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 Bu ­alēĸmada, atēk baskēlē devre kartlarēnēn (ABDK) asidik peroksit li­i sonucu elde 
edilen bakēr i­eriĵi y¿ksek (27-30 g/L Cu2+) ger­ek/sentetik li­ ­ºzeltilerinden bakērēn, 
elektro-kazanēma alternatif olarak, ­ºkt¿r¿lerek kazanēlmasē araĸtērēlmēĸtēr. Bakēr, etanol ile 
bakēr s¿lfat (CuSO4.5H2O) ve sodyum s¿lfit (Na2SO3) ile Chevreul tuzu 
(Cu2SO3.CuSO3.2H2O) olarak ­ºkt¿r¿lm¿ĸt¿r. Y¿kl¿ li­ ­ºzeltisinden (27 g/L Cu) bakēr, 
etanol kullanēlarak %99,9 verim ile ­ºkt¿r¿lm¿ĸt¿r. Bakērēn Chevreul tuzu olarak 
­ºkt¿r¿lmesinin ger­ekleĸtirildiĵi testlerde sentetik li­ ­ºzeltileri (30 g/L Cu2+, 2,5 g/L Fe3+, 
1 M H2SO4) kullanēlarak pH ve SO3/Cu (molar) oranēnēn ­ºkt¿rme ¿zerine etkileri 
araĸtērēlmēĸtēr. Testlerde pH 2,5ôten 4ôe ve SO3/Cu oranē 1ôden 1,6ôya ­ēkarēldēĵēnda bakēr 
­ºkt¿rme verimi de artmēĸtēr. Sadece bakēr i­eren ­ºzeltilerden yapēlan test sonucunda %20 
daha y¿ksek ­ºkt¿rme verimi elde edilmiĸtir. Bu da demir gibi safsēzlēklarēn s¿lfit t¿ketimini 
arttērmak suretiyle ­ºkt¿rme iĸlemini olumsuz etkilediĵini gºstermiĸtir. Elde edilen verilere 
gºre, y¿ksek ­ºkt¿rme verimlerine ulaĸmak i­in SO3/Cu oranēnēn y¿ksek (>1,6) olmasē 
gerekmektedir. ¢ºkeleklerin kimyasal ve mineralojik bileĸimi yaĸ kimyasal, SEM-EDS ve 
XRD analizleri ile belirlenmiĸtir. 
 
 

 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 (CuSO4.5H2O) and using sodium sulphite 
(Na2SO3) as Chevreul's salt (Cu2SO3ĿCuSO3Ŀ2H2O). 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 
Cu2+, 2,5 g/L Fe3+, 1 M H2SO4) were used and the effects of pH and SO3/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 SO3/Cu (molar) ratio from 1 to 1.6. In the absence of 
impurities, 20% higher recovery of copper was achieved in the test (SO3/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 GĶRĶķ 
Kullanēm ºmr¿n¿n dolmasē veya farklē 

nedenler sonucunda hurdaya ayrēlan 
elektrikli ve elektronik eĸyalarēn (EEE) 
miktarē giderek artmaktadēr. Atēk elektrikli 
ve elektronik eĸyalarēn (AEEE) atēk 
sahalarēna depolanmasē veya yakēlmasē,  
yeraltē/yer¿st¿ su ve hava kirliliĵi gibi 
­evresel sorunlara neden olmaktadēr (Yazēcē 
ve Deveci, 2011). 

AEEE'de bulunan temel (Cu gibi) ve 
deĵerli metallerin (Au, Ag ve Pd) ºnemli 
bºl¿m¿ atēk baskēlē devre kartlarēnda 
(ABDK) bulunmaktadēr. Atēk baskēlē devre 
kartlarē (ABDK), ait olduĵu EEE t¿r¿ne gºre 
deĵiĸmekle birlikte, tipik olarak %10-20 
oranēnda bakēr i­ermektedir (Hagel¿ken, 
2006). Cevherlerle (%0,5 Cu) 
kēyaslandēĵēnda ABDK'lar ºnemli bir ikincil 
bakēr kaynaĵēdēr. Bu nedenlerle, 
ABDK'lardan metallerin geri kazanēmē hem 
­evresel hem de ekonomik nedenlerden 
dolayē ºnemlidir ve yasal d¿zenlemeler ile 
zorunlu hale getirilmiĸtir (Widmer, 2005; 
Yazēcē ve Deveci, 2009 ve 2011). 

AEEEôden metallerin geri kazanēmēnda 
fiziksel ayērma ve sonrasēnda pirometal¿rjik 
yºntemler end¿striyel ºl­ekte yaygēn olarak 
kullanēlmaktadēr. Fiziksel ayērma yºntemleri, 
basit olmalarēna karĸēn metal kayēplarē 
y¿ksektir ve ayērma iĸleminden ºnce 
atēklarēn, metallerin serbestleĸmesini 
saĵlamak i­in, uygun boyuta k¿­¿lt¿lmesi 
gerekir. Pirometal¿rjik yºntemler, fiziksel 
ayērma ile elde edilen metal i­eriĵi y¿ksek 
konsantrelere veya kaba bir boyut k¿­¿ltme 
iĸlemi sonrasē atēklara uygulanēr. ¥zellikle 
baca gazlarē/tozlarē ile ilintili potansiyel 
­evresel sorunlar ve deĵerli metal i­eriĵi 
y¿ksek atēklar i­in uygun olmalarē bu 
yºntemlerin en ºnemli dezavantajlarēdēr. 
Hidrometal¿rjik yºntemler, y¿ksek metal 
kazanēmēna olanak saĵlarlar ve 
pirometal¿rjik iĸlemlere gºre daha esnek 
proseslerdir. Ayrēca, k¿­¿k ºl­ekli 
uygulamalardēr ve nispeten d¿ĸ¿k maliyetli 
yºntemler olmalarē nedeniyle deĵerli metal 
i­eriĵi d¿ĸ¿k atēklar i­in uygundur (Cui ve 
Zhang, 2008; Ak­il vd., 2009; Yazēcē ve 
Deveci, 2009; Tuncuk vd., 2012). 

ABDK'lardan metallerin li­ ile 
kazanēmēnda, s¿lfat, klor¿r ve nitrat gibi li­ 
sistemleri kullanēlabilir. Oksitleyici olarak 
hidrojen peroksit (H2O2), Fe3+ ve O2 tercih 
edilebilir (Quinet, 2005; Madenoĵlu, 2005; 
Deveci vd., 2010). Asidik s¿lfat ortamēnda 
ve H2O2 varlēĵēnda, ABDK'lardan bakēr 
baĸta olmak ¿zere diĵer bazē metaller, (Fe, 
Ni, Zn gibi) y¿ksek verimlerle ve deĵerli 
metallerden (Au, Ag ve Pd) se­imli olarak 
­ºzeltiye alēnabilmektedir (Oh vd., 2003; 
Kamberovic vd., 2011; Yang vd., 2011). 

S¿lf¿rik asit li­i sonrasē y¿kl¿ li­ 
­ºzeltilerinden (YL¢) bakēr, geleneksel 
olarak solvent ekstraksiyon ile saflaĸtērma 
iĸlemini takiben elektro-kazanēm veya 
sementasyon yºntemleriyle kazanēlēr. 
Sementasyon yºntemi seyreltik (<1 g/L Cu), 
solvent ekstraksiyon+elektrokazanēm 
yºntemi ise nispeten zengin (1-5 g/L Cu) 
­ºzeltiler i­in uygundur. Bakēr i­eriĵi 
y¿ksek ­ºzeltiler (>15 g/L) ise doĵrudan 
elektro-kazanēm iĸlemine tabi tutulabilir. 
Ancak, ­ºzeltide bulunan demir gibi 
safsēzlēklar elektro-kazanēm iĸleminin 
etkinliĵini b¿y¿k ºl­¿de olumsuz 
etkilemektedir (Davenport, 2002; Beukes ve 
Badenhorst, 2009). 

Ehsani vd. (2012), asidik s¿lfat 
­ºzeltisinden (1,2 M H2SO4) bakērēn (30 g/L 
Cu2+) elektro-kazanēmēnda Fe3+deriĸiminin 1 
g/L'den 2,5 g/L'ye artmasē sonucunda akēm 
veriminin %95'den %88'e gerilediĵini 
bulmuĸtur. Ayrēca, Fe3+ varlēĵēnda katot 
morfolojisi olumsuz etkilenerek daha iri 
taneli ve p¿r¿zl¿ bir katot oluĸmuĸtur 
(Ehsani vd., 2012). Elektro-kazanēm 
ºncesinde demirin s¿lfat ortamēndan jarosit 
veya gºtit olarak ­ºkt¿r¿lmesi durumunda 
ise bakēr baĸta olmak ¿zere metal kayēplarē 
oluĸabilmektedir (Dutrizac, 1984; Pollard, 
1992). Bu nedenlere baĵlē olarak, bakēr 
i­eriĵi y¿ksek s¿lfat ­ºzeltilerinden bakērēn 
elektro-kazanēmēna alternatif yºntemler 
geliĸtirilmesi gerekir.  

Tuz ­ºzeltilerinden metallerin klasik 
buharlaĸtērma (kristalizasyon) yºntemi ile 
metal tuzu halinde kristallendirilerek 
­ºkt¿r¿lmesi, y¿ksek enerji gereksinimi 
nedeniyle maliyetli bir iĸlemdir. Bu yºnteme 
alternatif olarak, suyla karēĸabilen organik 
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­ºz¿c¿ler varlēĵēnda metallerin oda 
sēcaklēĵēnda tuz halinde ­ºkt¿r¿lmesi 
(salting out) saĵlanabilir. Organik ­ºz¿c¿ler, 
­ºzeltideki metal tuzlarēnēn ­evresindeki su 
ligandlarēnē uzaklaĸtērarak metallerin tuz 
ĸeklinde ­ºkmesini saĵlamaktadēr 
(Weingaertner vd., 1991; Moldovenau ve 
Demopoulos, 2002). Metal i­eriĵi y¿ksek 
s¿lfat ­ºzeltilerinden nikelin (Moldovenau 
ve Demopoulos, 2002) ve bakērēn (Aktaĸ, 
2011) alkoller kullanēlarak s¿lfat tuzlarē 
halinde y¿ksek verimlerle ­ºkt¿r¿lebildiĵi 
ortaya konulmuĸtur. ¢ºkt¿rme iĸleminde 
kullanēlan organik ­ºz¿c¿ler, buharlaĸtērma 
yºntemine gºre daha d¿ĸ¿k sēcaklēklarda 
veya vakum distilasyonu ile geri 
kazanēlabilmektedir (Moldovenau ve 
Demopoulos, 2002).  

S¿lfat ­ºzeltilerinden bakēr (Cu2+), uygun 
koĸullarda ve s¿lfit iyonu (SO3

2-) varlēĵēnda 
CuI

2SO3ĿCuIISO3Ŀ2H2O (bakēr s¿lfit, 
Chevreul tuzu) olarak ­ºkt¿r¿lebilir 

(Fischmann ve Dixon, 2010). Asidik 
koĸullarda (<pH 6) s¿lfat ortamēna SO2 
ve/veya SO3

2-
 verildiĵinde kuprik bakēr 

(Cu2+) kuprus bakēra (Cu+) indirgenmekte 
(1) ve Chevreul tuzu oluĸmaktadēr (2) (Silva 
vd. 2000). Net ­ºkme, 3 no'lu tepkime ile 
ifade edilmiĸtir (Fischmann ve Dixon, 2010).  

Chevreul tuzu, Cu+ ve Cu2+ t¿rlerini 
i­eren ve yoĵun kērmēzē renge sahip 
kristalize bir ­ºkelektir. Bakērēn saf 
Chevreul tuzu formunda ­ºkt¿r¿lebilmesi, 
kimyasal ve termal kararlēĵēnēn y¿ksek 
olmasē (200ÁC'ye kadar) gibi ºzellikleri 
nedeniyle ­eĸitli avantajlara sahiptir 
(Habashi, 1999; Silva vd., 2000). S¿lfit 
(SO3

-2) kaynaĵē olarak s¿lf¿r dioksit (SO2(g)), 
s¿lfit tuzlarē (NaHSO3, Na2SO3, Mg(HSO3)2 
veya (NH4)2SO3)) gibi farklē kimyasallar 
kullanēlabilmektedir (Habashi, 1999; ¢alban 
vd., 2006). Chevreul tuzunun Cu-SO2-H2O 
sisteminde kararlē olduĵu bºlgeyi gºsteren 
Eh-pH diyagramē ķekil 1ôde sunulmuĸtur.

 
2Cu2+ + SO3

2- + H2O  ­  2Cu+ + SO4
2- + 2H+                      (1) 

(ȹG0
(20ÁC)= -50 kJ/mol, ȹG0

(80ÁC)= -65 kJ/mol)   (HSC Chemistry, 2011) 
 

2Cu+ + Cu2+ + 2SO3
2- + 2H2O  ­  Cu2SO3ĿCuSO3Ŀ2H2O                (2) 

 
3Cu2+ + 3SO3

2- + 3H2O  ­  Cu2SO3ĿCuSO3Ŀ2H2O + SO4
-2 + 2H+            (3) 

 

 
ķekil 1. Cu-SO2-H2O sistemi i­in Eh-pH diyagramē (Das vd., 2000) 
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Bu ­alēĸmada, bakēr i­eriĵi y¿ksek (27-
30 g/L Cu2+) ­ºzeltilerden bakērēn, elektro-
kazanēma alternatif olarak, etanol ve 
sodyum s¿lfit (Na2SO3) ile ­ºkt¿r¿lerek 
kazanēmē araĸtērēlmēĸtēr. Etanol ile 
­ºkt¿rme deneyleri, atēk baskēlē devre 
kartlarēnēn peroksit katkēlē s¿lfat li­inden 
elde edilen y¿kl¿ li­ ­ºzeltisi ile 
ger­ekleĸtirilmiĸtir. Sodyum s¿lfit ile 
­ºkt¿rme deneylerinde pH (2,5-4) ve 
SO3/Cu (molar) oranēnēn (1-1,6) bakēr 
kazanēmēna etkileri sentetik ­ºzeltiler 
kullanēlarak araĸtērēlmēĸtēr. Deneylerde, 
diĵer metallerin de (Fe, Pb, Sn, Co) 
davranēĸē izlenmiĸtir. 

Atēk baskēlē devre kartlarē (ABDK), 
atēl duruma gelmiĸ ve depolanmēĸ olarak 
bulunan atēk bilgisayar, monitºr, modem 
vb. elektronik cihazlardan el ve gerekli 
yardēmcē aletler (tornavida, keski vb.) 
yardēmēyla sºk¿lerek ayrēĸtērēlmēĸtēr. 
ABDK'larēn ayrēĸtērma ve boyut ufalama 
s¿re­lerini de kapsayan genel akēm ĸemasē 
ķekil 2'de sunulmuĸtur.  

ABDK'larēn metal i­erikleri yaĸ kimyasal 
analiz (kral suyu) sonrasē ­ºzeltiden atomik 
absorpsiyon spektrofotometresi (AAS, 
Perkin Elmer AAnalyst 400) ile 
belirlenmiĸtir (Tablo 1). 

Tablo 1. ABDK'larēn metal i­eriĵi 

18,5 
86 

2,05 
0,43 

694 
1,33 
2,66 

97 
4,91 

Etanol ile bakērēn ­ºkt¿r¿ld¿ĵ¿ s¿re­te 
izlenen akēm ĸemasē ķekil 3'de 
sunulmuĸtur. 

 

Devre 
Elemanlarē

(50 kg)

-3,35 mm

-1 mm
Kesici-ºĵ¿t¿c¿

Elle/Mekanik Ayrēĸtērma

Atēk Baskēlē Devre Kartlarē 
(250 kg)

Elle/Mekanik Ayrēĸtērma

Ķki Kademeli Boyut K¿­¿ltme
(Kesici-kērēcē)

Ultra-santrif¿jl¿ deĵirmen

-250 Õm

Katē/Sēvē Ayērēmē Atēk

Y¿kl¿ Li­ ¢ºzeltisi

 

ķekil 2. ABDK'larēn ºn hazērlēk iĸlemlerini 
i­eren genel akēm ĸemasē 

Deneyde, atēk bilgisayar baskēlē devre 
kartlarēnēn (-250 mm) asidik peroksit li­i 
(1,2 M H2SO4, 4,8 M H2O2, %15 w/v katē 
oranē, 3 saat, 80ÜC) ile elde edilen y¿kl¿ li­ 
­ºzeltisi (27 g/L Cu, 2,2 g/L Fe) 
kullanēlmēĸtēr. Y¿kl¿ li­ ­ºzeltisinin oda 
sēcaklēĵēna gelmesini takiben bu ­ºzeltiye 
NaOH (4 M) ilave edilerek pH 2,5'a 
ayarlanmēĸtēr. Etanol (C2H5OH, >%99,8), 
hacmi ­ºzelti hacminin 4 katē olacak 
ĸekilde (Vetanol/V­ºzelti=4), 100 ml li­ 
­ºzeltisine ilave edilmiĸ ve ­ºzelti 
manyetik karēĸtērēcēda (150 devir/dk) 10 dk. 
karēĸtērēlmēĸtēr. Karēĸtērma s¿resi sonunda 
­ºkelekler filtre edildikten sonra et¿vde 
(40ÜC) 2 saat ve ardēndan desikatºrde 12 
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saat kurutulmuĸtur. Kurutulan ­ºkelekler, 
porselen havanda ºĵ¿t¿l¿p toz haline 
getirildikten sonra kimyasal analiz, SEM-
EDS ve XRD analizlerinde kullanēlmēĸtēr. 
Berrak ­ºzeltiden etanol¿ uzaklaĸtērmak 
i­in ­ºzelti >100ÁCôde karēĸtērēldēktan 
sonra 100 ml hacime tamamlanmēĸtēr. 
¢ºzeltiden AAS ile Cu, Fe, Sn, Pb ve Co 
analizleri yapēlmēĸtēr (ķekil 3). 

 

Katē/Sēvē Ayērēmē

Peroksit Katkēlē S¿lfat Li­i

Katē/Sēvē Ayērēmē

Karēĸtērma (10 dk)

pH ayarlama

Etanol ile ­ºkt¿rme

Y¿kl¿ Li­ ¢ºzeltisi

[H2SO4]0: 1,2 M
[H2O2]0: 4,8 M
Katē oranē: %15 a/h
80ÁCôde 3 saat

27 g/L Cu

4 M NaOH

pH 2,5

Etanol
Vetanol/V­ºzelti=4

¢ºkelek 
(%18,3 Cu)

¢ºzeltiden etanol¿n 
buharlaĸtērēlmasē

Boĸ ­ºzelti
(131 mg/L Cu)

Atēk

 

ķekil 3. Y¿kl¿ li­ ­ºzeltisinden bakērēn 
etanol ile ­ºkt¿r¿lmesine ait akēm ĸemasē 

 
Bu testlerde, li­ testinden elde edilen 

YL¢'nin metal i­erikleri gºzºn¿ne alēnarak 
sentetik y¿kl¿ li­ ­ºzeltileri (30 g/L Cu2+, 
2,5 g/L Fe3+, 1 M H2SO4) hazērlanmēĸtēr. 
Bu ­ºzeltilerden sodyum s¿lfit (Na2SO3) ile 
bakērēn Chevreul tuzu olarak ­ºkt¿r¿lmesi 
araĸtērēlmēĸtēr. Uygulanan akēm ĸemasē 
ķekil 4'de sunulmuĸtur. 

Deneyler 250 ml Erlenmeyer flasklar 
i­inde ve 125 ml ­ºzelti hacminde, sēcaklēk 
kontroll¿ banyo tipi d¿z ­alkalayēcē i­inde 
(140 dev/dk) ger­ekleĸtirilmiĸtir. Deneyler 
s¿resince flasklar plastik tēpalarla kapalē 
tutulmuĸtur. Deneyler, li­ testlerinin 
ger­ekleĸtirildiĵi sēcaklēkta (80ÁC) 
yapēlmēĸtēr. ¢ºzelti sēcaklēĵē istenen 
dereceye (80Ñ1ÁC) ulaĸtēktan sonra Na2SO3 
katē olarak (SO3/Cu (molar)=1-1,6) ilave 
edilerek 20 dk karēĸtērēlmēĸ ve ardēndan 
Li2CO3 (katē) veya NaOH ile pH 2,5 veya 
4'e ayarlanmēĸtēr. Na2SO3 ilavesi 
yapēlmayan deneylerde doĵrudan pH 
ayarlamasē yapēlmēĸtēr. pH ayarlandēktan 
sonra ­ºzelti 1 saat karēĸtērēlmēĸ ve elde 
edilen ­ºkelek santrif¿j ile (4100 rpm'de 4 
dk) ayrēlmēĸtēr. ¢ºkelek, iki kez aynē pH'da 
hazērlanmēĸ ­ºzelti ve ardēndan yine iki kez 
saf su ile santrif¿j edildikten sonra 
kurutularak (105ÁC) karakterize (SEM-
EDS, XRD) edilmiĸtir. Belirli s¿relerde 
alēnan ºrnekler santrif¿jden ge­irildikten 
sonra (4100 rpm'de 4 dk) berrak kēsēmdan 
Cu ve Fe analizleri AAS ile yapēlmēĸtēr.  
 

Sentetik YL¢

Karēĸtērma
pH 2,5 (1 saat)

Karēĸtērma
pH 4 (1 saat)

FiltrasyonFiltrasyon

Boĸ ­ºzelti Boĸ ­ºzelti

NaOH,
Li2CO3

[H2SO4]: 1M
Cu2+: 30 g/L
Fe+3: 2,5 g/L
Sēcaklēk: 80ÁC

Karēĸtērma(20 dk )

Na2SO3

NaOH,
Li2CO3

Chevreul
tuzu

Chevreul
tuzu

 
ķekil 4. Sentetik li­ ­ºzeltisinden bakērēn 
Chevreul tuzu olarak ­ºkt¿r¿lmesine ait 
akēm ĸemasē (80ÁC) 

 

  

Deneyde, asidik peroksit li­i ile elde 
edilen y¿kl¿ li­ ­ºzeltisinden (27 g/L Cu2+) 
bakēr, %99,9 verim ile ­ºkt¿r¿lm¿ĸt¿r. 
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¢ºkeleklerde Fe, Al ve Na gibi bazē 
safsēzlēklarēn da varlēĵē SEM-EDS analizi 
(ķekil 5a) ile belirlenmiĸtir. XRD analizi 
(ķekil 5b) ­ºkeleĵin baĸlēca bakēr s¿lfat 
pentahidrat (CuSO4.5H2O) olduĵunu 
gºstermiĸtir. ¢ºkelek, yapēlan kimyasal 
analize gºre %18,3 Cu ve safsēzlēk olarak 
%1,2 Fe, 545 ppm Sn, 119 ppm Pb ve 17 
ppm Co i­ermektedir. 

0
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300

400

0 10 20 30 40 50 60

 

ķekil 5. Etanol ile ­ºkt¿rme sonucu elde 
edilen ­ºkeleĵin (a) SEM-EDS gºr¿nt¿s¿ 
ve (b) XRD deseni 

Aktaĸ (2011), yaptēĵē ­alēĸmada, bakēr 
s¿lfat ­ºzeltilerinden bakērēn etanol ile 
­ºkt¿r¿lmesinde baĸlangē­ bakēr deriĸimi, 
etanol/bakēr ­ºzeltisi oranē (hacimsel) ve 
pH'nēn etkisini araĸtērmēĸtēr. D¿ĸ¿k 
baĸlangē­ bakēr deriĸimlerinde (¢ 5 g/L Cu) 
­ok d¿ĸ¿k ­ºkt¿rme verimlerine (¢ %20) 
ulaĸabilmiĸtir. Y¿ksek bakēr i­eriĵine (> 20 
g/L Cu) sahip ­ºzeltilerden bakērēn etanol 
(C2H5OH) ile uygun pHôlarda (>pH 2) 
y¿ksek verimle (>%90) bakēr s¿lfat 
pentahidrat (CuSO4.5H2O) halinde 
­ºkt¿r¿lebildiĵini ortaya koymuĸtur. Ķlk 
kademede elde edilen ­ºkelekte Zn, Fe, Ag 
ve Mg gibi bazē safsēzlēklarēn da 

bulunduĵunu ifade etmiĸtir. Safsēzlēklarēn 
uzaklaĸtērēlmasē amacēyla her seferinde 
­ºkeleĵi ­ºz¿p yeniden etanol ilavesi ile 4 
kademede ­ºkt¿rme yaparak safsēzlēk 
i­eriĵini azaltmayē baĸarmēĸtēr. Bu 
­alēĸmada (ķekil 5) yapēlan ­ºkt¿rme 
deneyinde elde edilen ­ºkelek i­in de aynē 
yºntem izlenerek, ­ºkelekteki bakēr 
dēĸēndaki metaller uzaklaĸtērabilir. 
Yºntemin en ºnemli dezavantajē ­ºkeleĵin 
bakēr i­eriĵinin d¿ĸ¿k olmasēdēr. Elektro-
kazanēm ºncesi, bu yºntemle ¿retilen 
CuSO4.5H2O kristalleri s¿lf¿rik asitte 
­ºz¿nd¿r¿lerek, istenen bakēr deriĸiminde 
hazērlanan elektrolit elektro-kazanēma tabi 
tutulabilir. 

 
ķekil 6'da, Na2SO3 ilavesi olmadēĵē 

durumda, sentetik li­ ­ºzeltisinin doĵrudan 
pH 2,5 ve 4'e ayarlanmasē ile elde edilen 
­ºkt¿rme sonu­larē gºr¿lmektedir. T¿m 
pH'larda demirin yaklaĸēk tamamē (>%99) 
uzaklaĸērken, pH 2,5 ve 4'te sērasēyla 
bakērēn %6 ve %26'sē ­ºkm¿ĸt¿r.  

¢ºkeleklerin XRD analizi ferrik demirin 
(Fe3+) gºtit (FeOOH) ve Fe(OH)3 olarak 
­ºkt¿ĵ¿n¿ gºstermiĸtir. SO3 varlēĵēnda 
(SO3/Cu=1-1,6) pH 2,5'ta yapēlan testlerde 
de (ķekil 7a) benzer sonu­lar elde 
edilmiĸtir. pH 4'de ger­ekleĸtirilen testlerde 
ise SO3/Cu oranēnēn 1'den 1,6'ya 
y¿kseltilmesi bakērēn ­ºkmesi ¿zerinde %3 
gibi ­ok sēnērlē bir artēĸ saĵlamēĸtēr (ķekil 
7b). pH'daki artēĸ bakērēn ­ºkme verimini, 
ºzellikle SO3/Cu=1 koĸulunda, olumlu 
etkilemiĸtir (ķekil 7a-b). 
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ķekil 6. Bakēr ve demirin pH 2,5 ve 4ôte 
­ºkt¿r¿lmesi (30 g/L Cu, 2,5 g/L Fe3+, 
SO3

2- yok, 1 saat, 80ÁC) 
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ķekil 7. Bakēr ve demirin SO3

2- varlēĵēnda 
Chevreul tuzu olarak ­ºkt¿r¿lmesi (30 g/L 
Cu, 2,5 g/L Fe3+, 80ÁC) (a) pH 2,5 (b) pH 4 

SO3/Cu oranē 1 iken pH 2,5'ten 4'e 
arttērēldēĵēnda bakērēn ­ºkme veriminde 
%38ôlik bir artēĸ gºzlenmiĸtir. SO3/Cu=1,6 
iken bu artēĸ %15 ile sēnērlē kalmēĸtēr. 
Demirin ­ºkme verimi, test edilen her iki 
pH ve SO3/Cu oranēnda Ó%93't¿r (ķekil 7a-
b). Chevreul tuzu oluĸumunu net olarak 
belirleyebilmek i­in SO3/Cu=1,6 oranēnda 
ve pH 4'de sadece bakēr i­eren ­ºzeltiden 
bir test yapēlmēĸ ve %62 Cu ­ºkme verimi 
elde edilmiĸtir (ķekil 7b). ¢ºkeleklerin 
XRD analizlerinde Chevreul tuzunun yanē 
sēra brokantit de (Cu4SO4(OH)6) tespit 
edilmiĸtir (ķekil 7). ¢alēĸēlan koĸullarda 
bakēr, antlerit (Cu3SO4(OH)4) ve brokantit 
(Cu3SO4(OH)6) olarak da 
­ºkelebilmektedir (Pollard vd., 1992). 

Bakērēn SO3 varlēĵēnda Chevreul tuzu 
olarak ­ºkmesi i­in gerekli stokiyometrik 
oran (SO3/Cu) "1"dir (3). Ancak, bu 
­alēĸmada elde edilen sonu­lar, test edilen 

en y¿ksek SO3/Cu oranēnēn (1,6) bile 
yetersiz kaldēĵēnē gºstermiĸtir. Bu durum, 
SO3ô¿n b¿y¿k ºl­¿de yan reaksiyonlar 
tarafēndan t¿ketilmesine baĵlanabilir. SO3 
varlēĵēnda Fe3+, Fe2+'ye indirgenir (4). SO3 
ilavesindeki artēĸa baĵlē olarak demir 
­ºkelme oranēnda gºzlemlenen azalma da 
(ķekil 7), bunu desteklemektedir. Ayrēca, 
bakērēn yanē sēra ortamda bulunan Fe2+, 
Mn2+ ve Cd2+ gibi katyonlar Chevreul 
tuzunun yapēsēna girerek 
Cu2SO3.MSO3.2H2O (M: Fe, Mn, Cd) 
ĸeklinde ­ºkelekler oluĸabilir (Silva ve De 
Andrade, 2004). Bu durum da bakērēn 
­ºkme verimini belli ºl­¿de olumsuz 
etkileyebilir. Buna gºre, demirin pH 2,5'ta 
uzaklaĸtērēlmasēndan sonra bakērēn 
Chevreul tuzu (SO3/Cu>1,6) olarak 
­ºkt¿r¿lmesi daha uygun olacaktēr. 

Benzer ĸekilde, Na2SO3'¿n s¿lf¿rik asit 
ile tepkimeye girerek (5), bir kēsmēnēn 
SO4

2-'e dºn¿ĸmesi de SO3 sarfiyatēnē 
artērabilir (¢alban vd., 2009). Dolayēsēyla, 
daha y¿ksek bakēr ­ºkt¿rme verimlerine 
ulaĸmak amacēyla, SO3 kaynaĵē olarak SO2 
gazē kullanēlmasē ºnerilebilir. 

Bakērēn Chevreul tuzu halinde ­ºkelme 
etkinliĵi pH, sēcaklēk, SO2/SO3

2-, Cu2+ ve 
s¿lfat deriĸimi ile yakēndan iliĸkilidir (Das 
vd., 2000). Bu ­alēĸmada elde edilen 
bulgular (ķekil 7) pH ve SO3/Cu oranēnēn 
yanē sēra ortamdaki Fe3+ deriĸiminin de 
bakērēn ­ºkelmesi ¿zerinde etkili olduĵunu 
gºstermiĸtir. Literat¿rde, NH3-(NH4)2SO4 
li­ ­ºzeltilerinden bakērēn SO2 gazē 
kullanēlarak Chevreul tuzu olarak y¿ksek 
verimle (%99,92) ­ºkt¿r¿ld¿ĵ¿ 
bildirilmiĸtir (¢alban vd., 2006 ve 2009). 
SO3 kaynaĵē olarak Na2SO3 kullanēlan bir 
­alēĸmada Yeĸilyurt ve ¢alban (2007), 
bakērēn (CuSO4) ­ºkt¿r¿lmesinde en uygun 
koĸullarē, pH 3, SO3/Cu=1,6, 60ÁC ve 20 
dk. olarak belirlemiĸtir. 

 

2Fe3+ + SO3
2- + H2O ­ 2Fe2+ + SO4

2-+ 2H+                       (4) 
(ȹG0

(20ÁC)= -161 kJ/mol,  ȹG0
(80ÁC)= -187 kJ/mol) (HSC Chemistry, 2011) 

 
H2SO4 + Na2SO3 ­ 2Na+ + SO4

2- + SO2(g) + H2O                    (5) 
(ȹG0

(20ÁC)= -109 kJ/mol,  ȹG0
(80ÁC = -119 kJ/mol) (HSC Chemistry, 2011) 

(a) 

(b) 
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ķekil 8. Sentetik li­ ­ºzeltisinden elde edilen bakēr ­ºkeleĵin XRD profili (30 g/L Cu2+, 2,5 
g/L Fe3+, pH 4, 80ÁC) (Chs: Chevreul tuzu; Br: Brokantit) 

 
Bu ­alēĸmada, elektro-kazanēma alternatif 

olarak, bakēr i­eriĵi y¿ksek ger­ek/sentetik 
y¿kl¿ li­ ­ºzeltilerinden (27-30 g/L Cu2+) 
bakērēn, etanol ile bakēr s¿lfat tuzu ve 
sodyum s¿lfit (Na2SO3) ile Chevreul tuzu 
olarak ­ºkt¿r¿lerek kazanēmē gºsterilmiĸtir. 

Test koĸullarēnda, etanol ile bakērēn 
%99,9ôu, CuSO4.5H2O halinde 
­ºkt¿r¿lm¿ĸt¿r. Ancak, ­ºkeleĵin bakēr 
s¿lfatēn (%18,3 Cu) yanē sēra safsēzlēklar 
(%1,2 Fe, 545 ppm Sn, 119 ppm Pb ve 17 
ppm Co) i­erdiĵi belirlenmiĸtir. 

Sentetik li­ ­ºzeltilerinden (30 g/L Cu2+, 
2,5 g/L Fe3+, 1 M H2SO4) bakērēn Chevreul 
tuzu olarak ­ºkt¿r¿lmesinde, pH ve SO3/Cu 
(molar) oranēnēn ­ºkt¿rme iĸlemini ºnemli 
ºl­¿de etkilediĵi belirlenmiĸtir. pH'nēn 
2,5'tan 4'e ve SO3/Cu oranēnēn 1'den 1,6'ya 
y¿kselmesi ile birlikte bakērēn ­ºkme verimi 
de artmēĸtēr. Y¿ksek ­ºkt¿rme verimlerine 
ulaĸmak i­in y¿ksek SO3/Cu oranēnda (> 
1,6) ­alēĸēlmasē gerektiĵi bulunmuĸtur. 
¢ºzeltide bulunan demirin, s¿lfit t¿ketimini 
arttērmak suretiyle ­ºkt¿rme verimini 
d¿ĸ¿rd¿ĵ¿ belirlenmiĸtir. Bu nedenle, 
ºncelikle demir pH 2,5'ta ­ºkt¿r¿lerek 
uzaklaĸtērēlabilir. Ancak, ­ºkt¿rme iĸleminde 
bakēr kayēplarē da dikkate alēnmalēdēr. 
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ABSTRACT  A 15 cm 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 (hf) is the only one normally 
monitored and controlled. Even though 
commercial sensors are available, the gas 
hold-up ( g), a variable directly related to 
concentrate recovery, is seldom measured 
and never controlled. Another important 
variable, bias rate (Jb), 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 (d32) 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 Université 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 hf, Jb, g, and 
Sb), 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 

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 hf , bias rate Jb, gas hold-up eg, 
bubble diameter db , BSD, bubble size distri- 
bution, and bubble surface area flux, Sb .  

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: 

    
(1) 

 
where ksl is the conductivity of pulp only 
(solid and liquid) measured by the siphon 
cell of the McGill gas hold-up sensor and kslg 
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 (Jb) to the 
volumetric fraction of wash water present 
underneath the pulp-froth interface ( w). 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, w can then be estimated 
using the following expression, where kf and 
kw are the conductivity of the feed water and 
wash water streams.  

    (2) 
 

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

 
  (3) 

 
From experimental data, it was finally 

found that a linear relation exists between Jb 
and w. 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 Ůw as controlled 
variable.  

Esteban-Rojas (2011) adapted this method 
to estimate w 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 Ůw : 

 
 
 

(4) 
 

 
where kf is the conductivity of feed pulp, 
k’slg is that of the pulp-gas mixture 
underneath the interface, kw is that of the 
wash water and s 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. 

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:  

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

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

¶ Wash water flow rate set point  Ò  Jw max   
- To avoid froth mixing 
- To avoid wash water short-circuiting 

¶ Wash water flow rate set point  Ó Jw min   
- To promote froth stability 
- To easy transfer of collected particles to 

the concentrate 
¶ Fract. wash water below interface  Ò  ew max  

- To avoid reduction of valuable mineral 
residence time in the collection zone  

¶ Fract. wash water below interface  Ó  ew 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 mm porosity, 340 cm2 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 l/min gear pump, the flow rate being 
measured using a 0.5 to 5 l/min McMillan 
micro turbine flow meter. Tailings are 
evacuated from the bottom of the column, 
using a 0 to 37 l/min peristaltic pump. The 
column is fed using a similar pump, from an 
intermediate reservoir continuously filled 
with the same feed as the 3rd 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 ɛm. Column feed flow rate is 

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. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 

 

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 ew, whose 
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 iFIX® ew 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 I/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 Ůg and Ůw are implemented in Matlab®, 
which exchanges information with the 
iFIX® 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, (c) 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 (hf, Ůw and Ůg). 
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: 
1) 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. Jw, Jg 
and Jt are the superficial velocity of wash 
water, gas and tails, i.e. the flow rate (cm3/s) 
divided by the column cross-sectional area 

(cm2). 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. 

 

 

 

 

 

 

 

 

 

 
 
 

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

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

   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 (- .)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6 – Test III: 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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Flotasyon h¿crelerinin performansēnē karĸēlaĸtērmak i­in kurulum ºncesi ve 
sonrasēnda test ­alēĸmalarē yapēlmēĸtēr. Zn kaba devresinden alēnan numuneler 
laboratuvarda analiz edilmiĸtir. Metalurji performansē ve enerji t¿ketimi yeni 
mekanizma kullanēlarak deĵerlendirilmiĸtir. Performans sonu­larē, mekanizmanēn 
uygulamasē sonrasēnda Zn randēmanēnēn ºzellikle d¿ĸ¿k Zn besleme tenºrlerinde, 
arttēĵēnē gºstermektedir Zn kaba h¿crelerinin 200 mm uzunluĵundaki motor 
kasnaklarēnēn 150 mmôle deĵiĸtirilmesi de motor devrinde ºnemli bir azalma ve 
g¿­ tasarrufu saĵlanmēĸtēr. Bu durum, etkin bir ĸekilde ­ekilen akēmē 105 
amperôden 50 ampere d¿ĸ¿rerek, g¿­ t¿ketimi ile iliĸkili maliyeti de d¿ĸ¿rm¿ĸt¿r. 

 
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: 
¶ metallurgical performance, i.e. 

product recovery and grade 
¶ capacity in tonnes treated per unit 

volume 
¶ 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 

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. 
 

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 Aksanē, 2006). The zinc 
flotation circuit is shown in Figure 1. 

 
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.  

 
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; 

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

¶ Reduced energy consumption 
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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)3(Si,Al)4O10(F,OH)2. 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)3(Si,Al)4O10(F,OH)2, 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)3AlSiO10(F,OH)2, and muscovite, 
KAl2(AlSi3O10)(F,OH)2, which act as 
impurities in this study.  

Recovery of Lithium Rich Mica from Mineral Waste 
 

Z. Iqbal, N. A. Rowson, S. Blackburn 
School of Chemical Engineering, University of Birmingham, Birmingham, UK 
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The fundamental principle of froth 
flotation separation utilizes 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 
mineral surfaces 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 results 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 

studies indicated that optimal recovery was 
achieved with a of particle sizes between 53-
250 m. The hydrocyclone underflow was 
initially screened to remove particles less 
than 53 m, 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.  

Figure 1: Particle Size distribution of 53-250 m 

Figure 2: Particle Size distribution of 250-500 m 
 

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 1000oC 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 53-250µm. Similar 
results were obtained with the particle size 
range 250-500µm, here we obtained Li2O 
(%) 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 53µm. 

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

2.1 Particle size range 53-250 m 

Flotation experiments were conducted using 
samples from the particle size range 53-
250µm. 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.  
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4: Flotation recovery of Li2O, constant 
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variables were: depressor and collector dosage 
(6ml/kg). 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 5: Flotation recovery of Li2O, constant 
variables were: pH (1.5) and collector dosage 
(6ml/kg). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 6: Flotation recovery of Li2O, constant 
variables were: pH (1.5) and depressor dosage 
(6ml/kg). 

2.2 Particle size range 250-500ҡm 

 
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-
250ҡm, gave a greater lithium concentrate 
grade compared to the coarser size fraction 
of 250-500ҡm. 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 

to economically recover lithium from this 
specific ore deposit – others are now being 
investigated for processing potential.  

 
 
 
 
 
 
 
 
 
 
 
 

 

 
Figure 7: Flotation recovery of Li2O, 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 Yardēmcē Kimyasalēnēn ¢BĶ Bakēr Konsantre 
Nemine Etkisi 

O. Altun, Z. Gºller 

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 ¢ayeli Copper-Zinc mine is 10.4 % 
which is close to physically achievable limit.  

In some industrial areas, dewatering aid chemical ïaka 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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Mineral konsantrelerinin gemi aracēlēĵēyla taĸēnabilmesi amacēyla, 
ºzellikle sēvēlaĸmayē ºnlemek amacēyla alēnan emniyet kēstaslarē nedeniyle 
Taĸēnabilir Nem Sēnērlarēnda (TNS) d¿ĸ¿ĸ sºz konusudur. Bu durum, 
susuzlandērma/filtrasyon aĸamasēnda edinilen, filtre kekindeki nem oranēnēn 
ºnemini vurgulamaktadēr. ¢BĶ birincil bakēr minerali kalkopirit olan bakēr 
konsantreleri ¿retmektedir. Genel olarak bu tip konsantreler aĵērlēk bazēnda %10 -
15 oranēnda nem ihtiva etmektedir. ¢ayeli Bakēr-¢inko madeninin mevcut TNS 
deĵeri %10.4 olup fziksel olarak ulaĸēlabilir sēnērdadēr. 

End¿striyel alanlarēn bazēlarēnda daha az miktarda nem i­eren filtre keki 
edinmek i­in susuzlandērma yardēmcē kimyasalē ï baĸka bir deĵiĸle filtre yardēmcē 
reaktifi - kulanēlmaktadēr. Bu kimyasallar suyun y¿zey gerilimini azaltēr ya da 
kapiler yarē­apēnē artērērlar ve bºylece su molek¿lleri, filtre keki y¿zeyinden 
kolayca buharlaĸabilirler. Bu nedenle, ¢BĶ bakēr konsantre devresi ¿zerinde farklē 
cevher tipleri ve filtrasyon ĸartlarēnda laboratuvar ve tesis ºl­ekli ­alēĸmalar 
yapēlmēĸtēr. 

Bu ­alēĸmada TNS altēnda nihai ¿r¿n elde etmek i­in en uygun kimyasal 
eklemesi ve baĸarēlabilecek nem i­eriĵi araĸtērēldē. Sonu­lar gºsterdi ki, 
laboratuvar koĸullarēnda ger­ekleĸtirilen ­alēĸmalarda 2000 gr/ton kimyasal 
eklemesiyle %10-15 arasēnda bir nem d¿ĸ¿ĸ¿n¿n saĵlandēĵē fakat filtre bezi 
y¿zeyinde, ge­irimlilik ºzelliĵini 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) 
(ķahin 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 

 
This high production rate led the 

dewatering process in high intense 
circumstance in which the current rate 
increased design capacity which 
becomes a bottleneck 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 is 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 i) 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 

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. 

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 

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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Figure 6.Plant scale study results in 
BCO campaign 

 

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 l/h 
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 

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 testsô results 
were given in Table 3. 

 
Table 3. Reproducibility tests results 

 
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. 

 
 

Test 1 Test 2 Test 3 Test 4 Test 5 Test 6 Test 7
Filter aid addition, ml 0 1.5 3 4.5 6 4.5 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, l 460 500 510 450 510 500 570
Cake Blow time, min 4.5 4.5 4.5 4.5 4.5 4.5 4.5
V2 Filtrate  Water, l 100 100 70 150 90 80 60
Wet weight, g 805 844 895 838 889 867 850
Dry weight, g 693 727 774 726 768 748 733
% Moisture 13.91 13.86 13.52 13.37 13.61 13.73 13.76
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Test 1 Test 2 Test 3
Pulp density, g/l 1717 1669 1649
Feeding time, min 3 3 3
V1 Filtrate Water, l 0.47 0.55 0.45
Cake Blow time, min 4.5 4.5 6
V2 Filtrate  Water, l 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
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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 (TiO2) 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 TiO2. Various researches on these 
minerals have been carried out in order to reduce TiO2 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 TiO2 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 TiO2 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. TiO2 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; Karakaĸ 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 

Substitution of TiO2 with PCC (Precipitated Calcium Carbonate) 
In Waterborne Paints 
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2 MATERIALS AND METHODS 
2.1 Materials 

2.2 PCC Characterization 
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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 TiO2, 
calcined kaolin, GCC and PCC. Paint 
production process and analysis were 
described in detail in previous paper 
published by Karakaĸ 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 
ñStormer Krebsò 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; 20Á, 60Á and 85Á 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 200Õm in the presence of 
Sodium dodecyl benzene sulfonate 
(C12H25C6H4SO3Na).  

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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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 

pH (24h) 
Zeta Potential, 

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 TiO2 which is around 7.8; 
The IEP of the alumina coated TiO2 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 TiO2 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 ï 8.5, is 
between 15 to 20 mV. This difference in IEP 

results in a slight adsorption of negatively 
charged TiO2 particles on the well distributed 
positively charged PCC particles; hence the 
surface of PCC particles get coated with 
TiO2 particles and leads to an overall 
increase in paint coverage since PCC 
particles start to behave like a spacer for 
TiO2.  

3.2 Paint Characteristics 
Although substitution of TiO2 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% TiO2 and 15% 
GCC, whereas a standard coverage is 98.7. A 
1.3% decrease in coverage occurs upon 8% 
substitution of TiO2 by GCC. Savings 8% 
TiO2 with just 0.2% decrease in opacity is 
obtained using 20% of PCC along with 
3.32% GCC (Fig-7). The prices of TiO2, 
GCC and PCC are around 3100ú/t, 150ú/t, 
and 340ú/t respectively. As the PCC costs 
almost one ninth of TiO2, this amount of 
TiO2 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 TiO2, 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) 

# of Paint 
TiO2 
% 

GCC 
% 

PCC 
% 

Opacity 
% 

Viscosity 
(KU) 

1 20 15.15 0 98.7 115.7 
2 12 23.16 0 97.4 112.0 
3 12 13.2 10 97.6 109.8 
4 12 3.32 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 

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) 

Proportion 
of pigments Pigments 

# 
of
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m
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(I) 
PVC 55 

%16 %28  

TiO2 
GCC 1 9.80 0.065 

Kaolin 2 9.47 0.052 
PCC 3 17.87 0.045 

(II) 
PVC 80 

%16 %36  

TiO2 
GCC 1 17.97 0.734 

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 TiO2 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 TiO2 
can be substituted with PCC without any 
adverse effect on main paint properties of 
which economical beneficiations has been 
explained. 
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¥ZET Yapay sinir aĵlarē, son yēllarda adsorpsiyon prosesleri i­in baĸarēlē bir ĸekilde 
kullanēlan bir yºntemdir. Bu ­alēĸmada, kuvvetli metal siyan¿r komplekslerinden [Fe(CN)6]4-

ô¿n sulu ortamdan adsorpsiyonla giderilmesinde sepiyolitin etkinliĵi i­in yapēlan deneysel 
­alēĸmalarda elde edilen veriler, YSA ile geliĸtirilen tahmin modelinde kullanēlmēĸtēr. Ķki gizli 
katmanlē YSA modeli ile sepiyolitin Fe ve CN adsorplama kapasitesi tahmin edilmiĸtir. 
Konsantrasyon, tane boyutu, s¿re ve aktivasyon koĸullarē giriĸ baĵēmsēz deĵiĸkenleri iken 
­ēkēĸ baĵēmlē deĵiĸkeni olarak kapasite tahmini yapēlmēĸtēr. 324 veriden oluĸan veri setinin 
ºncelikle 232ôsi eĵitme, 92ôsi test i­in kullanēlmēĸtēr. Tansig-tansig-logsig fonksiyonlarē 
kullanēlarak ilk gizli katmanda 8, ikinci gizli katmanda 7 d¿ĵ¿m sayēsēyla elde edilen en iyi 
korelasyon ve en d¿ĸ¿k hata oranlarē sērasēyla eĵitmede 0.99401-0.015, testte 0.98983-0.020 
bulunmuĸtur. Aynē veri setiyle yapēlan 9 ­apraz doĵrulama sonucunda korelasyon ve hata 
performanslarēnēn bu deĵerlere olduk­a yakēn olmasē (0.99442-0.015 ve 0.98088-0.026) 
modelin baĸarēlē ve g¿venilir olduĵunu gºstermiĸtir.  
 
 
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)6]4-, 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. 
 
 

Sepiyolitin [Fe(CN)6]4- Kompleksi  Adsorpsiyonunun Yapay 
Sinir Aĵlarē Ķle Modellenmesi 
The Modelling of [Fe(CN)6]4- Adsorption onto Sepiolite with 
Artificial Neural Network  
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1 GĶRĶķ 
Altēn i­eren cevherlerden altēn 
ekstraksiyonunda siyan¿r li­i yºntemi 
yaygēn olarak kullanēlmaktadēr. Siyan¿r¿n 
y¿ksek toksik ºzelliĵi ve ­evresel etkilerinin 
kamuoyunda dikkatle izlenen ve tepki 
gºsterilen bir konu olmasē bu tesislerde 
siyan¿rl¿ atēklarēn arētēmēnēn ºnemini g¿ncel 
hale getirmektedir. Siyan¿r li­i iĸlemi 
sērasēnda Au ve Ag yanēnda, cevher 
i­erisindeki bazē metaller de metal siyan¿r 
kompleksleri ĸeklinde ­ºz¿nmektedir. Aĵēr 
metal siyan¿r kompleksleri stabiliteleri, 
­ºz¿n¿rl¿kleri yada az ­ºz¿n¿r olmalarē ile 
karakterize edilirler. Bu anyon kompleksleri 
ultraviyole ēĸēnlara maruz kaldēklarē zaman 
normal sēcaklēkta yavaĸ ayrēĸērlar ve 
ayrēĸmadēklarē s¿rece serbest siyan¿rlerden 
daha az toksik etkiye sahiptirler (Donata vd, 
2007). Ancak potansiyel tehlike olduklarē 
i­in ºnlem alēnmasē gerekliliĵi de gºz ardē 
edilmemelidir. Ķ­inde siyan¿r komplekslerini 
en fazla taĸēyan atēk grubu olan madencilik 
ve end¿stri atēklarēnēn miktarlarēnēn y¿ksek 
oluĸu da d¿ĸ¿n¿l¿rse, bu atēklarda bulunan 
metal siyan¿r komplekslerinin giderimi i­in 
ekonomik ve verimli yºntemlerin bulunmasē 
ve doĵru uygulanmasē daha da ºnem 
kazanmaktadēr. 

Silikat yapēlē minerallerden sepiyolitler 
hem y¿ksek y¿zey alanlarē, hem de negatif 
y¿zey y¿kleri sebebiyle, ºzellikle 
katyonlarēn (metallerin) deĵiĸtirilmesi 
ve/veya adsorpsiyonu amacēyla yaygēn 
kullanēlmaktadēr (Brigatti,2000). Bu metaller 
arasēnda siyan¿r komplekslerinde yer alan 
Cu, Zn, Fe gibi bir­ok metal de 
bulunmaktadēr ve bunlar zayēf, orta ve 
kuvvetli siyan¿r komplekslerini oluĸturan 
ºrneklerdendir (Brigatti vd,1999). Sepiyolit 
asit, baz ve tuz gibi kimyasallar ile iĸlenerek 
ya da ēsēl iĸleme tabi tutularak daha da 
gºzenekli hale getirilmekte ve adsorpsiyon 
kapasitesi artērēlabilmektedir. 

M¿hendislik sistemlerinde optimum 
kontrol ve iĸletme stratejileri geliĸtirebilmek 
i­in kaliteli temsili modellerin geliĸtirilmesi 

ºnem taĸēmaktadēr. Bºylece proses 
performansē a­ēklanabilmekte, s¿reklilik 
arzeden kontrol stratejileri 
geliĸtirilebilmektedir. Bu t¿r modelleme 
­alēĸmalarēnda ­oĵu zaman kompleks 
sistemlerdeki ­oklu giriĸ/­ēkēĸ deĵiĸkenleri 
arasē doĵrusal olmayan (non-lineer) 
iliĸkilerin a­ēklanmasē ve ­ºz¿mlenmesinde 
modelleme tekniĵinin hassasiyeti ve 
baĸarēsēnē saĵlamak zordur ve ºnemlidir. 
Modelleme yºntemlerinden biri olan YSA 
yaklaĸēmlarēyla, klasik tekniklerle ­ºz¿m¿ 
zor olan problemlerde ­ok farklē yapēda ve 
formlarda bulunabilen deĵiĸkenleri ve 
verileri hēzlē bir ĸekilde tanēmlayarak etkin 
­ºz¿me ulaĸmak m¿mk¿nd¿r. Son yēllarda 
adsorpsiyon proseslerinin YSA ile 
modellenmesine yºnelik ºnemli araĸtērmalar 
yapēlmaktadēr. Singh vd (2006), YSA 
kullanarak hematitôin Cd adsorpsiyon 
kapasitesini  tahmin ettikleri ­alēĸmalarēnda 
deneysel ve tahmin edilen deĵerler 
arasēndaki korelasyon deĵerini 0.9607 olarak 
bulmuĸlardēr.  Yetilmezsoy ve Demirel 
(2008), Antep fēstēĵē kabuĵu ile sēvē 
sol¿syonlardan Pb(II) adsorpsiyon 
etkinliĵinin tahmini i­in geliĸtirdikleri ¿­ 
tabakalē YSA modelinde korelasyon deĵerini 
0.936 olarak bulmuĸ ve  Turan vd, pomzanēn 
Cu(II) (2011a) ve Fēndēk kabuĵunun  Zn (II) 
(2011b)  adsorpsiyon kapasitesini YSA ile 
modelledikleri ­alēĸmalarēnda y¿ksek 
korelasyon katsayēlarē (R2= 0,99) elde 
etmiĸlerdir. 

Bu ­alēĸmada, kuvvetli metal siyan¿r 
komplekslerinden [Fe(CN)6]4-ô¿n sulu 
ortamdan adsorpsiyonla giderilmesinde ham 
ve asit aktif sepiyolitin etkinliĵi i­in yapēlan 
deneysel ­alēĸmalarda elde edilen veriler, 
YSAônēn en temel alogaritmalarēndan biri 
olan ­ok katmanlē yapay sinir aĵlarē 
(¢KYSA) ile geliĸtirilen tahmin modelinde 
kullanēlmēĸtēr. ¢KYSA modeli ile sepiyolitin 
Fe ve CN adsorplama kapasitesi tahmin 
edilmiĸtir.  
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¢alēĸmada Doĵuĸ madencilik Ltd.ķtiônden 
temin edilen Eskiĸehir-Sivrihisar sepiyoliti 
ºĵ¿t¿l¿p elendikten sonra <0.106, 0.106 -
0.300 ve 0.300-0.600 mm tane boyutundaki 
fraksiyonlar kullanēlmēĸtēr. Ham sepiyolit 
numunelerinin ortalama spesifik y¿zey alanē 
293 m2/gôdēr. Ham mineralin yanē sēra, aynē 
tane boyutlarēnda sepiyolit farklē 
normalitelerdeki HNO3 ile asit aktivasyona 
tabi tutulmuĸ ve adsorpsiyonda asit 
aktivasyonun etkisi de ­alēĸēlmēĸtēr. 
Aktivasyon iĸleminde 0.5, 0.75, 1.0 ve 1.25 
N HNO3 (%65ôlik) ­ºzeltisi kullanēlarak 
%10ôluk sepiyolit s¿spansiyonlarē 
hazērlanmēĸtēr. 70ęCôde 6 saat karēĸtērēldēktan 
sonra saf su ile pH 5.5 oluncaya kadar 
yēkanmēĸ, s¿z¿lm¿ĸ ve 60ęCôde 
kurutulmuĸtur. Asit normalitesi 0.75 N 
deĵerine kadar spesifik y¿zey alanē artarak 
310 m2/gôa ulaĸmēĸ, daha y¿ksek 
normalitelerde ise 210 m2/gôa kadar 
d¿ĸm¿ĸt¿r. 
Demir-siyan¿r kompleksi [Fe(CN6)]4- 5 
g/100 mL stok ­ºzelti olarak hazērlanēp 
­alēĸma boyunca seyreltilerek kullanēlmēĸtēr. 
Deneyler kesikli reaktºrlerde 50 mg 
sepiyolit/100mL kompleks ­ºzeltisi olacak 
ĸekilde hazērlanan farklē baĸlangē­ kompleks 
konsantrasyonundaki numunelerle 
yapēlmēĸtēr. Reaktºrler oda sēcaklēĵēnda 220 
rpm hēzdaki ­alkalayēcēda dengeye ulaĸana 
kadar karēĸtērēlmēĸtēr. 10 saat boyunca 
yapēlan ºn denemelerde ilk 4 saatte sistemin 
dengeye ulaĸtēĵē gºzlenmiĸtir. 4 saat 
boyunca alēnan numunelerde hem Fe hem de 
CN analizleri yapēlmēĸtēr. CN analizleri 
titrimetrik olarak g¿m¿ĸ nitrat metoduyla 
(APHA, 1998), Fe analizleri ise GBC 
SensAA model Atomik Absorpsiyon 
Spektrometresiyle yapēlmēĸtēr. Reaktºrlerde 
baĸlangē­ ve sonu­ pH deĵerleri de 
Jenway3060 model pH metre ile takip 
edilmiĸtir. Aynē deneyler tane boyutu ve 
aktivasyon koĸulu deĵiĸkenleri i­in de 
tekrarlanmēĸtēr. 

Yapay Sinir Aĵlarē (YSA), beyinde bulunan 
nºronlarēn matematiksel modeline dayanarak 
oluĸturulmuĸ g¿n¿m¿zde matematik, 
istatistik, bilgisayar bilimleri ve m¿hendislik 
alanlarēnda pek ­ok modelleme, sinyal 
iĸleme, desen tanēma ve sēnēflandērma 
problemlerine ­ºz¿m ¿retebilecek yeteneĵe 
sahip bir sistemdir (Haykin 1999).  YSA, 
birbirine hiyerarĸik olarak baĵlē, paralel 
olarak ­alēĸabilen, nºron yada d¿ĵ¿m olarak 
adlandērēlan yapay h¿crelerden oluĸmuĸtur. 
Aynē zamanda, nºronlar arasēnda aĵērlēk 
denilen her baĵlantēnēn bir deĵeri vardēr ve 
bilginin ºĵrenme yolu ile elde edilmektedir. 
¥ĵrenilen bilgiler aĵērlēklarda saklandēĵē 
i­in daĵētēk bir hafēza sºz konusudur 
(¥ztemel 2003). 

¢KYSA, giriĸ ve ­ēkēĸ arasēnda doĵrusal 
iliĸki olmadēĵē zaman ºĵrenme iĸlemini 
ger­ekleĸtirebilen ve YSAônēn yaygēn 
kullanēlan algoritmalarēndan biridir. Giriĸ 
katmanē ile ­ēkēĸ katmanē arasēnda bir veya 
birden fazla gizli katman mevcuttur. 
¢KYSA modeli danēĸmanlē ºĵrenme 
yºntemini kullanmaktadēr. Aĵa hem giriĸler 
hem de bu giriĸlere karĸēlēk gelen hedef 
­ēkēĸlar verilmektedir. Bu algoritmaya gºre 
aĵēn eĵitilebilmesi i­in eĵitim seti ve bu sete 
karĸēlēk hedef ­ēkēĸ seti olmalēdēr. (¥ztemel 
2003, Fausett 1994).  

Bir ¢KYSA modelinin eĵitilmesi ¿­ 
adēmda ger­ekleĸtirilir: giriĸ eĵitme verisinin 
ileriye doĵru yayēlmasē, verilen hedef 
deĵerlerine karĸēlēk hatanēn hesaplanmasē ve 
bu hatanēn geriye doĵru yayēlarak 
aĵērlēklarēn ayarlanmasē (Fausett 1994).  

Eĵitime baĸlamadan ºnce maksimum 
iterasyon sayēsē, gizli d¿ĵ¿m sayēsē, ºĵrenme 
oranēnēn ve en k¿­¿k hata kriterinin 
deĵerleri tanēmlanēr.  Daha sonra giriĸ, gizli 
ve ­ēkēĸ katmanēnda bulunan nºronlar 
arasēndaki b¿t¿n baĵlantē aĵērlēklarēna ve 
eĸiklere rastgele k¿­¿k deĵerler atanēr son 
olarak eĵitme iĸlemine baĸlanēr. 
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Ķleriye doĵru yayēlma: 
Ķleriye doĵru yayēlma adēmē giriĸ 
katmanēndan ­ēkēĸ katmanēna doĵru 
nºronlarēn giriĸ ve ­ēkēĸ deĵerlerinin, hatanēn 
geriye yayēlma algoritmasēna gºre 
hesaplandēĵē adēmdēr. Bu adēmda, ºncelikle 
eĵitim setinin bir segmenti (x

1
, x

2
,..,x

m
) ve 

bu segmente karĸēlēk gelen hedef ­ēkēĸ 
segmenti (d

1
, d

2
,..,d

p
) aĵa sunulur. Giriĸ 

katmanēna uygulanan giriĸ deĵerleri hi­bir 
iĸlem uygulanmadan gizli katmana iletilir.  
Gizli katmanda ve ­ēkēĸ katmanēnda bulunan 
nºronlar, sērayla bir ºnceki katmandan gelen 
bilgileri baĵlantē aĵērlēklarēnēn etkisi ile 
kabul eder (Fausett 1994, Haykin 1999, 
¥ztemel 2003). Bir nºronun giriĸ aĵērlēklē 
toplamē elde edildikten sonra nºron ­ēkēĸēnē 
bulmak i­in nºron transfer fonksiyonu 
uygulanēr. Bu ĸekilde aĵ ¿zerinde ºnce gizli 
katmanda ve sonra ­ēkēĸ katmanēnda bulunan 
b¿t¿n nºronlarēn aĵērlēklē giriĸ deĵerleri

 
ve 

nºron ­ēkēĸ deĵerleri sērasēyla hesaplanēr. 
Hatanēn hesaplanmasē ve geriye 

yayēlmasē: 
Bu adēmda, ­ēkēĸ katmanēndaki b¿t¿n 
nºronlar i­in aĵēn ¿rettiĵi ­ēkēĸ ile hedef 
­ēkēĸ arasēndaki fark hesaplandēktan sonra 
toplam hata hesaplanēr.  Hesaplanan hata 
deĵeri,  b¿t¿n aĵērlēklarēn g¿ncellenmesinde 
kullanēlēr. Eĵitimin amacē da aĵ 
parametrelerini ayarlayarak, toplam karesel 
hata deĵerini en aza indirmektir (Haykin 
1999, ¥ztemel 2003).  

Aĵērlēklarēn G¿ncellenmesi: 
Bu adēmda ise hataya ve nºron transfer 
fonksiyonuna baĵlē olarak ºnce giriĸ katmanē 
ile gizli katman arasēndaki aĵērlēklar, daha 
sonra gizli katman ile ­ēkēĸ katmanē 
arasēndaki aĵērlēklar g¿ncellenir.  
Aĵērlēklar g¿ncellendikten sonra aĵēn 
giriĸine eĵitme setinin ve hedef ­ēkēĸ setinin 
bir sonraki segmenti sunularak, ileriye doĵru 
yayēlma adēmēndan (1.Adēm) baĸlanēr. 
Bundan sonra eĵitme setinin her segmenti 
i­in bu iĸlem tekrarlanēr. Eĵitimin amacē, 
giriĸ segmentine karĸēlēk aĵēn ¿rettiĵi ­ēkēĸ 

deĵerlerinin, hedef ­ēkēĸ deĵerleriyle aynē 
olmasēnē saĵlamak yani hatayē kabul 
edilebilir d¿zeye indirmektir (Haykin 1999, 
¥ztemel 2003). 
¢KYSA modellerinde, maksimum iterasyon 
sayēsē ve kabul edilebilir hata deĵeri 
(minimum hata kriteri) durdurma kriteri 
olarak belirlenmiĸtir. Eĵer aĵ maksimum 
iterasyon sayēsēna ulaĸmamēĸsa, her 
iterasyon sonunda hesaplanan karesel hata 
deĵeri minimum hata kriteri ile 
karĸēlaĸtērēlarak ºĵrenmenin ger­ekleĸip 
ger­ekleĸmediĵine bakēlēr. Aĵēn eĵitiminin 
tamamlanmasē, aĵ giriĸine uygulanan 
verilere karĸēlēk gelecek uygun ­ēkēĸē 
¿retmesini saĵlayan aĵērlēk deĵerlerinin 
bulunduĵu anlamēna gelmektedir (¥ztemel 
2003).  
Bu ­alēĸmada, kesikli deneylerden elde 
edilen bulgulara dayanēlarak, bir ¢KYSA 
modeli geliĸtirilmiĸ ve sepiyolit ile Fe ve CN 
adsorpsiyonu kapasitesinin eldeki 
deĵiĸkenlerin koĸullarēna baĵlē olarak 
tahmini yapēlmēĸtēr. ¢KYSA modeli ile elde 
edilen kapasite ­ēktēlarē ile deneysel verilerle 
ulaĸēlan kapasite deĵerleri kēyaslanarak 
modelin baĸarēsē ortaya konulmuĸtur. 

 

 
ķekil 1 ôde 106-300 mm tane boyutlu 

sepiyolitin farklē asit aktivasyon koĸullarēnda 
tutabildiĵi Fe ve CN miktarlarēnēn zamanla 
deĵiĸimi gºr¿lmektedir. ķekil 1 a ve b 
birlikte deĵerlendirildiĵinde CN gideriminin 
Fe giderim verimlerinden ­ok daha y¿ksek 
olduĵu a­ēk­a gºr¿lmektedir. Ham sepiyolit 
%2 verimle hemen hemen hi­ Fe giderimi 
saĵlayamazken %80 CN giderimi 
saĵlamēĸtēr. Her iki iyon i­in de asit 
aktivasyonun performans ¿zerinde belirgin 
bir etkisi olmamēĸtēr. ķekil 1 aôda gºr¿ld¿ĵ¿ 
gibi en d¿ĸ¿k performans ham sepiyolitte 
elde edilmiĸ, aktivasyon normalitesi 
d¿ĸt¿k­e verim artmēĸtēr. Ancak toplamda Fe 
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3.1.1 YSA Modeli Performansē 
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giriĸ baĵēmsēz deĵiĸkenleri iken ­ēkēĸ 
baĵēmlē deĵiĸkeni olarak kapasitenin tahmini 
yapēlmēĸtēr. 324 veriden oluĸan veri setinin 
ºncelikle 232ôsi eĵitme, geriye kalan 92ôsi 
test i­in kullanēlmēĸtēr.  
Oluĸturulan ¢KYSA modeli i­in katman 
sayēsē, iterasyon sayēsē, momentum sabiti 
(mc), ºĵrenme oranē (lr), tranfer 
fonksiyonunun tipi, gizli katman sayēsē ve bu 
katmanlardaki d¿ĵ¿m sayēsēnē optimize 
etmek amacēyla her aĸamada diĵerleri sabit 
tutulup bir tanesi deĵiĸtirilmek suretiyle 
farklē konfig¿rasyonlar denenmiĸtir. Her 
aĸamada ulaĸēlan model tahmin sonu­larē ile 
deneysel sonu­lar arasēnda ortalama mutlak 
hata (MAE), ortalama karesel hata (MSE), 
ortalama karesel hatanēn karekºk¿ (RMSE) 
ve belirlilik katsayēsē (R2) hesaplanarak 
kēyaslama yapēlmēĸ ve en d¿ĸ¿k hatayē, en 
y¿ksek R2ôyi veren koĸul en iyi koĸul olarak 
se­ilmiĸtir. Bu hata hesaplamalarē hem 
eĵitme, hem de test verileri i­in yapēlarak 
eĵitme ve test performanslarē ayrē ayrē 
deĵerlendirilmiĸtir. Her bir aĸamada ­alēĸēlan 
koĸullar ve aralēk deĵerler ile model sonucu 
hesaplanan hata deĵerleri Tablo 1ôde 
sunulmaktadēr. Bu tabloda  ­apraz 
doĵrulama haricindeki diĵer sonu­larēn 
tamamē aynē eĵitme ve test veri setleri 
kullanēlarak elde edilmiĸtir.  

 Bazē deĵiĸkenlerde eĵitme ve test i­in en 
y¿ksek R2, en d¿ĸ¿k hata sonucunu veren 
koĸullar aynē deĵerde ­ēkarken bazēlarēnda 
eĵitme ile test performanslarē farklē deĵerde 
daha iyi ­ēkmēĸtēr. ¥rneĵin Tablo 1ôdeki 
¿­¿nc¿ ve dºrd¿nc¿ konfig¿rasyonda eĵitme 
ve test performanslarē farklē koĸullarda daha 
y¿ksek olduĵundan her iki koĸula da tabloda 
yer verilmiĸtir. Bu durumda ise en baĸarēlē 
konfig¿rasyon test performansēna gore 
deĵerlendirilmiĸtir. 

Tablo 1ôde gºr¿ld¿ĵ¿ gibi ilk aĸamada tek 
gizli katman kullanēlmēĸ, tansig-logsig 
transfer  fonksiyonu ile 5000 iterasyonda mc 
0.2, lr 0.3 iken d¿ĵ¿m sayēlarē 4 ile 26 
arasēnda deĵiĸtirilmiĸtir.  Burada en baĸarēlē 

sonu­ 11 d¿ĵ¿mde elde edilmiĸtir, eĵitme ve 
test i­in R2 sērasēyla 0.9861 ve 0.9760 olarak 
bulunmuĸtur. Nisbeten y¿ksek deĵerler 
olmasēna karĸēn bu t¿r bir kapasite tahmini 
modelinde beklenen performansēn 1ôe ­ok 
daha yakēn olmasē gerektiĵi yaklaĸēmēyla 
optimizasyona ge­ilmiĸtir. Ķkinci aĸamada lr 
0.2 ile 1.0 arasēnda deĵiĸtirilmiĸ ve lr 0.9 
i­in bulunan en y¿ksek R2 ve en d¿ĸ¿k hata 
deĵerlerinin ºnceki aĸamadan neredeyse hi­ 
farklē olmadēĵē gºr¿lm¿ĸt¿r. Bir sonraki 
adēmda iterasyon sayēsē deĵiĸtirildiĵinde 
hem eĵitme, hem de test performanslarē 
beklendiĵi ĸekilde artmēĸtēr. En iyi sonu­lar 
10000 iterasyonda gºzlenmiĸtir, ancak 
eĵitmede en iyi performans 11 d¿ĵ¿m, lr 0.9 
ile testte ise 12 d¿ĵ¿m ve lr 0.3 ile elde 
edilmiĸtir. Bu durum bir deĵiĸkeni optimize 
ettikten sonra diĵer koĸullarēn iyileĸtirilmesi 
sērasēnda aynē deĵiĸkeni tekrar kontrol etmek 
gereĵini gºstermiĸtir. Bu sebeple sonraki 
aĸamalarda da model tekrar tekrar 
­alēĸtērēlarak deĵiĸkenlerin optimizasyonu 
kontrol edilmiĸtir.  

Bu t¿r tahmin modellerinde en yaygēn 
kullanēlan transfer fonksiyonunun tansig ve 
logsig olduĵu bilinmekle birlikte diĵer 
transfer fonksiyonlarē da ¢KYSA modelinde 
denenmiĸtir. Ancak Tablo 1ôde gºr¿ld¿ĵ¿ 
gibi diĵer transfer fonksiyonlarēnēn 
performanslarē daha d¿ĸ¿kt¿r.  

Tek gizli katman yerine iki gizli katman 
kullanēldēĵēnda yine ºncelikle d¿ĵ¿m 
sayēlarē deĵiĸtirilerek denemeler yapēlmēĸtēr. 
Ķlk gizli katmanda 7, ikinci gizli katmanda 6 
d¿ĵ¿mle tek katmanlēda elde edilen b¿t¿n 
sonu­lardan daha baĸarēlē bir performansa 
ulaĸēlmēĸtēr. Bundan sonraki adēmda lr ve mc 
deĵiĸimleri denenmiĸtir, ancak Tablo 1ôde 
son kēsēmda gºr¿ld¿ĵ¿ gibi ve eĵitme ile test 
baĸarēsē farklē konfig¿rasyonda maksimum 
olsa da performanslarda ­ok k¿­¿k 
deĵiĸimler gºr¿lm¿ĸt¿r. MAE dēĸēndaki 
hatalarda k¿­¿k azalmalar gºzlenmiĸtir, 
ancak MAE deĵerinde iki gizli katmanlē 
model denemelerinde tek gizli katmanlēya 
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Gizli D¿ĵ¿m : 4-26

lr:0.2-1.0

Ķterasyon sayēsē:5000-10000

mc:0.2-0.9

Farklē transfer fonksiyonlarē

Gizli d¿ĵ¿m: 2-15/2-10

 lr:0.1-0.9
 lr 0.1 8 7 0.0156 0.0225 0.0005 0.9940 0.0209 0.0298 0.0009 0.9898 
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         (a) 

 
         (b) 

ķekil 3. Modelin eĵitme performansē (a) 
ve test performansē (b) 

 
Bu modelin baĸarēsēnē ortaya koymak ¿zere 
sonuncu aĸamada, baĸarēlē olarak se­ilen 
model konfig¿rasyonlarēnda n kat ­apraz 
doĵrulama (n fold cross-validation) 
uygulanmēĸtēr. Bunun i­in veriler rastgele 
karēĸtērēlarak veri k¿mesi n eĸit par­aya 
bºl¿nm¿ĸ ve eĵitme-test iĸlemleri n defa 
tekrarlanmēĸtēr. Bunun i­in her adēmda n 
par­adan bir tanesi test i­in ayrēlērken geriye 
kalan (n-1) par­a eĵitme iĸlemi i­in 
kullanēlmēĸtēr. Ayrēca her adēmda eĵitme ve 
test hatalarē ile R2 deĵerleri hesaplanmēĸ n 
adēm bittikten sonra ortalamasē alēnmēĸtēr. 
Bu ĸekilde veri k¿mesinde bulunan b¿t¿n 
veriler hem eĵitme hemde test i­in 
kullanēlmēĸ olmaktadēr. Bu ĸekilde 
ger­ekleĸtirilen 3, 6 ve 9 kat ­apraz 
doĵrulamada R2 bazēnda elde edilen 
baĸarēlar ķekil 4ôde kēyaslamalē olarak 
gºsterilmiĸtir. Ķlk aĸamada denemeler 
yoluyla bulunan en iyi ¢KYSA modeli  9 kat 
­apraz doĵrulama ile de en iyi sonucu 
vermiĸtir. ¢apraz doĵrulama iĸlemi 
sonucunda da y¿ksek performanslar elde 
edilmiĸtir. Ayrēca, ­apraz doĵrulama ile 

modelin eĵitme baĸarēsē daha da 
y¿kselmiĸtir. Bu da modelin g¿venilirliĵini 
ortaya koymaktadēr.   

 

 
ķekil 4. Baĸarēlē model konfig¿rasyonlarēnda 
farklē ­apraz doĵrulama performanslarē 

 
4 SONU¢LAR 

 
Bu ­alēĸmada ilk olarak kuvvetli metal 
siyan¿r komplekslerinden [Fe(CN)6]3-ó¿n 
sulu ortamdan adsorpsiyonla giderilmesinde 
sepiyolitin etkinliĵi  araĸtērēlmēĸtēr. 
Konsantrasyon, tane boyutu, s¿re ve 
aktivasyon koĸullarē ­alēĸēlan deneysel 
parametrelerdir. 

¢alēĸēlan deneysel koĸullar i­erisinde Fe 
giderimi i­in ºnerilebilecek d¿zeyde verim 
saĵlayan bir numune olmamēĸtēr. Fe giderim 
verimi t¿m numunelerde %2-8 arasēndadēr. 
Ancak CN giderim verimleri asit 
aktivasyona tabi tutulan numunelerde %80-
87, ham sepiyolitte ise %94 t¿r.  

Tane boyutu ve asit aktivasyonun 
adsorpsiyonu artērēcē ºnemli bir etkisi 
olmamēĸtēr.  

¢alēĸmanēn ikinci aĸamasēnda, elde edilen 
veriler, YSA ile geliĸtirilen tahmin 
modelinde kullanēlarak iki gizli katmanlē 
YSA modeli ile sepiyolitin Fe ve CN 
adsorplama kapasitesi tahmin edilmiĸtir. 
Konsantrasyon, tane boyutu, s¿re ve
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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 

Sulfide copper ores with high pyrite and 
gold content are one of the best studied 
minerals in technical aspect [Boteva, 2002]. 
Nevertheless, the issue of separation of 
gold-containing from non-gold-containing 
pyrite remains unresolved. 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. 
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.  

We looked for solution of this problem in 
the differences of flotation rates with the use 
of different collectors, which, for copper 
sulfides are a large number   [Boteva, 1992]. 
Correlation of such collectors to the other 
important sulfide mineral present in ore - 
pyrite – is especially important. Therefore, 
our research focused on isobutyl 
xanthogenate and mercaptobenzothiazole.     
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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 0,08  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 4,41 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 Assay 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,% Au,g/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 is 
strongly dependent on the collector used. 
Xanthogenate extracts sulfide minerals 
without differences between copper sulfides 
and pyrite in table 1. With 
mercaptobenzothiazole , 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 



920

 
 

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 following 
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.   
 

ore

isobutyl kst 60g/t line pH 10

minfroth 40g/t

10g/t kst

I concent

20g/t kst

II concent

5g/t kst

III concent
5g/t kst

IV concent

tail
V concent

Figure 1  Flowsheet with  izobutyl ksantogenate

griding 70%-0,08mm

flotation 2min

f lotation 2 min

f lotation 2 min

f lotation 2 min

f lotation 2 min

 
 

MBT 60g/t ore

lime Ph10

minfroth 40g/t

MBT 20g/t

I concent

MBT 20g/t

II concent

MBt 20g/t

III concent
MBT 20g/t

IV concent

V concent tail

Figure 2  Flowsheet  with merkaptobenzoltiazol  /MBT/        

grinding 70%-
0,08mm

flotation 2 min

f lotation 2 min

f lotation 2 min

f lotation 2 min

f lotation 2 min
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ore
MBT 40g/t lime pH 10

  minfroth 40g/t

kst 20g/t
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kst 20g/t
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kst 20g/t
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kst 20g/t
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V concent   tail

Figure3   Flowsheet with ksantogenate and merkaptobenzoltiazol  

grinding 70% -
0,08mm

flotation 2 mins

f lotation 2 mins

f lotation 2 mins

f lotation 2 mins

f lotation 2 min

 
 

Relationship  between ECu/EAu ratio and 
flotation time
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Figure 4. Relationship between ECu/EAu 
ratio and flotation time 
   Series 1-by flow sheet in fig.1 
   Series 2-by flow sheet in fig.2 
   Series 3-by flow sheet in fig.3 

 

flotation feed
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Figure5     Fractional flowsheet 
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cleaner  f lotation II  rouger f lotation
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II cleaner
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flotation feed
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Figure 6 C-S flow sheet

grinding 70%-
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I   cleaner
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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 L18 (22 × 36) 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 ɛm 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  

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 

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 
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 

Recovery of Copper from Sulfide-Oxide Ore by Flotation-
Leaching Technique 
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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; Akgün 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). 

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 ɛm 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). 

Table1. 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 (Na2S), 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. 

 
 
 
 
 
 
 

 

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): 

 
                                (1) 

                                     
   

Where n is the 
number of repetition for an experimental 
combination and yi 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 L18 (22×36), 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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4 

Table 2. Experimental procedure 

No. 
Mixing 
speed 
(rpm) 

Solid 
Percent 

(%) 
pH 

Collector 
dose rate 

(g/t) 

Aeration 
rate 

(l/min) 
Time 

(min) 
Particle 
size: d80 
(µm) 

Activator 
addition 
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) 

indicates that higher collector dose rate has 
higher effect on the recovery of copper. 

 

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/t, 
decreased the copper recovery. It seems that 
by increasing the Na2S 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. 

 

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. 

 

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 l/min were investigated. As can 
be seen in figure 5(E), increasing the 
aeration rate from 3 to 4 l/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 

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; 
334Є33&Ͻ33Å                                                 (2)  

Where: 
334ЄɆp

j=1(yj-ym)2                                         (3) 
And 

SST: Total sum of squared deviations 
about the mean 

ɔj: Mean response for jth experiment 
ɔm: Grand mean of the response 
p: Number of experiments in the 

orthogonal array 
SSF: Sum of squared deviations due to 

each factor 
SSe: 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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a b

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 

Source Sum of 
Squares DF Mean 

Square 
F 

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 

pH 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 3397.2

3 17 - - - 

Table 4. Analysis of variance for copper grade 

Source Sum of 
Squares DF Mean 

Square 
F 

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, using 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 ɛm, 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). 

24ЄɉÁ2υϽÂ2φɊ                                         (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%) 
R1 : Recovery of the copper sulfides 

during the flotation test 
R2 : 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 

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 L18 (22 × 
36) 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 l/min, solid percent: 10%, 
particle size: 100 ɛm 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. 

 



931

23rd International Mining Congress & Exhibition of Turkey Å 16-19 April 2013 ANTALYA

Flotation
(Raugher)

Acid Leaching

Cementation

Flotation
(Cleaner & Recleaner)

Copper Sulfide Oxide
Ore

C
T

T
C

Copper Sulfide
Concentration

Sulfuric Acid

Solid
Liquid

Dispose

Iron Scrap

LiquidSolidCopper
(G=90%)

Conditioning

 
 
 
 
 

 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

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 
 sulfhydrilic 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  

The flotation research is demanding 
stereochemical representation of reagents 
molecules at mineral surfaces attachments 
as well as effect of chemical activity of the 
compounds. The importance of computer 
technologies and chemical programming 
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 

collectors reagents (before reagents were 
synthesing and their properties estimated).   
 That is important at flotation of 
antimonite ores because no computer 
modeling for them were provided.  

 

2 MATERIALS AND METHODS 

 For computer modeling of minerals 
prototypes the program ChemBio 3D from 
ChemOffice of Cambridge Soft corp., as 
well as program ʄʆʈɸʉ 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  Sb2S2O, 
bertyerite FeSb2S4, Jemsonite Pb4FeSb6S14, 
semseite PbSb8S21, bulanjerite Pb5Sb4S11,  
gudmuntite FeSbS, as well as oxide 
minerals valentinite Sb2O3, and 
senarmontite Sb2O3, 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)                                                    
                                                                

 
 
 
 
 
 
 
 

a) 
 
 
 
 
 
 
 
 
 
 
 
 
b) 

 
 
 
 
 
 
 
 
 
 
 
 
 

c) 
 
 
 
 
 
 
 
 
 
 
 

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) 

 

 
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 
ɖ, eV, chemical potential up to Pirson and 
Paru ɢ, and the degry of charge transfer ȹN. 
 Minerals have general characteristics of 
absolute rigidity ɖ =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 Sb2S3 relate to 
chain constructions as quaternary SbS-
groups in form of radicals Sb4S6 oriented 
toward axis C. Therefore with  the salts of 
Pb, Cu and Ag could be formed combines 
with Cu(I), Ag(I)  , Pb(II) , Cu(II),  Fe(II), 
Ni(II), 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 PbSb2S2, CuPbSbS3, 
PbSb2S4, Pb2Sb2S5, 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 PbSb2S2 ; b-CuPbSbS3; c-
PbSb2S4; d-Pb2Sb2S5; e-Pb3Sb2S6. 
  
 

The cations of lead and copper could 
substitude the sulfur atom from antimonite 

with forming combines of PbSb2S2 or 
(table1).

CuSb2S2. The lead (copper) cations 
substituted two atoms of the antimony and 
sulfur with forming combines zincenite 
PbSb2S4 or CuSb2S4  
 At activation of radicals Sb4S6  of 
antimonite  by cations of lead and copper it 
is possible substitutions and forming 
combines Pb2Sb2S5 and Cu2Sb2S5, or 
Pb3Sb2S6 ʠ  Cu3Sb2S6 The cations of lead 
and copper could substituted the sulfur 
atom from antimonite with forming 
PbSb2S2  or CuSb2S2 which not found in the 
nature. Silver cations (different quantity) 
displace atoms of antimony and sulfur in 
antimonite forming combines AgSbS2 

miargilite, AgSbS2 aramayonite, Ag3SbS3 
pyrostilpnite and AgPbSbS3 freieslebenite. 
At activation of antimonite by silver cations 
could be substitutions in antimony radical 
Sb4S6 and forming combines andorite type 
AgPbSb3S6   

The iron cations displace from radicals 
Sb4S6 two atoms of antimony and two 
atoms of sulfur forming FeSb2S4 bertyerite 
or Fe2Sb2S2 chain-like gudmuntite. The iron 
cations displace antimony and sulfur atoms 
from Sb2S3 forming FeSbS plain 
gudmuntite. The charges of separate atoms 
in these compounds with MOPAC 2012 
program  (table1).

 

a) b) 

c) 

d) 
e) 
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Table 1.  The charges of separate atoms combines 

 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Using these data possible to say, that from 
all constructed combines the most probable 
forming on the surface of the prototype 
antimonite PbSb2S4 (zinkenite) and 
CuPbSbS3 (burnotite). These combines will 
be used at analyses of flotation process. 

 
 
 
 
 

 
 
 
 
 
 

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 Pb3Sb2S6 and 
Cu3Sb2S6 are high and their forming on the 
surface have low probability. 

 
 

There was estimated, that for zinkenite 
general energy PbSb2S4 is -0.5996 
kcal/mole and for burnotite. CuPbSbS3 -
0.3856 kcal/mol. General energy for 
Pb2Sb2S5 is 21.9174 kcal/mol and total 
energy for Cu2Sb2S5 is 17.2149 kcal/mol. 

The computer parameters for antimonite, 
activated by lead, Sb2Pb3S6: 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 kcal/mol.  

Pb2Sb2S5 Cu2Sb2S5 Pb3Sb2S6 Cu3Sb2S6 
CuPbSbS3 

(burnotite) 
PbSb2S4 

(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 
forming 

-66,29983 

Heat 
forming 
-0,48387 

Heat 
forming 

666,48117 

Heat forming 
481,58243 

Heat 
forming 

21  

Heat 
forming 

120,56877 

Energy 
-

1316,91550  

Energy 
-

2485,22537  

Energy 
-

1578,55667  

Energy 
-3333,91485  

Energy 
-

 

Energy 
 
-

1045,79531 
Dipole 

3,53245 
Dipole 

4,25038 
Dipole 

12,04004 
Dipole 

11,98605 
Dipole 

15,69869 
Dipole 

13,08659 
HOMO 
-8,480 
LUMO 
-1,995 

HOMO 
-8,178 
LUMO 
-2,593 

HOMO 
-6,692 
LUMO 
-2,523 

 
-6,870;1,723 

 
-7,618;1,331 

HOMO 
-8,157 
LUMO 
-1,497 

HOMO 
-8,906 
LUMO 
-2,500 
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The computer parameters for lead 
activated antimonite Sb2Cu3S6: 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 

by lead Pb3Sb2S6 were created, and their 
parameters calculated. 

The sketch of combines butyl xantogen 
acid with antimonite (spheric-rod model) 
preactivated by copper Cu3Sb2S6 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 suggested 
diethylaminxantogenate 
(C2H5)2NCH2CH2OCSSNa– E min ) 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 (C4H9NH)2PS2Na. The 
collectors were attached to PbSb2S4 

zinkenite and chalkostibnite CuSbS2.  At 
Fig. 4 is combine of ethylaminxantogen 
acid with PbSb2S4  zinkenite (its ball-rod 
model) and their parameters (table 2).  

                           
b) 

 
a)  
 
 
 
 
 
 
 
 
 
 
 
Figure 4. The scheme of combine ethylamine xantogene acid with  PbSb2S4  zinkenite: a) 
initial chemical formulae;  b) ball-rod model 
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At Fig 5 is the combine of 
dibuthylamindithiophosphate acid with 
PbSb2S4 zinkenite (its ball-rod model) and 
their parameters (table 2). 

The parameters of complex combines of 
antimony minerals and collectors at Table 
2. 

  
a)  

 
 
 
 
 
 
 
 
 
 
b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. The scheme of the combine of dibuthylamindithiophosphate acid with PbSb2S4 

zinkenite (its ball-rod model): a) initial chemical formulae and their parameters b) ball-rod 
model). 
 
 
 
 
 



940

 

Table 2. The parameters of complex combines of antimony minerals and collectors 

Parameters 

Complex combines of antimony minerals and collectors 

Sb2PbS4 
+ 

DEɸmineʂʭ 
 

Iteration  424 
 

SbCuS2 
+ DɼEɸmineʂʭ 

 
Iteration 301 

 

Sb2PbS4 
+ 

DButyilɸmine 
Phosphate 

Iteration 286 

SbCuS2 
+ 

DButilɸmine 
Phosphate 

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  at.al. ,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. 

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: 
 
 
 
 
 
 
 
 
 
 
 

Stretch 0.8459 
0.8378 

 
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 

Non-1, 4 VDW -8.4533 
-4.4945 

 
-8.1305 -7.3389 

1, 4 VDW 5.6953 6.5153 4.2134 8.8309 

Dipole/dipole 2.4621 2.5067 -0.3242 -0.8548 

Total Energy ,  
kcal/mol 3.6089 8.2097 -1.5100 53.1181 
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Sarylahskoye 
deposit 
 

Sentachanskoye 
deposit 

Ore contents   Sb,   
%  16,73; 13,2  
                       Au, 
g/t  7,4; 4,7  
 Concentrate  Sb, % 
63, 01; 60 
  cjntent          Au, 
g/t 12, 8; 13,4 
Conc.Recovery. Sb, 
% 91, 6 ;90   
                           Au, 
85,7-86% 

Sb, % 28,7 
Au, g/t 42,2 
Sb, % 58, 9 
Au, g/t 68,6 
Sb, % 92, 1 
Au, 71,5%  

 
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 N2H2 1/2 H2SO4. 
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 Fe 13, SbCl5, 
tetrafluorineboron acid HBF4 to realization 
of reaction under the circuit:  
2Sb2S3 +6MeA3 =2SbA3 +6MeA2 +3S,                                            
(1)                                       

Where A- Cl, F, Br, I, HBF4; Me-Fe. 
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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 FeCl3, as it excluded 
pollution of antimony trioxide by ions of 
iron because of hydrolyses reaction. 
Sb2S3 +3SbCl5 = 5SbCl3 + 3S; (2)    
                                                 
Sb2S3 +3HSbCl6 = 5SbCl3 + 3S+HCl (3)                                                  

 
The inventors -Olper, Marco - offered 

derivative tetra fluorine boron  acid HBF4  
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.  

 
Sb2S3 + 2 NaOH = NaSbS2 + NaSbSO + 
H2O                                     (4) 
NaSbS2 + NaSbSO + H2SO4 = Sb2S3 + 
Na2SO4 + H2O                       (5) 

 The leaching of antimony from 
Sb2S3 by iron (III) fluorineborate  is carried 
out on reaction: 
Sb2S3 + 6 Fe (BF4)3 = 2 Sb (BF4)3 + 
6Fe(BF4)2 + 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(BF4)3+ 6Fe(BF4)2 = b+6Fe(BF4)3   (7) 

 

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 SbCl5 and Fe 
(BF4)3, receiving high-quality antimony 
trioxide and metallic antimony. 
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¥ZET Metal iyonlarēnēn atēk ­ºzeltilerden giderilmesinde bir­ok yºntem uygulanmaktadēr. 
Bu yºntemler arasēnda adsorpsiyon iĸlemi en ­ok uygulananlardan birisidir. B¿y¿k ºl­ekli 
uygulamalar i­in d¿ĸ¿k maliyetli adsorbanlarēn kullanēlmasē prosesin ekonomisi a­ēsēndan 
ºnemlidir. Bu ­alēĸmada, sulu ­ºzeltilerden bakēr (II) iyonlarēnēn giderilmesi amacēyla d¿ĸ¿k 
maliyetli adsorban olarak piroluzit cevheri kullanēlmēĸtēr. Deneylerde adsorban miktarē, bakēr 
iyonlarēnēn baĸlangē­ konsantrasyonu, ­ºzeltilerin baĸlangē­ pH deĵerleri ve adsorbanēn 
partik¿l boyutunun bakēr adsorpsiyonu ¿zerine olan etkileri incelenmiĸtir. ¢ºzeltideki bakēr 
iyonlarēnēn kēsa s¿relerde hemen hemen tamamēnēn giderildiĵi belirlenmiĸtir. Ķzoterm ve 
kinetik deĵerlendirmeler yapēlmēĸ ve incelenen adsorpsiyon prosesinin Langmuir izotermine 
uyduĵu ve yalancē-ikinci mertebe kinetiĵi izlediĵi belirlenmiĸtir. 
 
 
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 GĶRĶķ 
Bir­ok end¿striyel iĸlem sonunda ortaya 
­ēkan ve ­eĸitli aĵēr metal iyonlarēnē i­eren 
atēk ­ºzeltilerin herhangi bir arētma iĸlemine 
tabi tutulmadan doĵrudan ­evreye verilmesi 
durumunda ­evre ve insan saĵlēĵē bundan 
olumsuz etkilenebilir. Bundan dolayē 
end¿striyel atēk ­ºzeltilere uygun ayērma 
proseslerinin uygulanmasēyla metal 
i­eriklerinin giderilmesi veya m¿saade 
edilebilir sēnērlara indirilmesi gerekir. 
Kimyasal ­ºkt¿rme, elektro ­ºkt¿rme, iyon  

 
deĵiĸimi, filtrasyon, sementasyon ve 
adsorpsiyon gibi ayērma ve saflaĸtērma 
yºntemleri metal iyonlarēnēn atēk sulardan 
giderilmesinde uygulanabilmektedir (Wang 
et al., 2007; Pehlivan vd., 2009; Demirkēran 
ve K¿nk¿l, 2011). Bu yºntemler arasēnda 
adsorpsiyon metodu en fazla 
uygulananlardan birisidir. Adsorpsiyon 
prosesinde ­ºzeltideki metal iyonlarē 
konsantrasyonlarēna baĵlē olarak kēsmen 
veya tamamen giderilebilmektedir. 

Piroluzit Cevheriyle Sulu ¢ºzeltilerden Bakēr (II) Ķyonlarēnēn 
Adsorpsiyonu 
Adsorption of Copper (II) Ions from Aqueous Solutions by 
Pyrolusite Ore 

Nizamettin Demirkēran 
Ķnºn¿ ¦niversitesi M¿hendislik Fak¿ltesi Kimya M¿hendisliĵi Bºl¿m¿, Malatya-T¿rkiye 
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Adsorpsiyon iĸleminde metal iyonlarēnēn 
giderilmesinde genellikle adsorban madde 
olarak ­eĸitli kaynaklardan elde edilen aktif 
karbon kullanēlmaktadēr. Aktif karbon 
adsorpsiyon i­in b¿y¿k bir y¿zey alanē 
saĵlamasēna raĵmen ¿retim maliyetlerinden 
dolayē b¿y¿k ºl­ekli uygulamalarda 
ekonomik olmayabilir. Bu sebepten daha 
d¿ĸ¿k maliyetli adsorbanlarēn kullanēlmasē 
prosesin ekonomisini olumlu yºnde 
etkileyebilir.  

¢eĸitli kil mineralleri bakēr, ­inko, nikel, 
kadmiyum, kurĸun gibi metal iyonlarēnēn 
sulu ­ºzeltilerden giderilmesinde d¿ĸ¿k 
maliyetli adsorban maddeler olarak 
kullanēlmēĸtēr (Arpa vd., 2000; Srivastava et 
al., 2004; Catalfamo et al., 2005; Fonseca et 
al., 2006). Bu t¿r maddelerin yanē sēra bazē 
hidrometalurjik iĸlem atēklarē ve cevherlerde 
­eĸitli metal iyonlarē ve organik t¿rlerin sulu 
­ºzeltilerden giderilmesinde d¿ĸ¿k maliyetli 
adsorban madde olarak kullanēlmēĸtēr (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 ­alēĸmada, bir mangan cevheri olan 
piroluzitin sulu ­ºzeltilerden bakēr 
iyonlarēnēn adsorpsiyonunda adsorban 
madde olarak kullanēlabilirliĵi incelenmiĸtir. 

2 DENEYSEL ¢ALIķMA 
Deneylerde kullanēlan piroluzit cevheri 
Konya ilinden temin edilmiĸtir. Cevher 
ºĵ¿t¿ld¿kten sonra ­eĸitli partik¿l boyutuna 
sahip ºrnekler elde etmek i­in elenmiĸtir. 
Cevherin kimyasal analizi yapēlmēĸ ve 
%57.66 MnO2, %10.00 CaO, %8.04 Fe2O3, 
%7.08 SiO2, %0.93 Al2O3, %0.44 MgO 
i­erdiĵi tespit edilmiĸtir. Cevherin kēzdērma 
kaybē ise 800 ÁCôde %15.85 olarak 
belirlenmiĸtir. ¢alēĸmada kullanēlan piroluzit 
cevherine ait X-ray grafiĵi ķekil 1ôde 
verilmiĸtir. 

Bakēr iyonlarē i­eren ­ºzeltiler 
CuSO4.5H2O kullanēlarak hazērlanmēĸtēr. 
Adsorpsiyon deneyleri 100 mLôlik aĵzē 
kapatēlmēĸ erlenlerde magnetik karēĸtērēcē 
kullanēlarak ger­ekleĸtirilmiĸtir. Her 
deneyde 50 mL ­ºzelti erlenlere 
konulduktan sonra belirlenen miktarda 

piroluzit ­ºzelti ¿zerine eklenmiĸ ve belirli 
s¿relerde deneyler ger­ekleĸtirilmiĸtir. 
¢ºzeltilerin pH ayarlamasē seyreltik s¿lf¿rik 
asit ­ºzeltileri kullanēlarak yapēlmēĸtēr. Bakēr 
iyonlarē i­eren ­ºzeltilerin baĸlangē­ 
konsantrasyonu, adsorban miktarē, 
­ºzeltilerin baĸlangē­ pH deĵerleri, cevherin 
partik¿l boyutu ve temas s¿resinin bakēr 
adsorpsiyonu ¿zerine olan etkileri 
incelenmiĸtir. B¿t¿n deneyler laboratuvar 
ortam sēcaklēĵēnda ve 200 rpm karēĸtērma 
hēzēnda yapēlmēĸtēr. Deneylerin sonunda 
­ºzeltide kalan Cu2+ miktarē 
kompleksometrik titrasyonla tespit 
edilmiĸtir. Baĸlangē­taki ve iĸlem sonunda 
belirlenen bakēr miktarlarē arasēndaki farktan 
adsorplanmēĸ olan bakēr iyonlarē miktarē 
belirlenmiĸtir. 

 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
ķekil 1. Piroluzit cevherinin X-ray grafiĵi 

3 SONU¢LAR VE TARTIķMA 

3.1 Adsorban Miktarēnēn Etkisi 
Bakēr iyonlarēnēn farklē konsantrasyonlarē 
i­in optimum adsorban miktarē farklē 
olabileceĵinden, deneysel ­alēĸmada ilk 
olarak 0.001-0.0075 mol/L aralēĵēnda bakēr 
iyonlarē i­eren ­ºzeltiler kullanēlarak her bir 
konsantrasyon i­in en uygun adsorban 
miktarē belirlenmiĸtir. Bu deneylerde her bir 
konsantrasyon i­in 0.2-0.5 g aralēĵēnda 
deĵiĸen miktarda piroluzit kullanēlmēĸtēr. 
Deneyler sērasēnda ­ºzeltilerin baĸlangē­ pH 
deĵeri, ­ºzelti hacmi, karēĸtērma hēzē, 
ortalama partik¿l boyutu ve temas s¿resi 
sērasēyla orijinal pH, 50 mL, 200 rpm, 120 
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Õm ve 24 saat olarak sabit tutulmuĸtur. Bu 
deneylere ait sonu­lar ķekil 2ôde 
gºsterilmiĸtir. Deneyler sonunda, aynē 
baĸlangē­ konsantrasyonu i­in piroluzit 
miktarē arttēk­a adsorplanan bakēr miktarēnēn 
arttēĵē belirlenmiĸtir. Baĸka bir ifadeyle, aynē 
miktarda adsorban i­in baĸlangē­ 
konsantrasyonu arttēk­a ­ºzeltiden 
uzaklaĸtērēlan bakēr iyonlarē miktarē 
azalmēĸtēr. 0.0075 mol/L dēĸēndaki diĵer 
bakēr konsantrasyonlar i­in 0.3 g piroluzit 
miktarēnēn maksimum adsorpsiyon i­in 
yeterli olacaĵē belirlenmiĸtir. Bºylece diĵer 
deneylerde piroluzit miktarē 0.3 g olarak 
se­ilmiĸtir. 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 

 
 
ķekil 2. Farklē konsantrasyon ve farklē 
adsorban miktarlarē i­in bakēr adsorpsiyonu 
 

0.001-0.0075 mol/L aralēĵēnda farklē 
konsantrasyonlarda bakēr iyonlarē i­eren 
­ºzeltilerin baĸlangē­ pH deĵerlerinin bakēr 
adsorpsiyonu ¿zerine olan etkisi her bir 
konsantrasyonu i­in 3, 4 ve orijinal pH 
deĵerlerinde incelenmiĸtir. 0.001-0.0075 
mol/L arasēnda konsantrasyonlara sahip 
­ºzeltilerin orijinal pH deĵerleri 5.52-5.10 
arasēnda olduĵu pH-metre ile ºl­¿lerek 
belirlenmiĸtir. Bu deneylerde adsorban 
miktarē 0.3 g, s¿re 24 saat, ortalama partik¿l 
boyutu 120 Õm, ­ºzelti hacmi 50 mL ve 
karēĸtērma hēzē 200 rpm olarak se­ilmiĸtir. 
pH etkisinin incelendiĵi deneylerde, pH 
deĵerinin artmasēyla adsorplanan bakēr 
miktarēnēn arttēĵē belirlenmiĸtir. Her bir 
konsantrasyon i­in maksimum 

adsorpsiyonun orijinal pHôlarda meydana 
geldiĵi gºzlenmiĸtir. Bu pH deĵerlerinde 
bakērēn oksit halinde ­ºkmesi 
gºzlenmemiĸtir ve sonraki deneyler 
­ºzeltilerin orijinal pHôlarēnda yapēlmēĸtēr. 
 

Bakēr adsorpsiyonu ¿zerine baĸlangē­ 
konsantrasyonunun etkisi 0.001, 0.0025, 
0.005 ve 0.0075 mol/L bakēr i­eren ­ºzeltiler 
kullanēlarak farklē adsorpsiyon s¿releri i­in 
incelenmiĸtir. Bu deneylerde baĸlangē­ pH 
deĵeri, adsorban miktarē, ­ºzelti hacmi, 
karēĸtērma hēzē ve partik¿l boyutu sērasēyla 
orijinal pH, 0.3 g, 50 mL, 200 rpm ve 120 
Õm olarak alēnmēĸtēr. ķekil 3ôde bu deneylere 
ait sonu­lar gºsterilmiĸtir. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
ķekil 3. Faklē s¿reler i­in bakēr adsorpsiyonu 
¿zerine baĸlangē­ konsantrasyonunun etkisi 
 

ķekilden gºr¿leceĵi gibi belirli bir 
adsorban miktarē i­in baĸlangē­ 
konsantrasyonu arttēk­a adsorplanan bakēr 
miktarē azalmaktadēr. 0.001 mol/L 
konsantrasyona sahip ­ºzelti i­in 
adsorpsiyon iĸlemi daha kēsa bir s¿rede 
dengeye ulaĸmēĸken diĵer b¿t¿n baĸlangē­ 
konsantrasyonlarē i­in adorpsiyon iĸleminin 
180 dakikada dengeye ulaĸtēĵē sºylenebilir. 
 

Adsorbanēn y¿zey alanēnē etkileyeceĵi i­in 
partik¿l boyutu adsorpsiyon prosesinde 
ºnemli bir faktºrd¿r. Bakēr adsorpsiyonu 
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¿zerine piroluzitin partik¿l boyutunun etkisi 
160, 140, 120 ve 93 Õm ortalama boyuta 
sahip ºrnekler kullanēlarak farklē s¿reler i­in 
incelenmiĸtir. Bu deneylerde baĸlangē­ 
konsantrasyonu, karēĸtērma hēzē, baĸlangē­ 
pHôsē, adsorban miktarē ve ­ºzelti hacmi 
sērasēyla 0.0025 mol/L, 200 rpm, orijinal pH, 
0.3 g ve 50 mL deĵerlerinde sabit 
tutulmuĸtur. ķekil 4ôde partik¿l boyutu ile 
ilgili deney sonu­larē verilmiĸtir. ķekil 4ôden 
gºr¿leceĵi gibi partik¿l boyutu k¿­¿ld¿k­e 
adsorplanan bakēr miktarē artmaktadēr. 

 
 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
ķekil 4. Bakēr adsorpsiyonu ¿zerine piroluzit 
partik¿l boyutunun etkisi 
 
3.5 Adsorpsiyon Ķzotermi 

Adsorpsiyon prosesinde, adsorplanan iyonla 
katē adsorban arasēndaki denge adsorpsiyon 
izotermleriyle ifade edilir. Bunun i­in ­eĸitli 
adsorpsiyon izotermleri geliĸtirilmiĸtir. Bu 
izotermler i­erisinde en ­ok Langmuir ve 
Freundlich izotermleri ­eĸitli adsorpsiyon 
proseslerine uygulanmaktadēr. 

Piroluzit cevheri kullanēlarak bakēr 
adsorpsiyonunun incelendiĵi bu ­alēĸmada 
da sºz¿ edilen bu iki model deneysel verilere 
uygulanmēĸtēr. Elde edilen sonu­lara gºre bu 
adsorpsiyon prosesinin Langmuir modeline 
uyduĵu belirlenmiĸtir. Bu model i­in aĸaĵēda 
verilen Eĸitlik (1)ôin sol tarafēnēn Ceôye karĸē 
grafiĵi oluĸturulur. Elde edilen d¿z 
doĵrunun eĵimi 1/qmax deĵerini verirken, 
doĵrunun kaymasē 1/qmax.KL deĵerini verir. 
 
Ce/qe = (1/qmax.KL) + (Ce/qmax)      (1) 
 

Bu eĸitlikte Ce adsorplanan iyonun denge 
konsantrasyonunu (mg/L), qe adsorbanēn 
birim k¿tlesi baĸēna adsorplanan iyon 
miktarēnē (mg/g), qmax adsorban i­in tek 
tabaka adsorsiyon kapasitesini (mg/g) ve KL 
ise Langmuir sabitini (L/g) gºstermektedir. 
ķekil 5ôde bu adsorpsiyon prosesi i­in 
Langmuir grafiĵi gºsterilmiĸtir. 
 

 

 

 

 

 

 

 

 

 

ķekil 5. Bakēr adsorpsiyonuna ait Langmuir 
grafiĵi 
 
3.6 Adsorpsiyon Kinetiĵi 

Adsorpsiyon prosesinin kinetik analizinde 
genellikle yalancē birinci ve ikinci mertebe 
kinetik modeller kullanēlēr. Bu ­alēĸmada 
elde edilen deneysel verilere yalancē birinci 
ve ikinci mertebe kinetik modeller 
uygulanmēĸ ve prosesin yalancē ikinci 
mertebe kinetik modele uyduĵu 
belirlenmiĸtir. Ķkinci mertebe kinetik model 
Eĸitlik (2)ôdeki gibi tanēmlanēr. 
 
t/qt = (1/k2.qe

2) + (t/qe)         (2) 

Bu eĸitlikte, t adsorpsiyon s¿resini (dak), qt t 
zamanēnda adsorplanan metal iyonu 
miktarēnē (mg/g), k2 ise ikinci mertebe hēz 
sabitini gºstermektedir. 
 Elde edilen deneysel veriler kullanēlarak 
oluĸturulan t/qtôye karĸē t grafiĵi ķekil 6ôda 
gºsterilmiĸtir. ķekil 6ôdaki d¿z doĵrularēn 
kaymasēndan adsorbanēn birim k¿tlesi baĸēna 
adsorplanan iyon miktarē olan qe deĵerleri 
hesaplanmēĸ ve deneysel olarak bulunan qe 
deĵerleri ile olduk­a iyi uyuĸtuĵu 
belirlenmiĸtir. 

Bu deneysel ­alēĸmadan elde edilen 
bulgulara gºre piroluzit cevherinin bakēr 
iyonlarēnēn adsorpsiyonunda olduk­a etkili 
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bir adsorban olarak kullanēlabileceĵi 
sºylenebilir. Deneyler sērasēnda cevherin 
­ºz¿nmediĵi belirlenmiĸtir. Dolayēsēyla 
adsorpsiyondan sonra uygun bir desorpsiyon 
iĸlemi uygulanarak cevher tekrar 
adsorpsiyon prosesinde kullanēlabilir veya 
mangan bileĸikleri ¿retiminde 
deĵerlendirilebilir. 

 

 

 

 

 

 

 

 
ķekil 6. Bakēr adsorpsiyonu i­in yalancē 
ikinci mertebe kinetik model grafiĵi 

 
  Piroluzit cevherinin s¿lf¿rik asit 

­ºzeltileri ile li­ iĸleminden sonra ortaya 
­ēkan li­ atēklarē kullanēlarak bakēr 
adsorpsiyonu i­in bazē denemeler yapēlmēĸ 
ve li­ iĸlemine tabi tutulmayan orijinal 
cevher kadar y¿ksek kapasitede olmasa da 
olumlu sonu­lar alēnmēĸtēr. Bºylece bu 
­alēĸmanēn devamēnda piroluzitin ­eĸitli 
­ºz¿c¿lerde li­ edilmesinden sonra ortaya 
­ēkan katē atēĵēn ­eĸitli iyonlarēn sulu 
­ºzeltilerden adsorpsiyon yºntemi ile 
giderilmesinde adsorban madde olarak 
kullanēlabilirliĵi incelenecektir. Ayrēca 
desorpsiyon ­alēĸmalarē yapēlarak gerek 
orijinal gerekse li­ atēĵēnēn adsorpsiyon 
iĸleminde tekrar kullanēlabilirliĵi 
araĸtērēlacaktēr. 
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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 
 

 

ÖZET Bu ­alēĸmada, d¿ĸ¿k tenºrl¿ manganez cevherlerinin y¿ksek alan ĸiddetli kuru 
manyetik ayērma, MGS ve flotasyon yºntemleri uygulanarak zenginleĸtirilmesi araĸtērēlmēĸtēr. 
Antalya bºlgesinden alēnan numune %25,65 Mn, Kayseri bºlgesinden alēnan numune ise 
%13,96 Mn içermektedir. Flotasyon ve manyetik ayērma testlerinde her iki bºlgeden alēnan 
numunenin verimleri olduk­a d¿ĸ¿k olmuĸ ve elde edilen konsantrelerin tenºrleri %45 Mn 
deĵerinden daha azdēr. Aynē ĸekilde laboratuvar tipi MGS kullanēldēĵēnda da benzer sonu­lar 
elde edilmiĸ ancak Antalya bºlgesinden alēnan manganez cevherlerinden %78,71 verim ve 
%41,24 Mn i­eren bir konsantre elde edilebilmiĸtir.  
Anahtar kelimeler: Manganez, Flotasyon, Manyetik Ayērma, 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).  

Investigation of the Beneficiation of Low Grade Manganese Ores  

D¿ĸ¿k Tenºrl¿ Manganez Cevherlerinin Zenginleĸtirilmesinin 
Araĸtērēlmasē 
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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 (Öztürk, 
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. 

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 (Özbayoĵlu and Atalay, 2000). 

 

 

                    Figure 1. Pilot Scale MGS (Wills and Napier-Munn, 2006) 

Feed slurry 

Shake 

Scraper Bars (4) 

Washwater 

Scrapers (34) 
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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 (ɚ: 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 O 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 V 0.023 

Mn 25.651 Zn 0.010 
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Figure 2. XRD Pattern of Kayseri Manganese Ores 

Figure 3. XRD Pattern of Antalya Manganes Ores 

G = Goethite 

M = Manganite 
H = Hematite 

Q = Quartz 

P = Pyrolusite 
Q = Quartz 
M = Manganite 
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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. 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

Moderate Magnetics 

             Figure 4. Flow Sheet of the Dry Magnetic Separation Tests

After the magnetic separation tests, 

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 
Eylül University, optimum working 
conditions achieved from the preliminary 
tests were 180 rpm drum speed, 4

o
 incline 

rate and 2.2 L/min washing water. In these 

tests, pulp density was set at %15 solids and 
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. 

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. 

 
 

Crushing + Grinding 

 Rougher 
 Flotation 

Test Conditions 
Stirring speed: 1400 rpm 
Pulp density: 15% solids 
pH: 10 
Kerosene + Diesel Oil:               
124 g/ton 
Na2SiO3: 500 g/ton 
Potassium Oleate: 150 g/ton 
Sodium Oleate: 150 g/ton 
10 min. conditioning and               
12 min. flotation time 

1. Cleaning 
Flotation 

Tailings 

Middling 1 

2. Cleaning 
Flotation 

Middling 2 
 

3. Cleaning 
Flotation 

Middling 3 
 

pH: 9 
Potassium Oleate: 35 g/ton  
Sodium Oleate: 35 g/ton 
4 min. conditioning and                  
10 min. flotation time 

pH: 9 
Potassium Oleate: 35 g/ton   
Sodium Oleate: 35 g/ton   
4 min. conditioning and                   
8 min. flotation time 

pH: 9 
Potassium Oleate: 35 g/ton 
Sodium Oleate: 35 g/ton 
4 min. conditioning and                   
6 min. flotation time 
 

Concentrate 
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Table 3. Results of High Intensity Dry Magnetic Separation Tests
 

Feeding (-2.8+1 mm) 

Product 
Weight 

(%) 
Fe2O3 
(%) 

Mn 
(%) 

   Mn Yield 
    (%) 

1st Magnetic 12.5 16.16 35.00 61.64 
2nd 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) 

Product 
Weight 

(%) 
Fe2O3 
(%) 

Mn 
(%) 

   Mn Yield 
     (%) 

1st Magnetic 11.0 17.13 34.93 30.19 
2nd 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 

(%) 
Fe2O3 
(%) 

       Mn 
(%) 

    Mn Yield 
     (%) 

1st Magnetic 5.6 17.12 29.92 13.37 
2nd Magnetic 16.4 15.69 29.71 38.87 
Middling 23.3 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 

Product 
Antalya Sample 

Weight (%) Mn (%) Yield (%) 
Concentrate 48.96 41.24 78.72 

Tailings 51.04 23.98 21.28 
Feed 100.00 25.65 100.00 

Product 
Kayseri Sample 

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 
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% yield 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, Na2SiO3 used for depressing silicates 
did not show the expected depressing effect.  
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ÖZET Ulukēĸla-Bolkardaĵ (Niĵde) Au/Ag cevheri yaklaĸēk olarak 150-200 g/t Ag ve 6-10 g/t 
Au i­ermekte ve limonit, gºtit, pirit, kalsit, ser¿zit / plumbojarosit gibi oksitli kurĸun 
mineralleri, smitsonit / hidrozinkit / hemimorfit gibi oksitli ­inko mineralleri ve kilden 
oluĸmaktadēr. ¥ĵ¿t¿lm¿ĸ cevherin karēĸtērmalē siyan¿r li­i testlerinde (% 33 katē oranē ve 1,5 
g/L NaCN, 24 saat) Ag ve Au i­in d¿ĸ¿k kazanma verimleri (% 20-30 Ag ve % 50-60 Au) elde 
edilmiĸtir. Yapēlan mineralojik incelemelerde, g¿m¿ĸ¿n ­oĵunlukla arjantojarosit minerali 
ĸeklinde bulunduĵu tespit edilmiĸtir. Altēn ise; nispeten k¿­¿k boyutlarda (6-24 Õm), nabit ve 
elektrum ĸeklinde ve genellikle gang minerallerinin i­erisinde kapanēm halinde veya limonit-
gºtit gibi demir mineralleri ile birlikte bulunmaktadēr. Alkali ºn bozundurma iĸlemi ºĵ¿t¿lm¿ĸ 
cevher ºrneĵi (d90= 21,7 Õm) ¿zerine uygulanmēĸtēr. ¥n iĸlem deneylerinde, alkali 
konsantrasyonun (0,5-3M NaOH) ve sēcaklēĵēn (20-90ÁC) etkisi incelenmiĸtir. Alkali ºn iĸlem 
sonrasē ger­ekleĸen siyan¿rleme deneylerinde, Ag (>% 80) ve Au (>% 90) verimleri i­in ºnemli 
iyileĸmeler ger­ekleĸmiĸtir.  
 
 
ABSTRACT Ulukēĸla-Bolkardaĵ (Niĵde) 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 Õm), 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 (d90=21,7 Õm). In the pre-treatment experiments, effect of alkali concentration (0.5-
3 M NaOH) and temperature (20-90ÁC) was studied. In cyanidation experiments carried out 
after alkaline pre-treatment, significant improvements for Ag (>80%) and Au (>90%) 
recoveries was occurred.  
 
 
1 GĶRĶķ 
Au/Ag cevherleri, metalurjik a­ēdan genellikle 
ñserbestò, ñkompleksò ve ñrefrakterò olmak 
¿zere sēnēflandērēlērlar. Serbest Au/Ag 
cevherden (% 80 <75 mm) siyan¿r li­iyle >% 
90 verimle kazanēlabilmektedir. Y¿ksek 

siyan¿r ve oksijen t¿ketiminin yanēnda kabul 
edilebilir ekonomik altēn/g¿m¿ĸ kazanēmē elde 
edilen cevherlere ise ñkompleks cevherlerò 
denir. Ķlave reaktifle dahi kazanēlamayan ve 
ekonomik olmayan cevherlere de ñrefrakterò 
cevherler denilmektedir (La Brooy vd., 1994; 

Bolkardaĵ Au/Ag Cevherinin Siyan¿rleme Performansēnē 
Ķyileĸtirmek i­in Alkali ¥n Ķĸlemin Deĵerlendirilmesi 
Evaluation of Alkaline Pre-Treatment to Improve Cyanidation 
Performance of Bolkardaĵ Au/Ag Ore 

E. Yoĵurt­uoĵlu, Ķ. Alp, O. Celep, V. Serbest 
Karadeniz Teknik ¦niversitesi, Maden M¿hendisliĵi Bºl¿m¿, Trabzon 
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Adams, 2005). Au ve Ag cevher içerisinde 
pek ­ok ĸekilde ve ­ok farklē boyutlarda 
bulunabilmektedir. ñRefrakterò terimi altēn ve 
g¿m¿ĸ¿n cevherde aĸaĵēdaki ĸekillerde 
bulunmasē durumunda kullanēlmaktadēr 
(Sinadinovic vd., 1999; Roshan, 1990; Gupta 
ve Mukherjee, 2000): 
¶ Au ve Agônin s¿lfitler, oksitler ve 

silikatlarēn i­erisinde kapanēm halinde 
bulunmasē 

¶ Reaktif t¿keten minerallerin cevher 
i­erisinde fazla miktarda bulunmasē 

¶ Deĵerli metali adsorplama ºzelliĵine sahip 
yapēlarēn cevher i­erisinde bulunmasē 
(preg-robbing) 

¶ Au ve Agônin zor ­ºz¿nen alaĸēm ve 
mineraller ĸeklinde bulunmalarē 

¶ Tane y¿zeyinde oluĸan film tabakasē ile 
pasifleĸmenin oluĸumu 

¶ Au ve Agônin diĵer minerallerin kristal 
kafes yapēsē i­erisinde bulunmalarē 
Refrakter cevherlerden metal kazanēmēnēn 

d¿ĸ¿k olmasē bir ºn iĸlemin uygulanmasēnē 
gerektirmektedir. Bu t¿r cevherlere siyan¿r ve 
oksijenin temasēnē saĵlayacak ĸekilde s¿lfit 
yapēsēnē bozundurmak amacēyla kavurma, 
basēn­ oksidasyonu ve bakteriyel oksidasyon 
ºn iĸlemleri uygulanmaktadēr (La Brooy vd., 
1994; Costa, 1997; Sinadinovic vd., 1999). 
Geleneksel bir yºntem olan kavurma metodu; 
s¿lf¿r fazēnē bozundurarak deĵerli metalin 
siyan¿r ile temasēnē saĵlamayē hedefleyen bir 
yºntemdir (Dunn ve Chamberlain, 1997). 
Ķĸlem sonunda oluĸan gazlardan kaynaklanan 
ekonomik ve/veya ­evresel faktºrler 
y¿z¿nden proses ºnemini kaybetmiĸtir. 
Y¿ksek tenºrl¿ ve s¿lf¿r fazēnēn tamamen 
par­alanmasē gereken cevherler i­in uygun bir 
proses olan basēn­ oksidasyonu ise otoklav ve 
oksijen tesisine gereksinim duymasēndan 
dolayē y¿ksek yatērēm maliyetine ve aynē 
zamanda y¿ksek iĸletme maliyetine sahiptir 
(Gunyanga vd., 1999). Biyooksidasyon iĸlemi 
d¿ĸ¿k reaksiyon hēzē, d¿ĸ¿k pHôdan 
kaynaklanan korozyon ve hassas proses 
sēcaklēĵē kontrol¿n¿n gerekliliĵi gibi 
dezavantajlara sahiptir (Iglesias ve Carranza, 
1994; Crundwell, 1995). Sb ve As 
minerallerinin refrakterlik i­in ºnemli 
olduĵunda alkali bozundurma proseslerinin 
verimli olarak kullanēlabilmesi sºz konusu 
olmaktadēr (Alp vd., 2010; Celep vd., 
2011a,b). 

Uygulanacak ºn iĸlemlerin belirlenmesinde 
refrakterlik ºzelliĵinin karakteri belirleyici bir 
role sahiptir. ¥rneĵin; preg-rob cevherler i­in 
uygulanacak prosesler ile tane y¿zeyinde film 
tabakasē oluĸumu durumunda uygulanabilecek 
prosesler birbirinden tamamen farklēdēr. Au 
ve Agônin kapanēm halinde bulunmasē 
durumunda ise i­inde bulunduĵu mineralin 
ºzelliĵine gºre birbirinden ­ok farklē 
prosesler uygun olabilmektedir.  

Jarosit grubu mineraller, genel formul¿ 
[AB3(XO4)2(OH)6] olan alunit s¿per-grup 
i­erisinde yer alēr (Tablo 1). Burada, B = Fe+3 
> Al+3; A= Na+, K+, Al+3, Ag+3, Rb+3, H3O+, 
NH4

+, Pb+2; X= S > As yada Pôdir (Dutrizac 
and Jambor, 2000). 1990ôlarda jarosit prosesi 
uygulamalarē geniĸletilmiĸ ve sentetik 
arjantojarosit ve amonyum-jarositin alkali 
bozundurma kinetik ­alēĸmalarē yapēlmēĸtēr 
(Roca vd., 1993 ve 2006; Patino vd., 1998 ve 
2003; Cruells vd., 2000).  
Tablo 1. Jarosit grubundaki mineraller ve 
bunlarēn sentetik olarak oluĸan bileĸiklerinin 
adlarē (Dutrizac ve Jambor 2000) 

 
Form¿l¿ Mineral adē 
KFe3(SO4)2(OH)6 Jarosit 
NaFe3(SO4)2(OH)6 Natrojarosit 
AgFe3(SO4)2(OH)6 Arjentojarosit 
NH4Fe3(SO4)2(OH)6 Amonyajarosit 
PbFe6(SO4)4(OH)12 Plumbojarosit 
TlFe3(SO4)2(OH)6 Doralĸarit 
Pb(Fe,Cu)3(SO4)2(OH, H2O)6 Bevarit 
(H3O)Fe3(SO4)2(OH)6 Hidronyum-jarosit 
RbFe3(SO4)2(OH)6 - 
HgFe6(SO4)4(OH)12 - 

Rio Tintoôda (Ķspanya) ñgossanò 
cevherlerinde doĵal jarosit mineralleri ºnemli 
miktarda g¿m¿ĸ i­ermektedir (Roca vd., 
1999). Jarosit grubu minerallerin yapēsēnda 
bulunan g¿m¿ĸ i­eriĵini siyan¿r li­iyle 
kazanmak g¿­ olduĵundan refrakter olarak 
sēnēflandērēlabilir. Gerek end¿striyel olarak 
­ºkeltilen ve gerekse doĵal jarositlerin 
b¿nyesinde g¿m¿ĸ arjanto-jarosit formunda 
yada diĵer jarosit bileĸiklerinin yapēsēnda 
yaygēn bir ĸekilde bulunmaktadēr. Jarosit 
mineralinin alkali bozundurulmasēyla kristal 
kafes yapēsēndan s¿lfat iyonlarē 
uzaklaĸtērēlarak geride Fe-Ag hidroksit i­eren 
bir katē jel oluĸmasē saĵlanmaktadēr. 
Arjantojarositin alkali ortamda bozunma 
reaksiyonu aĸaĵēdaki gibidir (Eĸitlik 1) 
(Kasaini vd., 2008; Salinas vd., 2001, Roca 
vd., 2007 Patino vd., 2010). 
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AgFe3(SO4)2(OH)6 (k) +4OH-Ą Ag(OH) (k) + 3Fe(OH)3 (k) + 
2SO4

-2 (çöz)                   (1) 

Alkali bozundurma prosesinde, 
arjantojarositin yapēsēnda bulunan g¿m¿ĸ katē 
kēsēmda kalarak [Ag(OH) kristali] sonrasēnda 
siyan¿r li­inde [Ag(CN)2]- kompleksi olarak 
­ºz¿nd¿r¿lebilmektedir (Eĸitlik 2). (Patino 
vd., 1998; Cruells vd., 2000; Salinas vd., 
2001).  

Ag(OH) (k) +2CN-Ą Ag(CN)2
- (­ºz.) + OH (­ºz.)         (2) 

G¿m¿ĸtaĸ Madencilik ve Ticaret A.ķ.ô ye 
ait olan Bolkardaĵ madeni, Niĵde ili, Ulukēĸla 
il­esi, Madenkºy sēnērlarē i­inde yer 
almaktadēr. Maden yataĵēndan yeraltē 
madenciliĵi yöntemi ile cevher ­ēkarēlacak ve 
siyan¿r li­i yºntemi ile iĸlenerek dore altēn ve 
g¿m¿ĸ elde edilmektedir. Proje sahasēnda 
yeraltē madenciliĵi ile toplam 430.000 ton 
cevher ¿retimi planlanmaktadēr. ¦retimi 
planlanan 3 ayrē galeri bulunmakta olup, 
ortalama tenºrler Au 10 gr/t, Ag 332 gr/t 
olarak verilmiĸtir (Mesta vd., 2009). 

Yapēlan ºnceki ­alēĸmalarda, cevher 
yataĵēnēn tamamen oksidize olduĵu ve 
cevherin yoĵun limonit + gºtit ile birlikte 
oksitli ­inko (smitsonit, hidrozinkit, 
hemimorfit), oksitli kurĸun (ser¿zit, plombo-
jarosit, ­ok az galen) nabit altēn ve g¿m¿ĸ, 
elektrum (altēn+Ag alaĸēmē), pirit, silis, kalsit, 
psilomelan; kil, mika ve feldispat 
minerallerinden oluĸtuĵu rapor edilmiĸtir 
(Mesta vd., 2009).  

Bolkardaĵ maden yataĵēndan alēnan altēn 
ve g¿m¿ĸ­e zengin cevherden (14,5 gr/ton 
Au, 415 gr/ton Ag, % 2,75 Zn ve % 7,03 Pb) 
altēn, g¿m¿ĸ, ­inko ve kurĸunun kazanēm 
olanaklarē araĸtērēlmēĸtēr (Acarkan, 1984). 0,3 
mm altēna boyutu k¿­¿lt¿lm¿ĸ cevher, 
sarsēntēlē masa ile zenginleĸtirilerek altēn ve 
g¿m¿ĸ­e zengin kurĸun konsantresi elde 
edilmiĸtir Deneylerde konsantrenin Au tenºr¿ 
202,6 g/t iken kazanma verimi % 13,5, Ag 
tenºr¿ ise 2232 g/tôa ulaĸērken kazanma 
verimi % 6,5ôta kalmēĸtēr (Acarkan vd., 
2009). Acarkan vd. (2011), flotasyon 
yºntemiyle altēn ve g¿m¿ĸ kazanēmēnda farklē 
toplayēcē kombinasyonlarēnēn etkisini 
araĸtērmēĸlardēr. En iyi sonu­lar, Aero 
208+Aerophine 3418 A toplayēcēlarēnēn 
birlikte kullanēmēyla (350+350 gr/t 
konsantrasyonunda, 1000 gr/t Na2SiO3) pH 
4,5ôde elde edilmiĸtir. Sonu­lara gºre, 1026.9 

gr/t Au ve 10185 gr/t Ag tenºrl¿ konsantre 
d¿ĸ¿k verimlerle elde edilebilmiĸtir. Yapēlan 
CN deneylerinde ise; Ag i­in % 28, Au i­in 
% 52 kazanēm verimlerinin elde edildiĵi, ince 
ºĵ¿tmede de bu oranēn Ag i­in %22-43, Au 
i­in %76-87 olduĵu bulunmuĸtur (Celep vd., 
2012). Bu durum g¿m¿ĸ¿n arjanto jarosit 
yapēsēnda bulunmasēndan, altēnēn ise limonit 
gºtit lepidokrosit gibi yapēlar i­inde kapanēm 
halinde bulunmasēndan kaynaklandēĵē 
d¿ĸ¿n¿lmektedir. Yapēlmēĸ ­alēĸmalar 
deĵerlendirildiĵinde Ulukēĸla cevherinden Au 
ve Agônin siyan¿r liçi deneyleriyle 
kazanēmēnda alkali ºn iĸlemin etkili 
olabileceĵi d¿ĸ¿n¿lmektedir. Bu ­alēĸmada; 
Niĵde-Ulukēĸla Au-Ag cevherinin alkali ºn 
iĸlem uygulamasēyla siyan¿rleme 
performansēna etkisi araĸtērēlmēĸtēr. 

2 MALZEME VE YÖNTEM 

2.1 Malzeme 
Deneylerde kullanēlan numune; Niĵde ili, 
Ulukēĸla il­esi, Madenkºy sēnērlarē i­inde yer 
alan G¿m¿ĸtaĸ Madencilik ve Ticaret A.ķ.ô 
ye ait olan Bolkardaĵ madeninden alēnmēĸtēr. 
Cevher numunesi (ḙ150 kg) deneyler 
ºncesinde kērma iĸlemine tabi tutulmuĸtur.  

2.2 Yöntem 

Katē analizleri ACME Laboratuarēnda 
yaptērēlmēĸtēr. Mineralojik analiz Nikon 
Polarizan Mikroskop ve SEM analizi 
ZEISS/EVO LS10 cihazēnda parlak kesitler 
¿zerinde yapēlmēĸtēr. ¥ĵ¿tme ­ubuklu 
deĵirmen ile yapēlmēĸ olup boyutu analizi 
Malvern Mastersizer 2000 MU cihazē ile 
lazer difraksiyon yºntemi ile yapēlmēĸtēr. 
Alkali li­leri su ceketli beherlerde % 20 katē 
oranēnda, 0,32-2-3,68 M konsantrasyonda ve 
sēcaklēk (19,66-57,5-95,340C) kontrol¿ ile 4 
saat olarak yapēlmēĸtēr. 24 saatlik karēĸtērmalē 
siyan¿r liçi deneyleri %33 katē oranēnda, 1,5 
g/L NaCN, pH 11ôde yapēlmēĸtēr. Çözelti 
Au/Ag analizleri VARIAN AA200 AASônde 
yapēlmēĸtēr.  
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3 BULGULAR VE TARTIķMA 

3.1 Cevher Özellikleri 

Cevherin kimyasal bileĸimi dºrt asit 
bozundurmasē sonrasē ICP-ES ile, kupelasyon 
ve XRF analizi yaptērēlarak tanēmlanmēĸtēr. 
Cevherin % 34,77’si Fe2O3, % 22,80’i SiO2 
olduĵu gºr¿lmektedir. Cevher % 4,78 Zn, % 
2,59 Pb, 8,6 gr/t Au ve 176 gr/t Ag i­erdiĵi 
belirlenmiĸtir (Tablo 2). XRD analizinde 
kuvars, plumbojarosit, smitsonit, hidrozinkit, 
galen, anglezit minerallerinin varlēĵē tespit 
edilmiĸtir. Cevherde altēna 6-24 µm 
boyutlarēnda rastlanmēĸtēr (ķekil 1). Altēn; 
hematit-limonit mikro ­atlaĵē i­erisinde, kalsit 
i­erisinde basēn­ ge­irmiĸ olarak, hematit, 
gºtit lepidokrosit ile beraber, gang ile 
bulunduĵu gºr¿lmektedir. SEM 
gºr¿nt¿lerinde plumbo jarosit yapēsē 
gºr¿lm¿ĸt¿r. Arjantojarosit yapēsē 
gºzlemlenememiĸ olup konu ile ilgili 
araĸtērmalara devam edilmektedir (ķekil 2). 
Deneyde ­ubuklu deĵirmen i­erisinde 30 
dakika ºĵ¿t¿lm¿ĸ cevher ºrnekleri 
kullanēlmēĸtēr. Bu ºĵ¿t¿lm¿ĸ ºrneklerin tane 
boyut daĵēlēmē d90=21Õm olarak belirlenmiĸtir 
(ķekil 3). 

Tablo 1. Bolkardaĵ cevherinin temsili 
numunesinin kimyasal analizi 

Bileĸik Ķ­erik,  
% 

Element Ķ­erik,  
gr/t 

SiO2 22,80 Au 8,6 
Al2O3 4,07 Ag 176 
Fe2O3 34,77 Sb 500 
CaO 5,79 Ba 300 
MgO 1,32 Mo 60 
Na2O 0,07 Ni 90 
K2O 0,77 Co <10 
MnO 1,35 Cr 80 
TiO2 0,14   
P2O5 0,05   
SO3 0,18   
Cu 0,13   
Pb 2,59   
Zn 4,78   
As 1,60   
Top.C. 1,77   
Top.S. 0,54   
A.Z. 15,80   

 

 

 

 
ķekil 1. Altēn tanelerinin bulunuĸu. Hematit-
limonit mikro ­atlak i­erisinde (a), kalsit 
kristali i­erisinde basēn­ ge­irmiĸ (b), 
hematit, gºtit lepidokrosit ile beraber (c), 
Gang i­erisinde kuvars yanēnda (d) 
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ķekil 2. a) Cevher ºrneĵinden hazērlanan 
parlak kesitten SEM gºr¿nt¿s¿ b) + iĸaretli 
noktadan mikroanaliz sonucu 

 

ķekil 3.Cevher ºrneĵinin 30 dakika sonrasē % 
EA analizi 

3.2 Direkt Siyanür Liçi 

Direkt siyan¿r li­i deneyi % 33 katē oranē ve 
1,5 g/L NaCN, 24 saat olarak yapēldēĵēnda 
s¿reye gºre; 0,17-0,5-1-2-4-8 ve 24 saatlik li­ 
kinetiĵinde ­alēĸēlarak Au-Ag % kazanma 
verimleri ĸekilde gºsterilmektedir (ķekil 4). 

24 saatlik siyan¿r li­i deneyleri %52 Au ve 
%28 Ag kazanēm verimlerini ge­memektedir. 
Verimlerin d¿ĸ¿k olmasēnēn sebebi, altēn ve 
g¿m¿ĸ¿n refrakter ºzellikte olmasēdēr. 

 

 

ķekil 4. Direkt siyan¿r li­inin s¿reye gºre % 
Au-Ag kazanēm verimlerindeki deĵiĸim 

3.3 Alkali 
Etkisi 

Alkali ºn iĸlemin siyan¿r li­ine etkisinin 
araĸtērēlmasē amacēyla farklē alkali 
konsantrasyonlarēnda (0,32, 2 ve 3,68 M) ºn 
bozundurma deneyleri yapēlmēĸtēr. Ķĸlem 
sonrasēnda uygulanan siyan¿r li­i deney 
sonu­larēna gºre Ag (%80)-Au (%85) 
kazanma verimlerinde artēĸlar gºzlenmiĸtir 
(ķekil 5).  

Direkt siyan¿r li­i deneyleri ile 
kēyaslandēĵēnda, alkali ºn iĸlemin 0,32 M 
konsantrasyon oranēnda Agônin kazanēm 
verimi % 37ôye y¿kselirken, 2 M ve 3,68 M 
uygulandēĵēnda verimlerinin lineer olarak 
arttēĵē gºr¿lmektedir. Altēn kazanēm 
verimlerinin de konsantrasyon oranlarē 
arttēk­a nispeten arttēĵē tespit edilmiĸtir.  

Alkali ºn iĸlemde; sēcaklēĵēn etkisi 19,66, 
57,5, 95,34ÁC deĵerlerinde incelenmiĸtir. 
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Yaklaĸēk olarak % 90 Ag, % 99 Au kazanēmē 
sºz konusudur (ķekil 6). Sēcaklēk artēĸēnēn 
alkali ºn iĸlem sonrasē siyan¿r li­i 
deneylerinde Au-Ag kazanēm verimleri 
¿zerine lineer olarak etki etmektedir. Sēcaklēk 
19,66 ÁC iken Auônun kazanēm verimi %72 
iken, Ag %37ôdir. Sēcaklēk 57,5 ÁCôye 
y¿kseldiĵinde Au kazanēm veriminde pek 
deĵiĸiklik olmazken, Ag %49ôa 
y¿kselmektedir. Sēcaklēk 95,34 ÁCôye 
ulaĸtēĵēnda verimlerde Au i­in %99 ve Ag % 
90ôa ulaĸmaktadēr. 

 

ķekil 5 Alkali ºn iĸleminde alkali 
konsantrasyon oranēnēn CN li­indeki Au/Ag 
kazanma verimi ¿zerine etkisi (Alkali iĸlem: 
19,66ÁC, 240 dk; Siyan¿r li­i: 1,5 g/L NaCN, 
pH: 11, 24 saat) 

 

ķekil 6 Alkali ºn iĸlem sēcaklēĵēnēn CN 
li­inde Au ve Ag kazanma verimine etkisi 
(Alkali iĸlem: 0,32 M, 240 dk; Siyan¿r li­i: 
1,5 g/L NaCN, pH: 11, 24 saat) 

4 SONUÇLAR 

Direkt siyan¿r li­i deneylerinde %52 Au ve 
%28 Ag kazanēm verimlerinin elde edilmesi 
nedeniyle Niĵde-Ulukēĸla cevheri i­in 
refrakter ºzelliĵe sahip bir cevher olduĵu 
sºylenebilir. Bu refrakterliĵin sebebi i­in; 
g¿m¿ĸ¿n jarositik yapēlar halinde bulunmasē, 
altēnēn ise manyetit-limonit-gºtit gibi demir 
i­erikli minerallerin i­inde kapanēm halinde 
bulunmalarēnēn olduĵu d¿ĸ¿n¿lmektedir.  

Refrakter ºzelliĵin giderilmesi amacēyla bu 
­alēĸma kapsamēnda yapēlmēĸ olan alkali ºn 
iĸlem sonrasēnda uygulanan siyan¿r li­inde 
%99 Au ve %90 Ag verimlerine 
ulaĸēlabilmektedir. Bu durum alkali ºn iĸlemin 
refrakter yapēlarēn bozundurulmasē a­ēsēndan 
baĸarēlē olduĵunu gºstermektedir. ¢alēĸmanēn 
sonu­larē incelendiĵinde alkali ºn iĸlem 
sonrasēnda uygulanan siyan¿r li­i 
deneylerinde altēn ve g¿m¿ĸ kazanēmlarēnēn 
alkali konsantrasyonu ve ºn iĸlem 
sēcaklēĵēndaki artēĸ ile doĵru orantēlē olarak 
arttēĵē belirlenmiĸtir. Bu durum y¿ksek alkali 
ve y¿ksek sēcaklēk ĸartlarēnda refrakter 
yapēlarēn daha verimli bozundurulduĵunu 
gºstermektedir.  

Sonu­ olarak Niĵde-Ulukēĸla refrakter 
Au/Ag cevherinin siyan¿r li­i ile 
deĵerlendirilmesinde; alkali bozundurmanēn 
ºn iĸlem kademesi olarak uygulanabileceĵi 
sºylenebilir.  

5  

Altēn ve g¿m¿ĸ¿n bulunuĸuna yºnelik ve 
alkali bozundurma sonrasē ¿r¿nlerin 
karakterizasyonuna yºnelik ­alēĸmalarē daha 
detaylē olarak yapēlabilir. Farklē alkalilerin 
siyan¿r li­i deneylerine etkileri ­alēĸēlabilir. 
Alkali iĸlem ile siyan¿r li­i deneylerinin 
eĸzamanlē olarak ger­ekleĸtirilmesi 
incelenebilir. 

6  

¢alēĸmaya verdikleri desteklerinden dolayē 
G¿m¿ĸtaĸ Madencilik ve Ticaret A.ķ.ôye ve 
mikroskobik incelemelerdeki yardēmlarē i­in 
Yrd. Do­. Dr. Mithat VICILôa teĸekk¿r¿ bir 
bor­ biliriz. 
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ÖZET Hidrometalurjide solvent ekstraksiyonu liç çözeltilerinden metal kazanmak veya 
çözeltiyi saflaĸtērmak i­in uygulanēr. Bu ­alēĸmada, bakēr iyonlarē i­eren ­ºzeltilerden bakērēn 
solvent ekstraksiyonuyla kazanēlmasēnda oleik asidin ekstraktant olarak kullanēlabilirliĵi 
incelenmiĸtir. ¢ºz¿c¿ t¿r¿, sēcaklēk, organik faz/sulu faz oranē, karēĸtērma hēzē ve baĸlangē­ pH 
deĵerinin ektraksiyon verimi üzerine olan etkileri araĸtērēlmēĸtēr. ¢ºz¿c¿ kullanēldēĵē zaman 
bakēr kazanma veriminin d¿ĸ¿k olduĵu sadece oleik asit kullanēldēĵēnda ise verimin daha 
yüksek olduĵu belirlenmiĸtir. Karēĸtērma hēzē ve baĸlangē­ pH deĵerinin artmasēyla sulu fazdan 
uzaklaĸtērēlan bakēr miktarēnēn arttēĵē gºzlenmiĸtir.  
 
 
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 GĶRĶķ 
 
D¿nyada ve ¿lkemizde zengin cevher 
rezervlerinin azalmasēyla d¿ĸ¿k tenºrl¿ 
cevherlerin iĸlenmesine ilgi artmaktadēr. 
Pirometalurjik iĸlem basamaklarēnēn bu t¿r 
cevherlere uygulanmasēnēn ekonomik 
olmamasē nedeniyle hidrometalurjik 
yöntemler tercih edilmektedir.  Liç 
­ºzeltilerindeki metal deĵerlerin se­imli 
olarak kazanēlmasēna imkân tanēyan solvent 
ekstraksiyonu metodu, hidrometalurjideki en 
ºnemli geliĸmelerden birisi olmuĸtur. 
Özellikle d¿ĸ¿k tenºrl¿ oksitli-karbonatlē 
cevherler ile metal i­eren bazē atēklarēn 
hidrometalurjik olarak deĵerlendirilmesinde, 

gerek ­ºzeltinin saflaĸtērēlmasē gerekse metal 
kazanēlmasēnda g¿n¿m¿zde ­ok­a tercih 
edilen bir metot haline gelmiĸtir (Biswas and 
Davenport, 1994; Habashi, 1997). Solvent 
ekstraksiyonu i­in iyon deĵiĸtirici ligandlar, 
bitkisel yaĵlar ve yaĵ asitleri gibi organik 
maddeler ekstraktant olarak kullanēlmaktadēr 
(Flett et al., 1973; Fatibello-Filho et al., 1986; 
Sole and Hiskey, 1995; Navarro and 
Alguacil, 1999; Suhendra et al., 2005; 
Voropanova and Yakovleva, 2005; Haron et 
al., 2012). Çözücü olarak benzen, toluen, 
kerosen, ksilen gibi ­ok ­eĸitli kimyasal 
maddelerden yararlanēlmaktadēr (Marcus and 
Sen Gupta, 2001).  

Sulu ¢ºzeltilerden Bakēr Ekstraksiyonunda Oleik Asidin 
Ekstraktant Olarak Kullanēlabilirliĵinin Ķncelenmesi 
Investigation of the Usability of Oleic Acid as Extractant in 
Copper Extraction from Aqueous Solutions  

M. K. Tanaydēn 
Tunceli Üniversitesi Mühendislik Fakü Tunceli-Türkiye. 

N. Demirkēran, A. Ekmekyapar 
-Türkiye. 
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Oksitli bakēr cevherlerinden bakēr ¿retimi 
bazē avantajlarēndan dolayē hidrometalurjik 
yºntemler kullanēlarak ger­ekleĸtirilmektedir 
(Tanaydēn,2010). Li­ ­ºzeltisine alēnan bakēr 
nispeten basit bir yºntem olan sementasyon 
yºntemi kullanēlarak olduk­a y¿ksek bir 
verimle kazanēlabilir (Demirkēran vd., 2007; 
Demirkēran ve K¿nk¿l, 2011; Ekmekyapar 
vd., 2012). Ancak i­erdiĵi safsēzlēklardan 
dolayē kazanēlan bakērēn ilave iĸlemlere tabi 
tutulmasē gerekir. Solvent ekstraksiyonu 
yºnteminde ise bakēra se­ici olan maddeler 
yardēmēyla bakēr iyonlarē hēzlē ve etkili bir 
ĸekilde ­ºzeltiden kazanēlabilir ve sēyērma 
iĸleminden sonra olduk­a saf bir ­ºzelti elde 
edildiĵinden doĵrudan elektroliz yoluyla 
metalik bakēr ¿retilebilir (Jergensen, 1999; 
Komulainen et al., 2006; Ekmekyapar vd., 
2012). 

Bu ­alēĸmada, bir yaĵ asidi olan oleik 
asidin sulu ­ºzeltilerden bakēr iyonlarēnēn 
solvent ekstraksiyonu ile kazanēlmasēnda 
ekstraktant olarak kullanēlabilirliĵi 
incelenmiĸtir. 

2 DENEYSEL ¢ALIķMA 

Deneysel ­alēĸmada, bakēr iyonlarē i­eren sulu 
­ºzeltiler CuSO4.5H2O ve saf su kullanēlarak 
hazērlanmēĸtēr. Ekstraktant olarak oleik asit, 
­ºz¿c¿ olarak ise toluen, benzen, ksilen, n-
hekzan, kerosen kullanēlmēĸtēr. Deneyler 100 
mL hacimli cam balonlarda sabit sēcaklēkta 
yapēlmēĸtēr. ¢ºzeltilerin karēĸtērēlmasēnda 
manyetik karēĸtērēcē kullanēlmēĸtēr. 
Ekstraksiyon deneyleri, baĸlangē­ pH deĵeri 
ve deriĸimi bilinen Cu2+ i­eren ­ºzeltinin 20 
mL'lik kēsmēnēn cam balona konulmasē, oleik 
asit/­ºz¿c¿ oranē bilinen organik fazēn bu 
­ºzelti ¿zerine eklenmesi ve belirli s¿relerde 
iki fazēn yoĵun bir ĸekilde karēĸtērēlarak temas 
ettirilmesi ĸeklinde yapēlmēĸtēr. Her iĸlem 
sonunda balondaki karēĸēm bir ayērma 
hunisine alēnarak fazlarēn ayrēlmasē 
saĵlanmēĸtēr. Daha sonra sulu fazda kalan 
bakēr iyonlarē miktarē kompleksometrik 
titrasyonla belirlenerek sulu fazdan organik 
faza ge­en bakēr miktarē hesaplanmēĸtēr. 
¢ºz¿c¿ t¿r¿, sēcaklēk, organik faz/sulu faz 
oranē, karēĸtērma hēzē ve baĸlangē­ pH 
deĵerinin bakēr kazanēlmasē ¿zerine olan 
etkileri incelenmiĸtir. 

3 SONU¢LAR VE TARTIķMA 

3.1 Çözücü Türünün Etkisi 
Solvent ekstraksiyonuyla sulu ­ºzeltilerden 
metal iyonlarēnēn kazanēlmasēnda kullanēlan 
ekstraktant maddeler genellikle organik 
­ºz¿c¿ler yardēmēyla seyreltilirler.  Bu 
­alēĸmada uygun ­ºz¿c¿n¿n belirlenmesi i­in 
toluen, benzen, n-hekzan, ksilen ve kerosen 
gibi organik ­ºz¿c¿ler kullanēlarak bazē 
deneyler yapēlmēĸtēr.  Bu deneylerde oleik 
asit/­ºz¿c¿ oranē 1/9 mL/mL, organik 
faz/sulu faz oranē 3/20 mL/mL, sēcaklēk 35 
oC, karēĸtērma hēzē 1000 rpm, baĸlangē­ pHôsē 
5.2 ve temas s¿resi 2 saat deĵerlerinde sabit 
tutulmuĸtur. Bu deneylerden elde edilen 
sonu­lar ķekil 1ôde gºsterilmiĸtir. ķekilden 
gºr¿ld¿ĵ¿ gibi, bir solvent kullanēldēĵē zaman 
bakēr ekstraksiyon verimleri birbirine olduk­a 
yakēn ­ēkmēĸtēr. Ayrēca bir solvent kullanēldēĵē 
zaman bakēr ekstraksiyon veriminin y¿ksek 
olmadēĵē, sadece oleik asit kullanēldēĵē zaman 
ise daha y¿ksek bir ekstraksiyonu verimine 
ulaĸēldēĵē ķekil 1ôden anlaĸēlmaktadēr. Solvent 
olarak ksilen kullanēlan deneyde %12ôlik bir 
ekstraksiyonu verimine ulaĸēlmēĸken, ­ºz¿c¿ 
kullanēlmadēĵē yani sadece oleik asidin 
kullanēldēĵē aynē deneysel ĸartlarda ise 
%61ôlik bir ekstraksiyonu verimi elde 
edilmiĸtir. Herhangi bir ­ºz¿c¿n¿n 
kullanēlmadēĵē deneylerde daha y¿ksek 
ekstraksiyon verimlerine ulaĸēldēĵēndan 
sonraki deneyler sadece oleik asit kullanēlarak 
yapēlmēĸtēr. 

3.2 Faz Oranēnēn Etkisi 
Organik faz/sulu faz (oleik asit/­ºzelti) 
oranēnēn ekstraksiyon verimine etkisini 
incelemek i­in 1.5/20, 2.0/20, 2.5/20, 3.0/20, 
4.0/20, 5.0/20, 6.0/20 mL/mL oranlarēnda 
deneyler yapēlmēĸtēr. Bu deneyler yapēlērken 
sēcaklēk 35 oC, baĸlangē­ pHôsē 5.2, karēĸtērma 
hēzē 1000 rpm ve temas s¿resi 2 saat 
deĵerlerinde sabit tutulmuĸtur. Organik 
faz/sulu faz oranēnēn ekstraksiyon verimine 
etkisi ķekil 2'de gºsterilmiĸtir. Bu ĸekilden 
gºr¿leceĵi gibi sabit sulu faz oranēnda artan 
oleik asit miktarē ile ekstrakte edilen bakēr 
miktarē artmaktadēr. 3.0/20 mL/mL oleik 
asit/­ºzelti oranē sonraki ­alēĸmalarda 
uygulanmēĸtēr. 
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ķekil 1. ¢ºz¿c¿ t¿r¿n¿n bakēr 
ekstraksiyonuna etkisi 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
ķekil 2. Organik faz/sulu faz oranēnēn bakēr 
ekstraksiyonuna etkisi 

 

Sēcaklēĵēnēn bakēr ekstraksiyon verimi ¿zerine 
etkisi 24, 30, 35, 40 ve 45 oC deĵerlerinde 
incelenmiĸtir. Bu deneylerde organik faz/sulu 
faz oranē 3/20, baĸlangē­ pHôsē 5.2, karēĸtērma 
hēzē 1000 rpm ve temas s¿resi 2 saat 
deĵerlerinde sabit olarak alēnmēĸtēr. Elde 
edilen veriler ķekil 3'de gºsterilmiĸtir. Bu 
ĸekilden gºr¿ld¿ĵ¿ gibi 35 oCôde maksimum 
ekstraksiyon verimine ulaĸēlmēĸtēr. 
 
 
 

 

 

 

 

 

 

 
ķekil 3. Sēcaklēĵēn bakēr ekstraksiyonuna 
etkisi 

3.4  

Solvent ekstraksiyonunda sulu ve organik 
fazēn etkili bir ĸekilde karēĸtērēlmasē, sulu 
fazdan organik faza k¿tle transferini 
kolaylaĸtērmak suretiyle, ekstrakte edilen iyon 
miktarēnēn artmasēnē saĵlayabilir. Bu sebepten 
yeterli bir karēĸtērma hēzēnēn saĵlanmasē 
gerekir. Oleik asit kullanarak sulu fazdan 
bakēr iyonlarēnēn ekstraksiyon verimine 
karēĸtērma hēzēnēn etkisi 550, 650, 750, 850, 
1000 rpm deĵerlerinde incelenmiĸtir. Bu 
deneylerde sēcaklēk 35 oC, baĸlangē­ pHôsē 
5.2, organik faz/sulu faz oranē 3/20 ve temas 
s¿resi 2 saat deĵerlerinde sabit tutulmuĸtur. 
Karēĸtērma hēzēna ait deney sonu­larē ķekil 
4'de verilmiĸtir. Bu ĸekilden gºr¿leceĵi gibi 
karēĸēmēn karēĸtērēlma hēzēnēn artmasēyla sulu 
fazdan oleik asit fazēna transfer edilen bakēr 
iyonlarē miktarēnda artēĸ olmaktadēr. 
 

 

 

Bakēr ekstraksiyonu ¿zerine sulu fazēn 
baĸlangē­ pH deĵerinin etkisi 3.6, 4, 4.56, 5, 
5.2 ve 5.58 deĵerlerinde incelenmiĸtir. Bu 
grup deneylerde organik faz/sulu faz oranē 
3/20, sēcaklēk 35oC, karēĸtērma hēzē 1000 rpm 
ve temas s¿resi 2 saat deĵerlerinde sabit 
tutulmuĸtur.  Yapēlan deneylerden elde edilen 
sonu­lar ķekil 5'te gºsterilmiĸtir. Bu ĸekilden 
pH 5.2 deĵerinde yapēlan deneyden elde 
edilen ekstraksiyon veriminin maksimum 
olduĵu gºr¿lmektedir. 
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ķekil. 4 Karēĸtērma hēzēnēn bakēr 
ekstraksiyonuna etkisi 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
ķekil 5. Baĸlangē­ pH deĵerinin bakēr 
ekstraksiyonuna etkisi 

 
Deneyler sonunda ­ºz¿c¿ kullanēldēĵē 

durumda bakēr kazanma veriminin d¿ĸ¿k 
olduĵu buna karĸēn sadece oleik asit 
kullanēldēĵēnda ise sulu fazdan ekstrakte 
edilen bakēr miktarēnēn daha y¿ksek olduĵu 
belirlenmiĸtir. Oleik asit miktarē ve karēĸtērma 
hēzēnēn artmasē ile bakēr kazanma veriminin 
arttēĵē gºzlenmiĸtir. Sēcaklēĵēn 35 ÁCôye kadar 
artmasēyla ekstraksiyon veriminin 
maksimuma ulaĸtēĵē bu sēcaklēktan daha 
y¿ksek sēcaklēk deĵerlerinde ise verimin 
azaldēĵē belirlenmiĸtir. Optimum baĸlangē­ pH 
deĵerinin ise sulu ­ºzeltinin orijinal pH 
deĵerinin olduĵu tespit edilmiĸtir. Elde edilen 
bulgulara gºre oleik asidin sulu ­ºzeltilerden 
bakēr iyonlarēnēn kazanēlmasēnda ekstraktant 
olarak kullanēlabileceĵi ifade edilebilir. 

¢alēĸmalarēmēzēn devamēnda farklē 
kaynaklardan temin edilen oksitli bakēr 

cevherinin li­ edilmesiyle elde edilecek olan 
ger­ek li­ ­ºzeltilerinden oleik asit, diĵer yaĵ 
asitleri ve end¿striyel olarak uygulanmakta 
olan ekstraktantlar kullanēlarak bakēr 
kazanēlmasēna yºnelik ­alēĸmalar 
ger­ekleĸtirilecektir. 

KAYNAKLAR 
Biswas, A.K., Davenport, W.G., (1994). Extractive 

Metallurgy of Copper, Pergamon Press, Oxford, 
England. 

Demirkēran, N., Ekmekyapar, A., K¿nk¿l, A., 
Baysar, A., (2007). A kinetic study of copper 
cementation with zinc in aqueous solutions, 
International Journal of Mineral Processing, 82, 
p.80-85. 

Demirkēran, N., K¿nk¿l, A., (2011). Recovering of 
copper with metallic aluminum, Transactions of 
Nonferrous Metals Society of China 21, p.2778-
2782. 

Ekmekyapar, A., Tanaydēn, M., Demirkēran, N., 
(2012). Investigation of copper cementation 
kinetics by rotating aluminum disc from the leach 
solution containing copper ions, Physicochemical 
Problems of Mineral Processing, 48, p.355-367. 

Fatibello-Filho, O., Trofino, J.C., Neves, E.F.A., 
(1986). Effect of temperature on the extraction of 
Cu(II) by oleic acid, Analytical Letters, 19, 
p.1705-1712. 

Flett, D.S., Okuhara, D.N., Spink, D.R., (1973). 
Solvent extraction of copper by hydroxy oximes. 
Journal of Inorganic and Nuclear Chemistry, 35, 
p.2471-2487. 

Habashi, F., (1997). Handbook of Extractive 
Metallurgy, Wiley-VCH, Weinheim. 

Haron, M.J., Jahangirian, H., Silong, S., Yusof, 
N.A., Kassim, A., Moghaddam, R.R., Peyda, M., 
Abdollahi, Y., Amin, J., Gharayebi, Y., (2012). 
Copper extraction by fatty hydroxamic acids 
derivatives synthesized based on palm kernel oil, 
Journal of Oleo Science, 61, p.189-195. 

Jergensen, G.V., (1999). Copper Leaching, Solvent 
Extraction, and Electrowinning Technology, 
Society for Mining, Metallurgy, and Exploration, 
Littleto, USA. 

Komulainen, T., Pekkala, P., Rantala, A., Jªmsª-
Jounela, S.-L., (2006). Dynamic modelling of an 
industrial copper solvent extraction process, 
Hydrometallurgy, 81, p.52-61. 

Marcus, Y., Sen Gupta, A.K., (2001). Ion Exchange 
and Solvent Extraction: A Series of Advances, 
Marcel Dekker. 



971

23rd International Mining Congress & Exhibition of Turkey Å 16-19 April 2013 ANTALYA

Navarro, P., Alguacil, F.J., (1999). Extraction of 
copper from sulphate solutions by LIX 864 in 
Escaid 100, Minerals Engineering 12, p.323-327. 

Sole, K.C., Hiskey, J.B., (1995). Solvent extraction 
of copper by Cyanex 272, Cyanex 302 and 
Cyanex 301, Hydrometallurgy 37, p.129-147. 

Suhendra, D., Pei Yeen, K., Jelas Haron, M., Silong, 
S., Basri, M., Wan Yunus, W.M.Z., (2005). 
Copper ion extraction by a mixture of fatty 
hydroxamic acids synthesized from commercial 
palm olein, Solvent Extraction and Ion Exchange 
23, p.713-723. 

(2010). Oksitli Bakēr Cevherlerinden 
Bakēr Üretimi, Yüksek Lisans Tezi, 
Üniversitesi, Malatya. 

Voropanova, L.A., Yakovleva, V.N., (2005). 
Extraction kinetics of copper ions from aqueous 
solutions with a mixture of oleic acid and 
triethanolamine, Russian Journal of Applied 
Chemistry, 78, p.1775-1778. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



972



973

23rd International Mining Congress & Exhibition of Turkey Å 16-19 April 2013 ANTALYA

¥ZET:  Bu ­alēĸmada, d¿ĸ¿k tenºrl¿ cevherlerinden altēn ¿retimi i­in siyan¿rleme ve tiyo¿re 
yºntemlerinin karĸēlaĸtērēlmasē ama­lanmēĸtēr. 
Deneysel ­alēĸmalar, T¿rkiyeônin Doĵu Karadeniz Bºlgesinde bulunan G¿m¿ĸhane-Kaletaĸ 
altēn cevheri ºrnekleri kullanēlarak yapēlmēĸtēr. Bu cevherin yapēsal ºzelliklerinin doĵrudan 
siyan¿rlemeye uygun olmadēĵē ve en iyi sonu­larēn elde edildiĵi en uygun koĸullarda bile 
y¿ksek siyan¿r t¿ketim deĵerlerine raĵmen ºz¿tleme veriminin (%66,7) d¿ĸ¿k olduĵu 
gºr¿lm¿ĸt¿r.   
Doĵrudan ºz¿tleme ve CIL (¥z¿tlemede Karbon) s¿re­leri kullanēlarak tiyo¿re ­ºzeltisi ile 
altēn ºz¿tlenmesi ¿zerine kavurmanēn etkisi araĸtērēlmēĸtēr. CIL s¿reci uygulandēĵēnda en 
uygun ºz¿tleme koĸullarēnda altēn ºz¿tleme verimi (%90,75) en y¿ksek deĵere ulaĸmēĸtēr.  
 
 
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 G¿m¿ĸhane-
Kaletaĸ 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. 
 
 
 
 
 
 
 

Refrakter Bir Altēn Cevherinden Altēnēn ¥z¿tlenmesinde 
Siyan¿rleme ve Tiyo¿re Yºntemlerinin Karĸēlaĸtērēlmasē 
The Comparison of Cyanidation and Thiourea Methods for Gold 
Leaching from a Refractory Gold Ore 

N.Gºnen T.¥l­er 
Eskiĸehir Osmangazi ¦niversitesi, Metalurji ve Malzeme M¿hendisliĵi Bºl¿m¿, Eskiĸehir 
U.Selengil, O.S.Kabasakal 
Eskiĸehir Osmangazi ¦niversitesi, Kimya M¿hendisliĵi Bºl¿m¿, Eskiĸehir 
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Altēn ºz¿tleme veriminin y¿ksek olmasē, 
aktif karbon ¿zerine etkili soĵurulmasē, 
ºz¿tleme kimyasē ve mekanizmasēnēn ­ok iyi 
biliniyor olmasē gibi nedenlerle g¿n¿m¿zde 
ºzellikle d¿ĸ¿k tenºrl¿ ve k¿­¿k tane 
boyutlu altēn i­eren epitermal cevherlerden 
altēn ve g¿m¿ĸ eldesinde yaygēn olarak 
siyan¿r kullanēlmaktadēr (¥rg¿l et al., 2002). 
 Siyan¿rle ºz¿tleme yºnteminin t¿m 
¿st¿nl¿kleri yanēnda, zararlē ­evresel 
etkileri, y¿ksek pH deĵerinde ­alēĸma 
gereĵi, yavaĸ ºz¿tleme kinetiĵi ve refrakter 
altēn cevherlerinde ºz¿tleme veriminin 
d¿ĸ¿k olmasē gibi nedenlerle siyan¿re 
alternatif ­ºz¿c¿ler ¿zerinde araĸtērmalar 
yapēlmaktadēr. 
     Son yēllarda t¿m D¿nyaôda artan ­evre 
duyarlēlēĵē da dikkate alēnarak siyan¿rlemeye 
alternatif olarak; tiyo¿re, tiyos¿lfat, 
tiyosiyanat, organik nitriller, asit ve 
halojenlerle (klor, brom ve iyot) ºz¿tleme, 
bakteriyel ºz¿tleme gibi yeni yºntem ve 
s¿re­lerin geliĸtirilmesi konusunda yoĵun 
araĸtērmalar yapēlmaktadēr (Smith et al., 
1991; T¿kel et al., 1996; Gºnen et al., 2004; 
Tanrēverdi et al., 2005; Kuzug¿denli vd., 
1999). Altēn ­ºz¿nd¿rme sistemleri ile ilgili 
bazē bilgiler ¢izelge 1ôde verilmiĸtir 
(Woodcock, 1988). 

Siyan¿re alternatif olarak araĸtērēlan 
kimyasal maddeler arasēnda tiyo¿re (NH2-
CS-NH2) ­ºzeltiye alma kinetiĵinin ­ok daha 
hēzlē olmasē, daha az zehirli olmasē ve 
ortamdaki diĵer iyonlardan daha az 
etkilenmesi gibi nedenlerden dolayē ºne 
­ēkmaktadēr. ¥zellikle altēn ve g¿m¿ĸ i­eren, 
refrakter ve k¿k¿rtl¿ cevherlerden kēymetli 
metallerin kazanēmēnda, siyan¿re alternatif 
olarak tiyo¿renin kullanēlabilirliĵi 
araĸtērmalarēnda umut verici sonu­lar 
alēnmaktadēr (Gºnen et al., 2007). 

Cevherlerden tiyo¿re (TU) ile altēn 
kazanēmē; kērma, ºĵ¿tme, katēdan ºz¿tleme, 
aktif karbona y¿zey soĵurma, geri sēyērma, 
­inko ile ­ºkt¿rme ve elektroliz gibi 
siyan¿rleme yºnteminde de kullanēlan 
benzer s¿re­leri kapsamaktadēr.  

 
¢izelge 1. Altēn ­ºz¿nd¿rme sistemleri  

 
¥z¿tleme 
Reaktifi 

Kullanēlan 
Y¿kseltgen 

¢ºzeltideki 
Altēn 

Kompleksi 

En 
Uygun 

pH 
Bazik Sistemler 

Siyan¿r O2 Au(CN)2
- pH>10 

Amonyak-
Siyan¿r 

O2 Au(CN)2
- pH>10 

Organik 
nitriller 

O2 Au[CH(CN)2]2
-  pH>7 

Bazik 
siyanoform 

O2 Au[C(CN)3]2
3- pH>10 

Kalsiyum 
siyanamid 

O2 Au(NCN)2
3- pH>10 

Nºtral Sistemler 
Tiyos¿lfat O2 Au(S2O3)2

3- pH>7 
Bromosiyanid Br, CN Au(CN)2

- pH=7 
Brom Br2 AuBr4

- pH=7 
Asidik Sistemler 

Klor Cl2 AuCl4
- pH<2 

Demir klor¿r Fe 3+ AuCl4
- pH<2 

Kral suyu HNO3 AuCl4
- pH<2 

Tiyosiyanat Fe 3+, H2O2 Au(SCN)4
- pH<3 

Tiyo¿re Fe 3+, H2O2 Au[CS(NH2)2]2
+ pH=1-2 

 
Her iki yºntem arasēndaki temel farklēlēk;
katēdan ºz¿tleme aĸamasēnda ºz¿tleyici 
olarak siyan¿r ya da tiyo¿re ­ºzeltisi 
kullanēlmasēdēr. 

Siyan¿rlemede; bazik ortamda anyonik 
kompleks oluĸurken tiyo¿re ile ºz¿tlemede 
asidik ortamda katyonik kompleks oluĸur. 
 
Siyan¿rleme: 
  
4Au + 8CN- + O2 + 2H2O " 4Au(CN)2

- + 4OH- 

 
Tiyo¿re ile ºz¿tleme: 
 
Au + 2TU + Fe3+ " Au(TU)2

+   +Fe 2+ 
 
 Siyan¿rlemede; y¿kseltgeyici olarak hava 

oksijeni bile yeterli olurken, tiyo¿re ile 
ºz¿tlemede ise sistem i­inde doĵal olarak 
bulunacak formamidin dis¿lf¿r yanēnda, 
demir (III) s¿lfat, H2O2, ozon, gibi daha 
g¿­l¿ y¿kseltgen maddelerin kullanēlmasē 
gerekmektedir. Organik bir bileĸik olan 
tiyo¿re suda kolay ­ºz¿n¿r ve kararlē 
formunu y¿kseltgen olmayan asidik 
ortamlarda koruyabilir (Gºnen et al., 2007; 
Li et al., 2002). 
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Katē-sēvē ºz¿tleme yºntemine dayanan ve 
¿­ farklē ĸekilde geliĸtirilen s¿re­lerden CIP 
(Carbon In Pulp)ôda ºz¿tleme iĸleminin 
tamamlanmasēndan sonra bulama­ (pulp) 
i­ine yaklaĸēk 1-3 mm boyutlu aktif karbon 
ilave edilerek sēvē fazdaki altēn aktif 
karbonun gºzenekli y¿zeyinde 
soĵurulmaktadēr. CIL (Carbon In Leach) 
s¿reci cevherlerde bulunabilecek humuslu 
organik maddeler ile kil minerallerinin 
etkisiyle sēvē fazdaki altēnēn zamanla artēk 
katē faz y¿zeyine geri soĵurulmasē 
durumlarēnda uygulanmaktadēr.  Bu s¿re­te, 
aktif karbon ºz¿tleme sērasēnda sisteme 
verilerek ­ºz¿nme ve y¿zey soĵurma eĸ 
zamanlē olarak aynē karēĸtērma tankēnda 
ger­ekleĸtirildiĵinden ekonomik a­ēdan 
tasarruf da saĵlanmaktadēr.  CIC (Carbon In 
Column or Carbon In Clear Solution) s¿reci 
ise yēĵēn ºz¿tlemede olduĵu gibi, katē artēk 
ve ºz¿tleme ­ºzeltisinin ayrē ayrē elde 
edilebildiĵi durumda kullanēlmakta, 
ºz¿tleme ­ºzeltisi, i­inde aktif karbon 
bulunan y¿zey soĵurma kolonlarēndan 
ge­irilerek i­erdiĵi altēn aktif karbon 
tarafēndan tutulmaktadēr.   

Bu s¿re­lerin son aĸamasēnē, altēn y¿kl¿ 
aktif karbonlarēn uygun bir sulu ­ºzelti ile 
geri soĵurulmasē (desorption) oluĸturmakta 
ve geri soĵurma sonucunda baĸlangē­taki 
ºz¿tleme ­ºzeltisinin altēn deriĸiminin 
yaklaĸēk 1000 kat zenginleĸmesi 
saĵlanabilmektedir (Bayraktar, 1995; T¿mer, 
1993). 

Altēnēn analizi, altēnēn ilk bulunduĵu 
duruma baĵlē olarak ¿­ ĸekilde yapēlēr.  Filiz 
ve cevherlerde ñateĸ analiziò; metal¿rjik 
alaĸēmlarda ñkupelasyonò yºntemleri 
kullanēlēr.  ¢ºzeltilerde ise organik 
­ºz¿c¿lerle ºz¿tleme yºntemleri 
kullanēlarak ICP (Ķnd¿ktif Eĸleĸmiĸ Plazma) 
ya da AAS (Atomik Absorpsiyon 
Spektroskopisi) ôde altēn analizi 
yapēlmaktadēr (Gºnen et al., 2007). 

 

2 DENEYSEL ¢ALIķMALAR 
¦lkemizde G¿m¿ĸhane - Kaletaĸ cevheri 

ile yapēlan ilk ­alēĸmalar MTA tarafēndan 
1999 yēlēnda ger­ekleĸtirilmiĸtir. Yapēlan bu 
­alēĸmada cevhere doĵrudan siyan¿rleme 
yºntemi uygulanarak 48 saat ºz¿tleme s¿resi 
sonunda ancak % 66,76ôlik altēn ºz¿tleme 
verimi elde edilmiĸtir. Teknolojik a­ēdan bu 
verimin yeterli olmadēĵē gºr¿lm¿ĸt¿r. 
Verimin d¿ĸ¿k ­ēkmasēnēn nedeni; 
cevherdeki altēnēn bir kēsmēnēn arsenik, 
k¿k¿rt ve demir gibi siyan¿rlemede sorun 
yaratan elementlerle kenetlenmiĸ bir yapēda 
olmasē ile a­ēklanmēĸtēr (Gºnen vd., 1999).  

MTA tarafēndan daha sonra yapēlan 
deneysel ­alēĸmada ise aynē cevher ¿zerinde 
kavurmanēn etkisi araĸtērēlmēĸtēr. Cevhere 
5500Côda kavurma ºn iĸlemi uygulanmēĸ 
sonrasēnda siyan¿rleme yºntemi ile 
%79,70ôlik altēn ºz¿tleme verimi elde 
edilmiĸtir. Aynē zamanda kavurma iĸlemi ile 
doĵrudan siyan¿rlemede kullanēlan NaCN ve 
Ca(OH)2 miktarlarēnda da azalma 
saĵlanmēĸtēr (Oktay vd., 2001).  

Bu ­alēĸmalara ait deney koĸullarē ve elde 
edilen sonu­lar ¢izelge 2ôde verilmiĸtir.  

 
¢izelge 2. Siyan¿rleme deneylerinin 
sonu­larē 

 
  

Siyan¿rleme 
Kavurma 

+ 
Siyan¿rleme 

Kavurma sēcaklēĵē 
(oC) 

- 550 

Katē/Sēvē oranē 
(g/ml) 

1/1,5 1/1,5 

NaCN t¿ketimi  
(kg/ton cevher) 

6,20 4,63 

Ca(OH)2 t¿ketimi  
(kg/ton cevher) 

8,23 2,85 

pH Ó 10,5 Ó 10,5 
¥z¿tleme s¿resi 
(saat) 

48 48 

Altēn ºz¿tleme 
verimi (%) 

66,76 79,70 
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G¿m¿ĸhane - Kaletaĸ cevherinden altēn 
ºz¿tlenmesinde siyan¿rlemeye alternatif 
olarak tiyo¿re ­ºzeltisi kullanarak yapmēĸ 
olduĵumuz deneysel ­alēĸmalarda ºnce 
cevhere doĵrudan tiyo¿re ile ºz¿tleme 
uygulanarak %66,73ôlik bir altēn ºz¿tleme 
verimi elde edilmiĸtir. Bu durumda bulunan 
en uygun koĸullar temel alēnarak ortama 
aktif karbon ilave edilerek yapēlan CIL 
(Carbon in Leach) s¿reci deneyleri 
sonucunda altēn ºz¿tleme verimi %74,94ôe 
y¿kselmiĸtir. Bu ­alēĸmalara ait deney 
koĸullarē ve elde edilen sonu­lar ¢izelge 
3ôde verilmiĸtir.  
  
¢izelge 3. Tiyo¿re ile ºz¿tleme deneyi 
sonu­larē 

  
 
 
 

 
Tiyo¿re ile 
ºz¿tleme 

Tiyo¿re 
+ 

CIL 
Aktif Karbon miktarē 
(kg/ton cevher) 

- 50 

Katē/Sēvē oranē (g/ml) 1/2 1/2 
Tiyo¿re t¿ketimi  
(kg/ton cevher) 

15,2 15,2 

Fe2(SO4)3.x H2O t¿ketimi  
(kg/ton cevher) 

140,9 140,9 

H2SO4 t¿ketimi  
(kg/ton cevher) 

46,2 46,2 

pH 1,5 1,5 
¥z¿tleme s¿resi (saat) 5 5 
Altēn ºz¿tleme verimi (%) 66,73 74,94 
 
 MTAôda yapēlan siyan¿rleme deneyi 
sonu­larē (¢iz. 2) ile karĸēlaĸtērdēĵēmēzda, 
tiyo¿re kullanēlarak siyan¿rle elde edilen 
altēn ºz¿tleme verimlerine yakēn deĵerler 
elde ediliĵi gºr¿lm¿ĸt¿r. Ayrēca siyan¿rle 
ºz¿tleme iĸleminin 48 saat s¿rd¿ĵ¿ 
d¿ĸ¿n¿ld¿ĵ¿nde bu verime 5 saat ºz¿tleme 
iĸlemi sonunda ulaĸēlmēĸtēr. Ancak altēn 
ºz¿tleme veriminin %75 dolayēnda kalmasē 
ve ºzellikle tiyo¿re, Fe2(SO4)3.xH2O ve 
H2SO4 t¿ketimlerinin y¿ksek olmasē 
ekonomik a­ēdan olumsuzluk 
yaratacaĵēndan, bu t¿r refrakter ºzellik 
gºsteren cevherlerden tiyo¿re yºntemi ile  
altēn kazanēmēnda CIL s¿recinin doĵrudan 
uygulanmasēnēn yeterli olmayacaĵē 
gºr¿lm¿ĸt¿r (Gºnen et al., 2007).   

Bu nedenle yapēlan ­alēĸmanēn devamēnda 
cevhere 5500Côda kavurma ºn iĸlemi 
uyguladēktan sonra tiyo¿re ile ºz¿tleme 
iĸlemini ger­ekleĸtirilmiĸtir. Bu durumda en 
uygun koĸullarda %82,36ôlēk bir ºz¿tleme 
verimine ulaĸmēĸlardēr. Bu durumda bulunan 
en uygun koĸullar temel alēnarak aynē 
kavrulmuĸ cevhere ortama aktif karbon ilave 
edilerek CIL s¿reci uygulandēĵēnda ise 
verim %90,75ôe y¿kselmiĸtir. Bu ­alēĸmalara 
ait deney koĸullarē ve elde edilen sonu­lar 
¢izelge 4ôde verilmiĸtir.  

 
¢izelge 4. Kavrulmuĸ cevhere uygulanan 
tiyo¿re ile ºz¿tleme deneyi sonu­larē 

 
 
 
 

Tiyo¿re 
ile 

ºz¿tleme 

Tiyo¿re 
+ 

CIL 
Kavurma sēcaklēĵē (oC) 550 550 
Aktif Karbon miktarē  
(kg/ton cevher) 

- 50 

Katē/Sēvē oranē (g/ml) 1/2 1/2 
Tiyo¿re t¿ketimi  
(kg/ton cevher) 

18,67 18,67 

Fe2(SO4)3.x H2O t¿ketimi  
(kg/ton cevher) 

51,41 51,41 

H2SO4 t¿ketimi  
(kg/ton cevher) 

77,96 77,96 

pH 1,5 1,5 
¥z¿tleme s¿resi (saat) 2,5 9 
Altēn ºz¿tleme verimi (%) 82,36 90,75 
 

Bu ­alēĸma sonu­larē kavrulmamēĸ 
cevherin tiyo¿re ile ºz¿tlendiĵi deney 
sonu­larē (¢iz. 3) ile karĸēlaĸtērēldēĵēnda, 
altēn ºz¿tleme verimi belirgin ĸekilde artmēĸ 
ve Fe2(SO4)3.x H2O t¿ketiminin azalmēĸtēr. 
Ancak hala reaktif t¿ketimlerinin y¿ksek 
olduĵunu gºr¿lm¿ĸt¿r (Gºnen vd., 2011). 

     
 

Elde edilen sonu­lar ekonomik a­ēdan 
deĵerlendirildiĵinde, refrakter ºzellik 
gºsteren bu t¿r cevherlerden tiyo¿re yºntemi 
ile altēn ¿retiminin ekonomik koĸullarda 
ger­ekleĸtirilebilmesi i­in reaktif 
t¿ketimlerinin azaltēlmasē ve altēn ºz¿tleme 
veriminin y¿kseltilmesi gerekmektedir.  

Son yēllarda ¿zerinde ­alēĸēlan ºz¿tlemede 
karbon (CIL) s¿reci ve ºz¿tleme iĸlemi 
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ºncesi cevhere uygulanacak kavurma gibi 
bir takēm ºn iĸlemlerle bu olumsuzluklarēn 
azaltēlmasēna yºnelik ­alēĸmalar 
yapēlmaktadēr.   

¢evre, bizim ve gelecek nesillerimizin 
¿zerinde yaĸayacaklarē alanlardēr. Tēpkē 
yer¿st¿ kaynaklarē gibi, yeraltē kaynaklarē da 
birer doĵal kaynaktēr ve ¿lkemizin doĵal 
zenginlikleridir. Madencilik ve sanayi 
s¿re­lerinde, olumsuz etkiler en aza 
indirilerek ve alternatif s¿re­ler araĸtērēlarak 
yeraltē servetlerimizin dengeli bir ĸekilde 
toplumun hizmetine sunulmasē ve 
ekonomiye kazandērēlmasē saĵlanmalēdēr.  
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Flotasyonda taneler zenginleĸtirilirken istenmeyen bazē olaylar ger­ekleĸir. Bu 
olaylardan biriside ince gang minerallerinin su ile taĸēnmasēdēr. Su ile taĸēnēm (entrainment) 
konsantre tenºr¿n¿n azalmasēna neden olur. Kºp¿k flotasyonunda temel ama­, minimum 
gang kirlenmesi ile maksimum verim elde etmektir. 

Bu ­alēĸmada, sadece saf hidrofilik (kalsit) ve hidrofobik (talk)-hidrofilik (kalsit) 
minerallerinin karēĸēmē (3:1 oranēnda) ile bir grup deneyler yapēlmēĸtēr. 5cm ­apēnda 75 cm 
y¿kseklikte olan kolon h¿cresinde su ve katē verimleri hesaplanmēĸ,  tane boyutunun 
performansa etkisi incelenmiĸtir. Ķri taneler hēzlē bir ĸekilde kºp¿k fazēndan ayrēldēĵēndan az 
miktarda su ile kazanēlmakta ince taneler ise su ile s¿r¿klenmektedirler. Tane boyutu arttēk­a 
katē verimi azalmakta su verimi artmaktadēr. 

Kirjevainen Modeli (1989) yardēmēyla, su ile s¿r¿klenme faktºr¿ (Pi) hidrofilik taneler 
i­in hesaplanmēĸ, kolon flotasyon h¿crelerinde tane boyutuna baĵlē olarak s¿r¿klenme 
faktºrleri belirlenmiĸtir. Ķnce boyutlarda gangēn s¿r¿klenme oranēnēn fazla olmasē y¿zen 
¿r¿n¿n tenºr¿n¿ de olumsuz ĸekilde etkilemiĸtir. 

 
 

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.  

Mineral Tane Boyutunun Su ile Taĸēnēma ve Kolon Flotasyonu 
Performansēna Etkisi 
Effect of Mineral Particle Size on the Entrainment and Column 
Flotation Performance 
 
H. Kurĸun, Z. Duran, E. Satēcē, N. Ak­i­ek, M. ¢if­i, T. Kēlēn­ 
Cumhuriyet ¦niversitesi Sivas Meslek Y¿ksekokulu, Sivas 



980

 
 

Tanelerin konsantreye taĸēnmasē, temel 
olarak hava kabarcēĵēna baĵlanma ve 
konsantreye taĸēnan su i­inde sistemdeki 
akēĸ hareketlerinden kaynaklanan taĸēnma 
(entrainment) olmak ¿zere iki ºnemli 
mekanizma da ger­ekleĸir. Hidrofobik ve 
hidrofilik taneler arasēndaki ēslanabilirlik 
farkēndan faydalanēlarak ayrēm 
yapēlmaktadēr. Hidrofobik taneler i­in bu iki 
mekanizma birlikte ger­ekleĸirken, hidrofilik 
taneler i­in sadece su ile taĸēnēm 
ger­ekleĸmektedir.  Ancak hidrofilik 
tanelerin ne kadarēnēn hava kabarcēklarē ile 
taĸēndēĵē tespit edilmesine raĵmen 
hidrofobik tanelerin su ile s¿r¿klenen 
miktarē kesin olarak tespit edilememektedir. 
Hidrofobik tanelerin su ile taĸēnēmēnēn 
belirlenmesi i­in farklē yaklaĸēmlar 
kullanēlarak ­eĸitli modeller geliĸtirilmiĸtir 
(Warren 1985, Ross 1990). 

G¿lsoy ve diĵ., (1995), su ve hidrofobik 
katē kazanēmē arasēnda bir iliĸkinin olduĵunu  
belirleyerek, mekanistik bir modelin temelini  
oluĸturmuĸlardēr.  Ger­ek flotasyonda  boyut 
k¿­¿ld¿k­e su ile taĸēnan malzeme miktarē 
artar. Ķdeal flotasyon ortamēnda serbest 
haldeki hidrofilik tanelerin hava kabarcēĵēna 
tutunarak konsantreye taĸēnmalarē m¿mk¿n 
olmamaktadēr. Fakat uygulamada tane boyu 
k¿­¿ld¿k­e hidrofilik tanelerinde 
konsantreye su ile taĸēndēĵē yapēlan 
­alēĸmalar sonucunda gºr¿lm¿ĸt¿r 
(Fuerstenau ve Yamada, 1962; Jameson ve 
diĵ., 1977; Trahar, 1981; Subrahmanyam ve 
Forsberg, 1988; Smith ve Warren, 1989; 
Johansson ve Pugh, 1992).  

Ķnce tanelerin konsantreye taĸēnmasēnda 
­ok ºnemli etkisi olan su ile taĸēnēm ilk 
olarak Jowett (1966) tarafēndan incelenmiĸ, 
konsantredeki serbest gang deriĸimi ile p¿lp 
i­erisinde ki serbest gang deriĸimi arasēnda 
bir iliĸki olduĵunu belirtilmiĸtir. Johnson ve 
diĵ., (1974) bir pilot tesiste su ile kazanēmēn 
deneysel ­alēĸmalara baĵlē olarak su kazanēm 

hēzē ve sēnēflanma fonksiyonunu kullanarak 
bir model ºnermiĸler, su ve katē verimleri 
arasēnda parobolik bir iliĸki olduĵunu 
belirtmiĸler, sēnēflandērma fonksiyonunu 
(CF) Eĸitlik 1ôde belirtildiĵi gibi 
tanēmlamēĸlardēr. 
 (CF)=

DerisimiGangSerbestP¿lpteki
DerisimiGangSerbesteKonsantred       (1) 

Bisshop ve White (1976), tanelerin kalma 
zamanēna baĵlē olarak sēnēflanma 
fonksiyonunu bir modele baĵlamēĸlardēr. 
Engelbrect ve Woodburn (1975) pirit 
flotasyonunda silikat minerallerinin hava 
hēzē ve kºp¿k y¿ksekliĵinin su ile taĸēnēm 
¿zerine etkisini incelemiĸler, su ve gang 
verimi arasēnda parabolik bir iliĸkinin 
olduĵunu belirtmiĸlerdir. 

Flotasyonda hidrofobik ve hidrofilik 
tanelerin taĸēnēmē verim ve se­imlilik 
a­ēsēndan olduk­a ºnemlidir. Verim, 
y¿zmesini istediĵimiz tanelerin fiziksel 
olarak kabarcēk y¿zeyine baĵlanarak 
taĸēnmalarē ile doĵru orantēlēdēr. Se­imlilik, 
su ile kabarcēklar arasēnda taĸēnmasē 
istenmeyen minerallerin ya da gang 
minerallerinin kºp¿kten alēnmasē ile 
doĵrudan iliĸkilidir. Verim ve se­imlilik 
sistem i­erisinde ki mineral ºzelliklerine, 
reaktif t¿rlerine, hava hēzēna, kabarcēk 
boyutuna, kºp¿k derinliĵine ve flotasyon 
kinetiĵi gibi bir­ok parametreye baĵlē 
olmaktadēr. Tanelerin su ile taĸēnēmēnē ve 
kºp¿kten geri s¿z¿lmelerini verim ve tenºr 
a­ēsēndan deĵerlendirilmesi gerekir.   

Hidrofilik tanelerin konsantreye 
taĸēnmasē, kºp¿rt¿c¿ t¿r¿ ve miktarē, reaktif 
t¿r¿ ve miktarē, karēĸtērma hēzē, hava hēzē, 
p¿lpte katē oranē, tane boyutu, tanelerin 
ºzg¿l aĵērlēĵē, kºp¿k derinliĵi, kºp¿k 
sēyērma derinliĵi, kºp¿k sēyērma hēzē ve 
ayrēca flotasyon kolonlarēnda se­ici bir etkisi 
olan yēkama suyu hēzēna baĵlē olmaktadēr 
(Maachar ve Dobby (1992), Tuteja ve diĵ., 
(1995), Tao ve diĵ., (2000a, 2000b), Rahal 
ve diĵ., (2001), Ata ve diĵ., (2002), 
Martinez-Carrillo ve Uribe-Salas, (2008),). 
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Smith ve Warren (1989) tanelerin su ile 
s¿r¿klenmesinin flotasyona etkisini 
a­ēklamēĸlar ve elde edilebilecek tenºr 
y¿kselme oranēnēn, maksimum tenºr 
seviyesine hi­bir zaman ulaĸmadēĵēnē bunun 
nedeni olarak da, su ile s¿r¿klenen ince 
boyuttaki tanelerden kaynaklandēĵēnē 
vurgulamēĸlardēr. 

Flotasyonda kazanēm sadece tanelerin 
hidrofobik ºzelliklerinden dolayē deĵil su ile 
taĸēnēm (entrainment), tuzaklanma 
(entrapment) ince boyuttaki gang 
minerallerinin iri boyuttaki hidrofob minerali 
kaplamasē (slime-coating) ĸeklinde 
saĵlanmaktadēr. Suyun hidrofobik mineral 
kazanēmē yavaĸ ve hēzlē y¿zen malzemelerin 
kinetik parametrelerinin etkisi ile 
ger­ekleĸmektedir. Su ile taĸēnan malzeme 
miktarēnēn belirlenmesinde farklē yºntemler 
geliĸtirilmiĸ, bir­ok araĸtērmacē flotasyonda 
konsantreye su ile taĸēnan minerallerin 
davranēĸēnē ve bu davranēĸ ¿zerinde ­eĸitli 
iĸlem parametrelerinin etkisini tanēmlamak 
amacēyla modelleme ­alēĸmalarē 
yapmēĸlardēr (Engelbrecht ve Woodburn 
(1975), Bisshop ve White (1976), Lynch 
diĵ., (1981), Wark (1981),  Trahar  (1981), 
Warren (1985), Kirjavainen diĵ., 
(1989,1992), Sawassai diĵ., (1998), Ross 
(1990,1991)). 

Woodburn ve diĵ., (1971) tarafēndan, 
hidrofilik tanelerin su ve katē kazanēmē 
arasēndaki iliĸkinin doĵrusal olduĵunu, tane 
boyutu irileĸtik­e bu doĵrusal iliĸkinin su 
kazanēmē eksenini kestiĵi belirtilmiĸtir. 
Trahar ve Warren (1976), kºp¿k zonundaki 
tanelerin su ile taĸēnēmēnē, iki farklē test 
¿zerinde deĵerlendirerek, birinci testte 
toplayēcē ve kºp¿rt¿c¿y¿ birlikte 
kullanmēĸlar ikinci testte ise sadece 
kºp¿rt¿c¿ kullanarak su kazanēmēna karĸē 
katē kazanēmē arasēnda ki iliĸkiyi 
tanēmlamēĸlardēr. Toplayēcē ve kºp¿rt¿c¿n¿n 
birlikte kullanēlmasē sonucu konsantrede 
kazanēlan katē miktarēndan sadece kºp¿rt¿c¿ 
kullanēlmasē sonucu elde edilen katē 

miktarēnēn ­ēkarēlmasē ile ger­ek flotasyonda 
elde edilecek miktarē hesaplamaya 
­alēĸmēĸlardēr. Warren (1985), flotasyon 
s¿resini sabit tutarak sistemdeki diĵer 
parametreleri deĵiĸtirmek suretiyle su ve katē 
kazanēmēna yºnelik ­alēĸmēĸ, elde edilen 
hidrofobik katē kazanēmē farkēnēn su ile 
kazanēldēĵēnē belirtmiĸtir. Kaya ve Laplante 
(1986) yapmēĸ olduklarē ­alēĸmalarēnda, 
yēkama suyu sēcaklēĵēnēn artmasē ile su ile 
s¿r¿klenmede tane miktarēnēn azaldēĵēnē 
belirtmiĸlerdir.  

 Ross (1990), su ve katē kazanēmēnē 
belirlemeye yºnelik ­alēĸmalarēnda flotasyon 
s¿resini uzun tutarak konsantrede ki katē/sēvē 
oranēnēn p¿lpteki katē/sēvē oranēna 
oranlayarak ñTransfer Faktºr¿òn¿ 
tanēmlamaktadēr. Zamana baĵlē olarak 
transfer faktºr¿ arasēnda bir iliĸkinin 
olduĵunu ve oluĸturulan eĵrinin bitiĸ 
kēsmēndan ­izilen teĵetin su ile taĸēnan 
malzeme i­in transfer deĵerini temsil ettiĵini 
belirtmektedir. 

Kirjavainen (1988; 1989), ­eĸitli 
mineraller kullanarak farklē bir yaklaĸēm 
geliĸtirmiĸ, ­alēĸmasēnda bir transfer faktºr¿ 
tanēmlayarak buna baĵlē bir model ºnermiĸ, 
tane k¿tlesine baĵlē olan transfer faktºr¿n¿ 
eĸitlik 2ô de verildiĵi gibi tanēmlamēĸtēr. 

 
P: 1-Dlog(m)                                         (2) 

 
D: Sabit (%2-20) aĵērlēk­a katē i­eren 

p¿lp i­in 0.17 civarēnda), m: Dar tane 
boyutundaki tanelerin ortalama k¿tlesi 
(nanogram) 

Hidrofilik minerallerin taĸēnēmlarē 
arasēnda iliĸkinin doĵrusal olmayacaĵēnē 
belirterek eĸitlik 3ô de ifade edilebilen bir 
model ºnermiĸtir (Kirjavainen (1988; 
1989)). 

)(exp1 WĶĶ RPR --=                                (3) 
 
RĶ  : Hidrofilik malzeme verimi  
PĶ : S¿r¿klenme faktºr¿ 
Rw: Su verimi 
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Hava kabarcēklarēnēn y¿kselmesi ile taneler 
kºp¿ĵe y¿kselirken kabarcēklar arasēnda 
kºp¿ĵe bir miktar su taĸēmaktadēr. Tanelerin 
bir kēsmē kºp¿k fazēnēn i­inden s¿z¿lerek 
tekrar p¿lpe dºner diĵer bir ifadeyle sēvēnēn 
s¿rekli s¿z¿lme eĵilimi tanelerin kabarcēklar 
arasēndan tekrar p¿lpe dºnmelerine neden 
olmaktadēr. Gang partik¿llerinin kºp¿kten 
s¿z¿lmeleri konsantre tenºr¿nde artmaya 
neden olur. Buda kºp¿ĵ¿n su speyi ile 
yēkanmasēyla m¿mk¿n olabilmektedir.  

Bu ­alēĸmada; hidrofilik malzeme olarak 
kalsit, hidrofobik malzeme olarak ta talk 
kullanēlmēĸtēr. -106+75mm, -75+53mm,            
-53+38, -38mm tane boyutunda saf hidrofilik 
(kalsit) ve hidrofobik (talk)-hidrofilik 
(kalsit) minerallerinin karēĸēmē (3:1 
oranēnda) ile bir grup deneyler yapēlmēĸ ve 
tane boyutunun su ile s¿r¿klenme faktºr¿ne 

etkisi incelenmiĸtir. Elde edilen sonu­lar 
Kirjavainen (1988; 1989) 'ēn belirlemiĸ 
olduĵu model ¿zerine uygulanarak 
deĵerlendirilmiĸtir. 

 
2 MALZEME VE Y¥NTEM 
 
2.1 Malzeme 

Sivas-Ulaĸ bºlgesinde G¿lsoy 
Madencilik A.ķ. tarafēndan iĸletilen 
hidrofobik talk, tesisten ­ēkarēldēktan 
sonra 15-20cm b¿y¿kl¿ĵ¿ndeki cevher 
par­alarē ºn iĸlem olarak tavuklama 
(triyaj) ile ayēklanmaktadēr. Deneysel 
­alēĸmalarēmēzda, triyaj ile ayēklamasē 
yapēlmēĸ konsantre talk ve kalsit 
numuneleri kullanēlmēĸtēr. Talkēn ve 
kalsitin kimyasal analiz sonu­larē (X-Ray 
Fluerosans) Tablo 1'de verilmiĸtir. 

 
Tablo1. Deneylerde kullanēlan talk ve kalsitin kimyasal analizi 

Element 
% 

SiO2 MgO CaO Al2O3 Fe2O3 TiO2 K2O MnO P2O5 Cr SO3 K2O Ateĸ 
Zaiyatē (A.Z) 

Talk 63.75 29.55 2.16 0.51 0.51 0.01 0.01 0.023 - 0.0024 - - 7.66 
Kalsit ᾽ 0.01 1.58 54.42 0.03 0.03 - 0.3 - - - 0.03 0.3 43.36 

 
Saflēk derecesi %97.78 olan kalsit BMT 

al­ē tesisinden temin edilmiĸtir. Saf talk ve 
kalsit numunelerimizin yoĵunluklarē 
birbirine ­ok yakēn olduĵundan aynē ºĵ¿tme 
koĸullarē kullanēlmēĸtēr. Tesisten yaklaĸēk 
10-15cm boyutundaki numunelere, ­eneli 
kērēcēda iki aĸamalē kērma iĸlemi uygulanmēĸ, 
malzemenin tamamē ï3.35 mm tane 
b¿y¿kl¿ĵ¿ne kērēlarak 5 kg numuneler 
halinde torbalanmēĸtēr. ¥ĵ¿tme deneylerinde 
bilyalē deĵirmen ve ºĵ¿t¿c¿ ortam olarak 
­elik bilyalar kullanēlmēĸtēr. Numuneler 5 
dak. ºĵ¿t¿ld¿kten sonra 106mmôluk elekten 
elendi ve elek ¿zerinde kalan miktar tekrar  
ºĵ¿t¿ld¿. Bu ĸekilde kontroll¿ ºĵ¿tme 
yapēlarak fazla miktarda ĸlam oluĸmasē 
ºnlenmiĸtir. ¥ĵ¿tme deneyleri sonucunda 
¿r¿n¿n boyut daĵēlēmē belirlemek i­in 
hidrofob ºzelliĵe sahip talk numunesi             
-106+75 mm, -75+53 mm, -53+38 mm,  
 

 
hidrofil kalsit numuneleri -106+75 mm,          
-75+53 mm, -53+38 mm, -38 mm 
boyutlarēnda sēnēflandērēlmēĸtēr. 
Kolon flotasyonu deneylerinde kullanēlan 
ï106 mm talk ve kalsit numunelerinin elek 
analizi sonu­larē ķekil 1ôde verilmiĸtir.  
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ķekil 1. Deneylerde kullanēlan kalsit ve talk 
numunesinin elek analizi 
 

Kºp¿rt¿c¿ miktarē (MIBC- Metil Isobutyl 
Carbinol) : 90g/t, katē oranē:  % 4, hava hēzē:  
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1 cm/sn, besleme hēzē: 400 ml/dak., yēkama 
suyu hēzē: 150 ml/dak., sabit deneysel 
koĸullarēnda ­alēĸēlmēĸtēr. 

 

Deneylerimizde,  kolon flotasyonda tek 
mineral olarak kalsit ve kalsit+talk karēĸēmē 
kullanēlarak su ile taĸēnēma etkisi 
araĸtērēlmēĸtēr. Deneylerimiz musluk 
suyunun pHôsē 7.8ô de ger­ekleĸtirilmiĸtir. 
Kºp¿rt¿c¿ olarak MIBC (Metil Isobutyl 
Carbinol) kullanēlmēĸtēr. 

Kolon flotasyonunda besleme tankēnda 
hazērlanan p¿lp MIBC ile 5 dakika 
koĸullandērēlmēĸtēr. Hava miktarē 
ayarlandēktan sonra kolonun tamamē su ile 
doldurulmuĸ, peristaltik pompalar 
­alēĸtērēlmēĸ en son olarak koĸullandērēlmēĸ 
p¿lp ile yēkama suyu birlikte kolona 
beslenmiĸtir. Kolon i­erisinde kºp¿rt¿c¿ 
miktarēnē deĵiĸtirmemek i­in yēkama suyu 
tankēna, besleme tankēna ilave edilen miktar 
kadar kºp¿rt¿c¿ eklenmiĸtir.  

 Deneylerde ele alēnan kriterler, su 
kazanēmē, kalsit kazanēmē, talk kazanēmē ve 
su ile s¿r¿klenme faktºr¿d¿r. Hesaplamalar 
eĸitlik 4' de ifade edilen model ¿zerinden 
yapēlmēĸtēr (Kirjavainen, 1988; 1989). 

 
)(exp1 WĶĶ RPR --= , 

w

W
Ķ R

RP
-
-= )1ln(            (4)   

                   
RĶ  : Hidrofilik malzeme verimi  
PĶ : S¿r¿klenme faktºr¿ 
Rw: Su verimi 

2.2.1 Kolon Flotasyonu D¿zeneĵi 
Deneysel ­alēĸmalarda kullanēlan kolon, 

75 cm y¿ksekliĵinde 5cm ­apēnda dairesel 
kesitlidir. Kolon bir ĸase ¿zerine monte 
edilmiĸ ¿stte ¿niversal duĸ baĸlēĵē ile 
yēkama sistemi saĵlanmēĸtēr. Besleme ve 
artēk ­ēkēĸē peristaltik pompalarla 
yapēlmēĸtēr. Yēkama suyu ise, bir pompa 
yardēmēyla sifon i­erisinden alēnan su, 
hortumla kolon y¿zeyine iletilmektedir. 
Kolon y¿zeyine verilen yēkama suyu duĸ 
sistemi ile ­alēĸmaktadēr. ¥n deneylerle 
pompalarēn performanslarē denenmiĸ ve 
p¿lpteki katē i­eriĵinin ­alēĸma s¿resince 
deĵiĸmediĵi gºzlenmiĸtir. Kabarcēklar 
hava ¿reten hava taĸlarē ve maksimum 1.8 
dev/dak.,>0.012Mpa basēn­ta bir 
akvaryum pompasē kullanarak 
saĵlanmēĸtēr. Kolona verilen hava, farklē 
hava hēzlarēnda hava akēĸ ºl­er yardēmēyla 
ayarlanmēĸtēr. Yēkama suyu, kolon ¿st 
kēsmēnēn 2.0 cm yukarēsēndan verilmiĸtir. 
Deneyler esnasēnda yēkama suyu 
sisteminin kºp¿ĵ¿ engellenmemesine ve 
kērmamasēna dikkat edilmiĸtir. Besleme 
tankē kolon hacminin beĸ katē olarak 
tasarlanmēĸtēr. Kolon flotasyonu 
deneylerinde ANKE&KUNKELô in IKA-
WERK RW 20 modeli karēĸtērēcē,         
60 dev/dak. hēzla p¿lp¿ karēĸtērmakta, 
koĸullandērma ve pH ayarlama tank 
i­erinde yapēlmaktadēr. ķekil 2ô de 
deneysel ­alēĸmalarda kullanēlan kolon 
flotasyonu deney d¿zeneĵi gºr¿lmektedir. 
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Y¿zeysel Yēkama Suyu

Konsantre

Besleme

Artēk

Besleme Pompasē

Yēkama Suyu 
Pompasē

Artēk Pompasē

Hava

Akēĸ¥l­er

Akvaryum Pompasē

Yēkama
Suyu
Tankē

Besleme Tankē

 
 

ķekil 2. Deneysel ­alēĸmalarda kullanēlan kolon flotasyonu deney d¿zeneĵi 
 
3 DENEYSEL ¢ALIķMALAR 
 

 
Tane boyutunun tanelerin su ile taĸēnēmēna 

etkisini incelemek i­in kalsit taneleri -106+75  
Õm, -75+53 Õm, -53+38 Õm, -38 Õm boyut 
aralēklarēnda hazērlanmēĸ deneysel sonu­lar 

Tablo 2' de ķekil 3, 4, 5'de gºsterilmiĸtir. 
MIBC miktarē 90 g/t, katē oranē % 4, hava 
hēzē 1 cm/sn, besleme hēzē 400 ml/dak, 
yēkama suyu hēzē 150 ml/dak deneysel 
koĸullarēnda ­alēĸēlmēĸtēr.

Tablo 2. Kolon flotasyonunda farklē zamanlarda ve tane boyutlarēnda su, kalsit kazanēmlarē 
ve su ile s¿r¿klenme faktºr¿ne etkisi 

 
Tane 

Boyutu 
(Õm) 

Zaman 
(sn) 

Verim (%) S¿r¿klenme 
Faktºr¿ 

(Pi) 
Kalsit Su 

 
-106+75 

 

30 
60 

120 
180 

3.12 
4.28 
8.51 

10.83 

14.24 
21.71 
44.07 
65.26 

0.22 
0.20 
0.22 
0.18 

 
-75+53 

30 
60 

120 
180 

3.41 
5.18 

10.42 
12.13 

14.52 
23.12 
41.54 
59.85 

0.24 
0.23 
0.26 
0.22 

 
-53+38 

30 
60 

120 
180 

3.92 
7.01 

12.65 
15.82 

11.23 
20.91 
38.04 
57.07 

0.30 
0.34 
0.32 
0.30 

 
-38 

30 
60 

120 
180 

4.43 
7.20 

13.92 
21.18 

8.08 
12.96 
26.71 
41.02 

0.56 
0.57 
0.56 
0.55 
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m

75 53 38 -38

Zaman, sn

m

m

m

m

m

3.2 Kalsit ve Talk Karēĸēmē ile Yapēlan 
Deneysel ¢alēĸmalar 



986

Tablo 3. Kolon flotasyonunda kalsit ve talk karēĸēmē ile yapēlan deneylerde, kalsit tane 
boyutunun katē ve su kazanēmlarē ile su ile s¿r¿klenme faktºr¿ne etkisi 

 
 

Kalsit Tane 
Boyutu 
(Õm) 

 
Konsantre 
Miktarē (g) 

 
Verim(%) 

 
Tenºr 

 
S¿r¿klenme 

Faktºr¿ 
(Pi) 

Talk Kalsit Su Talk Kalsit 

-106+75 71.32 
75.21 
76.96 

82.75 
83.53 
82.77 

2.11 
6.01 
8.27 

10.04 
26.12 
45.18 

98.74 
97.23 
98.41 

1.26 
2.77 
1.59 

0.21 
0.24 
0.19 

-75+53 69.82 
70.28 
75.36 

83.92 
83.81 
82.17 

4.82 
6.91 
11.03 

16.63 
28.73 
47.19 

98.81 
97.96 
97.27 

1.19 
2.04 
2.73 

0.30 
0.25 
0.25 

-53+38 72.56 
77.12 
77.77 

85.41 
83.24 
82.91 

9.12 
10.97 
14.18 

22.83 
29.65 
40.27 

98.74 
97.11 
96.56 

1.26 
2.89 
3.44 

0.42 
0.39 
0.38 

-38 65.37 
67.81 
75.32 

85.55 
86.24 
88.41 

13.95 
14.07 
16.50 

20.35 
21.66 
26.81 

97.93 
94.75 
92.78 

2.07 
5.25 
7.22 

0.74 
0.70 
0.67 

 
Kalsit kazanēmē kalsit tane boyutu arttēk­a 
azalmaktadēr (ķekil 6). -38 Õm tane 
boyutunda %16.50 kalsit verimi elde 
edilirken -106+75 Õm tane boyutunda %8.27 
kalsit verimine ulaĸēlmēĸtēr. 

Tane Boyutu, mm

0

4

8
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16

20

0 5 10 15 20 25 30 35 40 45 50

Su Verimi, %

K
al

si
t V

er
im

i, 
%

-106+75 -75+53
-53+38 -38

 
ķekil 6. Talk ve kalsit karēĸēmēnda farklē tane 
boyutlarēnda kalsit veriminin su verimi ile   
deĵiĸimi  
 

Ķnce boyutlarda kalsitin s¿r¿klenme 
oranēnēn artmasē y¿zen ¿r¿n¿n tenºr¿n¿ 
olumsuz etkilemiĸtir. Talk i­eriĵi  sērasēyla; -
106+75 Õm , -75+53 Õm, -53+38 Õm ve -38 
Õm i­in, %98.41;% 97.27; %96,56 ve 
%92,78 ĸeklinde azalma   gºstermiĸtir (ķekil  
 

 
7). Su ile taĸēnēm faktºr¿ en ince tane 
boyutunda  0.67 iken, en iri boyutta bu deĵer 
0.19' a d¿ĸm¿ĸt¿r (ķekil 8). 
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ķekil 7. Talk ve kalsit karēĸēmēnda tane 
boyutlarēnda kalsit, talk veriminin su verimi 
ile deĵiĸimi 
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ķekil 8. Talk ve kalsit karēĸēmēnda farklē tane 
boyutlarēnēn su ile s¿r¿klenme faktºr¿ne 
etkisi 
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ABSTRACT Coloring impurities like Fe2O3 and TiO2 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 Fe2O3 and %0.360 TiO2, 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, Fe2O3 content was 
decreased to 0.010% and TiO2 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 earthôs 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 (NaAlSi3O8), 
orthoclase (KAISi3O8), and anorthite 
(CaAl2Si2O8) 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,  

 
Fe2O3 and TiO2 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 

Siklojet Flotasyon H¿cresi Ķle Ķnce Na-Feldspatlardan Renk 
Verici Minerallerin Uzaklaĸtērēlmasē

H. Hacēfazlēoĵlu, I. Kursun, M. Terzi 
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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 El-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 Muĵla 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 Fe2O3 ve TiO2 and 
experiments were conducted under optimum 
conditions through the reverse flotation 
method.

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 ñjet movementò is linearly 
created by a nozzle made up of numerous 

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 upper 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 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 ɛm) 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 



991

23rd International Mining Congress & Exhibition of Turkey Å 16-19 April 2013 ANTALYA

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 240C 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 Fe2O3 and TiO2 content. Later on, 
removal efficiencies Fe2O3 and TiO2 were 
calculated with the equations given below. 

Fe2O3 removal efficiency (%)= [1- (Fe2O3 
content in concentrate/Fe2O3 content in 
feed)]*100 
TiO2 removal efficiency (%)= [1- (TiO2 
content in concentrate/TiO2 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 % 
SiO2 67.380 
Al2O3 19.280 
Fe2O3 0.100 
TiO2 0.360 
MgO 0.250 
CaO 1.080 
Na2O 10.070 
K2O 0.430 
P2O5 0.080 
MnO 0.010 
Cr2O3 0.002 

Others (Ba,Ni,Sr,Zr,Y,Nb) 0.058 
L.O.I. 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 ï
adjusting chemicals were not used in the 
experiments. All the experiments were 
conducted with tap water and in natural pH  

 
(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, Fe2O3 and 
TiO2 removals increase parallel to an 
increase in the reagent amount. While Fe2O3 
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, TiO2 content decreases to 0.230% to 

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), 
Fe2O3 content drops down from 0.090% to 
0.010%. Increasing the feed pressure reduces 
the TiO2 content from 0.270% to 0.040%. 
The reason why the elimination of Fe2O3 and 
TiO2 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  
 

 
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 Fe2O3 and TiO2 minerals can be 
carried with the foam. As it is clearly visible 
in Table 2, Fe2O3 content in the reject (foam 
product) increased to 0.270% under 40kPa 
feed pressure while was 0.146% under 10kPa 
feed pressure. Similarly, TiO2 content was 
established as 0.776% and 0.965%  

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

Parameters Values 

Concentrate 
(Feldspar) 

Reject 
(Impurities) 

Fe2O3 
content(%) 

TiO2 
content(%) 

Wt. 
(%) 

Fe2O3 
content(%) 

TiO2 
content(%) 

Wt. 
(%) 

Reagent 
Aero801+825 

(g/t) 

750 0.070 0.230 76.600 0.198 0.786 23.400 

1500 0.020 0.040 67.200 0.264 1.016 32.800 

Feed pressure 
(kPa) 

10 0.090 0.270 82.200 0.146 0.776 17.800 
40 0.010 0.040 65.400 0.270 0.965 34.600 

Conical 
Jet Lenght 

(cm) 

10 0.010 0.030 66.100 0.275 1.003 33.900 

20 0.060 0.190 70.100 0.194 0.759 29.900 
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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 Fe2O3 and TiO2 
containing concentrates were obtained with a 
10 cm conical jet length. Fe2O3 content in the 
concentrate was reduced from 0.060% to 
0.010% along with decreasing the jet length 
from 20cm to 10cm. Also TiO2 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 Tests under 
Optimum Conditions 

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 
Fe2O3 and TiO2 removal increased as the 
flotation time is lengthened. At the end of 
flotation time of 2 minutes, while Fe2O3 
removal was 40%, it reached up to 90% 
following a 10-minute flotation period. A 
similar case applies to TiO2 removal, and 
TiO2 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 
Fe2O3 and TiO2 did not change, concentrate 
weights were found as 75.400% and 66.10% 
respectively at the end of 8th and 10th 
minutes. Too much increase in flotation 
times also caused feldspar grains to float, and 
as a result, concentrate weight was reduced. 

 
Figure 2. Image of the foam under low and high feed pressures 
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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, Fe2O3 and TiO2 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 
SiO2, Al2O3, and Na2O did not demonstrate 
much change, Fe2O3 content was reduced 
from 0.100% down to 0.01% and TiO2 
content from 0.360% down to 0.030%. 

Figure 3. Fe2O3 content and Fe2O3 removal 
in the concentrate depending on flotation 
time 

 

Figure 4. TiO2 content and TiO2 removal in 
the concentrate depending on flotation time 

Table 3. Chemical analysis of Na-feldspar 
concentrate obtained from cyclojet flotation 

Component Feed  
% 

Concentrate  
% 

SiO2 67.380 67.810 
Al2O3 19.280 19.430 
Fe2O3 0.100 0.010 
TiO2 0.360 0.030 
MgO 0.250 0.010 
CaO 1.080 0.950 
Na2O 10.070 10.310 
K2O 0.430 0.210 
P2O5 0.080 0.010 
MnO 0.010 0.010 
Cr2O3 0.002 0.002 
Others 

(Ba,Ni,Sr,Zr,Y,Nb) 0.058 0.060 
L.O.I. 0.900 1.140 

Today, qualities and sale prices of Na-
Feldspar ores are largely determined by 
Fe2O3 and TiO2 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 Fe2O3 and TiO2 rates in feldspar 
ores is reverse flotation technique. Reverse 
flotation process is usually conducted in 
conventional cells. In this study, such 
coloring minerals as Fe2O3 and TiO2 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. Fe2O3 content in 
Na-Feldspar ore was reduced from 0.100% 
to 0.010% and TiO2 content from 0.360% to 
0.030%. Concentrate recovery rate in weight 
was found as 75.40%. Fe2O3 and TiO2 
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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