardir. Tipki
yeriistii kaynaklar1 gibi, yeralt1 kaynaklari da
birer dogal kaynaktir ve iilkemizin dogal
zenginlikleridir. Madencilik ve sanayi
siireclerinde, olumsuz etkiler en aza
indirilerek ve alternatif siiregler arastirilarak
yeralt1 servetlerimizin dengeli bir sekilde
toplumun  hizmetine sunulmasi ve
ekonomiye kazandirilmasi saglanmalidir.
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Mineral Tane Boyutunun Su ile Tasinima ve Kolon Flotasyonu
Performansina Etkisi

Effect of Mineral Particle Size on the Entrainment and Column
Flotation Performance

H. Kursun, Z. Duran, E. Satici, N. Akgigek, M. Cifci, T. Kiling

Cumhuriyet Universitesi Sivas Meslek Yiiksekokulu, Sivas

OZET Flotasyonda taneler zenginlestirilirken istenmeyen bazi olaylar gergeklesir. Bu
olaylardan biriside ince gang minerallerinin su ile taginmasidir. Su ile tasinim (entrainment)
konsantre tendriiniin azalmasima neden olur. Kopiik flotasyonunda temel amag¢, minimum
gang kirlenmesi ile maksimum verim elde etmektir.

Bu c¢alismada, sadece saf hidrofilik (kalsit) ve hidrofobik (talk)-hidrofilik (kalsit)
minerallerinin karigimi (3:1 oraninda) ile bir grup deneyler yapilmistir. Scm ¢apinda 75 cm
yiikseklikte olan kolon hiicresinde su ve kati verimleri hesaplanmis, tane boyutunun
performansa etkisi incelenmistir. iri taneler hizli bir sekilde kopiik fazindan ayrildigindan az
miktarda su ile kazanilmakta ince taneler ise su ile siiriiklenmektedirler. Tane boyutu arttik¢a
kat1 verimi azalmakta su verimi artmaktadir.

Kirjevainen Modeli (1989) yardimiyla, su ile siiriiklenme faktorii (Pi) hidrofilik taneler
igin hesaplanmig, kolon flotasyon hiicrelerinde tane boyutuna bagli olarak siiriikklenme
faktorleri belirlenmistir. Ince boyutlarda gangin siiriiklenme oraninin fazla olmasi yiizen
iirliniin tenoriinii de olumsuz sekilde etkilemistir.

ABSTRACT When particles are concentrated by column flotation, some undesired events
occur. One of these events is the entrainment of fine gangue minerals. Entrainment causes a
decrease in the grade of the concentrate. The main aim in froth flotation is to obtain
maximum recovery with the minimum gangue contamination.

In this study, a group of experiments were carried out using single hydrophilic (calcite)
and a mixture of pure hydrophobic (talk) and hydrophilic (calcite) minerals (3:1 ratio). Water
and particle (talk and calcite) recoveries were calculated in column flotation cell which had a
height of 75 cm and diameter of 5 cm. Coarse particles are recovered with a very little water
since they are quickly removed from the froth phase while fine particles are entrained. As the
particle size increased, particle recovery decreased and water recovery increased.

Entrainment factor (Pi) was calculated by using the Kirjevainen Model (1989) and the
entrainment factors are determined depending on the particle size in the column flotation
cells. The high entrainment rate of gang for fine particles affects the grade of the floating
products negatively, too.
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1 GIRiS

Tanelerin konsantreye taginmasi, temel
olarak hava kabarcigma baglanma ve
konsantreye tasinan su icinde sistemdeki
akis hareketlerinden kaynaklanan tasinma
(entrainment) olmak T{izere iki Onemli
mekanizma da gergeklesir. Hidrofobik ve
hidrofilik taneler arasindaki 1slanabilirlik
farkindan faydalanilarak ayrim
yapilmaktadir. Hidrofobik taneler igin bu iki
mekanizma birlikte gergeklesirken, hidrofilik
taneler igin sadece su ile tasinim
gergeklesmektedir. Ancak  hidrofilik
tanelerin ne kadarinin hava kabarciklar ile
tasindigt  tespit  edilmesine  ragmen
hidrofobik tanelerin su ile siiriiklenen
miktar1 kesin olarak tespit edilememektedir.
Hidrofobik tanelerin su ile taginiminin
belirlenmesi  i¢in  farkli  yaklagimlar
kullanilarak cesitli modeller gelistirilmistir
(Warren 1985, Ross 1990).

Giilsoy ve dig., (1995), su ve hidrofobik
kat1 kazanimi arasinda bir iligkinin oldugunu
belirleyerek, mekanistik bir modelin temelini
olusturmuglardir. Gergek flotasyonda boyut
kigiildiikge su ile taginan malzeme miktari
artar. Ideal flotasyon ortaminda serbest
haldeki hidrofilik tanelerin hava kabarcigina
tutunarak konsantreye taginmalart miimkiin
olmamaktadir. Fakat uygulamada tane boyu

kigiildiikge hidrofilik tanelerinde
konsantreye su ile tasindigi yapilan
caligmalar sonucunda gOoriilmistiir

(Fuerstenau ve Yamada, 1962; Jameson ve
dig., 1977; Trahar, 1981; Subrahmanyam ve
Forsberg, 1988; Smith ve Warren, 1989;
Johansson ve Pugh, 1992).

Ince tanelerin konsantreye tasginmasinda
¢ok Onemli etkisi olan su ile tagmmim ilk
olarak Jowett (1966) tarafindan incelenmis,
konsantredeki serbest gang derisimi ile piilp
icerisinde ki serbest gang derisimi arasinda
bir iliski oldugunu belirtilmistir. Johnson ve
dig., (1974) bir pilot tesiste su ile kazanimin
deneysel calismalara bagli olarak su kazanim
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hiz1 ve siniflanma fonksiyonunu kullanarak
bir model Onermisler, su ve kati verimleri
arasinda parobolik bir iligki oldugunu
belirtmisler, siniflandirma  fonksiyonunu
(Cp)  Esitlik  1’de  belirtildigi  gibi
tanimlamusglardir.

(Cr)= Konsantrede Serbest Gang Derisimi (1)

Piilpteki Serbest Gang Derisimi

Bisshop ve White (1976), tanelerin kalma
zamanina bagh olarak siniflanma
fonksiyonunu bir modele baglamiglardir.
Engelbrect ve Woodburn (1975) pirit
flotasyonunda silikat minerallerinin hava
hiz1 ve kopiik yiiksekliginin su ile taginim
tizerine etkisini incelemigler, su ve gang

verimi arasinda parabolik bir iliskinin
oldugunu belirtmislerdir.

Flotasyonda hidrofobik ve hidrofilik
tanelerin  taginimi  verim ve seg¢imlilik
acisindan  oldukg¢a  Onemlidir.  Verim,
yiizmesini istedigimiz tanelerin fiziksel
olarak  kabarcik  yiizeyine baglanarak

taginmalar1 ile dogru orantilidir. Secimlilik,

su ile kabarciklar arasinda tasinmasi
istenmeyen minerallerin ya da gang
minerallerinin ~ koplikten  alinmas1 ile

dogrudan iligkilidir. Verim ve seg¢imlilik
sistem igerisinde ki mineral ozelliklerine,
reaktif tiirlerine, hava hizina, kabarcik
boyutuna, kopiik derinligine ve flotasyon
kinetigi gibi bircok parametreye bagh
olmaktadir. Tanelerin su ile taginimini ve
koptikten geri siiziilmelerini verim ve tendr
acisindan degerlendirilmesi gerekir.
Hidrofilik tanelerin konsantreye
taginmasi, kopiirtiicii tiirii ve miktari, reaktif
tirii ve miktar1, karistirma hizi, hava hiz,
pilpte kati orani, tane boyutu, tanelerin
ozgil agirhigl, kopik derinligi, kopik
styirma  derinligi, kopiik siyirma hizi ve
ayrica flotasyon kolonlarinda segici bir etkisi
olan yikama suyu hizina bagli olmaktadir
(Maachar ve Dobby (1992), Tuteja ve dig.,
(1995), Tao ve dig., (2000a, 2000b), Rahal
ve dig., (2001), Ata ve dig., (2002),
Martinez-Carrillo ve Uribe-Salas, (2008),).
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Smith ve Warren (1989) tanelerin su ile
stiriiklenmesinin flotasyona etkisini
aciklamiglar ve elde edilebilecek tenor
yilkselme  oraninin, maksimum tendr
seviyesine hi¢gbir zaman ulagmadigini bunun
nedeni olarak da, su ile siiriiklenen ince
boyuttaki tanelerden kaynaklandigini
vurgulamislardir.

Flotasyonda kazanim sadece tanelerin
hidrofobik 6zelliklerinden dolay: degil su ile
tasinim (entrainment), tuzaklanma
(entrapment) ince boyuttaki gang
minerallerinin iri boyuttaki hidrofob minerali
kaplamasi (slime-coating) seklinde
saglanmaktadir. Suyun hidrofobik mineral
kazanimi yavas ve hizli ylizen malzemelerin
kinetik parametrelerinin etkisi ile
gerceklesmektedir. Su ile taginan malzeme
miktarinin belirlenmesinde farkli yontemler
gelistirilmis, bircok arastirmaci flotasyonda
konsantreye su ile taginan minerallerin
davranisin1 ve bu davranis iizerinde gesitli
islem parametrelerinin etkisini tanimlamak
amacityla modelleme ¢aligmalari
yapmislardir (Engelbrecht ve Woodburn
(1975), Bisshop ve White (1976), Lynch
dig., (1981), Wark (1981), Trahar (1981),
Warren (1985), Kirjavainen dig.,
(1989,1992), Sawassai dig., (1998), Ross
(1990,1991)).

Woodburn ve dig., (1971) tarafindan,
hidrofilik tanelerin su ve kati kazanimi
arasindaki iliskinin dogrusal oldugunu, tane
boyutu irilestikge bu dogrusal iligkinin su
kazanimi eksenini kestigi  belirtilmistir.
Trahar ve Warren (1976), kopiik zonundaki
tanelerin su ile tasmimini, iki farkli test

iizerinde degerlendirerek, Dbirinci testte
toplayici ve kopiirtiiciiyt birlikte
kullanmislar  ikinci testte ise sadece

kopiirtiici kullanarak su kazanimina karsi
kati  kazanimi  arasinda ki iligkiyi
tanimlamuslardir. Toplayici ve kdpiirtiiciniin
birlikte kullanilmas1 sonucu konsantrede
kazanilan kati miktarindan sadece kopiirtiicii
kullanilmas1  sonucu elde edilen kati

miktarinin ¢ikarilmasi ile gercek flotasyonda
elde  edilecek  miktar1  hesaplamaya
caligmislardir. Warren (1985), flotasyon
stiresini  sabit tutarak sistemdeki diger
parametreleri degistirmek suretiyle su ve kati
kazanimina yonelik c¢alismig, elde edilen
hidrofobik katt kazanimi farkinin su ile
kazanildigin1 belirtmistir. Kaya ve Laplante
(1986) yapmis olduklart ¢aligmalarinda,
yikama suyu sicakliginin artmasi ile su ile
striikklenmede tane miktarinin azaldigim
belirtmislerdir.

Ross (1990), su ve kati kazanimini
belirlemeye yonelik ¢alismalarinda flotasyon
stiresini uzun tutarak konsantrede ki kati/sivi
oraninin  pllpteki  kati/sivi oranina
oranlayarak “Transfer Faktori”nii
tanimlamaktadir. Zamana baghh olarak
transfer faktori arasinda bir iliskinin
oldugunu ve olusturulan egrinin bitis
kismindan ¢izilen tegetin su ile tasinan
malzeme i¢in transfer degerini temsil ettigini
belirtmektedir.

Kirjavainen ~ (1988;  1989),  ¢esitli
mineraller kullanarak farkli bir yaklasim
gelistirmis, ¢alismasinda bir transfer faktorii
tanimlayarak buna bagli bir model 6nermis,
tane kiitlesine bagli olan transfer faktoriinii
esitlik 2° de verildigi gibi tanimlamustir.

P: 1-Dlog(m) @)

D: Sabit (%2-20) agirlik¢a kati igeren
pilp icin 0.17 civarinda), m: Dar tane

boyutundaki tanelerin ortalama kiitlesi
(nanogram)

Hidrofilik minerallerin taginimlari
arasinda iliskinin dogrusal olmayacagim

belirterek esitlik 3° de ifade edilebilen bir

model  oOnermistir  (Kirjavainen (1988;
1989)).
R[ =1- eXp (_P[ RW) (3)

R; : Hidrofilik malzeme verimi
P; : Siiriiklenme faktorii
R,,: Su verimi
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Hava kabarciklarinin yiikselmesi ile taneler
kopiige yiikselirken kabarciklar arasinda
kopiige bir miktar su tasimaktadir. Tanelerin
bir kismu kopiik fazinin iginden siiziilerek
tekrar piilpe doner diger bir ifadeyle sivinin
stirekli siiziilme egilimi tanelerin kabarciklar
arasindan tekrar piilpe donmelerine neden
olmaktadir. Gang partikiillerinin kopiikten
siizlilmeleri konsantre tendriinde artmaya
neden olur. Buda kopiligin su speyi ile
yikanmasiyla miimkiin olabilmektedir.

Bu calismada; hidrofilik malzeme olarak
kalsit, hidrofobik malzeme olarak ta talk
kullanilmigtir.  -106+75um,  -75+53um,
-53+38, -38um tane boyutunda saf hidrofilik
(kalsit) ve hidrofobik (talk)-hidrofilik
(kalsit)  minerallerinin  karisimi (3:1
oraninda) ile bir grup deneyler yapilmis ve
tane boyutunun su ile siiriikklenme faktoriine

etkisi incelenmistir. Elde edilen sonuglar

Kirjavainen (1988; 1989) 'in belirlemis
oldugu  model {izerine  uygulanarak
degerlendirilmistir.

2 MALZEME VE YONTEM

2.1 Malzeme

Sivas-Ulasg bolgesinde Giilsoy
Madencilik A.S. tarafindan isletilen
hidrofobik talk, tesisten c¢ikarildiktan

sonra 15-20cm biiyiikligiindeki cevher
parcalari on islem olarak tavuklama
(triyaj) ile ayiklanmaktadir. Deneysel
calismalarimizda, triyaj ile ayiklamasi
yapilmis  konsantre talk ve kalsit
numuneleri  kullanilmistir. Talkin  ve
kalsitin kimyasal analiz sonuglar1 (X-Ray
Fluerosans) Tablo 1'de verilmistir.

Tablol. Deneylerde kullanilan talk ve kalsitin kimyasal analizi

Element SiO, MgO | CaO | ALO; | Fe,0; | TiO, | K;O | MnO | P,Os Cr SO; K,0 Ates
% Zaiyat1 (A.Z)
Talk | 63.75 | 29.55 | 2.16 | 051 | 051 | 0.01 | 0.0 | 0.023 00024 | - - 7.66
Kalsit <0.01 1.58 [54.42] 0.03 0.03 - 0.3 - - 0.03 0.3 43.36
Saflik derecesi %97.78 olan kalsit BMT  hidrofil kalsit numuneleri -106+75 pm,
alg1 tesisinden temin edilmistir. Saf talk ve  -75+53 um, -53+38 um, -38 um

kalsit numunelerimizin yogunluklari
birbirine ¢ok yakin oldugundan ayni 6giitme
kosullart kullanilmustir. Tesisten yaklagik
10-15cm boyutundaki numunelere, ¢eneli
kiricida iki asamali kirma iglemi uygulanmis,
malzemenin  tamami  —3.35 mm tane
biiylikligiine kirtlarak 5 kg numuneler
halinde torbalanmistir. Ogiitme deneylerinde
bilyali degirmen ve Ogiitiicii ortam olarak
celik bilyalar kullanilmigtir. Numuneler 5
dak. ogitiildiikten sonra 106um’luk elekten
elendi ve elek tizerinde kalan miktar tekrar
ogiitiildi. Bu sekilde kontrollii 6gilitme
yapilarak fazla miktarda slam olusmast
onlenmistir. Ogiitme deneyleri sonucunda
irlinlin  boyut dagilimi belirlemek igin
hidrofob 6zellige sahip talk numunesi
-106+75 um, -75+53 pm, -53+38 pm,
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boyutlarinda siniflandirilmustir.

Kolon flotasyonu deneylerinde kullanilan
—106 pum talk ve kalsit numunelerinin elek
analizi sonuglar1 Sekil 1’de verilmistir.

100

80 4

60

40 1

Kiimiilatif Elek Alt1, %

20 A

—8—Kalsit —0—Talk

0
0 20 40 60 80 100 120
Tane Boyutu, pm

Sekil 1. Deneylerde kullanilan kalsit ve talk
numunesinin elek analizi

Kopiirtiicti miktart (MIBC- Metil Isobutyl
Carbinol) : 90g/t, kat1 orant: % 4, hava hiz1:
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1 cm/sn, besleme hizi: 400 ml/dak., yikama
suyu hizi: 150 ml/dak., sabit deneysel
kosullarinda ¢aligilmustir.

2.2 Yontem

Deneylerimizde, kolon flotasyonda tek
mineral olarak kalsit ve kalsit+talk karigimi
kullanilarak  su ile tasmima  etkisi
arastirilmastir. Deneylerimiz musluk
suyunun pH’s1t 7.8’ de gerceklestirilmistir.
Kopirtiicii olarak MIBC (Metil Isobutyl
Carbinol) kullanilmustir.

Kolon flotasyonunda besleme tankinda

hazirlanan pilp MIBC ile 5 dakika
kosullandirilmistir. Hava miktar1
ayarlandiktan sonra kolonun tamami su ile
doldurulmus, peristaltik pompalar

calistirilmis en son olarak kosullandirilmig
pilp ile yikama suyu birlikte kolona
beslenmistir. Kolon igerisinde kopiirtiicii
miktarint degistirmemek i¢in yikama suyu
tankina, besleme tankina ilave edilen miktar
kadar kopiirtiicli eklenmistir.

Deneylerde ele almman kriterler, su
kazanimi, kalsit kazanimu, talk kazanimi ve
su ile slirliklenme faktoriidiir. Hesaplamalar
esitlik 4' de ifade edilen model iizerinden
yapilmistir (Kirjavainen, 1988; 1989).

In(1-Ry,)
-R

w

R;=1-exp (=P, Ry), P, =

“

R; : Hidrofilik malzeme verimi
P;: Siiriklenme fakt6rii
R,,: Su verimi

2.2.1 Kolon Flotasyonu Diizenegi

Deneysel ¢alismalarda kullanilan kolon,
75 cm yiiksekliginde Scm c¢apinda dairesel
kesitlidir. Kolon bir sase lizerine monte
edilmis Ustte Universal dus bashigr ile
yikama sistemi saglanmistir. Besleme ve
arttk  cikisi  peristaltik  pompalarla
yapilmistir. Yikama suyu ise, bir pompa
yardimiyla sifon igerisinden alinan su,
hortumla kolon yiizeyine iletilmektedir.
Kolon yiizeyine verilen yikama suyu dus
sistemi ile ¢alismaktadir. On deneylerle
pompalarin performanslari denenmis ve
pilpteki kat1 iceriginin calisma siiresince
degismedigi gozlenmistir. Kabarciklar
hava iireten hava taslar1 ve maksimum 1.8
dev/dak.,>0.012Mpa basingta bir
akvaryum pompasi kullanarak
saglanmigtir. Kolona verilen hava, farkl
hava hizlarinda hava akis dl¢er yardimiyla
ayarlanmistir. Yikama suyu, kolon iist
kisminin 2.0 cm yukarisindan verilmistir.
Deneyler  esnasinda  yikama  suyu
sisteminin kopiligii engellenmemesine ve
kirmamasina dikkat edilmistir. Besleme
tanki kolon hacminin bes kati olarak
tasarlanmistir. Kolon flotasyonu
deneylerinde ANKE&KUNKEL’ in IKA-
WERK RW 20 modeli Kkaristiric,
60 dev/dak. hizla pilpi karigtirmakta,
kosullandirma ve pH ayarlama tank
igerinde yapilmaktadir. Sekil 2° de
deneysel c¢aligmalarda kullanilan kolon
flotasyonu deney diizenegi goriilmektedir.
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AlkasOlger

Sekil 2. Deneysel ¢alismalarda kullanilan kolon flotasyonu deney diizenegi

3 DENEYSEL CALISMALAR

3.1 Sadece Kalsit Kullanarak Yapilan
Deneysel Calismalar

Tane boyutunun tanelerin su ile taginimina

etkisini incelemek i¢in kalsit taneleri -106+75

pm, -75+53 pum, -53+38 pum, -38 um boyut

araliklarinda hazirlanmig deneysel sonuglar

Tablo 2' de Sekil 3, 4, 5'de gosterilmistir.
MIBC miktar1 90 g/t, kat1 oran1 % 4, hava
hizi 1 cm/sn, besleme hizi 400 ml/dak,
yikama suyu hizi 150 ml/dak deneysel
kosullarinda ¢alisilmustir.

Tablo 2. Kolon flotasyonunda farkli zamanlarda ve tane boyutlarinda su, kalsit kazanimlari

ve su ile siiriiklenme faktoriine etkisi

Tane Zaman Verim (%) Siiriiklenme
Boyutu (sn) Kalsit Su Faktori
(1m) (P1)
30 3.12 14.24 0.22
-106+75 60 4.28 21.71 0.20
120 8.51 44.07 0.22
180 10.83 65.26 0.18
30 3.41 14.52 0.24
-75+53 60 5.18 23.12 0.23
120 10.42 41.54 0.26
180 12.13 59.85 0.22
30 3.92 11.23 0.30
-53+38 60 7.01 20.91 0.34
120 12.65 38.04 0.32
180 15.82 57.07 0.30
30 4.43 8.08 0.56
-38 60 7.20 12.96 0.57
120 13.92 26.71 0.56
180 21.18 41.02 0.55
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Sekil 3, 4, 5 incelendiginde tane boyutu
artitkca su ile  siiriklenme  faktori
azalmaktadir. En iri boyutta (-106+75 pm)
su ile siirtiklenme faktorii (Pi)= 0,18 iken, en
ince boyutta (-38 pum) su ile siiriiklenme
faktorii (P1)=0.55 degerine ylikselmektedir.

Yine, en iri boyutta (-106+75 pm)
% 65,26 su, %10.83 Kkalsit kazanimi soz
konusu iken en ince boyutta  (-38 pm)
% 41.02 su, % 21.18 kati kazanimina
ulasiimistir.

25

Tane Boyutu, pm

0 75 53 #3838

=

Kalsit Verimi. %

Zaman, sn

Sekil 3. Tane boyutu ve flotasyon siiresine
bagli olarak kalsit verimi degisimi

80

Su Verimi. %

—+—-106+75 75453

-3

53438
0 20 40 60 80 100 120 140 160 180 200
Zaman, sn

Sekil 4. Tane boyutu ve flotasyon siiresine
bagli olarak su verimi degisimi

06

=

=
=

-53+38um

75453 um
106475 m

=
o

Su ile Siriklenme Faktori, Pi
=

=

Tane Boyutu, pm

Sekil 5. Tane boyutunun su ile siiriiklenme
faktoriine etkisi

3.2 Kalsit ve Talk Karisimi ile Yapilan
Deneysel Calismalar

Tane boyutunun tanelerin su ile taginimina
etkisini incelemek i¢in kalsit taneleri
-106+75 um, -75+53 pm,  -53+38 um, -38
um boyut araliklarinda hazirlanmis yapilan
deneysel sonuglar Tablo 3 ve Sekil 6, 7, 8 de
gosterilmigtir. MIBC miktar1 90 g/t, toplam
kat1 miktar1 %7.6, talk tane boyutu -106+38
um (%5.7) hava hizi lem/sn, besleme hizi
400 ml/dak, yikama suyu hizi 150 ml/dak
deneysel kosullarinda ¢aligilmustir.
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Tablo 3. Kolon flotasyonunda kalsit ve talk karisimi ile yapilan deneylerde, kalsit tane
boyutunun kat1 ve su kazanimlari ile su ile siiriitklenme faktoriine etkisi

Kalsit Tane | Konsantre Verim(% Tenor Siiriiklenme

Boyutu Miktari (g) Talk Kalsit Su Talk Kalsit Faktorii
(um) (Pi)
-106+75 71.32 82.75 2.11 10.04 98.74 1.26 0.21
75.21 83.53 6.01 26.12 97.23 2.77 0.24
76.96 82.77 8.27 45.18 98.41 1.59 0.19
-75+53 69.82 83.92 4.82 16.63 98.81 1.19 0.30
70.28 83.81 6.91 28.73 97.96 2.04 0.25
75.36 82.17 11.03 47.19 97.27 2.73 0.25
-53+38 72.56 85.41 9.12 22.83 98.74 1.26 0.42
77.12 83.24 10.97 29.65 97.11 2.89 0.39
71.77 82.91 14.18 40.27 96.56 3.44 0.38
-38 65.37 85.55 13.95 20.35 97.93 2.07 0.74
67.81 86.24 14.07 21.66 94.75 5.25 0.70
75.32 88.41 16.50 26.81 92.78 7.22 0.67

Kalsit kazanimi kalsit tane boyutu arttikga
azalmaktadir (Sekil 6). -38 pm tane
boyutunda %16.50 kalsit verimi elde
edilirken -106+75 um tane boyutunda %8.27
kalsit verimine ulagilmistir.

Tane Boyutu, um

Kalsit Verimi
\\
)

Su Verimi, %
Sekil 6. Talk ve kalsit karigiminda farkl tane
boyutlarinda kalsit veriminin su verimi ile
degigimi

Ince boyutlarda kalsitin  siiriiklenme
oraninin artmast yiizen Uriiniin tendrini
olumsuz etkilemistir. Talk igerigi sirasiyla; -
106+75 pm , -75+53 um, -53+38 um ve -38
pum igin, %98.41;% 97.27; %96,56 ve
%92,78 seklinde azalma gostermistir (Sekil
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7). Su ile tasmmim faktdrii en ince tane
boyutunda 0.67 iken, en iri boyutta bu deger
0.19' a diismiistiir (Sekil 8).

100

20 40 60 80 100 120

Tane Boyutu, um

Sekil 7. Talk ve kalsit karigiminda tane
boyutlarinda kalsit, talk veriminin su verimi
ile degisimi

08

-38um

0.6

04

Su ile Tagimm Fakisri, Pi

~75+106 um
02

20 40 60 80 100 120
‘Tane Boyutu, pm

Sekil 8. Talk ve kalsit karisiminda farkl tane
boyutlarinin su ile siiriklenme faktoriine
etkisi
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4 SONUC VE ONERILER

Mineral tane boyutunun sadece kalsit ve
kalsit+talk karigimiyla yapmis oldugumuz
biitiin deneylerimizde en onemli
parametrelerden biri oldugu belirlenmistir.
Tane boyutunun artmast ile suyla
stiriiklenerek yiizen malzeme miktart ve su
ile siiriiklenme  faktorii  azalmaktadir.
-106+75 pm boyutunda sadece kalsit
kullanilarak yapilan deneylerde su ile
siriiklenme faktorii (Pi) 0.18 olarak elde
edilirken tane boyu -38 pum' nin altina
indirildiginde Pi: 0.55' e yilikselmistir. Yine,
kalsit talk karisimi ile yapilan deneylerde de
-106+75 pum boyutunda su ile siiriiklenme
faktorii (Pi) 0.19 olarak elde edilirken -38
pm tane boyutunda ise Pi: 0,67 degerine
yiikselmistir. Bu sonuglardan da goriildiigi
gibi; kalsit tane boyutu arttikca Kkalsit
kazanimi azalmaktadir. Tane boyu arttik¢a
iri taneler ozgill agirliklart daha fazla
oldugundan hizli bir sekilde c¢okelerek
kopiik fazindan ayrilacagindan az miktarda
su ile kazanilacaktir. Kalsit tane boyutunun
degisimi  talk verimini etkilememistir.
Sadece yiizen malzemenin tendriinde
azalmaya neden olmustur. Taginimin artmasi
ince boyuttaki tanelerin su ile siiriiklenme
faktoriintin -~ degerini  arttirmustir.  Benzer
bulgulara literatiirde de rastlanmaktadir
(Maachar ve Dobby (1992), Tao ve dig,
(2000a-2000Db)).

Bu ¢alismamiz neticesinde; deneysel ve

literatiir caligsmalar g0z oniinde
bulunduruldugunda su Onerilerde
bulunabilir.

Flotasyonunda metaliirjik sonuglar1 daha
¢ok hidrofil mineraller ve su kazanimi
etkilediginden ¢ok daha fazla optimizasyon
caligmalar1  yapilmali  ozellikle  kolon
flotasyonunda c¢ok daha genis kapsamda
caligmalar ortaya konulmalidir. Su ile
taginimda en 6nemli faktdr olan konsantreye
gelen su miktariin sistem degiskenleri ile
olan iliskisinin detayli ¢alisilmasi ve farkli
matematiksel esitlikler olusturarak mevcut

literatiirde bulunan modellerle karsilastirma
yapmak  suretiyle yeni  matematiksel
modeller olusturmaya yonelik calismalar
yapilmalidir.

Hidrofil ve  hidrofob  minerallerin
flotasyonunda  su ile  tasmimlarinin
aciklanmasi amaciyla gelistirilmis olan
biitin ~ modeller  belirli ~ varsayimlar
dogrultusunda gecerli olabilmektedir. Bu
nedenle, verim ve tendr degerinin daha etkili
ve genis sinirlar icinde kontrol edilebilmesi
icin su ile tasgmimi tanimlayabilecek
giivenilir modeller olusturulmasina ihtiyac
vardir.

Su ile tasimimi azaltic1 birtakim 6nlemler

tizerine  calisilmahidir. Kopik  yikama
sistemleri, hiicre geometrisi mekanik-
ultrasonik titresimler uygulanmasi gibi
degisimler iizerine detayli aragtirmalar
yapilmalidir.
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Siklojet Flotasyon Hiicresi Ile Ince Na-Feldspatlardan Renk
Verici Minerallerin Uzaklastirilmasi

The Removal of Coloring Minerals from Fine Na-Feldspar

By Cyclojet Flotation Cell

H. Hacifazlioglu, 1. Kursun, M. Terzi
Istanbul University, Engineering Faculty, Mining Engineering Department, Avcilar, Istanbul

ABSTRACT Coloring impurities like Fe,O; and TiO, exist within the feldspar ore taken from
the mine. In order for the feldspar quality to be improved and to obtain a vendible feldspar
concentrate, these impurities need to be removed from the ore. The most common method for
cleaning the coloring minerals from the feldspar ore is reverse flotation method. Reverse
flotation process is usually conducted in conventional mechanically agitated flotation cells.
This study aims at clearing the coloring minerals from feldspar ore through cyclojet flotation
cell that has been developed as an alternative to conventional flotation cell and that works
with a kind of jet flotation technique. Na-Feldspar samples obtained from Mugla province
(Turkey) with a size of -500 microns containing %0.100 Fe,O; and 9%0.360 TiO,, respectively
were used in experimental cyclojet flotation studies. As a result of reverse flotation studies
conducted in natural pH and with Aero 825+801 reagents in cyclojet cells, Fe,O; content was
decreased to 0.010% and TiO, content was reduced to 0.030%. At the end of an 8-minute
flotation time in cyclojet cell, coloring minerals were reduced at a rate reaching up to 90%.

1 INTRODUCTION

Comprising 60-65% of the earth’s crust and
among significant exported mines of Turkey,
feldspars are anhydrous aluminosilicates
with resembling structures and
characteristics and are an industrial raw
material that make up the main inputs of
ceramic and glass industries. Among the
commercial and most important feldspar
group minerals are albite (NaAlSi;Oy),
orthoclase  (KAISi;Og), and anorthite
(CaAl,Si,Og) that take their names by Na, K,
and Ca. Since commercial anorthite ore beds
are scarce on earth, the actual feldspar
production are comprised by albite and
orthoclase (Bayraktar et al., 1997;Karaguzel
and Cobanoglu, 2010).

Iron and titanium minerals that can be
found in the mineralogical structures of
feldspars are known as unwanted impurities
due to their coloring characteristics. Thus,

Fe,Os3 and TiO, are demanded to be below
0.50% or 0.05% in feldspars based on their
areas of use. Major impurity minerals
observed in feldspar ores are rutile and
sphene for titanium, garnet for iron oxides,
and such mica minerals as hematite,
hornblende,  tourmaline,  biotite, and
muscovite. In case these minerals exist more
than certain values, glass and ceramic quality
become lower and thus the change in color
occurs. Therefore, the main objective of
enriching feldspars is based on coloring
minerals to be cleared from the ore.
Magnetic separation seems to be the most
appropriate method in enriching the feldspars
in terms of costs and simplicity. However,
flotation method is usually preferred in the
process based on mineralogical
characteristics due to the fact that such
titanium minerals as sphene and rutile have
low magnetic sensitivity, and in addition,
magnetic separators used in this field are
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only able to carry out efficient separations up
to certain size thickness. Conventional
reverse flotation is still the most commonly
used method in the world for eliminating the
impurities of feldspars. On the other hand,
chemical and biological methods can also be
used for eliminating the impurities. While, in
chemical methods, feldspar is leached by
organic and inorganic acids, microorganisms
are utilized in biological methods instead of
chemical substances (Styriakovaa et.al.,2006;
El-Rehiemand Abd EI-Rahman, 2008).
Agglomeration or selective flocculation
methods are also benefited from in the
enrichment of feldspars (Dogu and Arol,
2004).

In this study, Na-feldspar ore supplied
from the Mugla province (Turkey) was
enriched by cyclojet cell which is an
alternative jet flotation technique. Optimum
working conditions have been established for
clearing feldspar ore from Fe,O3 ve TiO, and
experiments were conducted under optimum
conditions through the reverse flotation
method.

2 EXPERIMENTAL STUDIES
2.1 Cyclojet Flotation Cell

Cyclojet cell is a high-density jet flotation
cell developed in Turkey in 2006 for the
enrichment of coal slimes. In previous
studies, the superior success of cyclojet cell
in the enrichment of slime coal has been
proven by numerous investigations, so much
so that it has been observed that clean coals
containing ashes ranging from 7% to 15%
were obtained from 45-50% ash slime coal
fed into cyclojet cell (Hacifazlioglu, 2009;
Hacifazlioglu and Toroglu, 2008). This
device that is effective in the enrichment of
fine grains was used in the flotation of -200
micron-sized Na-feldspar.

Cyclojet cell basically works with jet
flotation principle in addition to some
structural differences. Both the jet movement
of the pulp and hydrocyclone and centrifugal
powers created in the cell are benefited from
in this system. While, in the conventional jet
flotation, the “jet movement” is linearly
created by a nozzle made up of numerous
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holes, it is carried out in the cyclojet cell
conically by a hydrocyclone apex in the
cyclojet cell. In other words, pulp jet created
in cyclojet dives into the cell with a cyclonic
movement and provides a more efficient
flotation by creating a more intensive cutting
force. In addition, dense agitation occurring
in both hydrocyclone and within the cell
minimizes the slime coating of the grain and
this way allows for an effective flotation
process without moving the slime away from
the ore.

The diagrammatical image of pilot scale
cyclojet cell experiment setup established in
Ore Preparation Laboratory of Mining
Engineering  Department of  Istanbul
University is given in Figure 1. According to
Figure 1, the pulp conditioned for 10 minutes
with the addition of collector and frother in a
67-litre  conditioner is fed into a
hydrocyclone of 16 cm diameter tangentially
by 0.1-0.6 bar (10-60 kPa) pressure through
a centrifugal pump propelled by 1.5 kW
engine. Right below the hydrocyclone, there
is a conical tube with a height of 25 cm, and
under the conical tube there is a separation
cell with a diameter of 30 cm and height of
40cm. The wupper flow pipe exit of
hydrocyclone was closed completely in order
to prevent the upward movement of the pulp.
In this case, high-pressure pulp densely
agitates in hydrocyclone by eddying, and
then dives into separation cell by quickly
creating a cyclonic jet. At this time, the
entrained air occurring in the conical tube
with the effect of the jet provides the
aspiration of air from the atmosphere with
the vacuum effect. The air is aspirated
through a circular hole of 1 c¢cm diameter
found on the conical tube at a sectional air
rate of 0.2 cm/sec. Later on, the pulp jet
agitated with air quickly dives into the pulp
found in separation cell and creates quite
fine-sized (300-500 um) air bubbles by
establishing numerous cutting forces. Bubble
sizes were measured by DIP method.
Separation process is carried out by taking
the hydrophobic grains (coloring impurities)
attaching to the bubbles in the separation cell
from the upper section of the cell and
hydrophilic grains (feldspar) that cannot
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attach from the lower section of the cell. In
order for the constancy to occur in the cell
and feldspar ore to be cleaned repeatedly, a
by-pass was mounted to the system. In other
words, the lower pipe exit of the separation
cell was mounted on the conditioner with
another pipe.

In cyclojet flotation, sulphanate type
promoters called Aero825 and Aero801
produced by the US-based Cytec Industries
were utilized with mixture rates of 50% and
in concentrations of 1000 and 2000 g/t. All
the experiments were conducted using tap
water at a room temperature of 24°C and in
natural pH values (7-8). Solid ratio was
selected as 30% and conditioning time was
established as 8 minutes for the pulp. The
products obtained by reverse flotation
process were filtered and then dried in the
drying oven, and were analyzed by XRD in
terms of Fe,O; and TiO, content. Later on,
removal efficiencies Fe,O; and TiO, were
calculated with the equations given below.

Fe,O5 removal efficiency (%)= [1- (Fe,O3
content in concentrate/Fe,O; content in
feed)]*100

TiO, removal efficiency (%)= [1- (TiO,
content in concentrate/TiO, content in
feed)]*100

Figure 1. Cyclojet flotation cell experimental
set-up

2.2 Na-Feldspar Sample

Na-Feldspar sample of 50 kg was supplied
from the feldspar enrichment facility of Esan
Co. active in Mugla province located in the
southeastern region of Turkey. In the said
facility, ores ground to 0.5 mm are enriched
with conventional mechanically agitated
flotation cells. Na-feldspar ore from which
the slime is removed by 14-inch
hydrocyclones before the enrichment process
is then fed into flotation cell and is purified
from coloring impurities by reverse flotation
method. Major coloring impurities in the
sample are hematite and titanium, and such
minerals as garnet, anatase, rutile, sphene,
biotite, and ilmenite. Following microscopic
examinations, it was observed that 90% of
the coloring minerals were liberated from
feldspar grains below the size of 200
microns. In order for cyclojet cell to be more
effective than conventional flotation cell in
smaller sizes (<200 microns) and allowed for
higher rates of liberation, the entire sample
was gradually ground down to below 200
microns with ceramic ball mill. Results of
the chemical analysis conducted with X-Ray
fluorescence (XRF) of the sample used in
experimental studies are given in Table 1.

Table 1. Chemical analysis of Na-feldspar
sample

Component %

SiO; 67.380
AlLO4 19.280
F6203 0.100
TiO, 0.360
MgO 0.250
CaO 1.080
Na,O 10.070
K,O 0.430
P,0s 0.080
MnO 0.010
Cr,0; 0.002
Others (Ba,Ni,Sr,Zr,Y,Nb) 0.058
L.O.1 0.900
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3. RESULTS AND DISCUSSION
3.1 Cyclojet Optimization Tests

In order for the cyclojet cell to increase
efficiency in feldspar flotation, some studies
and design parameters need to be optimized.

Among the most important of these
parameters are reagent amount, pulp
pressure, and conical jet length. In

experiments that investigate the effect of
reagent (collector) amount, feed pressure is
set to 40 kpa, conical jet height to 10 cm, and
solid concentration to 30%. In all
experiments, total conditioning time is
selected as 8 min and total flotation time as
10 min. Due to the fact that Aero 801 and
Aero 825 collectors have foaming
characteristics, any additional frother or pH —
adjusting chemicals were not used in the
experiments. All the experiments were
conducted with tap water and in natural pH

0.40%. Increasing the reagent amount
provided flotation of higher number of
impurities. On the other hand, along with
increasing the pulp pressure from 10 kPa to
40 kPa in a fixed reagent dosage (1500 g/t),
Fe,O; content drops down from 0.090% to
0.010%. Increasing the feed pressure reduces
the TiO, content from 0.270% to 0.040%.
The reason why the elimination of Fe,O; and
TiO, minerals is low under lower feed
pressure (10 kPa) is that sufficient cutting
forces were not obtained in the separation
cell. In other words, bubbles in cyclojet cell
are created by pulp jet that gushes out from
the apex. Here the higher the pulp jet speed
is the more intense the cutting force will be
created, and thus, more and relatively thinner
bubbles are obtained. The image of bubbles
(foam) obtained from low and high pulp feed

Table 2. Effects of various parameters on concentrate and reject characteristics in cyclojet

flotation
Concentrate Reject
(Feldspar) (Impurities)
Parameters Values Fe,0s TiO, W, Fe,0; TiO, Wt
content(%) content(%) (%) content(%) content(%) (%)
Reagent 750 0.070 0.230 76.600 0.198 0.786 23.400
Aero801+825
(g/t) 1500 0.020 0.040 67.200 0.264 1.016 32.800
Feed pressure 10 0.090 0.270 82.200 0.146 0.776 17.800
(kPa) 40 0.010 0.040 65.400 0.270 0.965 34.600
Conical 10 0.010 0.030 66.100 0.275 1.003 33.900
Jet Lenght
(cm) 20 0.060 0.190 70.100 0.194 0.759 29.900

(7-8) interval. Effects of various parameters
on concentrate and reject characteristics in
cyclojet flotation are given in Table 2.

As can be observed in Table 2, Fe,Os; and
TiO, removals increase parallel to an
increase in the reagent amount. While Fe,04
content in the concentrate drops from
0.070% to 0.020% with increasing the
reagent amount from 750 g/t to 1500 g/t
dose, TiO, content decreases to 0.230% to
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pressures are given in Figure 2. As can be
seen from Figure 2, high pressure creates
denser and higher foam layers, thus, greater
amounts of Fe,O; and TiO, minerals can be
carried with the foam. As it is clearly visible
in Table 2, Fe,O; content in the reject (foam
product) increased to 0.270% under 40kPa
feed pressure while was 0.146% under 10kPa
feed pressure. Similarly, TiO, content was
established as 0.776% and 0.965%
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Feed pressure: 10 kPa

Feed pressure: 40 kPa

Figure 2. Image of the foam under low and high feed pressures

respectively under 10 and 40 kPa feed
pressures.

Another important parameter that affects
the flotation efficiency in cyclojet cell is the
conical jet length. As can be seen from the
results in Table 2, lower Fe,O; and TiO,
containing concentrates were obtained with a
10 cm conical jet length. Fe,O; content in the
concentrate was reduced from 0.060% to
0.010% along with decreasing the jet length
from 20cm to 10cm. Also TiO, content in the
concentrate was reduced from 0.190% to
0.30%. The reason for that is related with the
sufficient number of bubble formation as is
the case in the effect of pulp pressure. With
higher jet length (20 cm), the strength of
cutting force was reduced due to efficiency
of the jet, and less number of bubbles were
formed in the cell. In the case of jet length
reduced to 10 cm, more bubbles were created
and bigger amounts of impurities were
carried to foam product.

3.2 Cyclojet Flotation
Optimum Conditions

Tests under

Various flotation tests were conducted in
cyclojet cell under reagent amount of 1500
g/t, 40 kPa feed pressure, 10 cm conical jet
length, and 30% solid concentration.
Flotation tests were carried out at 5 different
foaming times as 2, 4, 6, 8, and 10 minutes.
In other words, concentrate and reject
obtained at the end of 2, 4, 6, 8, and 10
minutes were separately obtained and
analyzed following the drying process.
Characteristics of products obtained from

different flotation times are given in Figure 3
and 4.

As mentioned earlier, a by-pass was added
to concentrate (feldspar) pipe exit in cyclojet
cell. This by-pass pipe sends the obtained
feldspar concentrate back to conditioner.
Then it is fed into cyclojet cell with the help
of a pump from conditioner. This way a
constant flotation conditions (or cleaning
stages) in cyclojet cell is provided and
products can be obtained in various
characteristics depending on flotation times.
As can also be seen in Figure 3 and 4, both
Fe,O; and TiO, removal increased as the
flotation time is lengthened. At the end of
flotation time of 2 minutes, while Fe,O3
removal was 40%, it reached up to 90%
following a 10-minute flotation period. A
similar case applies to TiO, removal, and
TiO, removals at the end of 2- and 10-minute
flotation times were 41.66% and 91.66%,
respectively. Along with the increase in
flotation time, impurities that did not attach
to the first level foam were -efficiently
separated from feldspar concentrate by
attaching to the foam at the second and third
levels. This has been clearly established in
the entire experiments. However, the content
of concentrate obtained after the flotation
time of 8 minutes did not demonstrate any
change. Even though the removal of both
Fe,0; and TiO, did not change, concentrate
weights were found as 75.400% and 66.10%
respectively at the end of 8" and 10"
minutes. Too much increase in flotation
times also caused feldspar grains to float, and
as a result, concentrate weight was reduced.
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Thus, optimum flotation time for feldspar
flotation in cyclojet cell was found to be 8
minutes. At the end of the mentioned
flotation time, Fe,O; and TiO, contents in
concentrate were found as 0.010% and
0.030%, respectively. And the weights of
concentrate and reject were established as
75.40% and 24.60%, respectively.

A complete chemical analysis of feldspar
concentrate  obtained under optimum
conditions and at the end of an 8-minute
flotation time in cyclojet cell is given in
Table 3. According to these results, while
Si0,, Al,0s, and Na,O did not demonstrate
much change, Fe,O; content was reduced
from 0.100% down to 0.01% and TiO,
content from 0.360% down to 0.030%.
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the concentrate depending on flotation time
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Table 3. Chemical analysis of Na-feldspar
concentrate obtained from cyclojet flotation

Component Feed Concentrate
% %
Si0, 67.380 67.810
ALO3 19.280 19.430
Fe,03 0.100 0.010
TiO, 0.360 0.030
MgO 0.250 0.010
CaO 1.080 0.950
Na,O 10.070 10.310
K,0 0.430 0.210
P,0s 0.080 0.010
MnO 0.010 0.010
Cr0; 0.002 0.002
Others
(Ba,Ni,Sr,Zr,Y,Nb) 0.058 0.060
L.O.L 0.900 1.140
4 CONCLUSION

Today, qualities and sale prices of Na-
Feldspar ores are largely determined by
Fe,O; and TiO, rates in their content.
Specifically when high quality glass and
ceramic production is considered, these
impurities are expected to be below 0.050%.
Currently, the most commonly used method
to reduce Fe,O; and TiO, rates in feldspar
ores is reverse flotation technique. Reverse
flotation process is usually conducted in
conventional cells. In this study, such
coloring minerals as Fe,O; and TiO, were
removed from feldspar ore by cyclojet cell
which is an alternative jet flotation
technique. It has been observed in cyclojet
optimization studies that reagent amount,
pulp pressure, and conical jet length
possesses a significant effect on efficiency.
Studies conducted under optimum conditions
established that high quality feldspars can be
produced by cyclojet cell. Fe,O; content in
Na-Feldspar ore was reduced from 0.100%
to 0.010% and TiO, content from 0.360% to
0.030%. Concentrate recovery rate in weight
was found as 75.40%. Fe,O; and TiO,
impurities were removed up to 90%. Based
on these results, cyclojet cell is also
promising for the enrichment of other
industrial minerals as silica sand, kaolin,
fluoride, etc. in addition to feldspar ores.
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