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Metal K-eri] i Y ¢ksek S¢lfat ¢° zeltilerinden Bakérén ¢Oktereélerek
Kazanémé

Recovery of Copper from Metal-Rich Sulphate Solutions by
Precipitation

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

OZET Bu -alikmada, aték baskélé devre kartlarénén (ABDK) asidik peroksit li-i sonucu elde
edilen bakér i-eriji ycksek (27-30 g/L Cu®*) ger-ek/sentetik li- -°zeltilerinden bakérén,
elektro-kazanéma alternatif olarak, -°kt¢sreélerek kazanélmasé araktérélméktér. Bakér, etanol ile
bakér s¢lfat  (CuSO45H,0) ve sodyum s¢lfit  (Na,SOs) ile  Chevreul tuzu
(Cu,S03.CuS03.2H,0) olarak -kterelmekter. Yekle, li- -Czeltisinden (27 g/L Cu) bakér,
etanol kullanélarak %99,9 verim ile -°ktérélmektér. Bakérén Chevreul tuzu olarak
-oktérélmesinin ger-eklextirildif i testlerde sentetik li- -°zeltileri (30 g/L Cu®*, 2,5 g/L Fe**,
1 M H,SO4) kullanélarak pH ve SOs/Cu (molar) oranénén -°ktérme ¢zerine etkileri
araktérélméktér. Testlerde pH 2,50ten 46e ve SO3/Cu orané 16den 1,60ya -tkaréldéj énda bakér
-Okt¢rme verimi de artméktér. Sadece bakér i-eren - zeltilerden yapélan test sonucunda %20
daha y¢ksek -°ktérme verimi elde edilmiktir. Bu da demir gibi safsézléklarén s¢lfit teketimini
arttérmak suretiyle -°kt¢srme iklemini olumsuz etkiledij ini g°stermiktir. Elde edilen verilere
g°re, y¢ksek -°ktsrme verimlerine ulakmak i-in SOs/Cu oranénén y¢ksek (>1,6) olmasé
gerekmektedir. ¢°keleklerin kimyasal ve mineralojik bilekimi yak kimyasal, SEM-EDS ve
XRD analizleri ile belirlenmiktir.

ABSTRACT In this study, recovery of copper by precipitation from copper-rich
real/synthetic leach solutions derived from the acidic peroxide leaching of waste printed
circuit boards (WPCBs) was investigated as an alternative to electro-winning. Copper was
precipitated using ethanol as copper sulphate (CuSO4.5H,0) and using sodium sulphite
(Na,SO3) as Chevreul's salt (Cu,SO3LCuSO5:2H,0). About 99.9% of copper was precipitated
using ethanol from the pregnant leach solution (27 g/L Cu). In the tests where the
precipitation of copper as Chevreul's salt was investigated, synthetic leach solutions (30 g/L
Cu?*, 2,5 g/L Fe**, 1 M H,SO,) 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 SOs/Cu (molar) ratio from 1 to 1.6. In the absence of
impurities, 20% higher recovery of copper was achieved in the test (SO,/Cu: 1.6) indicating
adverse effect of impurities such as iron, on the precipitation process by leading to the
excessive consumption of sulphite. These findings suggested that high SOs/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 GKRKk
Kullaném °mr¢ngn dolmasé veya farklé
nedenler  sonucunda hurdaya ayrélan

elektrikli ve elektronik ekyalarén (EEE)
miktaré giderek artmaktadér. Atek elektrikli
ve elektronik ekyalarin (AEEE) atik
sahalaréna depolanmasé veya yakélmasg,
yeralté/yer¢ste, su ve hava Kirlilifi gibi
-evresel sorunlara neden olmaktadér (Yazéct
ve Deveci, 2011).

AEEE'de bulunan temel (Cu gibi) ve
dej erli metallerin (Au, Ag ve Pd) °nemli
belegme,  attk baskélé devre Kkartlarénda
(ABDK) bulunmaktadér. Aték baskélé devre
kartlaré (ABDK), ait olduj u EEE t¢réne gore
dej ikmekle birlikte, tipik olarak %210-20
oranénda bakér i-ermektedir (Hagel¢ken,
2006). Cevherlerle (%0,5 Cu)
kéyaslandg] énda ABDK'lar °nemli bir ikincil
baker kaynaj édér. Bu nedenlerle,
ABDK'lardan metallerin geri kazanémé hem
-evresel hem de ekonomik nedenlerden
dolayé °nemlidir ve yasal d¢zenlemeler ile
zorunlu hale getirilmiktir (Widmer, 2005;
Yazéct ve Deveci, 2009 ve 2011).

AEEEbdden metallerin geri kazanéménda
fiziksel ayérma ve sonrasénda pirometal¢rjik
y°ntemler end¢striyel °l-ekte yaygén olarak
kullanglmaktadér. Fiziksel ayérma y°ntemleri,

basit olmalaréna karkéin metal kayéplaré
y¢ksektir - ve ayérma  ikleminden °nce
atéklarén, metallerin serbestlekmesini

saj lamak i-in, uygun boyuta k¢-¢lt¢lmesi
gerekir. Pirometal¢rjik y°ntemler, fiziksel
ayérma ile elde edilen metal i-erij i y¢ksek
konsantrelere veya kaba bir boyut k¢-¢ltme
iklemi sonrasé atéklara uygulanér. ¥zellikle
baca gazlaré/tozlaré ile ilintili potansiyel
-evresel sorunlar ve dejerli metal i-eriji
yeksek atéklar i-in uygun olmalaré bu
y°ntemlerin en °nemli dezavantajlarédér.
Hidrometal¢rjik y°ntemler, yc¢ksek metal
kazanéména olanak saj larlar ve
pirometal¢rjik iklemlere g°re daha esnek
proseslerdir. ~ Ayréca, k¢-¢k  °l-ekli
uygulamalardér ve nispeten d¢k¢k maliyetli
y°ntemler olmalaré nedeniyle dejerli metal
i-erif i d¢kek atéklar i-in uygundur (Cui ve
Zhang, 2008; Ak-il vd., 2009; Yazéct ve
Deveci, 2009; Tuncuk vd., 2012).
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ABDK'lardan metallerin li- ile
kazanéménda, s¢lfat, klorér ve nitrat gibi li-
sistemleri kullanélabilir. Oksitleyici olarak
hidrojen peroksit (H,0,), Fe** ve O, tercih
edilebilir (Quinet, 2005; Madenoj lu, 2005;
Deveci vd., 2010). Asidik s¢lfat ortaménda
ve H,O, varl§énda, ABDK'lardan bakér
bakta olmak ¢zere dij er bazé metaller, (Fe,
Ni, Zn gibi) y¢ksek verimlerle ve dej erli
metallerden (Au, Ag ve Pd) se-imli olarak
-%zeltiye alénabilmektedir (Oh vd., 2003;
Kamberovic vd., 2011; Yang vd., 2011).

Selferik asit  li-i sonrasé  yekle, li-
-Ozeltilerinden (YLC) bakér, geleneksel
olarak solvent ekstraksiyon ile saflaktérma
iklemini  takiben elektro-kazaném veya
sementasyon yentemleriyle kazanélér.
Sementasyon y°ntemi seyreltik (<1 g/L Cu),
solvent ekstraksiyon-+elektrokazaném
y°ntemi ise nispeten zengin (1-5 g/L Cu)
-Ozeltiler i-in  uygundur. Bakér i-eriji
yeksek -°zeltiler (>15 g/L) ise doj rudan

elektro-kazaném iklemine tabi tutulabilir.
Ancak, -°zeltide bulunan demir gibi
safsézleklar elektro-kazaném ikleminin
etkinlij ini beyék o]-¢de olumsuz

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

Ehsani vd. (2012), asidik s¢lfat
-0zeltisinden (1,2 M H,SO,) bakérén (30 g/L
Cu?") elektro-kazanéménda Fe**derikiminin 1
g/L'den 2,5 g/L'ye artmasé sonucunda akém
veriminin - %95'den  %88'e  geriledij ini
bulmuktur. Ayréca, Fe®* varlifénda Katot
morfolojisi olumsuz etkilenerek daha iri
taneli ve p¢rézle bir katot olukmuktur
(Ehsani  vd., 2012). Elektro-kazaném
oncesinde demirin s¢lfat ortaméndan jarosit
veya g°tit olarak -°kt¢rélmesi durumunda
ise bakér bakta olmak ¢zere metal kayéplaré
olukabilmektedir (Dutrizac, 1984; Pollard,
1992). Bu nedenlere bajlé olarak, bakér
i-erij i y¢ksek s¢lfat -©zeltilerinden bakérén
elektro-kazanéména  alternatif ~ y°ntemler
geliktirilmesi gerekir.

Tuz -°zeltilerinden metallerin  klasik
buharlaktérma (kristalizasyon) y°ntemi ile
metal tuzu halinde kristallendirilerek
-Okterelmesi, yeksek enerji - gereksinimi
nedeniyle maliyetli bir iklemdir. Bu y°nteme
alternatif olarak, suyla karékabilen organik
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-0z¢celer  varl§fénda  metallerin @ oda
sécakl@féenda tuz halinde -°kt¢r¢lmesi
(salting out) saj lanabilir. Organik -°z¢c¢éler,
-Ozeltideki metal tuzlarénén -evresindeki su
ligandlaréné uzaklaktérarak metallerin tuz
keklinde -%kmesini saj lamaktadér
(Weingaertner vd., 1991; Moldovenau ve
Demopoulos, 2002). Metal i-eriji y¢ksek
s¢lfat -Czeltilerinden nikelin (Moldovenau
ve Demopoulos, 2002) ve bakérin (Aktak,
2011) alkoller kullanélarak s¢lfat tuzlaré
halinde y¢ksek verimlerle -Ckteérelebildi] i
ortaya konulmuktur. ¢°ktérme ikleminde
kullanélan organik -°z¢c¢ler, buharlaktérma
yontemine g°re daha d¢kek sécakléklarda
veya vakum  distilasyonu ile  geri
kazangélabilmektedir (Moldovenau ve
Demopoulos, 2002).

S¢lfat -°zeltilerinden bakér (Cu®"), uygun
kokullarda ve s¢lfit iyonu (SO5%) varlg énda

(Fischmann ve Dixon, 2010). Asidik
kokullarda (<pH 6) s¢lfat ortaména SO,
velveya SOs° verildijinde kuprik bakér
(Cu*) kuprus bakéra (Cu®) indirgenmekte
(1) ve Chevreul tuzu oluxmaktadér (2) (Silva
vd. 2000). Net -°kme, 3 no'lu tepkime ile
ifade edilmiktir (Fischmann ve Dixon, 2010).

Chevreul tuzu, Cu® ve Cu®* terlerini
i-eren ve yojun kérmézé renge sahip
kristalize  bir -°kelektir. Bakérin saf
Chevreul tuzu formunda -°kt¢relebilmesi,
kimyasal ve termal Kkararlg énén ycksek
olmast (200AC'ye kadar) gibi ©zellikleri
nedeniyle  -ekitli  avantajlara  sahiptir
(Habashi, 1999; Silva vd., 2000). S¢lfit
(SO5%) kaynaj & olarak s¢lfér dioksit (SOyq)),
s¢lfit tuzlaré (NaHSO;, Na,SO3, Mg(HSO3),
veya (NH4),SO3)) gibi farklé kimyasallar
kullanélabilmektedir (Habashi, 1999; ¢alban
vd., 2006). Chevreul tuzunun Cu-SO,-H,0O

Cu',SOsLCu"SOsL2H,0  (bakér  s¢lfit, sisteminde Kkararlé olduj u b°lgeyi g°steren
Chevreul  tuzu) olarak  -°kt¢relebilir  Eh-pH diyagramé kekil 16de sunulmuktur.
2Cu* +S07 + H,0 - 2Cu*+S0,* +2H* 1)
(@G’ 20ic)= -50 kd/mol, pG’goicy= -65 kd/mol) (HSC Chemistry, 2011)
2Cu* + Cu?" + 28057 + 2H,0 - Cu,SO3.CuSO;:2H,0 (2)
3Cu%* +3S05” + 3H,0 -  Cu,SO5tCuSO4t2H,0 + SO, % + 2H* (3)

L4
;\\_ : ~. Cu (oK),
1.0F cu Wewtomy® ) s
N 0.6 LR <=
g ~—
~ 0.2 2+
£ 2 !
5 of T~ o
i ] leusoy ™~
"O'Z':tc-"'l ’: (ceso3Ty g N
1 *
- e |
L T S G Tl S ) TG
pH

kekil 1. Cu-SO,-H,0 sistemi i-in Eh-pH diyagramé (Das vd., 2000)
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Bu -alékmada, bakér i-erij i y¢ksek (27-
30 g/L Cu?") -Ozeltilerden bakérén, elektro-
kazanéma alternatif olarak, etanol ve
sodyum s¢glfit (Na,SOs) ile -°kteirglerek
kazangmé  araktérélmeéktér.  Etanol  ile
-Oktérme  deneyleri, aték baskélé devre
kartlarénén peroksit katkélé s¢lfat li-inden
elde edilen y¢kle li-  -Czeltisi ile
ger-eklektirilmiktir.  Sodyum s¢lfit ile
-Oktérme deneylerinde pH (2,5-4) ve
SO3/Cu  (molar) oranénén (1-1,6) bakér
kazanémeéna etkileri sentetik -°zeltiler
kullanélarak  araktérélméktér.  Deneylerde,
dij er metallerin de (Fe, Pb, Sn, Co)
davranéké izlenmiktir.

2 MALZEME VE YONTEM

2.1 Atik Baskili Devre Kartlar

Aték baskélé devre kartlaré (ABDK),
atél duruma gelmik ve depolanmék olarak
bulunan aték bilgisayar, monit°r, modem
vb. elektronik cihazlardan el ve gerekli
yardémcé aletler (tornavida, keski vb.)
yardéméyla  sCk¢lerek  ayréktérélmektér.
ABDK'larén ayréktérma ve boyut ufalama
s¢re-lerini de kapsayan genel akém kemasg
kekil 2'de sunulmuxtur.

ABDK'larén metal i-erikleri yak kimyasal
analiz (kral suyu) sonrasé -°zeltiden atomik
absorpsiyon  spektrofotometresi  (AAS,
Perkin  Elmer  AAnalyst 400) ile
belirlenmiktir (Tablo 1).

Tablo 1. ABDK'larén metal i-erij i

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

Cu 18,5

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

2.2 Etanol ile Coktiirme

Etanol ile bakérén -Ckterelde] ¢ s¢re-te
izlenen  akém  kemasé kekil  3'de
sunulmuktur.
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Atik Bilgisayarlar

4

[ Elle/Mekanik Ayréktérma ]

g

Attk Baskélé Devre Kartlarg
(250 kg)

Devre
Elemanlaré
(50 kg)

[ Elle/Mekanik Ayréiktirma =

kki Kademeli Boyut K¢-¢ltme
(Kesici-kéracg)

1l 3,35 mm
[ Kesici-°] ¢téce, ]
@ -1 mm

(Ultra-santrifg,jl(; dej irmen]

11 250 6m

( Peroksit Katlali Siilfat Ligi |

1]

| Katseve Ayereme = Atk |

(Yekie Li- eozeltisi

[ Coktiirme Testleri ]

kekil 2. ABDK'larén °n hazérlék ixlemlerini
i-eren genel akém kemasé

Deneyde, aték bilgisayar baskélé devre
kartlarénén (-250 mm) asidik peroksit li-i
(1,2 M H;S0,, 4,8 M H,0,, %15 wiv katé
orang, 3 saat, 80UC) ile elde edilen y¢kle¢, li-
-Ozeltisi (27 g/L Cu, 2,2 g/L Fe)
kullanélméktér. Y¢kle, li- -©zeltisinin oda
sécakldj éna gelmesini takiben bu -°zeltiye
NaOH (4 M) ilave edilerek pH 2,5%a
ayarlanméktér. Etanol (C,HsOH, >%99,8),
hacmi -°zelti hacminin 4 katé olacak
kekilde (VewnolVozeri=4), 100 ml li-
-Ozeltisine ilave edilmik ve -°zelti
manyetik karéktérécéda (150 devir/dk) 10 dk.
karéktérélméktér. Karéktérma s¢éresi sonunda
-Okelekler filtre edildikten sonra etévde
(400C) 2 saat ve ardéndan desikat°rde 12
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saat kurutulmuktur. Kurutulan -°kelekler,
porselen havanda ©j¢teélép toz haline
getirildikten sonra kimyasal analiz, SEM-
EDS ve XRD analizlerinde kullanéiméktér.
Berrak -°zeltiden etanol¢, uzaklaktérmak
i-in  -°zelti >100ACbde Karéktéréldéktan
sonra 100 ml hacime tamamlanméktér.
¢Ozeltiden AAS ile Cu, Fe, Sn, Pb ve Co
analizleri yapélméxtér (kekil 3).

Atik Baskili Devre Kartlari
(-250 pm)

[H,SO,]p: 1,2 M
[H,0,],: 4.8 M
Katé orané: %15 a/h
80ACode 3 saat

Katd/Séve Ayérémé Atek
Y ¢kle Li- ¢Ozeltisi

27glLCu

pH ayarlama 4 M NaOH
pH 2,5

Karéktérma (10 dk)
Etanol ile -°kt¢rme Etanol
VetanoIN—"zelti:4

Katé/Séve Ayérémé  |== ¢ kelek

(%18,3 Cu)
¢Ozeltiden etanol¢n
buharlaktérélmasé

Bok -°zelti
(131 mg/L Cu)

[Peroksit Katkélé S¢lfat Li-i]

kekil 3. Y¢klg li- -°zeltisinden bakérén
etanol ile -°kt¢rélmesine ait akém kemasé

2.3 Chevreul Tuzu Olarak Coktiirme

Bu testlerde, li- testinden elde edilen
YL¢&'nin metal i-erikleri g°z°n¢ne alénarak
sentetik y¢kl¢, li- -0 zeltileri (30 g/L Cu®,
2,5 g/L Fe**, 1 M H,SO,) hazérlanméktér.
Bu -°zeltilerden sodyum s¢lfit (Na,SOs) ile
bakérén Chevreul tuzu olarak -°kt¢rélmesi
araktéréilméktér.  Uygulanan akém kemasé
kekil 4'de sunulmucktur.

Deneyler 250 ml Erlenmeyer flasklar
i-inde ve 125 ml -°zelti hacminde, sécaklék
kontroll¢, banyo tipi d¢z -alkalayécé i-inde
(140 dev/dk) ger-eklektirilmiktir. Deneyler
s¢resince flasklar plastik tépalarla kapalé

tutulmuktur.  Deneyler, li- testlerinin
ger-eklextirildij i sécaklékta (80AC)
yapélmeéktér.  ¢Ozelti  sécaklgfé  istenen

dereceye (80N1AC) ulaktéktan sonra Na,SO;
katé olarak (SOz/Cu (molar)=1-1,6) ilave
edilerek 20 dk Kkaréktéréilmék ve ardéndan
Li,CO; (katé) veya NaOH ile pH 2,5 veya
4'e ayarlanmextér. Na,SO3 ilavesi
yapélmayan deneylerde dojrudan pH
ayarlamasé yapélméktér. pH ayarlandéktan
sonra -°zelti 1 saat Kkaréktérélmék ve elde
edilen -°kelek santrif¢j ile (4100 rpm'de 4
dk) ayrélméktér. ¢Okelek, iki kez ayné pH'da
hazérlanmék -°zelti ve ardéndan yine iki kez
saf su ile santrif¢j edildikten sonra
kurutularak (105AC) karakterize (SEM-
EDS, XRD) edilmiktir. Belirli s¢relerde
alinan °rnekler santrif¢jden ge-irildikten
sonra (4100 rpm'de 4 dk) berrak késémdan
Cu ve Fe analizleri AAS ile yapélmékter.

Cu?+: 30 g/L

Sentetik YL¢
Fe*3:2,5g/L

1 Sécaklek: 80AC

Karékterma(20 dk ) |1

[H,S0,]: 1M

1
NaOH, NaOH,
Li,CO, ly I lico.
Karéktérma Karéktérma
pH 2,5 (1 saat) pH 4 (1 saat)

{ {

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

Bok -°zelti Bok -°zelti

kekil 4. Sentetik li- -°zeltisinden bakérén
Chevreul tuzu plarak -Oktérelmesine ait
akém kemasé (80AC)

3 BULGULAR VE TARTISMA

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

edilen y¢klg li- -°zeltisinden (27 g/L Cu?*)
bakér, 9%99,9 verim ile -°ktérelmekter.
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C¢Okeleklerde Fe, Al ve Na gibi bazt
safsézleklaréin da varlégf ¢ SEM-EDS analizi
(kekil 5a) ile belirlenmiktir. XRD analizi
(kekil 5b) -°kelejin bakléica bakér s¢lfat
pentahidrat ~ (CuS0O4.5H,0)  oldujunu
gostermiktir. ¢°kelek, yapélan kimyasal
analize g°re %18,3 Cu ve safsézlék olarak
%1,2 Fe, 545 ppm Sn, 119 ppm Pb ve 17
ppm Co i-ermektedir.

T BHT = 008 SgmAnSLi Frbes Hak ST Vs
TE e s o Bk e MDA e

4 CuSO,5H,0

Siddet (cps)

0 1‘0 2‘0 30 4‘0 5‘0 60
20 ()
kekil 5. Etanol ile -°kt¢rme sonucu elde
edilen -°kelej in (a) SEM-EDS g°r¢ntése,
ve (b) XRD deseni

Aktak (2011), yaptédj é -alékmada, bakér
s¢lfat -°zeltilerinden bakérén etanol ile
-Oktérelmesinde baklangé- bakér derikimi,
etanol/bakér -°zeltisi orané (hacimsel) ve
pH'nén  etkisini  araktérméktér.  D¢kek
baklangé- bakér derikimlerinde (¢ 5 g/L Cu)
-0k d¢kek -°ktérme verimlerine (¢ %20)
ulakabilmiktir. Y ¢ksek bakér i-erif ine (> 20
g/L Cu) sahip -°zeltilerden bakérén etanol
(C,HsOH) ile uygun pHolarda (>pH 2)
yeksek  verimle  (>%90) bakér s¢lfat
pentahidrat (CuS0,.5H,0) halinde
-Okteérelebildif ini ortaya koymuktur. KIk
kademede elde edilen -°kelekte Zn, Fe, Ag
ve Mg gibi bazé safsézléklarin da
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bulunduj unu ifade etmictir. Safsézleklarén
uzaklaktérélmasé amacéyla her seferinde
-Okelej i -°z¢p yeniden etanol ilavesi ile 4
kademede -°kt¢rme yaparak safsézlék
i-erij ini  azaltmayé  bakarméktér.  Bu
-alekmada (kekil 5) vyapélan -°ktérme
deneyinde elde edilen -°kelek i-in de ayné
yontem izlenerek, -°kelekteki bakér
dékéndaki metaller uzaklaktérabilir.
Y°ntemin en °nemli dezavantajé -°kelej in
bakér i-erij inin d¢kek olmasédér. Elektro-
kazaném ©ncesi, bu y°ntemle ¢retilen
CuS0,4.5H,0 kristalleri  s¢lférik — asitte
-0z¢éndérelerek, istenen bakér derikiminde
hazérlanan elektrolit elektro-kazanéma tabi
tutulabilir.

3.2 Chevreul Tuzu Olarak Coktiirme

kekil 6'da, Na,SO; ilavesi olmad§ é
durumda, sentetik li- -°zeltisinin doj rudan
pH 2,5 ve 4'e ayarlanmasé ile elde edilen
-Okt¢rme sonu-laré  gor¢lmektedir. Tem
pH'larda demirin yaklakék tamamé (>9%99)
uzaklakérken, pH 2,5 ve 4'te strastyla
bakérén %6 ve %26'sé -° km¢ktér.

¢Ookeleklerin XRD analizi ferrik demirin
(Fe*) getit (FeOOH) ve Fe(OH); olarak
-Okté] ¢né, gostermiktir. SOs; varléf énda
(SO3/Cu=1-1,6) pH 2,5'ta yapélan testlerde
de (kekil 7a) benzer sonu-lar elde
edilmiktir. pH 4'de ger-eklectirilen testlerde
ise  SOs/Cu oranénén 1'den 1,6'ya
yekseltilmesi bakérén -©kmesi ¢zerinde %3
gibi -ok sénérlé bir arték saj laméktér (kekil
7b). pH'daki arték bakérén -°kme verimini,
°zellikle SOs/Cu=1 kokulunda, olumlu
etkilemiktir (kekil 7a-b).

100 A

O pH25
& pH4

=)
3

=
3

Cokme verimi (%)
IS
8

~
S

0

Bakir (Cu) Demir (Fe)

kekil 6. Bakér ve demirin pH 2,5 ve 4dte
-Okt¢relmesi (30 g/l Cu, 2,5 g/L Fe*,
S05% yok, 1 saat, 80AC)
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kekil 7. Bakér ve demirin SOz* varl§ énda
Chevreul tuzu olarak -°kt¢r¢lmesi (30 g/L
Cu, 2,5 g/L Fe**, 80AC) (a) pH 2,5 (b) pH 4

SO4/Cu orané 1 iken pH 25'ten 4'%e
arttéréldéj énda bakérin -°kme veriminde
%380lik bir arték g°zlenmiktir. SO3/Cu=1,6
iken bu arttk %15 ile sénérlé kalméktér.
Demirin -°kme verimi, test edilen her iki
pH ve SOs/Cu oranénda 0%93't¢r (kekil 7a-
b). Chevreul tuzu olukumunu net olarak
belirleyebilmek i-in SOs/Cu=1,6 oranénda
ve pH 4'de sadece bakér i-eren -°zeltiden
bir test yapélmék ve %62 Cu -°kme verimi
elde edilmixtir (kekil 7b). ¢°keleklerin
XRD analizlerinde Chevreul tuzunun yang
séra brokantit de (CusSO4(OH)e) tespit
edilmiktir (kekil 7). calékélan kokullarda
bakér, antlerit (CuzSO4(OH),) ve brokantit
(Cu3SO4(OH)e) olarak da
-%kelebilmektedir (Pollard vd., 1992).

Bakérén SO; varl§ énda Chevreul tuzu
olarak -°kmesi i-in gerekli stokiyometrik
oran (SOz/Cu) "1"dir (3). Ancak, bu
-alékmada elde edilen sonu-lar, test edilen

en y¢ksek SOs/Cu oranénén (1,6) bile
yetersiz kaldg éné g°stermiktir. Bu durum,
SOs0¢n beyék ©l-¢de yan reaksiyonlar
taraféindan t¢ketilmesine baj lanabilir. SO;
varli énda Fe**, Fe?'ye indirgenir (4). SO,
ilavesindeki artéka baj lé olarak demir
-%kelme oranénda g°zlemlenen azalma da
(kekil 7), bunu desteklemektedir. Ayréca,
bakérén yané séra ortamda bulunan Fe?,
Mn* ve Cd** gibi katyonlar Chevreul
tuzunun yapéséna girerek
Cu,S03.MS0;.2H,0 (M Fe, Mn, Cd)
keklinde -°kelekler olukabilir (Silva ve De
Andrade, 2004). Bu durum da bakérén
-%kme verimini belli °l-¢de olumsuz
etkileyebilir. Buna g°re, demirin pH 2,5'ta
uzaklaktérélmaséndan sonra bakérén
Chevreul tuzu (SOs/Cu>1,6) olarak
-Okt¢éreélmesi daha uygun olacaktér.

Benzer kekilde, Na,SOs'¢n s¢lférik asit
ile tepkimeye girerek (5), bir késménén
SO,%'e d°n¢kmesi de SO, sarfiyaténg
artérabilir (¢alban vd., 2009). Dolayéséyla,
daha y¢ksek bakér -°ktérme verimlerine
ulakmak amacéyla, SO; kaynaj & olarak SO,
gazé kullanélmasé ° nerilebilir.

Bakérén Chevreul tuzu halinde -°kelme
etkinlij i pH, séicaklek, SO,/SO;>, Cu** ve
s¢lfat derikimi ile yakéndan ilikkilidir (Das
vd., 2000). Bu -alékmada elde edilen
bulgular (kekil 7) pH ve SO3/Cu oranénén
yané séra ortamdaki Fe** derikiminin de
bakérén -°kelmesi ¢zerinde etkili olduj unu
g°stermiktir. Literat¢rde, NH3z-(NH,;),SO,
li- -zeltilerinden bakértn SO, gazé
kullanélarak Chevreul tuzu olarak y¢ksek
verimle (%99,92) -Oktereldef ¢
bildirilmiktir (¢alban vd., 2006 ve 2009).
SO; kaynaj é olarak Na,SO; kullanélan bir
-alikmada Yekilyurt ve ¢alban (2007),
bakeérén (CuSQ,) -°ktérélmesinde en uygun
kokullaré, pH 3, SOs/Cu=1,6, 60AC ve 20
dk. olarak belirlemicktir.

2Fe** + S0;% + H,0 - 2Fe?* + 80,7+ 2H* (4)
(G 2oicy= -161 kd/mol, (G goic)= -187 kd/mol) (HSC Chemistry, 2011)
H,SO,4 + Na,SO;3 - 2Na* + 8042_ + SOz(g) + H,0 (5)

(@G 2oicy= -109 kI/mol, pGgoic = -119 kd/mol) (HSC Chemistry, 2011)
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kekil 8. Sentetik I!— -ozeltisinden elde edilen bakér -°kelej in XRD profili (30 g/L Cu®*, 2,5
g/L Fe**, pH 4, 80AC) (Chs: Chevreul tuzu; Br: Brokantit)

4 SONUCLAR

Bu -alékmada, elektro-kazanéma alternatif
olarak, bakér i-eriji y¢ksek ger-ek/sentetik
yekle li- -Ozeltilerinden (27-30 g/L Cu®")
bakérén, etanol ile bakér s¢lfat tuzu ve
sodyum s¢lfit (Na,SOs) ile Chevreul tuzu
olarak -°kt¢r¢lerek kazanémé gO sterilmiktir.

Test kokullaréinda, etanol ile bakérén
%99,90u, CuS0,.5H,0 halinde
-Okterélmektéer.  Ancak, -°kelejin  bakér

s¢lfatin (%18,3 Cu) yané séra safsézléklar
(%1,2 Fe, 545 ppm Sn, 119 ppm Pb ve 17
ppm Co) i-erdij i belirlenmiktir.

Sentetik li- -°zeltilerinden (30 g/L Cu®,
2,5 g/L Fe**, 1 M H,S0,) bakérin Chevreul
tuzu olarak -°kt¢re¢lmesinde, pH ve SOs/Cu
(molar) oranénén -°kt¢rme iklemini ©nemli
°l]-¢de etkilediji belirlenmiktir. pH'nén
2,5tan 4'e ve SO4/Cu oranénén 1'den 1,6'ya
yekselmesi ile birlikte bakérén -°kme verimi
de artméktér. Yciksek -°ktirme verimlerine
ulakmak i-in y¢ksek SOs/Cu oranénda (>
1,6) -alékélmasé gerektiji  bulunmuktur.
¢° zeltide bulunan demirin, s¢lfit t¢ketimini
arttirmak  suretiyle -°kt¢rme  verimini
dekerdej ¢ belirlenmiktir.  Bu  nedenle,
oncelikle demir pH 2,5'ta -°kt¢érelerek
uzaklaktérélabilir. Ancak, -°kt¢rme ikleminde
bakér kayéplaré da dikkate aléenmalédér.
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Constrained Multivariable Control of a Pilot Flotation Column at
AEM Laronde Concentrator
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D.E.Calisaya, A.Riquelme, A.Desbiens, E.Poulin
Département de genie électrique et de genie informatique
Université Laval. Québec City, QC, Canada G1V0A6

ABSTRACT A 15cm diameter by 732 cm height, fully automated pilot column was
installed in the Agnico-Eagle’s Laronde concentrator (Québec), for evaluating the
performance of newly developed sensors and advanced process control algorithms. For
eventual comparison purposes, the pilot column is continuously fed with the same slurry
feeding the copper-circuit third cleaner column. It is equipped with electrical conductivity-
based sensors for estimating the three variables used in the multi-variable control algorithm
under evaluation: froth depth, fraction of wash water underneath the interface and gas hold-
up. Froth depth is regulated using a Pl 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 (hy) 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 (J,), responsible for

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

On the other hand, advanced control and
supervision techniques are available and
efficiently working in many industrial fields
(Quin et al., 2003; Jelali, 2006). The bubble
size distribution, measured with the McGill
bubble viewer, has recently been measured
and modeled (Maldonado et al., 2008c;
Matiolo et al., 2011), opening a door for the
control of bubble size (ds;) 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 hy, J,, "4, and
Sp), is fundamental for the development and
the implementation of an indirect (or
hierarchical) real-time optimization strategy.
This paper presents the results of the
simultaneous constrained control of gas
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hold-up in the collection zone and the
fraction of wash water underneath the
interface (related to bias rate) in an industrial
environment, while froth depth is being
controlled independently through a classical
PID control loop.

2 INSTRUMENTATION & CONTROL

2.1 Variables and Sensors

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

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

2.1.1 Froth depth

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

2.1.2 Gas hold-up

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

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

0, :100—k K OZSE Q)

sl ’ slg

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

2.1.3 Bias rate

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

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

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

*

a K, —k
0, (%) = 100 " 2
k, —k

f 4

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

K (uSlem) =k, L ©)
Kig

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

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

0.50 +1
.
0u) =—— - )g
f W s

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

2.2 Automatic Control

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

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

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

A schematic diagram of the proposed
advanced control is depicted in Figure 1 (a
thicker line means a stronger effect from one
variable to another). A Pl 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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Fraction of wash
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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:

1 Gas flow rate set point O 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

1 Wash water flow rate set point O Jy max
- To avoid froth mixing
- To avoid wash water short-circuiting

 Wash water flow rate set point OJy, min
- To promote froth stability
- To easy transfer of collected particles to
the concentrate

§ Fract. wash water below interface O € max
- To avoid reduction of valuable mineral
residence time in the collection zone

1 Fract. wash water below interface O e, 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 nm porosity, 340 cm? area) is located at
the bottom of the column for bubble
generation. A perforated copper ring is
placed over the froth overflow to provide a
gentle wash water spray for concentrate
cleaning.

Wash water (fresh water) is added using a
3.78 I/min gear pump, the flow rate being
measured using a 0.5 to 5 I/min McMillan
micro turbine flow meter. Tailings are
evacuated from the bottom of the column,
using a 0 to 37 I/min peristaltic pump. The
column is fed using a similar pump, from an
intermediate reservoir continuously filled
with the same feed as the 3" cleaner column
of the Laronde’s copper circuit, i.e. a slurry
containing between 15% and 25% solids,
99% of the particles being smaller than
100 em. Column feed flow rate is
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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 1.5cm 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 c¢cm apart), for measuring the conductivity
of the corresponding stream.

Wash water flow
rate set point

Syphon
concentrate 'I'EEE”

8

N

i

-

Feed

Computer

; ' Gas!cluw rtate
- Setpoin

Tails pump speed

Tails

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 e, 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® g, function.

Wash water flow rate is controlled using a
local PI control loop (Moore Mycro 353).
Gas flow rate is regulated by a built-in Pl
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 1/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 Uy and U, 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 (hy, U, and Ug).
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 (Pl 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. J,, Jq
and J, are the superficial velocity of wash
water, gas and tails, i.e. the flow rate (cm?/s)
divided by the column cross-sectional area

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

4] 20 40 &0

— ]

a0 100 120 140

time (ming)

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 Il) are
presented in Figure 5. The fraction of wash
water  underneath  the interface s
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 Ill) 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
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u b

NN
&)1

Tails
pump (%)
o
T

(cm/s)

© 0.3

J

0.15

(cm/s)

w

J

0.05 ; - ;
0

80
time (min)

140

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

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

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

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

A.N. Sahin, A. Tirnak¢ioglu
Cayeli Baké Kkletmeleri A.k., Rize, Turkiye

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

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

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

¥ZET Yizdirme prosesinde randiman, konsantre tenoriiyle bagi olan en 6nemli
parametredir. Bu degisken flotasyon tesislerinde yapilacak birka¢ degisiklik ile
optimize edilebilir. Akiskanlar dinamigi de flotasyon hiicrelerinde farkli tane
boylarinda randiman iizerinde etkili olan noktalardan biridir.

CBI Bakir ve Cinko flotasyon tesisinde, ¢inko kaba devresinin ilk iki hiicresinin
karistict sisteminde yeni bir tasarim monte edildi. Bu yeni tasarim karistiricidaki
oOl¢iit; geleneksel karistiric1 dizaynindaki birgok iyi 6zellikleri etkilemeden ve daha
bliyiik motorlar veya ek modifikasyon gerektirmeden pompalama ve hava
dagilimmi gelistirmekti. Yeni karistirict tasarimi ayni performansi ayri hava
girislerinden havay1 dagitarak yapmaktadir.
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Flotasyon h¢crelerinin performanséné karkélaktérmak i-in kurulum ©°ncesi ve
sonrasénda test -alékmalaré yapélméktér. Zn kaba devresinden alénan numuneler
laboratuvarda analiz edilmiktir. Metalurji performansé ve enerji t¢ketimi yeni
mekanizma kullanélarak dej erlendirilmiktir. Performans sonu-laré, mekanizmanén
uygulamasé sonrasénda Zn randémanénén ©zellikle d¢kék Zn besleme ten®rlerinde,
arttéj éné g°stermektedir. Zn kaba h¢crelerinin 200 mm  uzunluj undaki motor
kasnaklarénén 150 mmodle dej iktirilmesi de motor devrinde °nemli bir azalma ve
g¢- tasarrufu saj lanméktér. Bu durum, etkin bir kekilde -ekilen akémé 105
amperbden 50 ampere d¢kérerek, gé- teketimi ile ilikkili maliyeti de dékermekter.

1 INTRODUCTION

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

The main criteria in assessing cell
performance are:

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

9 capacity in tonnes treated per unit
volume

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

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

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

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

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

1.1 CBI Plant

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

Uy CiRl C2008 tSTR0Y 1y05

ynedBSInSi208E s

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;

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

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

Z. Igbal, N. A. Rowson, S. Blackburn
School of Chemical Engineering, University of Birmingham, Birmingham, UK

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

This paper investigates mineral processing techniques for the extraction of lithium rich
mineral concentrates, in order to recycle lithium hence making it a sustainable source for
future generations. Various separation methods were investigated to develop a mineral
processing flow sheet for lithium concentrates from existing waste streams. Using this
technique sufficient lithium concentration levels were obtained with a recovery rate of up to
96%, thus making the process of potential interest.

1 INTRODUCTION Previous reports (J. R. Hawkes, 1987)

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.

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)401¢(F,OH).. This
can be achieved using various physical
separation techniques, in this study the most
significant lithium recoveries were obtained
using froth flotation. Lepidolite a lithium
rich mica, K(Li,Al)3(Si,Al),014(F,OH),, that
has a high aspect ratio, flaky structure and a
distinct lilac colour. Lepdiolite is a member
of the mica %roup; 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);AlSiO,o(F,0OH),, and muscovite,
KAIZ%AISigow)(F,OH)z, which act as
impurities in this study.
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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 energ?/ 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 Ii%ht energy which is detected and the
wavelength measured. The intensity of the
light omitted is due to the atoms excited as
shown by Manning T.J., Grow W.R., (1997).
ICP indicates the quantitative analysis of
lithium present.

1.2 Experimental

1.2.1 Material

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

LN
B i |
i i
e

Figure 1: Particle Size distribution of 53-250um

Figure 2: Particle Size distribution of 250-500um

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
spectrometer, respectively.

ICP

1.2.2.1 Froth flotation separation

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

1.2.2.2 X-ray fluorescence

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

1.2.2.3 Inductively coupled plasma

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

2 RESULTS AND DISCUSSION

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

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

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

2.1 Particle size range 53-250pm

Flotation experiments were conducted using
samples from the particle size range 53-
250um. The optimal pH for the experiments
was found to be 1.5, under these conditions
both the greatest lithium concentration and
recovery rate, 0.47% and 99% respectively
were  obtained.  Other  experimental
parameters (such as collector and depressor
dosage levels) were investigated at pH 1.5.
Figure 5 and 6 compare the depressor and
collector dosage, respectively.
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Figure 4: Flotation recovery of Li,O, constant
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variables were: depressor and collector dosage
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Figure 5: Flotation recovery of Li,O, constant
variables were: pH (1.5) and collector dosage
(6ml/kg).

] jin
1 i ]
I.". -
i

Cam L] g

Far o=

Eawm T

Fanm < E

S il i

i
I

LE
Coilsgree domigs, wi

I e g L3N] N Gl oo LR LTy

By g e P

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

2.2 Particle size range 250-500km

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

3. CONCLUSION

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

Further work will involve optimising the
process flowsheet for the lithium
concentrate to make it more suitable for
downstream processing.
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Filtre Yardémcé Kimyasalénén ¢BK Bakér Konsantre
Nemine Etkisi
The Effect of Filter Aid Reagent on CBI Copper

Concentrate Moisture

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

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

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

In this study, optimum reagent dosage and achievable moisture content were
investigated to achieve an allowable final product below the TML value. Results
showed that addition of 2000 g/ton of filter aid chemical addition decreases the
moisture content by 10 to 15 % in laboratory studies with different ore blends but
the cloth properties negatively affected in terms of surface porosity and
permeability.
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OZET Mineral konsantrelerinin gemi aracél§j éyla takénabilmesi amacéyla,
©zellikle sévélakmayé ©°nlemek amacéyla alénan emniyet késtaslaré nedeniyle
Takénabilir Nem Sénérlarenda (TNS) d¢kék s°z  konusudur. Bu  durum,
susuzlandérma/filtrasyon akamasénda edinilen, filtre kekindeki nem oranénén
°nemini vurgulamaktadér. ¢BK birincil bakér minerali kalkopirit olan bakér
konsantreleri ¢retmektedir. Genel olarak bu tip konsantreler aj érlék bazénda %10 -
15 oranénda nem ihtiva etmektedir. ¢ayeli Bakér-¢inko madeninin mevcut TNS
dej eri %10.4 olup fziksel olarak ulaxélabilir sénérdadér.

End¢striyel alanlarén bazélarénda daha az miktarda nem i-eren filtre keki
edinmek i-in susuzlandérma yardémcé kimyasalé T bakka bir dej ikle filtre yardémcé
reaktifi - kulanélmaktadér. Bu kimyasallar suyun y¢zey gerilimini azaltér ya da
kapiler yaré-apéné artérérlar ve b°ylece su molekglleri, filtre keki y¢zeyinden
kolayca buharlakabilirler. Bu nedenle, ¢BK bakér konsantre devresi ¢zerinde farklé
cevher tipleri ve filtrasyon kartlarénda laboratuvar ve tesis °l-ekli -alékmalar
yapélmékter.

Bu -alékmada TNS alténda nihai ¢r¢n elde etmek i-in en uygun kimyasal
eklemesi ve bakarélabilecek nem i-erij i araktéréldé. Sonu-lar g°sterdi Kki,
laboratuvar kokullarénda ger-eklextirilen -alékmalarda 2000 gr/ton kimyasal
eklemesiyle %10-15 arasénda bir nem d¢kékenen saj landéj é fakat filtre bezi
yézeyinde, ge-irimlilik °zellij ini olumsuz etkileyecek belirtiler g°zlemlendi.
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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)
(kahin A.N. et. al., 2012).

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

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

Table 1.

Table 1. Mill production since 2009

2013
(Budget
1250,0

x1000 2009 2010 2011 2012

Milled
Tomnage
Off-Spec

Concentrate

1151,0 11470 11954 1218.5

99.6 940 940 972 112.3

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

Pump Speed Curve
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Figure 2. Pump dosage curve

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

Table 2. Comparison between sample
points

Thickener
Underflow
Density Manual,
kg/l

Surge tank Manual | Moisture| Sample

Date Hour Density % Point

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

27 Haziran | 14:55 2.020 1.920 111 Stockpile

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

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

—

JECat: 2 P OREN

Figure 3. Plant set-up

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

Moisture results in Non-Spec
campaign

Majsture %

L] » i 0 B in i

Chemicad Cazape. I

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

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

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

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

Moisture results in Spec campaign

Weislirs, %

Chemical Dosage. |

Figure 5. Plant scale study results in
Spec campaign

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

Mualsiure. %

Cramica Desage. I

Figure 6.Plant scale study results in
BCO campaign

Moisture results in BYQ campaign

Muositure. %

Clisnlcal Dosage, I

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 I/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
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influence the test conditions and might
be kept in decision making.

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

2.2 Laboratory Scale Tests

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

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

Table 3. Reproducibility tests results

Test1|Test2| Test3 |Test4|Test5|Test 6]Test7
Filter aid addition,ml| 0 | 15| 3 | 45| 6 | 45] 0
Pulp density, g/l 1688 | 1640 | 1640 | 1666 | 1654 | 1660 | 1666
Feeding time, min 3 3 3 313 (3 3
V1Filtrate Water, | | 460 | 500 | 510 | 450 | 510 | 500 | 570
Cake Blow time, min| 45 | 45| 45 | 45| 45| 45| 45
V2 Filtrate Water,| | 100 | 100 [ 70 | 150 | 90 | 80 | 60
Wet weight, g 805 | 844 | 895 | 838 | 889 | 867 | 850
Dry weight, g 693 | 727 | 774 | 726 | 768 | 748 | 733
% Moisture 1391 |1386| 1352 | 13371361 (13.73| 13.76

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

Table 4. Filter test results in different
chemical dosages

Test1l |Test2| Test3
Pulp density, g/l 1717 | 1669 | 1649
Feeding time, min 3 3 3
V1 Filtrate Water, | 0.47 | 0.55 0.45
Cake Blow time, min 4.5 4.5 6
V2 Filtrate Water, | 0.085 [ 0.055| 0.07
Wet weight, g 927 941 821
Dry weight, g 811 820 726
% Moisture 12.51 | 12.86 | 11.57

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

3 DISCUSSION & CONCLUSION

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

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

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

1 INTRODUCTION

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

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

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

2 MATERIALS AND METHODS
2.1 Materials

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

Table 1.Properties of Used Minerals

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

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

Figed s SEM Feoage af T8 Parsicles s

Fig-3: SEM Trowge of PP
2.2 PCC Characterization

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

2.3 Paint Characterization

A commercial paint recipe is shown in
Table-2. This recipe contains 36.6% of
pigment including different amounts of TiO,,
calcined kaolin, GCC and PCC. Paint
production process and analysis were
described in detail in previous paper
published by Karakak 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 05
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 16
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
fiStormer Krebso 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; 20A, 60A and 85A 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 2000m in the presence of
Sodium  dodecyl benzene  sulfonate
(C12H25C6H4803Na).
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3 RESULTS AND DISCUSSION
3.1 Suspension Characterization of PCC

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

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

of pH in Shear Rate of 30 S*!

revealed that the apparent viscosity of the

PCC suspensions increased with increasing

pH from 7.8 to 10.8 due to a decrease in zeta

potential; the flow regime of this suspension

is Pseudoplastic (Fig-6). As shown in Fig-5,

decrease in zeta potential with increasing pH

values results in high apparent viscosity of

PCC.

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

Zeta Potential,

pH (24h) "y
7.8 21.27
8.1 19.37
8.6 12.13
9.2 (Natural) 8.04
10.8 -8.35

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

904

50 99
40 | )
- e —-Ti0O2 98
«.g--- GCC
S0 L pc “/ g
g )
qé ——Coverage @ 97 g
(=2
& 20 % A 3
> ya o
[ NN . -
=== -=-= 96
10 |
./
ya a]
0 A A 95
0 1 2 3 4
# of Paint (Series A)

Fig-7: PCC Sustitution Results

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

3.2 Paint Characteristics

Although substitution of TiO, with GCC
reduces the production costs, the opacity of
the film is not desirable. Using PCC instead
of GCC seems to overcome this negative
result (Kogel et al. 2006). As shown in
Table-4, a typical paint recipe containing
35% pigment consists of 20% TiO, and 15%
GCC, whereas a standard coverage is 98.7. A
1.3% decrease in coverage occurs upon 8%
substitution of TiO, by GCC. Savings 8%
TiO, with just 0.2% decrease in opacity is
obtained using 20% of PCC along with
3.32% GCC (Fig-7). The prices of TiO,,
GCC and PCC are around 31000/t, 1500/t
and 3400/t respectively. As the PCC costs
almost one ninth of TiO,, this amount of
TiO; substitution in industrial scale gives rise
to a significant economical savings.

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

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

Table 4. Properties of Paints (Series A)
. .| TiO, | GCC | PCC | Opacity | Viscosit
# of Paint % % % p% y (KU) y
1 20 [1515| 0 98.7 115.7
2 12 |2316| O 97.4 112.0
3 12 | 132 | 10 97.6 109.8
4 12 1332 | 20 98.5 122.4

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

Brightness and Scrubbing experiments
(Series B)
£ 8 2
Proportion . < S= 5%
of pigments Pigments ?'5 58 | 335
# | o @
%16 [ %28
0) GCC | 1 | 9.80 | 0.085
PVC55 |TiO;| Kaolin | 2 | 9.47 | 0.052
PCC 3 | 17.87 | 0.045
%16 | %36
(I GCC [ 1 [17.97 [0.734
PVC80 |TiO,| Kaolin | 2 | 16.03 | 0.604
PCC | 3 | 28.80 | 0.416

4 CONCLUSION

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

The Modelling of [Fe(CN)6]* Adsorption onto Sepiolite with
Artificial Neural Network

V.¥nen
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¥ZET Yapay sinir & lar§, son yéllarda adsorpsiyon prosesleri i-in bakarélé bir kekilde
kullanélan bir y°ntemdir. Bu -alékmada, kuvvetli metal siyan¢r komplekslerinden [Fe(CN)g]*
6¢n sulu ortamdan adsorpsiyonla giderilmesinde sepiyolitin etkinlij i i-in yapélan deneysel
-alékmalarda elde edilen veriler, YSA ile geliktirilen tahmin modelinde kullanéiméktér. Kki gizli
katmanlé YSA modeli ile sepiyolitin Fe ve CN adsorplama kapasitesi tahmin edilmiktir.
Konsantrasyon, tane boyutu, s¢re ve aktivasyon kokullaré girik baj émséz dej ikkenleri iken
-gkék baj émlé dej ikkeni olarak kapasite tahmini yapélméktér. 324 veriden olukan veri setinin
oncelikle 2320si €] itme, 920si test i-in kullanédlméktér. Tansig-tansig-logsig fonksiyonlaré
kullanélarak ilk gizli katmanda 8, ikinci gizli katmanda 7 d¢j ¢m sayéséyla elde edilen en iyi
korelasyon ve en d¢kek hata oranlaré séraséyla €] itmede 0.99401-0.015, testte 0.98983-0.020
bulunmuxtur. Ayné veri setiyle yapélan 9 -apraz doj rulama sonucunda korelasyon ve hata
performanslarénén bu dej erlere olduk-a yakén olmasé (0.99442-0.015 ve 0.98088-0.026)
modelin bakarélé ve g¢venilir olduj unu g° stermiktir.

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)g]*, from aqueous
solution was investigated. The experimental results was used as the database in forecasting
model developed in ANN. Fe and CN adsorption capacities of sepiolite were forecasted by
two hidden layer ANN model. Concentration, particle size, time and activation conditions
were input independent variables while the capacity was forecasted as output depended
variable. Total 324 data was randomly separated to two subsets as 232 training and 92 test
data. Tansig-tansig-logsig functions and 8 and 7 neurons in the first and second hidden
layers, respectively, resulted in the best model configuration. The highest correlation and the
lowest errors achieved with this configuration were 0.99401-0.015 at training and 0.98983-
0.020 at test. Cross validation was applied to the best configuration. A nine fold cross
validation resulted in 0.99442-0.015 correlation-error values for training and 0.98088-0.026
for testing. The achieved close correlation and error values after cross valudation indicated
the success and confidency of the established model.
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1 GKRKK
Altén i-eren cevherlerden altén
ekstraksiyonunda siyan¢r  li-i - y°ntemi

yaygén olarak kullanédlmaktadér. Siyan¢rén
yeksek toksik ©zellij i ve -evresel etkilerinin
kamuoyunda dikkatle izlenen ve tepki
g°sterilen bir konu olmasé bu tesislerde
siyan¢rle, atéklarén arétéménén ©nemini g¢ncel
hale getirmektedir. Siyan¢r li-i  iklemi
strasitnda Au ve Ag vyanénda, cevher
i-erisindeki bazé metaller de metal siyan¢r
kompleksleri keklinde -°z¢nmektedir. Ajér
metal siyan¢gr kompleksleri  stabiliteleri,
-ozeénérlekleri yada az -°z¢nér olmalart ile
karakterize edilirler. Bu anyon kompleksleri
ultraviyole ékénlara maruz kaldéklaré zaman
normal sécaklékta yavak ayrékérlar ve
ayrékmadeklaré s¢rece serbest siyangrlerden
daha az toksik etkiye sahiptirler (Donata vd,
2007). Ancak potansiyel tehlike olduklart
i-in °nlem alénmasé gereklilij i de g°z arde
edilmemelidir. K-inde siyan¢r komplekslerini
en fazla takéyan aték grubu olan madencilik
ve end¢stri atéklarénén miktarlarénén y¢ksek
oluku da d¢kenelérse, bu atéklarda bulunan
metal siyan¢r komplekslerinin giderimi i-in
ekonomik ve verimli y°ntemlerin bulunmasé
ve dojru uygulanmasé daha da ©°nem
kazanmaktadér.

Silikat yapélé minerallerden sepiyolitler
hem y¢ksek y¢zey alanlaré, hem de negatif
yézey  yékleri sebebiyle, °zellikle
katyonlarén ~ (metallerin)  dej iktirilmesi
velveya adsorpsiyonu amacgyla yaygén
kullanélmaktadér (Brigatti,2000). Bu metaller
arasénda siyan¢r komplekslerinde yer alan
Cu, Zn, Fe gibi bir-ok metal de
bulunmaktadér ve bunlar zayéf, orta ve
kuvvetli siyan¢r komplekslerini olukturan
°rneklerdendir (Brigatti vd,1999). Sepiyolit
asit, baz ve tuz gibi kimyasallar ile iklenerek
ya da ésél ikleme tabi tutularak daha da
g°zenekli hale getirilmekte ve adsorpsiyon
kapasitesi artérélabilmektedir.

M¢hendislik  sistemlerinde  optimum
kontrol ve ikletme stratejileri geliktirebilmek
i-in kaliteli temsili modellerin geliktirilmesi
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°nem  takémaktadér.
performansté  a-éklanabilmekte,
arzeden kontrol
geliktirilebilmektedir. Bu tér  modelleme
-alékmalarinda  -oju  zaman  kompleks
sistemlerdeki -oklu girik/-ékék dej ikkenleri
arast  dojrusal olmayan  (non-lineer)
ilikkilerin a-tklanmasé ve -°z¢mlenmesinde
modelleme  teknijinin  hassasiyeti  ve
bakaréséné saj lamak zordur ve ©°nemlidir.
Modelleme y°ntemlerinden biri olan YSA
yaklakémlaréyla, klasik tekniklerle -°z¢mg,
zor olan problemlerde -ok farklé yapéda ve
formlarda bulunabilen  dej ikkenleri  ve
verileri hézlé bir kekilde tanémlayarak etkin
-0z¢me ulakmak m¢mkendér. Son yéllarda
adsorpsiyon  proseslerinin  YSA  ile
modellenmesine y°nelik °nemli araktérmalar
yapélmaktadér. Singh vd (2006), YSA
kullanarak  hematitdin Cd  adsorpsiyon
kapasitesini tahmin ettikleri -alékmalarénda
deneysel ve tahmin edilen dej erler
araséndaki korelasyon dej erini 0.9607 olarak
bulmuklardér.  Yetilmezsoy ve Demirel
(2008), Antep fést§fé kabuju ile sévé
sol¢syonlardan Pb(Il) adsorpsiyon
etkinlij inin tahmini i-in gelixtirdikleri ¢-
tabakalé YSA modelinde korelasyon dej erini
0.936 olarak bulmuk ve Turan vd, pomzanén
Cu(ll) (2011a) ve Féndék kabuj unun Zn (11)
(2011b) adsorpsiyon kapasitesini YSA ile
modelledikleri -alékmalaréinda  y¢ksek
korelasyon katsayélare (R?= 0,99) elde
etmiklerdir.

Bu -aléikmada, kuvvetli metal siyan¢r
komplekslerinden  [Fe(CN)¢]*6¢n  sulu
ortamdan adsorpsiyonla giderilmesinde ham
ve asit aktif sepiyolitin etkinlij i i-in yapélan
deneysel -alékmalarda elde edilen veriler,
YSAGnén en temel alogaritmalaréndan biri
olan -ok katmanlé yapay sinir & laré
(¢KYSA) ile geliktirilen tahmin modelinde
kullanélméktér. €K'YSA modeli ile sepiyolitin
Fe ve CN adsorplama kapasitesi tahmin
edilmixtir.

B°ylece  proses
s¢reklilik

stratejileri
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2 MATERYAL VE METOT
2.1 Adsorpsiyon Denemeleri

Caléikmada Doj uk madencilik Ltd.ktidnden
temin edilen Eskikehir-Sivrihisar sepiyoliti
o7 ¢telép elendikten sonra <0.106, 0.106 -
0.300 ve 0.300-0.600 mm tane boyutundaki
fraksiyonlar kullanélméktér. Ham sepiyolit
numunelerinin ortalama spesifik y¢zey alang
293 m%godér. Ham mineralin yané séra, ayné
tane boyutlarénda sepiyolit farklg
normalitelerdeki HNOs ile asit aktivasyona
tabi tutulmuk ve adsorpsiyonda asit
aktivasyonun  etkisi  de  -alékéIméktér.
Aktivasyon ikleminde 0.5, 0.75, 1.0 ve 1.25
N HNO; (%650lik) -°zeltisi kullanélarak
%21006luk sepiyolit s¢spansiyonlarg
hazérlanméktér. 70eCdde 6 saat karéktéréldéktan
sonra saf su ile pH 5.5 oluncaya kadar
yékanmgk, sézelmek ve 60eCode
kurutulmuktur. Asit normalitesi 0.75 N
dej erine kadar spesifik y¢zey alané artarak

310 m/gba  ulakmék, daha  y¢ksek
normalitelerde ise 210 m%goa kadar
dékmekter.

Demir-siyan¢r  kompleksi  [Fe(CNg)]* 5

g/100 mL stok -°zelti olarak hazérlanép
-alékma boyunca seyreltilerek kullangélméktér.
Deneyler kesikli reakt°rlerde 50 mg
sepiyolit/100mL kompleks -°zeltisi olacak
kekilde hazérlanan farklé baklangé- kompleks
konsantrasyonundaki numunelerle
yapélméktér. Reakt®rler oda sécakléj énda 220
rpm hézdaki -alkalayécéda dengeye ulakana
kadar karéktérilméktér. 10 saat boyunca
yapélan °n denemelerde ilk 4 saatte sistemin
dengeye ulaktijé g°zlenmiktir. 4 saat
boyunca alénan numunelerde hem Fe hem de
CN analizleri yapélméktéir. CN analizleri
titrimetrik olarak g¢meék nitrat metoduyla
(APHA, 1998), Fe analizleri ise GBC
SensAA  model Atomik  Absorpsiyon
Spektrometresiyle yapélméktér. ReaktOrlerde
baklangé- ve sonu- pH deferleri de
Jenway3060 model pH metre ile takip
edilmiktir. Ayné deneyler tane boyutu ve
aktivasyon kokulu dej ikkenleri i-in de
tekrarlanméxtér.

2.2 YSA Modelleme

Yapay Sinir Aj laré (YSA), beyinde bulunan
neronlarén matematiksel modeline dayanarak
olukturulmuk géngmezde matematik,
istatistik, bilgisayar bilimleri ve m¢hendislik
alanlarinda pek -ok modelleme, sinyal
ikleme, desen tanéima ve sénéflandérma
problemlerine -°z¢m ¢retebilecek yetenej e
sahip bir sistemdir (Haykin 1999). YSA,
birbirine hiyerarkik olarak baj I8, paralel
olarak -alékabilen, n°ron yada d¢j ¢m olarak
adlandérélan yapay h¢crelerden olukmuktur.
Ayné zamanda, nCronlar arasénda &j érlék
denilen her baj lanténén bir dej eri vardér ve
bilginin ° renme yolu ile elde edilmektedir.
¥jrenilen bilgiler & érleklarda saklandéj é
i-in dajéték bir haféiza s°z konusudur
(3¥ztemel 2003).

CKYSA, girik ve -£kék arasénda doj rusal
ilikki olmadé ¢ zaman ©jrenme iklemini
ger-eklextirebilen ve YSA6nén yaygén
kullanglan algoritmalaréndan biridir. Girik
katmané ile -fkék katmané arasénda bir veya
birden fazla gizli katman mevcuttur.
CKYSA modeli danékmanlé  °f renme
yentemini kullanmaktadér. Aja hem girikler
hem de bu giriklere karkélék gelen hedef
-gkéxlar verilmektedir. Bu algoritmaya g°re
aj &n €] itilebilmesi i-in €] itim seti ve bu sete
karkélek hedef -gkék seti olmalédér. (3¥ztemel
2003, Fausett 1994).

Bir ¢KYSA modelinin €jitilmesi ¢-
adémda ger-eklextirilir: girik €] itme verisinin
ileriye dojru yayélmasé, verilen hedef
dej erlerine karkélek hatanén hesaplanmasé ve
bu hatanéin geriye dojru yayélarak
aj érléklarén ayarlanmasé (Fausett 1994).

Ejitime baklamadan ©°nce maksimum
iterasyon sayésé, gizli d¢j ¢m sayésg, °] renme
oranéinén ve en k¢-¢k hata  kriterinin
dej erleri tanémlangr. Daha sonra girik, gizli
ve -fkék katmanénda bulunan nCronlar
araséndaki b¢ten baj lanté af érléklaréna ve
ekiklere rastgele k¢-¢k dejerler atanér son
olarak €] itme iklemine baklanér.
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1.Adim: Kleriye doj ru yayélma:
Kleriye dojru vyayélma adémé  girik
katmanéndan  -fkék  katmanéna  dojru
n°ronlarén girik ve -ékék dej erlerinin, hatanén
geriye  yayélma  algoritmaséina  g°re
hesaplandé é adémdér. Bu adémda, °ncelikle
ef itim setinin bir segmenti (x, X,..X ) ve
bu segmente karkélek gelen hedef -ékék
segmenti (dr d2,..,dp) aja sunulur. Girik

katmanéna uygulanan girik dej erleri hi-bir
iklem uygulanmadan gizli katmana iletilir.
Gizli katmanda ve -ékék katmanénda bulunan
n°ronlar, sérayla bir ©nceki katmandan gelen
bilgileri baj lanté aj érléklarénén etkisi ile
kabul eder (Fausett 1994, Haykin 1999,
¥ztemel 2003). Bir n°ronun girik aj érlekle
toplamé elde edildikten sonra n°ron -£kékéng
bulmak i-in n°ron transfer fonksiyonu
uygulanér. Bu kekilde aj ¢zerinde °nce gizli
katmanda ve sonra -ékék katmangénda bulunan
béten nlronlarén aj érleklé girik dej erleri ve
n°ron -ékék dej erleri séraséyla hesaplanér.

2.Adim: Hatanén hesaplanmasé ve geriye
yayélmasé:
Bu adémda, -tkék katmanéndaki b¢ten
neronlar i-in ajén ¢rettiji -ékék ile hedef
-fkék araséndaki fark hesaplandéktan sonra
toplam hata hesaplanér. Hesaplanan hata
dejeri, b¢ten af érléklarin géncellenmesinde
kullanéléer.  Ejitimin amacé da &)
parametrelerini ayarlayarak, toplam karesel
hata dejerini en aza indirmektir (Haykin
1999, ¥ztemel 2003).

3.Adim: Aj érléklarén G¢ncellenmesi:
Bu adémda ise hataya ve n°ron transfer
fonksiyonuna baj I olarak °nce girik katmang
ile gizli katman araséndaki aj érléklar, daha

sonra gizli katman ile -ékék katmang
araséndaki &j érléklar g¢ncellenir.
Ajérleklar  g¢ncellendikten  sonra  aj én

girikine €] itme setinin ve hedef -ékék setinin
bir sonraki segmenti sunularak, ileriye doj ru
yayélma adéméndan (1.Adém) baklanér.
Bundan sonra €] itme setinin her segmenti
i-in bu iklem tekrarlanér. Ejitimin amacs,
girik segmentine karkélék aj én ¢rettij i -ékéx
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dej erlerinin, hedef -ékék dej erleriyle ayné
olmaséné saj lamak vyani hatayé kabul
edilebilir d¢zeye indirmektir (Haykin 1999,
¥ztemel 2003).

CKYSA modellerinde, maksimum iterasyon
sayést ve kabul edilebilir hata dejeri
(minimum hata kriteri) durdurma Kriteri
olarak belirlenmiktir. Ejer & maksimum
iterasyon  sayésétna  ulakmameéksa,  her
iterasyon sonunda hesaplanan karesel hata
deferi minimum  hata  kriteri  ile
karkélaktérélarak ~ °j renmenin  ger-eklexkip
ger-eklekmedif ine bakélér. Ajén €f itiminin
tamamlanmasg, &  girikine uygulanan
verilere  Kkarkélék gelecek uygun  -8kéké
¢retmesini - saj layan  &j érlek  dej erlerinin
bulunduj u anlaména gelmektedir (¥ztemel
2003).

Bu -alékmada, kesikli deneylerden elde
edilen bulgulara dayanélarak, bir ¢KYSA
modeli geliktirilmik ve sepiyolit ile Fe ve CN
adsorpsiyonu kapasitesinin eldeki
dej ikkenlerin  kokullaréna  baj Ié  olarak
tahmini yapélméktér. CKYSA modeli ile elde
edilen kapasite -éktélaré ile deneysel verilerle
ulakélan kapasite dej erleri  kéyaslanarak
modelin bakarésé ortaya konulmuktur.

3 BULGULAR VE DEGERLENDIRME

3.1 Sepiyolit ile Fe ve CN Adsorpsiyonu

kekil 1 6de 106-300 mm tane boyutlu
sepiyolitin farklé asit aktivasyon kokullaréinda
tutabildij i Fe ve CN miktarlarénén zamanla
dej ikimi g°r¢lmektedir. kekil 1 a ve b
birlikte dej erlendirildi] inde CN gideriminin
Fe giderim verimlerinden -ok daha y¢ksek
olduj u a-tk-a g°r¢lmektedir. Ham sepiyolit
%2 verimle hemen hemen hi- Fe giderimi
saj layamazken %80 CN giderimi
saj laméktér. Her iki iyon i-in de asit
aktivasyonun performans ¢zerinde belirgin
bir etkisi olmamgktér. kekil 1 adda g°reldeéj ¢
gibi en d¢ke¢k performans ham sepiyolitte
elde edilmik, aktivasyon  normalitesi
dékték-e verim artméktér. Ancak toplamda Fe
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giderim verim aralifinin  %2-8 oldugu
diisiiniilirse aktivasyonun sozii edilen bu
etkisi ihmal edilebilir diizeydedir. CN
giderimi baslangigtan itibaren denge siiresi
olan 240 dakikaya kadar azalarak devam
etmistir (Sekil 1b). En yiiksek CN giderim
verimi 1 N asit aktif sepiyolit numunelerinde
%87 verimle elde edilmistir. Ancak toplam
CN giderim verim araligi %80-87 gibi dar
bir aralik oldugundan aktivasyonun onemli
bir etkisi diiglinlilmemektedir.
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Sekil 1. 0.106 -0.300 mm tane boyutlu
sepiyolitin farkli asit aktivasyon kosullarinda
tutabildigi Fe ve CN miktarlarinin zamanla
degisimi (a) Fe (b) CN

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

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

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

3.1.1 YSA Modeli Performansé

Bu c¢alismada CKYSA ile gelistirilen
model ile sepiyolitin Fe ve CN adsorplama
kapasitesi tahmin edilmistir. Konsantrasyon,
tane boyutu, siire ve aktivasyon kosullar
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girik baj émséz  dej ikkenleri iken -Ekék
baj émlé dej ikkeni olarak kapasitenin tahmini
yapélméktér. 324 veriden olukan veri setinin
°ncelikle 2326si €] itme, geriye kalan 920si
test i-in kullanélméktér.

Olukturulan ¢KYSA modeli i-in katman
sayésé, iterasyon sayésé, momentum sabiti
(mc), ©°Jrenme orané (Ir), tranfer
fonksiyonunun tipi, gizli katman sayésé ve bu
katmanlardaki d¢f ¢m  sayéséné  optimize
etmek amacéyla her akamada dij erleri sabit
tutulup bir tanesi dej iktirilmek suretiyle
farkle konfig¢rasyonlar denenmiktir.  Her
akamada ulakélan model tahmin sonu-larg ile
deneysel sonu-lar arasénda ortalama mutlak
hata (MAE), ortalama karesel hata (MSE),
ortalama karesel hatanén karek®k¢, (RMSE)
ve belirlilik katsayésé (R® hesaplanarak
kéyaslama yapélmék ve en d¢kek hatayg, en
yeksek R2yi veren kokul en iyi kokul olarak
se-ilmiktir. Bu hata hesaplamalaré hem
€] itme, hem de test verileri i-in yapélarak
€] itme ve test performanslaré ayré ayré
dej erlendirilmiktir. Her bir akamada -aléxélan
kokullar ve aralék dej erler ile model sonucu

hesaplanan hata dejerleri Tablo 1dde
sunulmaktadér. Bu tabloda -apraz
doj rulama haricindeki dijer sonu-larén

tamamé ayné €] itme ve test veri setleri
kullanélarak elde edilmiktir.

Bazé dej ikkenlerde €] itme ve test i-in en
yeksek R? en d¢kek hata sonucunu veren
kokullar ayné dej erde -tkarken bazélaréinda
€] itme ile test performanslaré farklé dej erde
daha iyi -8kméktér. ¥rnejin Tablo 216deki
é-énce ve dordeénce konfigérasyonda €] itme
ve test performanslaré farklé kokullarda daha
yéksek olduj undan her iki kokula da tabloda
yer verilmiktir. Bu durumda ise en bakarélé
konfig¢rasyon test performanséna gore
dej erlendirilmiktir.

Tablo 1d6de g°re¢ldé] ¢ gibi ilk akamada tek
gizli katman kullanélmék, tansig-logsig
transfer fonksiyonu ile 5000 iterasyonda mc
0.2, Ir 0.3 iken d¢f ¢m sayélaré 4 ile 26
arasénda dej iktirilmiktir. Burada en bakarélé
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sonu- 11 d¢j ¢mde elde edilmiktir, €] itme ve
test i-in R? séraséyla 0.9861 ve 0.9760 olarak
bulunmuktur. Nisbeten y¢ksek — dej erler
olmaséna karkén bu tér bir kapasite tahmini
modelinde beklenen performansén 16e -ok
daha yakén olmasé gerektiji yaklakéméyla
optimizasyona ge-ilmiktir. kKkinci akamada Ir
0.2 ile 1.0 arasénda dej iktirilmik ve Ir 0.9
i-in bulunan en ycksek R? ve en d¢kek hata
dej erlerinin °nceki akamadan neredeyse hi-
farkle olmadi é g°re¢lmekter. Bir sonraki
adémda iterasyon sayésé dej iktirildi] inde
hem ¢jitme, hem de test performanslaré
beklendij i kekilde artméktér. En iyi sonu-lar
10000 iterasyonda g°zlenmiktir, ancak
€] itmede en iyi performans 11 d¢j ¢m, Ir 0.9
ile testte ise 12 d¢j ¢m ve Ir 0.3 ile elde
edilmixktir. Bu durum bir dej ikkeni optimize
ettikten sonra dif er kokullarén iyilektirilmesi
strasénda ayné dej ikkeni tekrar kontrol etmek
gerej ini g°stermiktir. Bu sebeple sonraki
akamalarda da model tekrar tekrar
-aléktérélarak  dej ikkenlerin  optimizasyonu
kontrol edilmixtir.

Bu t¢r tahmin modellerinde en yaygén
kullanglan transfer fonksiyonunun tansig ve
logsig olduju bilinmekle birlikte difer
transfer fonksiyonlaré da ¢KYSA modelinde
denenmiktir. Ancak Tablo 16de g°re¢ldé] ¢
gibi  dijer transfer  fonksiyonlarénén
performanslaré daha d¢kékter.

Tek gizli katman yerine iki gizli katman
kullangldgf énda  yine ©°ncelikle d¢f ¢m
sayélaré dej iktirilerek denemeler yapélméxtér.
KIk gizli katmanda 7, ikinci gizli katmanda 6
d¢j ¢mle tek katmanléda elde edilen b¢éten
sonu-lardan daha bakarélé bir performansa
ulakélméktér. Bundan sonraki adémda Ir ve mc
dej ikimleri denenmiktir, ancak Tablo 16de
son késémda g°r¢ld¢] ¢ gibi ve €] itme ile test
bakarésé farklé konfig¢rasyonda maksimum

olsa da performanslarda -ok k¢-¢k
dejikimler g°r¢lmekter. MAE  dékéndaki
hatalarda k¢-¢k azalmalar g zlenmiktir,

ancak MAE dejerinde iki gizli katmanlé
model denemelerinde tek gizli katmanléya
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kiyasla onemli diisiisler gostermistir. En iyi
egitme ve test performansi, iki gizli
katmanli, gizli katman ve ¢ikis katmani

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

noron transfer fonksiyonlar: sirastyla tansig, nedenle, modelin Ir 0.1 iken en iyi
tansig ve logsig ve mc 0.9 degerinde olan  performans: gosterdigi kabul edilmistir.
CKYSA mimarisi ile elde edilmistir. Gizli  (Tablo 1).
katman diigiim sayilart sirasiyla 8 ve 7 dir.
Tablo 1. YSA modelinin farkli konfigiirasyonlarda hata ve R? degerleri

Kosul MAE MSE | RMSE R® | MAE | MSE | RMSE | R’

osu egt egt egt egt tst tst tst tst
Tek gizli katman, tansig-logsig, Iterasyon sayis1:5000, mc:0.2, 1r:0.3, Gizli D¢ ¢m : 4-26
11 |[mc02]1r03 [0.0253]0.0341 [0.0012 09861 [0.0312 [0.0459 [0.0021 [0.9760

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

11 [mc0.2]1r0.9 [0.0254[0.0341 [0.0012 [0.9861 [0.0311 [0.0458 [0.0022 0.9760
Tek gizli katman, tansig-logsig, mc:0.2, Gizli diigiim : 11, 1r:0.9, Kterasyon sayésé:5000-10000
10000 [ 11 [1r0.9 [0.0217[0.0283 [0.0008 [0.9904 [0.0258 [0.0387 [0.0015 [0.9829
10000 | 12 [Ir0.3 [0.0194]0.0253 [0.0006 [0.9924 [0.0272 [0.0397 [0.0016 |0.9817
Tek gizli katman, tansig-logsig, Iterasyon sayis1:10000, Gizli Diigiim : 11, 1r:0.9, mc:0.2-0.9
mc0.7 | 11 [Ir0.9 [0.0165] 0.0207] 0.00040.9949 [0.0240 [0.0327 [0.0011 |0.9878
mc0.9 | 12 [1r0.3 [0.0153] 0.0202] 0.00040.9951 [0.0247 [0.0403 [0.0016 0.9811
Tek gizli katman, Iterasyon sayis1:10000, Gizli Diigiim :11, Ir:0.9, mc:0.7, Farklé transfer fonksiyonlaré
logsig-logsig 0.0295 [0.0395  [0.0016 09813 [0.0378 [0.0549  [0.0030 |0.9651
tansig-purelin 0.0432 [0.0644  |0.0042  [0.9498 [0.0413 [0.0607 [0.0037 [0.9567
tansig-tansig 0.0442 [0.0622  0.0039 09532 [0.0400 |0.0515 |0.0027 [0.9691
iki gizli katman, tansig-tansig-logsig, 1r:0,3, Gizli d¢] ¢m: 2-15/2-10
7 | 6 [0.0133[0.0189 [0.0004 [0.9957 [0.0230 [0.0369 [0.0014 [0.9843
iki gizli katman, tansig-tansig-logsig, 2 katman, Gizli diigiim: 8/7, Ir:0.1-0.9
Ir0.1 8 7 10,0156 [0.0225 |0.0005 |0.9940 |0.0209 [0.0298 |0.0009 |0.9898
1r 0.2 8 7 10.0150 [0.0221  [0.0005 [0.9942 [0.0224 [0.0354 [0.0013 |0.9855
Ir0.8 8 7 10.0124[0.0165 [0.0003 [0.9968 [0.0479 [0.1038 |0.0108 |0.8789
Capraz Dogrulama
rol | 8 | 7 [00153]0.0216 [0.0005 [0.9944 [0.0266 | 0.0403[0.0017 [0.9809

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

Bu modelin bakaréséné ortaya koymak ¢zere
sonuncu akamada, bakarélé olarak se-ilen
model konfig¢rasyonlarinda n kat -apraz
dojrulama (n  fold cross-validation)
uygulanméktér. Bunun i-in veriler rastgele
karéktérélarak veri k¢mesi n ekit par-aya
bel¢gnmek ve €f itme-test iklemleri n defa
tekrarlanméktér. Bunun i-in her adémda n
par-adan bir tanesi test i-in ayrélérken geriye
kalan (n-1) par-a €]itme iklemi i-in
kullanglméktér. Ayréca her adémda €j itme ve
test hatalar ile R? dej erleri hesaplanmék n
adém bittikten sonra ortalamasé alénmextér.
Bu kekilde veri k¢mesinde bulunan b¢éten

veriler hem €jitme hemde test i-in
kullanélmék  olmaktadér.  Bu  kekilde
ger-eklektirilen 3, 6 ve 9 kat -apraz
dojrulamada R® bazéinda elde edilen
bakarélar kekil 4dde kéyaslamalé olarak
g°sterilmiktir.  Klk akamada denemeler

yoluyla bulunan en iyi ¢KYSA modeli 9 kat
-apraz doj rulama ile de en iyi sonucu
vermiktir.  Capraz  doj rulama iklemi
sonucunda da y¢ksek performanslar elde
edilmiktir. Ayréca, -apraz dojrulama ile
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modelin  €f itme  bakarést  daha da
yekselmiktir. Bu da modelin g¢venilirlif ini
ortaya koymaktadér.
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kekil 4. Bakaréle model konfig¢rasyonlaréinda
farklé -apraz doj rulama performanslaré

4 SONUC LAR
Bu -alékmada ilk olarak kuvvetli metal
siyangr  komplekslerinden  [Fe(CN)g]*%¢n

sulu ortamdan adsorpsiyonla giderilmesinde

sepiyolitin  etkinlij i araktérélmextér.
Konsantrasyon, tane boyutu, s¢re  ve
aktivasyon kokullaré -alékélan  deneysel

parametrelerdir.

Calékélan deneysel kokullar i-erisinde Fe
giderimi i-in °nerilebilecek d¢zeyde verim
saj layan bir numune olmaméktér. Fe giderim
verimi t¢m numunelerde %2-8 araséndadér.
Ancak CN  giderim  verimleri  asit
aktivasyona tabi tutulan numunelerde %80-
87, ham sepiyolitte ise %94 t¢r.

Tane boyutu ve asit aktivasyonun
adsorpsiyonu artéréice  °nemli  bir etkisi
olmaméktér.

Calékmanén ikinci akamasénda, elde edilen
veriler, YSA ile gelixtirilen tahmin
modelinde kullanélarak iki gizli katmanlg
YSA modeli ile sepiyolitin Fe ve CN
adsorplama kapasitesi tahmin edilmiktir.
Konsantrasyon, tane boyutu, s¢re ve
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aktivasyon  kosullart  giris  bagimsiz
degiskenleri iken ¢ikis bagimli degiskeni
olarak kapasite tahmini yapilmustir.

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

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

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

A. Boteva, M. Parashkevova
Mining and Geology University St. "lvan 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
RESULTS

AND

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 Kkinetics 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 ECUu/EAu
Cu,% Au,g/t Cu,% Au,%
| concentrate 4,41 9,32 77,20 83,66 0,92
Il concentrate 3,17 4,81 12,45 9,69 1,28
111 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,%
| concentrate 10,20 12,50 40,85 22,93 1,78
Il concentrate 4,95 6,15 9,34 531 1,76
111 concentrate 3,79 5,55 9,37 6,29 1,49
1V 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,%
| concentrate 8,04 9,29 37,54 19,59 1,92
Il concentrate 3,73 6,31 38,01 29,04 1,31
111 concentrate 1,96 12,37 14,56 41,60 0,35
IV concentrate 1,79 4,40 2,97 3,30 0,90
V concentrate 1,57 5,04 1,15 1,67 0,67
Table 4. Flotation results by flow sheet on Figure 6
Product Yield Assay Recovery
Cu,% Au,g/t Cu,% Au,%
Copper concentrate 10,03 17,17 36,45 93,67 89,17
Tail 89,97 0,13 0,49 6,33 10,83
Ore feed 100,00 1,86 4,10 100,00 100,00
Table 5. Flotation results by flow sheet on Figure 5
Products Yeild Assay Recovery
Cu,% Aug/t  Cu% Au,%
| copper concentrate 3,66 20,13 28,01 40,30 25,30
Il copper concentrate 6,25 16,12 46,12 55,02 70,98
copper concentrate 9,91 17,60 39,07 95,32 96,60
tail 90,09 0,10 0,18 4,68 3,72
Feed ore 100,00 1,83 4,05 100,00 100,00

4 TRIAL RESULT ANALYSIS

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

The well-known fact was confirmed that
mineral flotation rate expressed as E=f(t) is
strongly dependent on the collector used.
Xanthogenate extracts sulfide minerals
without differences between copper sulfides
and pyrite in  table 1.  With
mercaptobenzothiazole /MBT/, the results
are different. Lack of collecting properties
with regard to pyrite in table 2 is evident.
We used as indicator for this purpose the
gold contained in the pyrite. Gold bonded to
copper minerals is extracted in the first four
minutes and thereafter the remaining portion

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

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

5 CONCLUSIONS

Trial results led to the
conclusions:

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

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

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

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

following
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ABSTRACT The aim of this study is to obtain the maximum copper recovery from the
copper sulfide-oxide ore by optimization of effective parameters of copper sulfides using
orthogonal array Lig (22 x 3%) of Taguchi method and acid leaching of the optimum flotation
tailing (copper oxides) under optimum working conditions. The flotation test was optimized
with Design Expert 7 software. The optimum conditions were found to be: pH: 11, collector
dose rate: 300 gr/t, activator addition rate: 100 gr/t, time: 7 min, aeration rate on: 3 lit/min,
solid percent: 10%, particle size: 100 em 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
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they float poorly. It is expected that the
reverse  flotation technique may be
appropriate to recover such oxide copper
minerals from the accompanying mineral
oxides/sulfides (Saleh et al., 2008).
Generally copper oxide minerals do not
respond well to traditional sulfide copper
collectors and require alternative flotation
techniques to concentrate the copper oxides.
For example, Lee et al. (2009) found out
those N-octyl hydroxamate collectors such
as AM28 can be used successfully to recover
the oxide mineral component in mixed
copper sulfide-oxide blends.

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

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

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

2.1 Materials

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

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

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

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

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

2.2 Procedure and Equipment

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

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

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

2.3 Taguchi Method

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

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

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

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

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

¢y

(x:' =
— = 1oy -

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

In this research to optimize copper
flotation, Taguchi technique was used.
Primitive rough tests indicate that eight
parameters including: mixing speed, solid
percent, pH of pulp, collector dose rate,
aeration rate, time, particle size and activator
addition rate are effective. Thus, to
investigate the effects of above mentioned
parameters in copper flotation, different
levels of them were selected. Copper grade
and recovery were selected as the responses.
Orthogonal array L5 (2°x3°%), which clarifies
6 parameters at 3 levels and 2 parameters at
2 levels, was chosen to carry out the tests.
Table 2 shows the experimental procedure.

3 RESULTS AND DISCUSSION

3.1 Flotation

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

Mixing  Solid Collector Aeration ;. Particle  Activator
No. speed Percent pH dose rate rate (min) size: dgy  addition

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

3.1.1 Effect of parameters on the copper
sulfides recovery

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

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

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

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

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

A i e e | B Pl vt s
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Figure 2. The effect of mixing speed, solid
percent, pH, and collector dose rate on the
copper recovery

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

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

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

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

H Alents sl rdke g

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.

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

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

In this research 3 levels of aeration rate of
3, 4, and 5 I/min were investigated. As can
be seen in figure 5(E), increasing the
aeration rate from 3 to 4 I/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

watmt,
O Ginss
¥

' GO (W (e

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 s

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;

334€33: B3 2
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Where:
3348 (¥jYm)? ©)
And

SSt: Total sum of squared deviations
about the mean

9;: Mean response for jth experiment

Im: Grand mean of the response

p: Number of experiments in the
orthogonal array

SSk: 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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level for df=1 (F=10.1) and also F-value for
pH factor is greater than extracted F-value
from the table at 95% confidence level for
df=2 (F=9.55). Therefore, variation of these

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

Table 3. Analysis of variance for copper recovery

Sum of Mean F

Source Squares DF Square Value p-value
Mixing speed 70.34 1 70.34 1.86 0.2311
Solid percent 116.05 1 116.05 3.06 0.1404
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 3%97'2 17 - - -

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

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

Residual 2.68 3 0.89 - -

Total 137.65 17 - - -

3.1.4 Optimum conditions of copper
sulfides flotation

Finally, wusing these findings about
influential parameters on the process,
optimum working conditions could be
predicted. The proposed optimum conditions
were as: pH of 11, collector dose rate: 300
gr/t, activator addition rate: 100 gr/t, time: 7
min, aeration rate: 3 I/min, solid percent:
10%, particle size: 100 em, 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. 4412 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).

246A2,024 4)
Where:

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

a : Percent of copper sulfides (85.16%)

b : Percent of copper oxides (14.84%)

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

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

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

3.3 Working Diagram

The proposed process flowchart is shown in
figure 7. According to the diagram, the
crushed and homogenized sulfide oxide

930

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 Lyg (2% x
3% orthogonal array. As a result, the
ultimate optimum conditions were found to
be: pH: 11, collector dose rate: 300 grit,
activator addition rate: 100 gr/t, time: 7 min,
aeration rate on: 3 I/min, solid percent: 10%,
particle size: 100 em and mixing speed:
1000 rpm. Under these conditions, copper
sulfides were floated and recovery and grade
of Cu were 68.36% and 14.92% respectively
at rougher stage. The most effective
parameter of flotation for maximum
recovery of copper sulfides was found to be
as: pH and the most effective parameters for
maximum grade of copper sulfides were
found to be as: pH and solid percent. Tailing
of the optimum flotation test was leached
under optimum leaching condition (pH: 1,
solid/liquid ratio: 1/8, temperature: 25°C
and leaching time: 30 min). 441.2 ppm of
Cu obtained from leaching test and copper
oxides recovery was 98.69% during the
leaching test. The total copper recovery at
72.86% was obtained by using flotation-
leaching process under optimum conditions.
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Figure 7. Flowchart of flotation-leaching cementation process
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Abstract The electronic level for individual atoms of prototype minerals were studied as well
as their reaction ability at interaction with reagent collectors in liquid phase. The ChemBio 3D
program of specialized complex ChemOfice Cambridge Soft Corp, MOPAC 2012. The most
wide spread prototypes of antimony sulfide minerals and its oxide minerals were studied.
Using certain equations of their rigidities, electronegativenes and charge transitions the
selectivity indices were calculated. The charges of separate atoms of minerals, as well as
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 _fJtég 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 Sh,S,0,
bertyerite FeSh,S, Jemsonite PbsFeShgSy4,
semseite PbSbgS,; bulanjerite PbsSb,Si;,
gudmuntite FeShS, as well as oxide
minerals valentinite Sh,03, and
senarmontite  Sh,0;,  were  studied.
Molecular models and molecular orbitals
were constructed, the energy levels were
calculated.

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

The different models of kermesite shown
on Figure 1

a)

(==Sb——0——sb=8
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a)

b)

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

b — transparent — balls - rods

model in form of net with

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

a)

=508

Fe—S

Sb

\

b)

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

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

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

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

Calculated computer parameters of
minerals were estimated: absolute rigidity
d, eV, chemical potential up to Pirson and
Paru 6, and the degry of charge transfer qN.

Minerals have general characteristics of
absolute rigidity d =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 Sh,S; relate to
chain constructions as quaternary ShS-
groups in form of radicals Sb,S¢ oriented
toward axis C. Therefore with the salts of
Pb, Cu and Ag could be formed combines
with Cu(l), Ag(l) , Pb(ll), Cu(ll), Fe(ll),
Ni(1l), Co(Il)(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 PbSh,S,, CuPbShSs;,
PbszS4, Pb28b285, and Pb3Sh2S6.
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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 PbSh,S, ; b-CuPbShS;; c-

prsz4, d'szszSs; e-Pbgsbzse.

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

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

936

with forming combines of PbSb,S, or
(tablel).
miargilite, AgShS, aramayonite, AgsShSs
pyrostilpnite and AgPbSbS; freieslebenite.
At activation of antimonite by silver cations
could be substitutions in antimony radical
Sh,Sg and forming combines andorite type
AngSbgsa

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



23'd nternational Mining Congress & Exhibition of Turkey A 16-19 April 2013 ANTALYA

Table 1. The charges of separate atoms combines

CuPbSbS; PbszS4
Pb,Sh,Ss Cu,Sh,Ss Pb3Sh,Se Cu3Sh,Se (burnotite) (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 | Pb0,5156 Cu 0,4315 Pb 0,7016 | S- 0,6581
S -0,7262 | S -0,6236 | S -0,5907 S -0,4304 S -0,6886 | S-0,4112
Pb 1,0054 | Cu 0,5688 | Pb 0,7208 Cu 0,4652
Pb 1,0057 | Cu 0,5794 | S-0,2858 S-0,3620
S-0,3731 S-0,2989
Sb 0,6770 Sb 0,7264
S -0,4546 S-0,6216
Heat Heat Heat . Heat Heat
- - - Heat forming . -
forming forming forming 48158243 forming forming
-66,29983 -0,48387 666,48117 ' 212,64903 | 120,56877
Energy
Eneirgy Ene_rgy Eneirgy Energy Ene_rgy
-3333,914853 -
1316,915505 | 2485,22537> | 1578,556673 1421,11451> 1045,79531
Dipole Dipole Dipole Dipole Dipole Dipole
3,53245 4,25038 12,04004 11,98605 15,69869 13,08659
HOMO HOMO HOMO aSOMOLUMO HOMO HOMO
-8,480 -8,178 -6,692 -6,870;1,723 -8,157 -8,906
LUMO LUMO LUMO BSOMOLUMO LUMO LUMO
-1,995 -2,593 -2,523 -7,618;1,331 -1,497 -2,500

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

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

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

The heat of forming for Pb3Sh,Ss and
Cu3Sh,Sg are high and their forming on the
surface have low probability.

The computer parameters for antimonite,
activated by lead, Sbh,Pb;Ss: 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.
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The computer parameters for lead

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

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

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

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

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

Y

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

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

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

There was
diethylaminxantogenate
(C2H5)2NCH2CH20CSSN3—HEAm|nKX) 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  (C4HgNH),PS;Na.  The

suggested

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

Figure 4. The scheme of combine ethylamine xantogene acid with PbSb,S, zinkenite: a)
initial chemical formulae; b) ball-rod model
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At Fig 5 is the combine of The parameters of complex combines of
dibuthylamindithiophosphate acid  with antimony minerals and collectors at Table
PbSb,S, zinkenite (its ball-rod model) and 2.

their parameters (table 2).

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

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

| Complex combines of antimony minerals and collectors

0.8378
Stretch 0.8459 0.4303 1.0792
Bend 2.6443 2.4189 2.2128 52.2695
Stretch-Bend 0.2345 0.2504 0.1394 -0.6135
Torsion 0.1802 0.1750 -0.0512 -0.2544
-4.4945
Non-1, 4 VDW -8.4533 -8.1305 -7.3389
Parameters
1,4VDW 5.6953 6.5153 4.2134 8.8309
Dipole/dipole 2.4621 2.5067 -0.3242 -0.8548
Total Energy , 3.6089 8.2007 -1.5100 53.1181
kcal/mol
SbPLS: SbCus, Sh,PbS, SbCus,
A + Dre¢pminesn + +
DE¢mines- DButyil¢mine DButildmine
. Iteration 301 Phosphate Phosphate
Iteration 424 Iteration 286 Iteration 826

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

Conclusion: Lead activators are preferable.

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

The practice of the
innovation  are
(Solozhenkin,2006;

processing and
presented in  detail
Baltuhaev and

2.4 Innovate technologies for processing Solozhenkin 2009 a, 2009 b). High
antimony minerals flotation gold- recovery of both metals reached
antimony ores (Salomatova 2007; Matveev, Salomatova,

2008; Solozhenkin at. al.

The basic resourses for production of
antimony in Russia is haw in republic Saha
(Amusinsky atal. ,2001, Komin,
Klyucharev,  Volkova ,2006) that
comparable with production of Bolivian,
Un. S. Afr., Thailand, Mexico, Malaysia,
Italy, USA. Could be mentioned, that
medium contents of antimony in above
countries is 2-5% in Saha ores it is 20-25%.
Almost all prospected Saha ores (95%) are
counted by two deposits — Sarylah and
Sentachan. Antimonite is a main ore
mineral of both deposites.
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Sarylahskoye Sentachanskoye
deposit deposit
Ore contents  Sb, | Sb, % 28,7
% 16,73; 13,2 Au, g/t 42,2

Au, Sh, %58, 9
git 7.4, 4,7 Au, g/t 68,6
Concentrate Sh, % | Sh, % 92, 1
63, 01; 60 Au, 71,5%
cjntent Au,
g/t 12, 8; 13,4
Conc.Recovery. Sb,
% 91, 6 ;90

Au,

85,7-86%

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

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

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

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

For low grade ore there was applied
roentgen radiometric separation

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

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

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

New industry use only sulfide-alkali

leaching of antimony  concentrates
(Solozhenkin, 2006).
But acid processes have many

advantages for complex gold-antimony
ores.

Hydrometallurgical ~ processing  could
produce the antimony three oxide and
antimony directly from concentrates
without pyrometallurgical treatment and
emanation of the sulfur dioxide in
atmosphere.

2.5.2 Innovate technologies for processing
gold-antimony concentrates

The authors applied as an antimonite
solvent solutions FeC1s, ShCls,
tetrafluorineboron acid HBF, to realization
of reaction under the circuit:
2Sh,S; +6MeA; =2SbA; +6MeA, +3S,

@
Where A- CI, F, Br, |, HBF,; 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 FeCls, as it excluded
pollution of antimony trioxide by ions of
iron because of hydrolyses reaction.

Sh,S; +3ShCls = 5SbCl; + 3S; (2)

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

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

Sh,S; + 2 NaOH = NaSbS, + NaShSO +

H,0 4)
NaSb82 + NaShSO + H,SO, = Sb283 +
Na,SO, + H,O (5)

The leaching of antimony from
Sh,S; by iron (111) fluorineborate is carried
out on reaction:
szSg + 6 Fe (BF4)3 =2Sb (BF4)3 +
6Fe(BF,), + 3S. (6)

Electrolyses of the filtered solutions in
diaphragms electrolizer allows to receive
pure antimony cathodes, and on the anode
dissolved fluorine borate of iron (1) oxidize
again up to fluoroborate of iron (111):
2Sh(BF)s+ 6Fe(BF,), = b+6Fe(BF,); (7)
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The above listed process is innovating in
comparison to classical antimonite leaching
process by sulfide-alkaline solutions.

CONCLUSIONS

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

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

4 The prospect was shown for the acid
leaching concentrates with use as the
solvents antimony sulfide ShCls and Fe
(BF4)s, receiving high-quality antimony
trioxide and metallic antimony.
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Piroluzit Cevheriyle Sulu ¢°zeltilerden Bakér (I1) Kyonlarénén
Adsorpsiyonu

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

Nizamettin Demirkéran
Kn°n¢, § niversitesi M¢hendislik Fakgltesi Kimya M¢hendislij i B®1¢m¢, Malatya-T¢rkiye

¥ZET Metal iyonlarénén aték -°zeltilerden giderilmesinde bir-ok y°ntem uygulanmaktadér.
Bu y°ntemler arasénda adsorpsiyon iklemi en -ok uygulananlardan birisidir. B¢yék ©l-ekli
uygulamalar i-in d¢kek maliyetli adsorbanlarén kullanédlmasé prosesin ekonomisi a-gséndan
°nemlidir. Bu -alékmada, sulu -°zeltilerden bakér (I1) iyonlarénén giderilmesi amacéyla d¢ék¢k
maliyetli adsorban olarak piroluzit cevheri kullanéiméktér. Deneylerde adsorban miktarg, bakér
iyonlarénén baklangé- konsantrasyonu, -°zeltilerin baklangé- pH dej erleri ve adsorbanén
partik¢él boyutunun bakér adsorpsiyonu ¢zerine olan etkileri incelenmiktir. ¢°zeltideki bakér
iyonlarénén késa s¢relerde hemen hemen tamaménén giderildij i belirlenmiktir. Kzoterm ve
kinetik dej erlendirmeler yapélmék ve incelenen adsorpsiyon prosesinin Langmuir izotermine
uyduj u ve yalancé-ikinci mertebe kinetij i izledij i belirlenmiktir.

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 (1) 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 GKRKk

Bir-ok end¢striyel iklem sonunda ortaya
-tkan ve -ecitli aj ér metal iyonlaréné i-eren
aték -©zeltilerin herhangi bir arétma iklemine
tabi tutulmadan doj rudan -evreye verilmesi
durumunda -evre ve insan saj I&§ & bundan
olumsuz etkilenebilir. Bundan dolayé
end¢striyel aték -©zeltilere uygun ayérma
proseslerinin uygulanmaséyla metal
i-eriklerinin  giderilmesi veya m¢saade
edilebilir ~ sénérlara indirilmesi  gerekir.
Kimyasal -°kt¢rme, elektro -°ktgrme, iyon

dej ikimi,  filtrasyon, sementasyon ve
adsorpsiyon gibi ayérma ve saflaktéirma
y°ntemleri metal iyonlarénén aték sulardan
giderilmesinde uygulanabilmektedir (Wang
et al., 2007; Pehlivan vd., 2009; Demirkéran
ve K¢nkel, 2011). Bu y°ntemler arasénda
adsorpsiyon metodu en fazla
uygulananlardan  birisidir.  Adsorpsiyon
prosesinde  -°zeltideki metal iyonlaré
konsantrasyonlaréna baj lé olarak késmen
veya tamamen giderilebilmektedir.
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Adsorpsiyon ikleminde metal iyonlarénén
giderilmesinde genellikle adsorban madde
olarak -ekitli kaynaklardan elde edilen aktif
karbon  kullanélmaktadér.  Aktif  karbon
adsorpsiyon i-in bgyék bir yizey alang
sa) lamaséna ra] men ¢retim maliyetlerinden
dolayé  b¢yek  °l-ekli  uygulamalarda
ekonomik olmayabilir. Bu sebepten daha
d¢kek maliyetli adsorbanlarén kullanélmasg
prosesin  ekonomisini  olumlu  y°nde
etkileyebilir.

¢exitli kil mineralleri bakér, -inko, nikel,
kadmiyum, kurkun gibi metal iyonlarénén
sulu -zeltilerden giderilmesinde d¢kék
maliyetli ~ adsorban  maddeler  olarak
kullanélméktér (Arpa vd., 2000; Srivastava et
al., 2004; Catalfamo et al., 2005; Fonseca et
al., 2006). Bu t¢r maddelerin yang séra bazé
hidrometalurjik iklem atéklaré ve cevherlerde
-ekitli metal iyonlaré ve organik t¢rlerin sulu
-Ozeltilerden giderilmesinde d¢k¢k maliyetli
adsorban madde olarak kullanélméktér (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 -alékmada, bir mangan cevheri olan
piroluzitin  sulu  -Czeltilerden  bakér
iyonlarénén  adsorpsiyonunda  adsorban
madde olarak kullanelabilirlij i incelenmiktir.

2 DENEYSEL ¢ ALIKMA

Deneylerde kullanélan piroluzit cevheri
Konya ilinden temin edilmiktir. Cevher
o7 ¢teldékten sonra -eitli partikél boyutuna
sahip °rnekler elde etmek i-in elenmiktir.
Cevherin  kimyasal analizi yapélmék ve
%57.66 MnO,, %10.00 CaO, %8.04 Fe,Os,
%7.08 SiO,, %0.93 Al,0;, %0.44 MgO
i-erdij i tespit edilmiktir. Cevherin kézdérma
kaybé ise 800 ACbde %15.85 olarak
belirlenmiktir. ¢alékmada kullanélan piroluzit

cevherine ait X-ray grafiji kekil 16de
verilmiktir.
Bakér iyonlaré i-eren -0 zeltiler

CuSO,.5H,0 kullanélarak hazérlanméktér.
Adsorpsiyon deneyleri 100 mLélik aj z&
kapatélmék erlenlerde magnetik karéktérécé

kullanélarak ger-eklektirilmiktir. Her
deneyde 50 mL  -°zelti erlenlere
konulduktan sonra belirlenen miktarda
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piroluzit -°zelti ¢zerine eklenmik ve belirli
s¢relerde  deneyler  ger-eklektirilmiktir.
¢Ozeltilerin pH ayarlamasé seyreltik s¢lférik
asit -© zeltileri kullanélarak yapélméktér. Bakér
iyonlaré  i-eren  -©zeltilerin  baklangé-
konsantrasyonu, adsorban miktarg,
-Ozeltilerin baklangé- pH dej erleri, cevherin
partik¢l boyutu ve temas s¢resinin bakér
adsorpsiyonu ¢zerine  olan  etkileri
incelenmiktir. B¢ten deneyler laboratuvar
ortam sécaklé énda ve 200 rpm karéktérma
hézénda yapélméktér. Deneylerin sonunda
-ozeltide kalan cu® miktaré
kompleksometrik titrasyonla tespit
edilmiktir. Baklangé-taki ve iklem sonunda
belirlenen bakér miktarlaré araséndaki farktan
adsorplanmék olan bakér iyonlaré miktaré
belirlenmiktir.

AR
e,
el

1:Filbostlikat
2:uartz
T FPirohart
= 4 Kalszt

Siddelel

LTeta
kekil 1. Piroluzit cevherinin X-ray grafij i

3 SONUC¢ LAR VE TARTIKMA

3.1 Adsorban Miktarénén Etkisi

Bakér iyonlarénén farklé konsantrasyonlaré
i-inoptimum adsorban miktaré farklé
olabilece] inden, deneysel -alékmada ilk
olarak 0.001-0.0075 mol/L aral§ énda bakér
iyonlaré i-eren -°zeltiler kullanélarak her bir
konsantrasyon i-in en uygun adsorban
miktaré belirlenmiktir. Bu deneylerde her bir
konsantrasyon i-in  0.2-0.5 aral§ énda
dejiken miktarda piroluzit Kkullanélméktér.
Deneyler sérasénda -°zeltilerin baklangé- pH
dejeri, -°zelti hacmi, Karéktérma hez,
ortalama partik¢l boyutu ve temas s¢resi
séraséyla orijinal pH, 50 mL, 200 rpm, 120
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Om ve 24 saat olarak sabit tutulmuktur. Bu

deneylere ait sonu-lar  kekil  2ide
g°sterilmiktir.  Deneyler sonunda, ayné
baklangé- konsantrasyonu i-in piroluzit

miktare artték-a adsorplanan bakér miktarénén
artté] ¢ belirlenmicktir. Bakka bir ifadeyle, ayné

miktarda  adsorban i-in  baklangé-
konsantrasyonu arttek-a -0 zeltiden
uzaklaktérélan ~ bakér  iyonlart  miktaré

azalméktér. 0.0075 mol/L dékéndaki dij er
bakér konsantrasyonlar i-in 0.3 g piroluzit
miktarénén  maksimum _adsorpsiyon i-in
yeterli olacaj ¢ belirlenmiktir. B°ylece dij er
deneylerde piroluzit miktaré 0.3 g olarak
se-ilmiktir.
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90 |

80

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

0.1 02 0.3 0.4 0.5 0.6

Adsarpsiyon, %

60

Adsorban miktar, g

kekil 2. Farklé konsantrasyon ve farkle
adsorban miktarlarg i-in bakér adsorpsiyonu

3.2 Baslangi¢ pH Degerinin Etkisi

0.001-0.0075 mol/L  aralé§fénda  farklé
konsantrasyonlarda bakér iyonlaré i-eren
-0zeltilerin baklangé- pH dej erlerinin bakér
adsorpsiyonu ¢zerine olan etkisi her bir
konsantrasyonu i-in 3, 4 ve orijinal pH
dej erlerinde  incelenmiktir.  0.001-0.0075
mol/L arasénda konsantrasyonlara sahip
-Ozeltilerin orijinal pH dej erleri 5.52-5.10
arasénda olduju pH-metre ile °l-¢lerek
belirlenmiktir. Bu deneylerde adsorban
miktaré 0.3 g, s¢re 24 saat, ortalama partik¢l
boyutu 120 Om, -°zelti hacmi 50 mL ve
karéktéirma hézé 200 rpm olarak se-ilmiktir.
pH etkisinin incelendij i deneylerde, pH
dejerinin  artmaséyla adsorplanan  bakér
miktarénén artté§f ¢ belirlenmiktir. Her bir
konsantrasyon i-in maksimum

adsorpsiyonun orijinal pHblarda meydana
geldij i g°zlenmiktir. Bu pH dej erlerinde
bakérén oksit halinde -Okmesi
g°zlenmemiktir  ve  sonraki  deneyler
-Ozeltilerin orijinal pHolarénda yapélméktér.

3.3 Baslangic Konsantrasyonunun Etkisi

Bakér adsorpsiyonu  ¢zerine  baklangé-
konsantrasyonunun etkisi 0.001, 0.0025,
0.005 ve 0.0075 mol/L bakér i-eren -°zeltiler
kullanglarak farklé adsorpsiyon s¢releri i-in
incelenmiktir. Bu deneylerde baklangé- pH
dej eri, adsorban miktard, -°zelti hacmi,
karéktérma hézé ve partik¢l boyutu sérastyla
orijinal pH, 0.3 g, 50 mL, 200 rpm ve 120
Om olarak alénméktér. kekil 36de bu deneylere
ait sonu-lar g°sterilmiktir.
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80

60

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

Adsorpsiyon, %o
=

20

0 20 40 60 80 100 120 140 160 180 200

Zaman, dakika

kekil 3. Faklé s¢reler i-in bakér adsorpsiyonu
¢zerine baklangé- konsantrasyonunun etkisi

kekilden g°r¢leceji gibi belirli  bir
adsorban miktaré I-in baklangé-
konsantrasyonu arttétk-a adsorplanan bakér
miktaré ~ azalmaktadér.  0.001  mol/L
konsantrasyona  sahi -Ozelti i-in
adsorpsiyon iklemi daha késa bir s¢rede
dengeye ulakmékken dijer béten baklangé-
konsantrasyonlar¢ i-in adorpsiyon ikleminin
180 dakikada dengeye ulaxtgj & s°ylenebilir.

3.4 Ortalama Partikiil Boyutunun Etkisi
Adsorbanén y¢zey alanéné etkileyece] i i-in

partik¢l boyutu adsorpsiyon prosesinde
°nemli bir fakt°rd¢r. Bakér adsorpsiyonu
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¢zerine piroluzitin partikél boyutunun etkisi
160, 140, 120 ve 93 Om ortalama boyuta
sahip °rnekler kullanglarak farklé s¢reler i-in
incelenmiktir. Bu deneylerde baklangg-
konsantrasyonu, karéktéirma hézé, baklangé-
pHosé, adsorban miktaré ve -°zelti hacmi
séraséyla 0.0025 mol/L, 200 rpm, orijinal pH,
0.3 g ve 50 mL dejerlerinde sabit
tutulmuxtur. kekil 4dde partikél boyutu ile
ilgili deney sonu-laré verilmiktir. kekil 4dden
g°re¢lece] i gibi partikgl boyutu k¢-¢ldék-e
adsorplanan bakér miktaré artmaktadér.

100

80

40

—— 160 um
—E— 140 um
—d— 120 pym
—£—03 um

Adsorpsiyon, %6

O 2 40 60 30 100 120 140 L16C 180 200

Zamen, dakika

kekil 4. Bakér adsorpsiyonu ¢zerine piroluzit
partik¢l boyutunun etkisi

3.5 Adsorpsiyon Kzotermi

Adsorpsiyon prosesinde, adsorplanan iyonla
katé adsorban araséndaki denge adsorpsiyon
izotermleriyle ifade edilir. Bunun i-in -exitli
adsorpsiyon izotermleri geliktirilmiktir. Bu
izotermler i-erisinde en -ok Langmuir ve
Freundlich izotermleri -exitli adsorpsiyon
proseslerine uygulanmaktadér.
Piroluzit  cevheri  kullanélarak  bakér
adsorpsiyonunun incelendiji bu -alékmada
da s°z¢ edilen bu iki model deneysel verilere
uygulanméktér. Elde edilen sonu-lara g°re bu
adsorpsiyon prosesinin Langmuir modeline
uyduj u belirlenmiktir. Bu model i-in akaj éda
verilen Exitlik (1)6in sol tarafénén Cc0ye karké
grafiji  olukturulur. Elde edilen d¢z
doj runun €jimi 1/qma €] erini_verirken,
doj runun kaymasé 1/Qmax. K. dej erini verir.

Cel0e = (L/0max-KL) + (CelUmax) 1)
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Bu ekitlikte C, adsorplanan iyonun denge
konsantrasyonunu (mg/L), 0. adsorbanén
birim k¢tlesi  bakena adsorplanan  iyon
miktaréné (Mg/g), Qmax adsorban i-in tek
tabaka adsorsiyon kapasitesini (mg/g) ve K.
ise Langmuir sabitini (L/g) g°stermektedir.
kekil 50de bu adsorpsiyon prosesi i-in
Langmuir grafij i g°sterilmiktir.

L5

CJg. Lig

1} 200 40 50 BO 100 120 1400 160

C.el

kekil 5. Bakér adsorpsiyonuna ait Langmuir
grafij i

3.6 Adsorpsiyon Kinetij i

Adsorpsiyon prosesinin _kinetik analizinde
Eenelllkle yalancé birinci ve ikinci mertebe
inetik modeller kullanélér. Bu -alékmada
elde edilen deneysel verilere yalancé birinci
ve ikinci mertebe kinetik modeller
uygulanmék  ve Erosesin yalancé ikinci
mertebe Kineti modele uyduj u
belirlenmiktir. Kkinci mertebe kinetik model
Exitlik (2)odeki gibi tanémlanér.

t/ge = (1/K2.0e°) + (t/0le) )

Bu exitlikte, t adsorpsiyon s¢resini (dak), gt
zamanénda  adsorplanan  metal  iyonu
miktaréné (mg/g), k, ise ikinci mertebe héz
sabitini g°stermektedir.

Elde edilen deneysel veriler kullanélarak
olukturulan t/gye Karké t grafij i kekil 66da
E"sterilmiKtir. kekil 60daki d¢z doj rularén

aymaséndan adsorbanén birim k¢tlesi bakéna
adsorplanan iyon miktaré olan qte) dej erleri
hesaplanmék_ve deneysel olarak bulunan g
de{ erleri  ile olduk-a iyi  uyuktuju
belirlenmicxtir.

Bu deneysel -alikmadan elde edilen
bulgulara g°re piroluzit cevherinin bakér
iyonlarénén adsorpsiyonunda olduk-a etkili
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bir adsorban olarak  kullanlabilece] i
sCylenebilir. Deneyler sérasétnda cevherin
-°z¢nmedij i belirlenmiktir.  Dolayéseyla
adsorpsiyondan sonra uygun bir desorpsiyon
iklemi uygulanarak cevher tekrar
adsorpsiyon prosesinde kullanglabilir veya
mangan bilekikleri ¢retiminde
dej erlendirilebilir.

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

020 40

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

kekil 6. Bakér adsorpsiyonu i-in yalancé
ikinci mertebe kinetik model grafif i

Piroluzit  cevherinin  s¢lférik  asit
-Ozeltileri ile li- ikleminden sonra ortaya
-tkan  li- atéklaré  kullanélarak  bakér
adsorpsiyonu i-in bazé denemeler yapélmék
ve li- iklemine tabi tutulmayan orijinal
cevher kadar y¢ksek kapasitede olmasa da
olumlu sonu-lar alénméktér. B°ylece bu
-alékmanén devaménda piroluzitin - -exitli
-0z¢c¢élerde li- edilmesinden sonra ortaya
-tkan katé at§fén -exitli iyonlarén sulu
-Ozeltilerden  adsorpsiyon y°ntemi ile
Eiderilmesinde adsorban madde olarak
ullanélabilirlij i incelenecektir.  Ayréca
desorpsiyon -alékmalaré yapélarak gerek
orijinal "gerekse li- até] énén adsorpsiyon
ikleminde tekrar kullanélabilirlij i
araktérélacaktér.
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Investigation of the Beneficiation of Low Grade Manganese Ores
D¢kek Ten°rlg, Manganez Cevherlerinin Zenginlektirilmesinin
Araktérélmasé

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

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

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

Keywords: Manganese, Flotation, Magnetic Separation, MGS

OZET Bu -alikmada, d¢kek ten®rlg, manganez cevherlerinin y¢ksek alan kiddetli kuru
manyetik ayérma, MGS ve flotasyon y° ntemleri uygulanarak zenginlektirilmesi araktérélmékteér.
Antalya b°lgesinden alénan numune %25,65 Mn, Kayseri b°lgesinden alénan numune ise
%13,96 Mn igermektedir. Flotasyon ve manyetik ayérma testlerinde her iki b°lgeden alénan
numunenin verimleri olduk-a d¢kék olmuk ve elde edilen konsantrelerin ten®rleri %45 Mn
dej erinden daha azdér. Ayné kekilde laboratuvar tipi MGS kullanéldg énda da benzer sonu-lar
elde edilmik ancak Antalya b°lgesinden alénan manganez cevherlerinden %78,71 verim ve
%41,24 Mn i-eren bir konsantre elde edilebilmiktir.

Anahtar kelimeler: Manganez, Flotasyon, Manyetik Ayérma, MGS

1 INTRODUCTION

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

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

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

Shake

Feed slurry

Washwater

Scrapers (34)

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

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

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

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

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

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

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

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

2 MATERIAL AND METHOD
2.1 Materials

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

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

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

Table 1. Chemical Composition of Kayseri

Manganese Ores

Element % Element %

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

Table 2. Chemical Composition of Antalya

Manganese Ores

Element % Element %

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

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

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

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

Feeding
(-2.8+1 mm)

Feeding
(-1+0.5 mm)

Feeding
(-0.5+0.150 mm)

Permroll Magnetic

Permroll Magnetic

Permroll Magnetic

Magnetics

Magnetics

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

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

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

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

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

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

Test Conditions

Stirring speed: 1400 rpm
Pulp density: 15% solids
pH: 10

Kerosene + Diesel Oil:
124 g/ton

Na,SiOs: 500 g/ton
Potassium Oleate: 150 g/ton
Sodium Oleate: 150 g/ton
10 min. conditioning and
12 min. flotation time

pH: 9

Potassium Oleate: 35 g/ton
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

=)

Crushing + Grinding

g

Rougher > Tailings

Flotation

J

1. Cleaning :>

Flotation

Middling 1

0

2. Cleaning :>

. Middling 2
Flotation

4

3. Cleaning :>

Flotation

Middling 3

g

4 min. conditioning and
6 min. flotation time

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

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

Nevertheless, increasing the further
cleaning stages of the flotation was
unsuccessful since the grade of the
concentrate was almost the same after the
three stages of cleaning.
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Table 3. Results of High Intensity Dry Magnetic Separation Tests

Feeding (-2.8+1 mm)

Product Weight Fe,O4 Mn Mn Yield
(%) (%) (%) (%)
1* Magnetic 12.5 16.16 35.00 61.64
2" Magnetic 8.8 17.70 17.95 22.25
Middling 17.4 9.23 3.10 7.61
Non-Magnetic 61.3 5.08 0.98 8.50
Feed 100.0 8.29 7.10 100.00
Feeding (-1+0.5 mm)
Weight Fe,04 Mn Mn Yield
Produc (%) (%) (%) (%)
1* Magnetic 11.0 17.13 34.93 30.19
2" Magnetic 12.9 17.09 31.87 32.29
Middling 17.1 15.69 20.34 27.33
Non-Magnetic 59.0 5.70 2.20 10.19
Feed 100.0 10.13 12.73 100.00
Feeding (-0.5+0.150 mm)
Weight Fe,04 Mn Mn Yield
Produc %) %) (%) %)
1* Magnetic 5.6 17.12 29.92 13.37
2" Magnetic 16.4 15.69 29.71 38.87
Middling 233 15.69 21.95 40.80
Non-Magnetic 54.7 5.70 1.59 6.96
Feed 100.0 10.30 12.53 100.00
Table 4. Results of the MGS Tests for Antalya and Kayseri Manganese Ores
Antalya Sample
Product - :
Weight (%) Mn (%) Yield (%)
Concentrate 48.96 41.24 78.72
Tailings 51.04 23.98 21.28
Feed 100.00 25.65 100.00
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, Na,SiO; used for depressing silicates
did not show the expected depressing effect.
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Bolkardaj Au/Ag Cevherinin  Siyan¢érleme  Performanséné
Kyilektirmek i-in Alkali ¥n Kklemin Dej erlendirilmesi

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

E. Yoj urt-uoj lu, K. Alp, O. Celep, V. Serbest
Karadeniz Teknik j niversitesi, Maden M¢hendislij i B°l¢m¢, Trabzon

OZET Ulukikla-Bolkardaj (Nij de) Au/Ag cevheri yaklakék olarak 150-200 g/t Ag ve 6-10 g/t
Au i-ermekte ve limonit, gC°tit, pirit, Kkalsit, ser¢zit / plumbojarosit gibi oksitli kurkun
mineralleri, smitsonit / hidrozinkit / hemimorfit gibi oksitli -inko mineralleri ve kilden
olukmaktadér. ¥ ¢telmeék cevherin karéktérmalé siyangr li-i testlerinde (% 33 katé orang ve 1,5
g/L NaCN, 24 saat) Ag ve Au i-in d¢kek kazanma verimleri (% 20-30 Ag ve % 50-60 Au) elde
edilmiktir. Yapélan mineralojik incelemelerde, gémék¢n -of unlukla arjantojarosit minerali
keklinde bulunduj u tespit edilmiktir. Altén ise; nispeten k¢-¢k boyutlarda (6-24 Om), nabit ve
elektrum keklinde ve genellikle gang minerallerinin i-erisinde kapaném halinde veya limonit-
getit gibi demir mineralleri ile birlikte bulunmaktadér. Alkali °©n bozundurma iklemi °J ¢télmeék
cevher °reji (de= 21,7 Om) ¢zerine uygulanmikter. ¥n iklem deneylerinde, alkali
konsantrasyonun (0,5-3M NaOH) ve sécaklg én (20-90AC) etkisi incelenmiktir. Alkali °n iklem
sonrasé ger-ekleken siyan¢rleme deneylerinde, Ag (>% 80) ve Au (>% 90) verimleri i-in ©nemli
iyilekmeler ger-eklekmiktir.

ABSTRACT Ulukéla-Bolkarda] (Nij de) 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 0m), 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 (dgo=21,7 Om). In the pre-treatment experiments, effect of alkali concentration (0.5-
3 M NaOH) and temperature (20-90AC) was studied. In cyanidation experiments carried out
after alkaline pre-treatment, significant improvements for Ag (>80%) and Au (>90%)
recoveries was occurred.

1 GKRK«

Au/Ag cevherleri, metalurjik a-édan genellikle
fiserbestd, fikompleksd ve frefrakterd olmak
¢zere  sinéflandérélérlar.  Serbest  Au/Ag
cevherden (% 80 <75 nm) siyan¢r li-iyle >%
90 verimle kazanélabilmektedir. Y ¢ksek

siyan¢ér ve oksijen t¢ketiminin yanénda kabul
edilebilir ekonomik altén/g¢mek kazanémé elde
edilen cevherlere ise fikompleks cevherlero
denir. Klave reaktifle dahi kazanélamayan ve
ekonomik olmayan cevherlere de firefraktero
cevherler denilmektedir (La Brooy vd., 1994;
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Adams, 2005). Au ve Ag cevher icerisinde
pek -ok kekilde ve -ok farklé boyutlarda
bulunabilmektedir. fiRefrakterd terimi altin ve
géemeékén  cevherde  akajédaki  kekillerde
bulunmasé  durumunda  kullanélmaktadér
(Sinadinovic vd., 1999; Roshan, 1990; Gupta
ve Mukherjee, 2000):

T Au ve Agonin s¢lfitler, oksitler ve
silikatlarén i-erisinde kapaném halinde
bulunmasg

9 Reaktif t¢keten  minerallerin  cevher

i-erisinde fazla miktarda bulunmasg

9 Dej erli metali adsorplama ©zellij ine sahip
yapélarin  cevher i-erisinde bulunmasé
(preg-robbing)

1 Au ve Agbnin zor -°z¢nen alakéim ve
mineraller keklinde bulunmalaré

9 Tane y¢zeyinde olukan film tabakasé ile
pasiflekmenin olukumu

1 Au ve Agbnin dijer minerallerin kristal
kafes yapést i-erisinde bulunmalarg

Refrakter cevherlerden metal kazanéménén
dékek olmasé bir °n iklemin uygulanmaséng
gerektirmektedir. Bu t¢r cevherlere siyanér ve
oksijenin temaséné saj layacak kekilde s¢lffit
yapéséné  bozundurmak amacéyla kavurma,
basén- oksidasyonu ve bakteriyel oksidasyon
°n iklemleri uygulanmaktadér (La Brooy vd.,
1994; Costa, 1997; Sinadinovic vd., 1999).
Geleneksel bir y°ntem olan kavurma metodu;
s¢lfér fazénéd bozundurarak dejerli metalin
siyan¢r ile temaséné saj lamayé hedefleyen bir
yontemdir (Dunn ve Chamberlain, 1997).
Kklem sonunda olukan gazlardan kaynaklanan
ekonomik  ve/veya  -evresel  faktOrler
yézénden  proses  °nemini  kaybetmiktir.
Y¢ksek ten°rle, ve s¢lfér fazénén tamamen
par-alanmasé gereken cevherler i-in uygun bir
proses olan basén- oksidasyonu ise otoklav ve
oksijen tesisine gereksinim duymaséndan
dolayé y¢ksek yatértm maliyetine ve ayng
zamanda y¢ksek ikletme maliyetine sahiptir
(Gunyanga vd., 1999). Biyooksidasyon iklemi
dékek  reaksiyon  hézé, d¢k¢k  pHbdan
kaynaklanan korozyon ve hassas proses
sécaklgfé  kontrolgngn  gereklilifi - gibi
dezavantajlara sahiptir (Iglesias ve Carranza,
1994; Crundwell, 1995). Sb ve As
minerallerinin  refrakterlik  i-in  °nemli
olduj unda alkali bozundurma proseslerinin
verimli olarak kullanélabilmesi s°z konusu
olmaktadér (Alp vd., 2010; Celep wvd.,
2011a,b).
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Uygulanacak °n iklemlerin belirlenmesinde
refrakterlik °zellij inin karakteri belirleyici bir
role sahiptir. ¥rnej in; preg-rob cevherler i-in
uygulanacak prosesler ile tane y¢zeyinde film
tabakasé olukumu durumunda uygulanabilecek
prosesler birbirinden tamamen farklédér. Au
ve Agonin kapaném halinde bulunmasg
durumunda ise i-inde bulunduju mineralin
°zellijine g°re Dbirbirinden -ok farklé
prosesler uygun olabilmektedir.

Jarosit grubu mineraller, genel formulg,
[AB3(X04)2(OH)¢] olan alunit s¢per-grup
I- erlsmde yer alér (Tablo 1) Burada =Fe®™
>AI . A= Na*, K*, Al 'Ag" ,Rb+ H3O+,

Pb+2 X=S > As yada Padir (Dutrlzac
and Jambor 2000). 19906larda jarosit prosesi
uygulamalaré  genikletilmik  ve  sentetik
arjantojarosit ve amonyum-jarositin alkali
bozundurma Kkinetik -alékmalaré yapélméktér
(Roca vd., 1993 ve 2006; Patino vd., 1998 ve
2003; Cruells vd., 2000).

Tablo 1. Jarosit grubundaki mineraller ve
bunlarén sentetik olarak olukan bilekiklerinin
adlaré (Dutrizac ve Jambor 2000)

Form¢leé Mineral adé
KFe3(S0,),(OH)s Jarosit
NaFe3(S0,)2(OH)s Natrojarosit
AgFes(S0,),(0OH)s Arjentojarosit
NH,Fe3(SO,)2(0OH)s Amonyajarosit
PbFes(SO4)4(0OH)12 Plumbojarosit
TIFe;(SO4)2(OH)e Doralkarit
Pb(Fe,CU);;(SOA)z(OH, Hzo)e Bevarit
(H30)Fe3(S04)2(OH)6 Hidronyum-jarosit
RbFe3(SO4)2(0H)s -
HgFes(SO4)4(OH)1, -

Rio  Tintodda  (Kspanya)  figossano

cevherlerinde doj al jarosit mineralleri ©nemli
miktarda g¢meék i-ermektedir (Roca vd.,
1999). Jarosit grubu minerallerin yapésénda
bulunan g¢mex i-erijini  siyanér  li-iyle
kazanmak g¢- oldujundan refrakter olarak
sénéflandérélabilir. Gerek end¢striyel olarak
-Okeltilen ve gerekse dojal jarositlerin
b¢nyesinde g¢mex  arjanto-jarosit formunda
yada dijer jarosit bilekiklerinin yapésénda
yaygén bir kekilde bulunmaktadér. Jarosit
mineralinin alkali bozundurulmaséyla kristal
kafes yapéséndan s¢lfat iyonlarg
uzaklaktérélarak geride Fe-Ag hidroksit i-eren
bir katt jel olukmasé saj lanmaktadér.
Arjantojarositin  alkali ortamda bozunma
reaksiyonu akaj édaki gibidir (Ekitlik 1)
(Kasaini vd., 2008; Salinas vd., 2001, Roca
vd., 2007 Patino vd., 2010).
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AgFe3(SO4)2(OH)s (¢ +40OHA Ag(OH)  + 3Fe(OH); ¢ +
25047 (i) 1)

Alkali bozundurma prosesinde,
arjantojarositin yapésénda bulunan g¢meék katé
késtmda kalarak [Ag(OH) kristali] sonrasénda
siyan¢r li-inde [Ag(CN),]" kompleksi olarak
-0z¢nd¢rélebilmektedir  (Exitlik 2). (Patino
vd., 1998; Cruells vd., 2000; Salinas vd.,
2001).

Ag(OH) (g +2CN'A Ag(CN)" (o2 + OH (o7 (2

G¢mektak Madencilik ve Ticaret A.K.0 ye
ait olan Bolkardaj madeni, Nij de ili, Ulukéla
il-esi, Madenk®y sénérlare  i-inde yer
almaktadér. Maden vyatajéndan  yeralté
madencilij i yontemi ile cevher -&karélacak ve
siyan¢r li-i yentemi ile iklenerek dore altén ve
g¢mek elde edilmektedir. Proje sahasénda
yeraltt madencilij i ile toplam 430.000 ton
cevher ¢retimi planlanmaktadér.  §retimi
planlanan 3 ayré galeri bulunmakta olup,
ortalama ten°rler Au 10 gr/t, Ag 332 gr/t
olarak verilmiktir (Mesta vd., 2009).

Yapélan ©°nceki -alikmalarda, cevher
yataj énén tamamen oksidize olduju ve
cevherin yojun limonit + g°tit ile birlikte
oksiti ~ -inko  (smitsonit, hidrozinkit,
hemimorfit), oksitli kurkun (ser¢zit, plombo-
jarosit, -ok az galen) nabit alttn ve g¢meék,
elektrum (altin+Ag alakémé), pirit, silis, kalsit,
psilomelan;  kil, mika ve feldispat
minerallerinden oluktuf u rapor edilmiktir
(Mesta vd., 2009).

Bolkarda] maden yataj éndan alénan altén
ve g¢mek-e zengin cevherden (14,5 gr/ton
Au, 415 gr/ton Ag, % 2,75 Zn ve % 7,03 Pb)
alttn, g¢mek, -inko ve kurkunun kazaném
olanaklaré araktérélméxtér (Acarkan, 1984). 0,3
mm alttna boyutu k¢-¢ltelmék  cevher,
sarséntélé masa ile zenginlektirilerek altén ve
géemek-e  zengin  kurkun konsantresi elde
edilmiktir Deneylerde konsantrenin Au ten°r¢,
202,6 g/t iken kazanma verimi % 13,5, Ag
ten°r¢, ise 2232 g/tba ulakérken kazanma
verimi % 6,50ta kalméktér (Acarkan vd.,
2009). Acarkan vd. (2011), flotasyon
y°ntemiyle altén ve g¢mex kazanéménda farklé
toplayéce kombinasyonlarénén etkisini
arakterméklardér. En iyi sonu-lar, Aero
208+Aerophine 3418 A toplayécélarénén
birlikte  kullanéméyla ~ (350+350  gr/t
konsantrasyonunda, 1000 gr/t Na,SiO3) pH
4,50de elde edilmiktir. Sonu-lara g°re, 1026.9

gr/t Au ve 10185 gr/t Ag ten°rl¢, konsantre
d¢kek verimlerle elde edilebilmiktir. Yapélan
CN deneylerinde ise; Ag i-in % 28, Au i-in
% 52 kazaném verimlerinin elde edildij i, ince
o7 ¢tmede de bu oranén Ag i-in %22-43, Au
i-in %76-87 olduj u bulunmuktur (Celep vd.,
2012). Bu durum g¢meken arjanto jarosit
yapésénda bulunmaséndan, alténén ise limonit
getit lepidokrosit gibi yapélar i-inde kapaném
halinde bulunmaséndan kaynaklandg ¢
dékenélmektedir. Y apélmek -alekmalar
dej erlendirildij inde Ulukékla cevherinden Au
ve Agonin  siyanér  lici  deneyleriyle
kazanéiménda alkali °n  iklemin etkili
olabilecej i d¢kenelmektedir. Bu -alékmada;
Nij de-Ulukékla Au-Ag cevherinin alkali °n
iklem uygulamasgyla siyan¢rleme
performanséna etkisi araktéréalmextér.

2 MALZEME VE YONTEM

2.1 Malzeme

Deneylerde kullanélan numune; Nij de ili,
Ulukékla il-esi, Madenk®y sénérlaré i-inde yer
alan G¢mektak Madencilik ve Ticaret A.K.0
ye ait olan Bolkarda] madeninden alénmgxtr.
Cevher numunesi (e 150 Kkg) deneyler
°ncesinde kérma iklemine tabi tutulmuxtur.

2.2 Yontem

Katt analizleri ACME Laboratuarénda
yaptérélméktér.  Mineralojik analiz  Nikon
Polarizan Mikroskop ve SEM analizi

ZEISS/EVO LS10 cihazénda parlak kesitler
¢zerinde  yapélméktér.  ¥j ¢tme  -ubuklu
defirmen ile yapélmé olup boyutu analizi
Malvern Mastersizer 2000 MU cihazé ile
lazer difraksiyon y°ntemi ile yapélmétér.
Alkali li-leri su ceketli beherlerde % 20 katé
oranénda, 0,32-2-3,68 M konsantrasyonda ve
sécaklek (19,66-57,5-95,34°C) kontrol, ile 4
saat olarak yapélmektér. 24 saatlik karéktérmalé
siyan¢r lici deneyleri %33 katé oranénda, 1,5
g/L NaCN, pH 1ldéde yapélméktér. Cozelti
Au/Ag analizleri VARIAN AA200 AASinde
yapélmékter.
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3 BULGULAR VE TARTIKMA
3.1 Cevher Ozellikleri

Cevherin  kimyasal bilekimi d°rt asit
bozundurmasé sonrasé ICP-ES ile, kupelasyon
ve XRF analizi yaptérélarak tanémlanméxtér.
Cevherin % 34,77’si Fe,03, % 22,80’ SiO;
olduj u g°r¢lmektedir. Cevher % 4,78 Zn, %
2,59 Pb, 8,6 gr/t Au ve 176 gr/t Ag i-erdifi
belirlenmiktir (Tablo 2). XRD analizinde
kuvars, plumbojarosit, smitsonit, hidrozinkit,
galen, anglezit minerallerinin varlg é tespit
edilmiktir.  Cevherde alttha 6-24 pm
boyutlarinda rastlanméktér (kekil 1). Altn;
hematit-limonit mikro -atlaj & i-erisinde, kalsit
i-erisinde basén- ge-irmik olarak, hematit,

getit lepidokrosit ile beraber, gang ile
bulunduj u g°r¢lmektedir. SEM
geréntélerinde plumbo  jarosit  yapése
gerelmekter. Avrjantojarosit yapésé

g°zlemlenememik olup konu ile ilgili
araktéirmalara devam edilmektedir (kekil 2).
Deneyde -ubuklu dejirmen i-erisinde 30
dakika  °J¢telmek  cevher  ©rnekleri
kullanéglméktér. Bu °f ¢telmeék ©rneklerin tane
boyut daj élémé dgy=210m olarak belirlenmiktir
(kekil 3).

Tablo 1. Bolkarda] cevherinin temsili

numunesinin kimyasal analizi

Bilekik K-erik, Element K-erik,
% grit

SiO; 22,80 Au 8,6

Al,O4 4,07 Ag 176

F6203 34,77 Sh 500

Ca0O 5,79 Ba 300

MgO 1,32 Mo 60

Na,O 0,07 Ni 90

K.0 0,77 Co <10

MnO 1,35 Cr 80

TiO, 0,14

P05 0,05

SO; 0,18

Cu 0,13

Pb 2,59

Zn 4,78

As 1,60

Top.C. 1,77

Top.S. 0,54

AZ 15,80

962

kekil 1. Altén tanelerinin bulunuku. Hematit-
limonit mikro -atlak i-erisinde (a), Kalsit
kristali i-erisinde basén- ge-irmik (b),
hematit, g°tit lepidokrosit ile beraber (c),
Gang i-erisinde kuvars yanénda (d)
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3.2 Direkt Siyandr Lici

Direkt siyan¢r li-i deneyi % 33 katé orané ve
1,5 g/L NaCN, 24 saat olarak yapéldg énda
s¢reye gere; 0,17-0,5-1-2-4-8 ve 24 saatlik li-
Kinetij inde -alékélarak Au-Ag % kazanma
verimleri kekilde g°sterilmektedir (kekil 4).

24 saatlik siyan¢r li-i deneyleri %52 Au ve
%28 Ag kazaném verimlerini ge-memektedir.
Verimlerin d¢kék olmasénén sebebi, altéin ve
gemeken refrakter © zellikte olmasédér.

kekil 2. a) Cevher °rnejinden hazérlanan
parlak kesitten SEM g°r¢ntésé, b) + ikaretli
noktadan mikroanaliz sonucu

Tane Baratiiijomi

kekil 3.Cevher °rnej inin 30 dakika sonrasé %
EA analizi
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kekil 4. Direkt siyan¢r li-inin s¢reye gore %
Au-Ag kazaném verimlerindeki dej ikim

3.3 Alkali On {islemin Siyaniir Licine
Etkisi

Alkali °n iklemin siyan¢r li-ine etkisinin
araktérélmasg amacéyla farklIé alkali
konsantrasyonlarénda (0,32, 2 ve 3,68 M) °n

bozundurma deneyleri yapélméktér. Kklem
sonrasénda uygulanan siyangr li-i  deney
sonu-lartna  g°re  Ag (%80)-Au (%85)

kazanma verimlerinde artélar g°zlenmiktir
(kekil 5).

Direkt  siyan¢r  li-i  deneyleri ile
kéyaslandgj énda, alkali °n iklemin 0,32 M
konsantrasyon oranénda Agbnin  kazaném
verimi % 370ye y¢kselirken, 2 M ve 3,68 M

uygulandéj énda verimlerinin lineer olarak
artt§f 6 g°r¢lmektedir.  Alttn  kazaném
verimlerinin - de  konsantrasyon oranlaré

artték-a nispeten arttd & tespit edilmiktir.

Alkali °n iklemde; stcakli én etkisi 19,66,
57,5, 95,34AC dej erlerinde incelenmiktir.
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Yaklakék olarak % 90 Ag, % 99 Au kazanémé
s°z konusudur (kekil 6). Sécaklek artékénén
alkali  °n iklem sonrasé siyaner li-i
deneylerinde  Au-Ag kazaném  verimleri
¢zerine lineer olarak etki etmektedir. Sécaklék
19,66 AC iken Aubnun kazaném verimi %72
iken, Ag %37ddir. Sécaklek 57,5 ACoye
yekseldij inde Au  kazaném veriminde pek
dej ikiklik olmazken, Ag %490a
yekselmektedir.  Sécaklék 95,34 ACdye
ulakt§] énda verimlerde Au i-in %99 ve Ag %
900a ulakmaktadér.
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kekil 5 Alkali ©°n ikleminde alkali

konsantrasyon oranénén CN li-indeki Au/Ag
kazanma verimi ¢zerine etkisi (Alkali iklem:
19,66AC, 240 dk; Siyan¢r li-i: 1,5 g/L NaCN,
pH: 11, 24 saat)
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kekil 6 Alkali °n iklem sécaklgénén CN
li-inde Au ve Ag kazanma verimine etkisi
(Alkali iklem: 0,32 M, 240 dk; Siyan¢r li-i:
1,5 g/L NaCN, pH: 11, 24 saat)
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4 SONUCLAR

Direkt siyan¢r li-i deneylerinde %52 Au ve
%28 Ag kazaném verimlerinin elde edilmesi
nedeniyle  Nij de-Ulukékla  cevheri i-in
refrakter °zellif e sahip bir cevher olduju
sPylenebilir. Bu refrakterlij in sebebi i-in;
géemeéken jarositik yapélar halinde bulunmasg,
alténén ise manyetit-limonit-g°tit gibi demir
i-erikli minerallerin i-inde kapaném halinde
bulunmalarénén olduj u d¢ékenélmektedir.

Refrakter °zellif in giderilmesi amacéyla bu
-alekma kapsaménda yapélmék olan alkali °n
iklem sonrasénda uygulanan siyan¢r li-inde
%99 Au ve %90 Ag verimlerine
ulakélabilmektedir. Bu durum alkali ©n iklemin
refrakter yapélarin bozundurulmasé a-éséndan
bakarélé olduj unu g°stermektedir. ¢alékmanén
sonu-laré incelendijinde alkali ©°n iklem
sonrasénda uygulanan siyan¢r li-i
deneylerinde alttn ve g¢meék kazanémlarénén
alkali  konsantrasyonu ve ©°n iklem
sécakléj éndaki arték ile dojru orantélé olarak
artté] ¢ belirlenmiktir. Bu durum y¢ksek alkali
ve y¢ksek sécakleék kartlarénda  refrakter
yapélarin daha verimli bozundurulduj unu
g°stermektedir.

Sonu- olarak Nijde-Ulukékla refrakter
Au/Ag cevherinin  siyan¢gr  li-i ile
dej erlendirilmesinde; alkali bozundurmanén
°n iklem kademesi olarak uygulanabilece] i
sPylenebilir.

5 ONERILER

Altin ve gémeken bulunukuna yonelik ve
alkali  bozundurma  sonrasé  ¢renlerin
karakterizasyonuna y°nelik -alékmalaré daha
detaylé olarak yapélabilir. Farklé alkalilerin
siyan¢r li-i deneylerine etkileri -aléélabilir.
Alkali iklem ile siyanér li-i deneylerinin
ekzamanlg olarak ger-eklektirilmesi
incelenebilir.
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Sulu ¢°zeltilerden Bakér Ekstraksiyonunda Oleik Asidin
Ekstraktant Olarak Kullanélabilirlij inin Kncelenmesi

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

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

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

OZET Hidrometalurjide solvent ekstraksiyonu lic cozeltilerinden metal kazanmak veya
cozeltiyi saflaktérmak i-in uygulanér. Bu -alékmada, bakér iyonlaré i-eren -°zeltilerden bakérén
solvent ekstraksiyonuyla kazanélmasénda oleik asidin ekstraktant olarak kullanélabilirlij i
incelenmiktir. ¢°z¢ce, tére, sécaklék, organik faz/sulu faz orané, karéktérma hézé ve baklangé- pH
dej erinin ektraksiyon verimi Uzerine olan etkileri araktérélméktér. ¢°z¢ce kullanéldé é zaman
bakér kazanma veriminin d¢kék olduju sadece oleik asit kullanéldg énda ise verimin daha
yuksek olduj u belirlenmiktir. Karétérma hézé ve baklangé- pH dej erinin artmaséyla sulu fazdan
uzaklaktérélan bakér miktarénén arttd & g°zlenmiktir.

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 GKRKk gerek -°zeltinin saflaktérélmasé gerekse metal

kazanélmasénda g¢ngmézde -ok-a  tercih
D¢nyada  ve  ¢lkemizde zengin - cevher  edilen bir metot haline gelmiktir (Biswas and
rezervlerinin  azalmaséyla d¢kek  tenrle,  Davenport, 1994; Habashi, 1997). Solvent
cevherlerin iklenmesine ilgi artmaktadér.  ekstraksiyonu i-in iyon def iktirici ligandlar,

Pirometalurjik iklem basamaklarénén bu t¢r

cevherlere uygulanmasénén ekonomik
olmamasg nedeniyle hidrometalurjik
yontemler  tercih  edilmektedir. Lic
-Ozeltilerindeki metal dejerlerin  se-imli

olarak kazanélmaséna imkan tandyan solvent
ekstraksiyonu metodu, hidrometalurjideki en
°nemli  gelikmelerden  birisi  olmuktur.
Ozellikle d¢k¢k tenorlg,  oksitli-karbonatlé
cevherler ile metal i-eren bazé atéklarén
hidrometalurjik olarak dej erlendirilmesinde,

bitkisel yajlar ve yaj asitleri gibi organik
maddeler ekstraktant olarak kullanélmaktadér
(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). Cozlcu olarak benzen, toluen,
kerosen, ksilen gibi -ok -ekitli kimyasal
maddelerden yararlanélmaktadér (Marcus and
Sen Gupta, 2001).
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Oksitli bakér cevherlerinden bakér ¢retimi
bazé avantajlarindan dolayé hidrometalurjik
yentemler kullanélarak ger-eklektirilmektedir
(Tanaydén,2010). Li- -°zeltisine alénan bakér
nispeten basit bir y°ntem olan sementasyon
yontemi kullanélarak olduk-a y¢ksek bir
verimle kazanélabilir (Demirkéran vd., 2007;
Demirkéran ve K¢nkel, 2011; Ekmekyapar
vd., 2012). Ancak i-erdiji safsézleklardan
dolayt kazanélan bakérén ilave iklemlere tabi
tutulmasé  gerekir. Solvent ekstraksiyonu
y°nteminde ise bakéra se-ici olan maddeler
yardéméyla bakér iyonlaré hézlé ve etkili bir
kekilde -°zeltiden kazanélabilir ve séyérma
ikleminden sonra olduk-a saf bir -°zelti elde
edildij inden doj rudan elektroliz yoluyla
metalik bakér cretilebilir (Jergensen, 1999;
Komulainen et al., 2006; Ekmekyapar vd.,
2012).

Bu -alikmada, bir yaj asidi olan oleik
asidin sulu -Czeltilerden bakér iyonlarénén
solvent ekstraksiyonu ile kazanfélmasénda
ekstraktant olarak kullanélabilirlij i
incelenmixtir.

2 DENEYSEL ¢ ALIKMA

Deneysel -alikmada, bakér iyonlaré i-eren sulu
-Ozeltiler CuSO4.5H,0 ve saf su kullanélarak
hazérlanméktér. Ekstraktant olarak oleik asit,
-9z¢c¢ olarak ise toluen, benzen, ksilen, n-
hekzan, kerosen kullanélméktér. Deneyler 100
mL hacimli cam balonlarda sabit sécaklékta
yapélméktér.  ¢Ozeltilerin  karéktérélmasénda
manyetik karéktérécé kullangiméktr.
Ekstraksiyon deneyleri, baklangé- pH dej eri
ve derikimi bilinen Cu*" i-eren -°zeltinin 20
mL'lik kisménén cam balona konulmasg, oleik
asit/-°z¢c¢, orané bilinen organik fazén bu
-Ozelti ¢zerine eklenmesi ve belirli s¢relerde
iki fazén yoj un bir kekilde karétérélarak temas
ettirilmesi  keklinde yapélméktér. Her iklem
sonunda balondaki Kkarékém bir ayérma
hunisine  alénarak  fazlartn  ayrélmasé
saj lanméktér. Daha sonra sulu fazda kalan
bakér iyonlart miktard kompleksometrik
titrasyonla belirlenerek sulu fazdan organik
faza ge-en bakér miktaré hesaplanmékter.
COzece, teére, stcaklik, organik faz/sulu faz
oran, Kkarétérma hézé ve baklangé- pH
dej erinin  bakér kazanélmasé ¢zerine olan
etkileri incelenmiktir.
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3 SONUC¢ LAR VE TARTIKMA

3.1 Coziclh Turdnun Etkisi

Solvent ekstraksiyonuyla sulu -°zeltilerden
metal iyonlarénén kazanélmasénda kullanélan
ekstraktant maddeler genellikle organik
-0z¢celer  yardéméyla  seyreltilirler. Bu
-alékmada uygun -°z¢scénén belirlenmesi i-in
toluen, benzen, n-hekzan, ksilen ve kerosen
gibi organik -°z¢celer kullanélarak bazé
deneyler yapélméktér. Bu deneylerde oleik
asit/-°z¢c¢, orané 1/9 mbL/mL, organik
faz/sulu faz orané 3/20 mL/mL, sécakleck 35
°C, karéktérma hézé 1000 rpm, baklangé- pHost
5.2 ve temas s¢resi 2 saat dej erlerinde sabit
tutulmuktur. Bu deneylerden elde edilen
sonu-lar kekil 1dde g°sterilmiktir. kekilden
%"rddgj ¢ gibi, bir solvent kullanéldé ¢ zaman
akeér ekstraksiyon verimleri birbirine olduk-a
yakén -gkméktér. Ayréca bir solvent kullanéldgj é
zaman bakér ekstraksiyon veriminin y¢ksek
olmadd ¢, sadece oleik asit kullanéldg & zaman
ise daha y¢ksek bir ekstraksiyonu verimine
ulakéldéj é kekil 1dden anlakélmaktadér. Solvent
olarak ksilen kullanélan deneyde %126lik bir
ekstraksiyonu verimine ulakélmékken, -°z¢c¢,

kullanélmadéj é yani sadece oleik asidin
kullanéldgé ayné deneysel «kartlarda ise
%610lik  bir ~ekstraksiyonu verimi elde
edilmiktir. Herhangi bir -0z¢icenén
kullanélmadéj é deneylerde daha y¢ksek
ekstraksiyon ~ verimlerine  ulakéldd] éndan

sonraki deneyler sadece oleik asit kullanélarak
yapélmektér.

3.2 Faz Oranénén Etkisi

Organik faz/sulu faz (oleik asit/-°zelti)
orangngn  ekstraksiyon verimine etkisini
incelemek i-in 1.5/20, 2.0/20, 2.5/20, 3.0/20,
4.0/20, 5.0/20, 6.0/20 mL/mL oranlarénda
deneyler yapélméktér. Bu deneyler yapélérken
sécaklek 35 °C, baklangg- pHost 5.2, karéktérma
hézé 1000 rpm ve temas s¢resi 2 saat
dej erlerinde  sabit tutulmuktur.  Organik
faz/sulu faz oranénén ekstraksiyon verimine
etkisi kekil 2'de g°sterilmiktir. Bu kekilden
g°relece] i gibi sabit sulu faz oranénda artan
oleik asit miktaré ile ekstrakte edilen bakér
miktaré artmaktadér. 3.0/20 mL/mL oleik
asit/-°zelti  orané sonraki  -alékmalarda
uygulanméktar.
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kekil 2. Organik faz/sulu faz oranénén bakér
ekstraksiyonuna etkisi

3.3 Sicakhgin Etkisi

Sécaklgj énén bakér ekstraksiyon verimi ¢zerine
etkisi 24, 30, 35, 40 ve 45 °C dej erlerinde
incelenmiktir. Bu deneylerde organik faz/sulu
faz orané 3/20, baklangé- pHosé 5.2, karéktéirma
hézé 1000 rpm ve temas s¢resi 2 saat
dej erlerinde sabit olarak alinméktér. Elde
edilen veriler kekil 3'de g°sterilmiktir. Bu
kekilden goreld¢] ¢ gibi 35 °Céde maksimum
ekstraksiyon verimine ulakélmexter.
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kekil 3. Sécakld én bakér ekstraksiyonuna
etkisi

3.4 Kanistirma Hizimin EtKisi

Solvent ekstraksiyonunda sulu ve organik
fazén etkili bir kekilde karéktérélmasé, sulu
fazdan organik faza Kk¢tle transferini
kolaylaktérmak suretiyle, ekstrakte edilen iyon
miktarénén artmaséné saj layabilir. Bu sebepten
yeterli bir Kkaréktérma hézénén saj lanmasé
gerekir. Oleik asit kullanarak sulu fazdan
bakér iyonlarénén  ekstraksiyon verimine
karékterma hézénén etkisi 550, 650, 750, 850,
1000 rpm dejerlerinde incelenmiktir. Bu
deneylerde sécaklék 35 °C, baklangé- pHosé
5.2, organik faz/sulu faz orané 3/20 ve temas
s¢resi 2 saat dej erlerinde sabit tutulmuktur.
Karéktérma hézéna ait deney sonu-laré kekil
4'de verilmiktir. Bu kekilden g°r¢leceji gibi
karékémén karéktérélma hézénén artmaséyla sulu
fazdan oleik asit fazéna transfer edilen bakér
iyonlaré miktarénda arték olmaktadér.

3.5 Baslangic pH Degerinin Etkisi

Bakér ekstraksiyonu ¢zerine sulu fazén
baklangé- pH dej erinin etkisi 3.6, 4, 4.56, 5,
5.2 ve 5.58 dejerlerinde incelenmiktir. Bu
grup deneylerde organik faz/sulu faz orang
3/20, sécaklek 35°C, karétérma hézé 1000 rpm
ve temas s¢resi 2 saat dejerlerinde sabit
tutulmuxtur. Yapélan deneylerden elde edilen
sonu-lar kekil 5'te g°sterilmiktir. Bu kekilden
pH 5.2 dejerinde yapélan deneyden elde
edilen ekstraksiyon veriminin - maksimum
olduj u g°r¢lmektedir.
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pH dejerinin  bakér

Deneyler sonunda -°z¢c¢,  kullangldg ¢
durumda bakér kazanma veriminin d¢ékék
olduju buna karkéin sadece oleik asit
kullanéldgj énda ise sulu fazdan ekstrakte
edilen bakér miktarénén daha y¢ksek olduj u
belirlenmiktir. Oleik asit miktaré ve karéktérma
hézénén artmasé ile bakér kazanma veriminin
arttd é g° zlenmiktir. Sécaklg én 35 ACoye kadar

artmaseyla ekstraksiyon veriminin
maksimuma ulaktfj ¢ bu sécakléktan daha
yeksek  sécaklék dej erlerinde ise verimin

azaldg ¢ belirlenmiktir. Optimum baklangé- pH
dej erinin ise sulu -°zeltinin oriljinal H
dej erinin olduj u tespit edilmiktir. Elde edilen
bulgulara g°re oleik asidin sulu -°zeltilerden
baker iyonlarénén kazanélmasénda ekstraktant
olarak kullanélabilecej i ifade edilebilir.
Calékmalarémézén devaménda farklé
kaynaklardan temin edilen oksitli bakér
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cevherinin li- edilmesiyle elde edilecek olan
ger-ek li- -°zeltilerinden oleik asit, dij er yaj
asitleri ve end¢striyel olarak uygulanmakta
olan  ekstraktantlar  kullanélarak  bakér
kazanélmaséna y°nelik -alekmalar
ger-eklextirilecektir.
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Refrakter Bir Alttn Cevherinden Alténén ¥z:tlenmesinde
Siyan¢rleme ve Tiyogére YOntemlerinin Karkélaktérélmasg

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

N.G°nen T.¥l-er
Eskikehir Osmangazi § niversitesi, Metalurji ve Malzeme M¢hendislij i B®l¢my¢, Eskikehir

U.Selengil, O.S.Kabasakal
Eskikehir Osmangazi § niversitesi, Kimya M¢hendislij i B®1¢m¢, Eskikehir

¥ZET: Bu -alékmada, dékek ten®rlg, cevherlerinden altén ¢retimi i-in siyan¢rleme ve tiyoére
y°ntemlerinin karkélaktérélmasé ama-lanmgxtr.

Deneysel -alékmalar, T¢rkiyednin Doj u Karadeniz B°lgesinde bulunan G¢m¢éxhane-Kaletak
altén cevheri °rnekleri kullanélarak yapélméktér. Bu cevherin yapésal ©zelliklerinin doj rudan
siyan¢rlemeye uygun olmadg é ve en iyi sonu-larén elde edildij i en uygun kokullarda bile
yeksek siyangr téketim dej erlerine raj men ©zgétleme veriminin (%66,7) dékek olduju
gerelmekter.

Doj rudan °z¢tleme ve CIL (¥z¢tlemede Karbon) s¢re-leri kullanélarak tiyogre -°©zeltisi ile
altén °z¢tlenmesi ¢zerine kavurmangn etkisi araktérélmektér. CIL s¢reci uygulandgf énda en
uygun °z¢tleme kokullarénda altén ©z¢tleme verimi (%90,75) en y¢ksek dej ere ulakmeékter.

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¢mg¢khane-
Kaletak gold deposit situated in the East Blacksea Region of Turkey. It was seen that the
structural properties of this ore were not suitable for direct cyanidation and even at the
optimum conditions, at which the best results were obtained, the leaching efficiency (66,7%)
was low in spite of high cyanide consumption values.

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

Alten °zstleme veriminin y¢ksek olmase,
aktif karbon ¢zerine etkili soj urulmasé,
0z¢tleme kimyasé ve mekanizmasénén -ok iyi
biliniyor olmasé gibi nedenlerle g¢ngmeézde
ozellikle d¢kek tenlrlg, ve k¢-¢k tane
boyutlu altén i-eren epitermal cevherlerden
alttn ve g¢mek eldesinde yaygén olarak
siyan¢r kullanélmaktadér (3¢rg¢l et al., 2002).

Siyan¢rle  °zétleme  y°nteminin  tgm
éstenlekleri yanénda,  zararlé  -evresel
etkileri, yc¢ksek pH dejerinde -alékma

gerej i, yavak °z¢itleme Kinetij i ve refrakter
alttn cevherlerinde ©°z¢tleme  veriminin
dékek olmasé  gibi  nedenlerle siyanére
alternatif -°z¢celer ¢zerinde araktérmalar
yapélmaktadér.

Son yéllarda t¢m D¢nyadda artan -evre
duyarlél§ & da dikkate alénarak siyan¢rlemeye
alternatif  olarak; tiyo¢re,  tiyos¢lfat,
tiyosiyanat, organik nitriller, asit ve
halojenlerle (klor, brom ve iyot) °zstleme,
bakteriyel °z¢tleme gibi yeni y°ntem ve
s¢re-lerin  geliktirilmesi konusunda yoj un
araktérmalar yapélmaktadér (Smith et al.,
1991; T¢kel et al., 1996; G°nen et al., 2004;
Tanréverdi et al., 2005; Kuzug¢denli vd.,
1999). Altén -°z¢nd¢rme sistemleri ile ilgili

bazé bilgiler ¢izelge 16de verilmiktir
(Woodcock, 1988).
Siyan¢re  alternatif  olarak  araktérélan

kimyasal maddeler arasénda tiyo¢re (NH»-
CS-NH,) -°zeltiye alma Kinetij inin -ok daha
hézlé olmasé, daha az zehirli olmasé ve
ortamdaki dijer iyonlardan daha az
etkilenmesi gibi nedenlerden dolayé ©°ne
-tkmaktadér. ¥zellikle altén ve g¢méx i-eren,
refrakter ve k¢kertle, cevherlerden kéymetli
metallerin kazanéménda, siyan¢re alternatif
olarak tiyo¢renin kullanélabilirlij i
araktérmalarinda  umut  verici  sonu-lar
alinmaktadér (G°nen et al., 2007).

Cevherlerden tiyo¢re (TU) ile altén
kazanémé; kérma, °J ¢tme, katédan ©z¢étleme,
aktif karbona y¢zey soj urma, geri séyérma,
-inko ile -°kt¢rme ve elektroliz gibi
siyan¢rleme  y°nteminde de  kullanélan
benzer s¢re-leri kapsamaktadér.
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Cizelge 1. Altén -°z¢nd¢rme sistemleri

¥zitleme Kullanélan ¢O zeltideki En
Reaktifi Y ¢kseltgen Altéin Uygun
Kompleksi pH
Bazik Sistemler
Siyan¢r 0, Au(CN), pH>10
Amonyak- 0, Au(CN), pH>10
Siyan¢r
Organik 0, AUu[CH(CN),],, pH>7
nitriller
Bazik 0, AU[C(CN)3],>  pH>10
siyanoform
Kalsiyum 0, AU(NCN);>  pH>10
siyanamid
N°tral Sistemler
Tiyos¢lfat 0, Au(S;03)* pH>7
Bromosiyanid Br,CN Au(CN)y pH=7
Brom Br, AuBr, pH=7
Asidik Sistemler
Klor Cl, AuCly pH<2
Demir klor¢r Fe 3" AuCly pH<2
Kral suyu HNO; AuCly pH<2
Tiyosiyanat ~ Fe® H,0,  Au(SCN)4 pH<3
Tiyoire Fe® H,0, AU[CS(NH,),l,;% pH=1-2

Her iki y°ntem araséndaki temel farklélék;
katéddan ©z¢tleme akamasénda ©zgtleyici
olarak siyan¢r ya da tiyogre -©zeltisi
kullanéimasgdér.

Siyan¢rlemede; bazik ortamda anyonik
kompleks olukurken tiyo¢re ile ©z¢tlemede
asidik ortamda katyonik kompleks olukur.

Siyan¢rleme:
4AU +8CN + 0, + 2H,0 " 4AU(CN), + 40H
Tiyogre ile °z¢étleme:

Au+2TU + Fe* " Au(TU)," +Fe®

Siyan¢rlemede; y¢kseltgeyici olarak hava
oksijeni bile vyeterli olurken, tiyo¢re ile
oz¢itlemede ise sistem i-inde dojal olarak
bulunacak formamidin dis¢lfér  yanénda,
demir (lIl) s¢lfat, H,O,, ozon, gibi daha
gé-l¢ yekseltgen maddelerin  kullanéimasg
gerekmektedir. Organik bir bilekik olan
tiyo¢re suda kolay -°z¢nér ve Kararlé
formunu  y¢kseltgen  olmayan  asidik
ortamlarda koruyabilir (G°nen et al., 2007;
Li et al., 2002).



23'd nternational Mining Congress & Exhibition of Turkey A 16-19 April 2013 ANTALYA

Katé-sévé ©z¢itleme y°ntemine dayanan ve
¢~ farklé kekilde gelixtirilen s¢re-lerden CIP
(Carbon In Pulp)ida ©z¢itleme ikleminin
tamamlanmaséndan sonra bulama- (pulp)
i-ine yaklakék 1-3 mm boyutlu aktif karbon
ilave edilerek sévé fazdaki altin  aktif
karbonun g°zenekli yézeyinde
soj urulmaktadér. CIL (Carbon In Leach)
s¢reci cevherlerde bulunabilecek humuslu
organik maddeler ile kil minerallerinin
etkisiyle sévé fazdaki altéinén zamanla arték
katt faz y¢zeyine geri  soj urulmasé
durumlarénda uygulanmaktadér. Bu s¢re-te,
aktif karbon ©zitleme sérasénda sisteme
verilerek -°z¢nme ve y¢zey soj urma ek
zamanlé olarak ayné Kkaréktirma tankénda
ger-eklectirildij inden  ekonomik  a-édan
tasarruf da saj lanmaktadér. CIC (Carbon In
Column or Carbon In Clear Solution) s¢reci
ise Yy én °z¢tlemede olduf u gibi, katé arték
ve ©zitleme -C°zeltisinin ayré ayré elde
edilebildij i durumda kullanélmakta,
0z¢itleme -©zeltisi, i-inde aktif karbon
bulunan y¢zey sojurma kolonlaréindan
ge-irilerek i-erdiji alttn aktif karbon
taraféindan tutulmaktadér.

Bu s¢re-lerin son akamaséné, altéin y¢kle,
aktif karbonlarén uygun bir sulu -°zelti ile
geri soj urulmasé (desorption) olukturmakta
ve geri sojurma sonucunda baklangé-taki
0z¢itleme  -°zeltisinin  alttn  derikiminin
yaklakék 1000 kat zenginlekmesi
saj lanabilmektedir (Bayraktar, 1995; T¢mer,
1993).

Alténén analizi, altéinén ilk bulunduju
duruma baj I¢ olarak ¢- kekilde yapélér. Filiz
ve cevherlerde fiatek analizid; metal¢rjik
alakémlarda fikupelasyono y°ntemleri
kullanélér. ¢ozeltilerde ise organik
-0z¢celerle 0z¢itleme y°ntemleri
kullanélarak ICP (Knd¢ktif Eklekmik Plazma)
ya da AAS (Atomik  Absorpsiyon
Spektroskopisi) bde altén analizi
yapélmaktadér (G°nen et al., 2007).

2 DENEYSEL ¢ ALIKMALAR

1 Ikemizde G¢meékhane - Kaletak cevheri
ile yapélan ilk -alékmalar MTA taraféindan
1999 yélenda ger-eklextirilmiktir. Yapélan bu
-alekmada cevhere doj rudan siyan¢rleme
y°ntemi uygulanarak 48 saat °z¢tleme s¢resi
sonunda ancak % 66,760lik alttn °z¢itleme
verimi elde edilmiktir. Teknolojik a-édan bu

verimin  yeterli olmadifé g°r¢lmekter.
Verimin  d¢kék  -8kmasénén  nedeni;
cevherdeki alténéin bir késménén arsenik,

kekert ve demir gibi siyan¢rlemede sorun
yaratan elementlerle kenetlenmik bir yapéda
olmasé ile a-Eklanméktér (G°nen vd., 1999).

MTA taraféndan daha sonra yapélan
deneysel -alékmada ise ayné cevher ¢zerinde
kavurmanén etkisi araktérélméktér. Cevhere
550°Céda kavurma ©°n iklemi uygulanmék
sonrasénda  siyan¢rleme  y°ntemi  ile
%79,700lik alttn ©zitleme verimi  elde
edilmiktir. Ayné zamanda kavurma iklemi ile
doj rudan siyan¢rlemede kullanélan NaCN ve
Ca(OH), miktarlarénda da  azalma
sa] lanméktér (Oktay vd., 2001).

Bu -alékmalara ait deney kokullaré ve elde
edilen sonu-lar Cizelge 20de verilmixtir.

Cizelge 2. Siyan¢rleme  deneylerinin
sonu-laré
Kavurma
Siyan¢rleme +
Siyan¢rleme
Kavurma sécakl & - 550
(’C)
Katé/Sévé orané 1/1,5 1/1,5
(9/ml)
NaCN t¢ketimi 6,20 4,63
(kg/ton cevher)
Ca(OH); t¢ketimi 8,23 2,85
(kg/ton cevher)
pH 0105 0105
¥zitleme s¢resi 48 48
(saat)
Altén °z;tleme 66,76 79,70
verimi (%)
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G¢mekhane - Kaletak cevherinden altén
oz¢étlenmesinde  siyan¢érlemeye  alternatif
olarak tiyo¢re -°zeltisi kullanarak yapmék
olduf umuz deneysel -alékmalarda ©°nce
cevhere dojrudan tiyo¢re ile ©zétleme
uygulanarak 9%66,730lik bir altin ©z¢itleme
verimi elde edilmiktir. Bu durumda bulunan
en uygun kokullar temel alénarak ortama
aktif karbon ilave edilerek yapélan CIL
(Carbon in Leach) s¢reci  deneyleri
sonucunda altén ©z¢tleme verimi %74,946e
yekselmiktir,.  Bu  -alékmalara ait  deney
kokullaré ve elde edilen sonu-lar Cizelge
3bde verilmiktir.

Cizelge 3. Tiyo¢re ile °z¢itleme deneyi
sonu-laré

Tiyo¢re
Tiyo¢ére ile +
0z¢tleme CIL
Aktif Karbon miktaré - 50
(kg/ton cevher)
Katé/Sévé orané (g/ml) 1/2 1/2
Tiyo¢ére téketimi 15,2 15,2
(kg/ton cevher)
Fe2(S04)3.x H20 téketimi 140,9 140,9
(kg/ton cevher)
H,S04 teketimi 46,2 46,2
(kg/ton cevher)
pH 15 15
¥zétleme s¢resi (saat) 5 5
Altén °zgtleme verimi (%) 66,73 74,94
MTAGda vyapélan siyanérleme  deneyi

sonu-laré (¢iz. 2) ile karkélaktérdg] émézda,
tiyo¢re kullanglarak siyan¢rle elde edilen
alttn °z¢tleme verimlerine yakén dej erler
elde ediliji g°r¢lmekter. Ayréca siyanérle
ozitleme ikleminin 48 saat s¢rdéf ¢
dékeneldéf ¢nde bu verime 5 saat ©z¢tleme
iklemi sonunda ulakélméktér. Ancak altén
0z¢stleme veriminin %75 dolayénda kalmasé
ve ©zellikle tiyo¢ére, Fe,(SO4)3.xH,O ve

H,SO,  t¢ketimlerinin y¢gksek  olmasé
ekonomik a-édan olumsuzluk
yaratacaj éndan, bu t¢r refrakter ©zellik

g°steren cevherlerden tiyo¢re y°ntemi ile
altin kazanéménda CIL s¢recinin doj rudan
uygulanmasénén yeterli olmayacaj &
gerelmekter (GOnen et al., 2007).
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Bu nedenle (}/apélan -alékmanén devaménda
cevhere 550°Coda kavurma ©n iklemi
uyguladéktan sonra tiyo¢re ile °zgtleme
iklemini ger-eklektirilmiktir. Bu durumda en
uygun kokullarda %82,3660lék bir °z¢stleme
verimine ulakméklardér. Bu durumda bulunan
en uygun kokullar temel alénarak ayné
kavrulmuk cevhere ortama aktif karbon ilave
edilerek CIL s¢reci uygulandé énda ise
verim %90,750e y¢kselmiktir. Bu -alékmalara
ait deney kokullaré ve elde edilen sonu-lar
Cizelge 4d6de verilmiktir.

Cizelge 4. Kavrulmuk cevhere uygulanan
tiyo¢re ile ©z¢tleme deneyi sonu-larg

Tiyo¢re  Tiyogre
ile +
0z¢tleme CIL
Kavurma sécaklé & (°C) 550 550
Aktif Karbon miktaré - 50
(kg/ton cevher)
Katé/Sgvé orang (g/ml) 172 172
Tiyogére teketimi 18,67 18,67
(kg/ton cevher)
Fe2(S04)3.x H20 téketimi 51,41 51,41
(kg/ton cevher)
H,S04 téketimi 77,96 77,96
(kg/ton cevher)
pH 15 15
¥ztleme s¢resi (saat) 2,5 9
Altéin °z;tleme verimi (%) 82,36 90,75

Bu -alikma sonu-lart  kavrulmamék
cevherin tiyo¢sre ile °zgtlendiji deney
sonu-laré (€iz. 3) ile karkélaktéréldé énda,
altén °z¢tleme verimi belirgin kekilde artmék
ve Fey(SO4)s.x HO téketiminin azalmektér.
Ancak hala reaktif t¢ketimlerinin y¢ksek
olduj unu g°r¢lmekter (GOnen vd., 2011).

3 SONUCLAR

Elde edilen sonu-lar ekonomik a-édan
dej erlendirildij inde, refrakter  ©zellik
g°steren bu t¢r cevherlerden tiyogre y° ntemi
ile altén ¢retiminin ekonomik kokullarda
ger-eklektirilebilmesi i-in reaktif
teketimlerinin azaltélmasé ve altén ©z¢stleme
veriminin y¢kseltilmesi gerekmektedir.

Son yéllarda ¢zerinde -alékélan ©z¢tlemede
karbon (CIL) s¢reci ve ©zgtleme iklemi
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°ncesi cevhere uygulanacak kavurma gibi
bir takém ©°n iklemlerle bu olumsuzluklarén
azaltélmaséna yenelik -alékmalar
yapélmaktadér.

Cevre, bizim ve gelecek nesillerimizin
¢zerinde vyakayacaklaré alanlardér. Tépké
yer¢st¢, kaynaklaré gibi, yeralté kaynaklaré da
birer dojal kaynaktir ve ¢lkemizin doj al
zenginlikleridir.  Madencilik ve sanayi
s¢re-lerinde, olumsuz etkiler en aza
indirilerek ve alternatif s¢re-ler araktérélarak
yeralté servetlerimizin dengeli bir kekilde
toplumun  hizmetine  sunulmasé  ve
ekonomiye kazandérélmasé saj lanmalédér.
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Mineral Tane Boyutunun Su ile Takénéma ve Kolon Flotasyonu
Performanséna Etkisi

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

H. Kurkun, Z. Duran, E. Satécé, N. Ak-i-ek, M. ¢if-i, T. Kélén-
Cumhuriyet § niversitesi Sivas Meslek Y ¢ksekokulu, Sivas

OZET Flotasyonda taneler zenginlextirilirken istenmeyen bazé olaylar ger-eklekir. Bu
olaylardan biriside ince gang minerallerinin su ile takinmasédér. Su ile takéném (entrainment)
konsantre ten°r¢n¢n azalmaséna neden olur. Kep¢k flotasyonunda temel ama-, minimum
gang kirlenmesi ile maksimum verim elde etmektir.

Bu -alékmada, sadece saf hidrofilik (kalsit) ve hidrofobik (talk)-hidrofilik (kalsit)
minerallerinin karékémé (3:1 oranénda) ile bir grup deneyler yapélméktér. 5cm -apénda 75 cm
yckseklikte olan kolon h¢cresinde su ve katé verimleri hesaplanmék, tane boyutunun
performansa etkisi incelenmiktir. Kri taneler hézlé bir kekilde k°p¢k fazéndan ayréldéj éndan az
miktarda su ile kazanélmakta ince taneler ise su ile s¢r¢klenmektedirler. Tane boyutu artték-a
katé verimi azalmakta su verimi artmaktadér.

Kirjevainen Modeli (1989) yardéméyla, su ile s¢r¢klenme faktore (Pi) hidrofilik taneler
i-in hesaplanmék, kolon flotasyon h¢crelerinde tane boyutuna baj Ié olarak s¢r¢klenme
faktorleri belirlenmiktir. Knce boyutlarda gangén s¢réklenme oranénén fazla olmasé y¢zen
érénén ten®reng de olumsuz kekilde etkilemiktir,

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

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

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

Tanelerin konsantreye takénmasé, temel
olarak hava kabarcéjéna bajlanma ve
konsantreye takénan su i-inde sistemdeki
akék hareketlerinden kaynaklanan takénma
(entrainment) olmak ¢zere iki ©°nemli
mekanizma da ger-eklekir. Hidrofobik ve
hidrofilik taneler araséndaki é&slanabilirlik
farkéndan faydalanélarak ayrém
yapélmaktadér. Hidrofobik taneler i-in bu iki
mekanizma birlikte ger-eklekirken, hidrofilik
taneler i-in  sadece su ile takéném
ger-eklekmektedir. Ancak hidrofilik
tanelerin ne kadarénén hava kabarcéklaré ile
takéndéj ¢ tespit  edilmesine  raj men
hidrofobik tanelerin su ile s¢réklenen
miktaré kesin olarak tespit edilememektedir.
Hidrofobik tanelerin su ile takénéméngén
belirlenmesi  i-in  farklé  yaklakémlar
kullanélarak -exitli modeller geliktirilmixtir
(Warren 1985, Ross 1990).

G¢lsoy ve dij ., (1995), su ve hidrofobik
katé kazanémé arasénda bir ilikkinin olduj unu
belirleyerek, mekanistik bir modelin temelini
olukturmuxlardér. Ger-ek flotasyonda boyut
k¢-¢ldék-e su ile takénan malzeme miktarg
artar. Kdeal flotasyon ortaménda serbest
haldeki hidrofilik tanelerin hava kabarcéj éna
tutunarak konsantreye takénmalaré m¢mken
olmamaktadér. Fakat uygulamada tane boyu
k¢-¢ldék-e hidrofilik tanelerinde
konsantreye su ile takind&é yapélan
-alékmalar sonucunda gorelmekter
(Fuerstenau ve Yamada, 1962; Jameson ve
dif ., 1977; Trahar, 1981; Subrahmanyam ve
Forsberg, 1988; Smith ve Warren, 1989;
Johansson ve Pugh, 1992).

Knce tanelerin konsantreye takénmasénda
-ok °nemli etkisi olan su ile takéném ilk
olarak Jowett (1966) taraféndan incelenmik,
konsantredeki serbest gang derikimi ile p¢lp
i-erisinde Ki serbest gang derikimi arasénda
bir ilikki olduj unu belirtilmiktir. Johnson ve
dif ., (1974) bir pilot tesiste su ile kazanémén
deneysel -alékmalara baj I olarak su kazaném
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hézé ve sénéflanma fonksiyonunu kullanarak
bir model °nermixkler, su ve katé verimleri
arasénda parobolik bir ilikki olduj unu
belirtmikler, sénéflandérma  fonksiyonunu
(Cp)  Exitlik  16de  belirtildiji  gibi
tanémlamexlarder.
(Co)= Ko;tc,;antre.de Serbest Gang Dfar.|5|.m| 0
¢lpteki Serbest Gang Derisimi

Bisshop ve White (1976), tanelerin kalma
zamanéna  bajlé  olarak  sénéflanma
fonksiyonunu bir modele baj laméklardér.
Engelbrect ve Woodburn (1975) pirit
flotasyonunda silikat minerallerinin hava
hézé ve k°p¢k yekseklij inin su ile takéném
¢zerine etkisini incelemikler, su ve gang
verimi arasénda parabolik bir ilikkinin
olduj unu belirtmiklerdir.

Flotasyonda hidrofobik ve
tanelerin  takénémé verim ve se-imlilik
a-fséndan  olduk-a  °nemlidir.  Verim,
yézmesini - istedij imiz - tanelerin - fiziksel
olarak  kabarcék  y¢zeyine  baj lanarak
takénmalaré ile doj ru orantélédér. Se-imlilik,
su ile kabarcéklar arasénda takénmasé
istenmeyen minerallerin  ya da gang
minerallerinin ~ k°p¢kten  alétnmasé ile
doj rudan ilikkilidir. Verim ve se-imlilik
sistem i-erisinde ki mineral °zelliklerine,
reaktif t¢rlerine, hava hézéna, kabarctk
boyutuna, k°p¢k derinlijine ve flotasyon
Kinetiji gibi bir-ok parametreye baj Ié
olmaktadér. Tanelerin su ile takénéméné ve
kop¢kten geri s¢zélmelerini verim ve ten°r
a-fséndan dej erlendirilmesi gerekir.

Hidrofilik tanelerin konsantreye
takénmasé, k°p¢rtéce téré, ve miktarg, reaktif
teré, ve miktaré, karéktérma hézé, hava hézé,
pélpte katé orang, tane boyutu, tanelerin
°zg¢l ajérlifé, KkOpek derinlifi, kOp¢k
styerma derinliji, k°p¢k séyérma hézé ve
ayréca flotasyon kolonlarénda se-ici bir etkisi
olan yékama suyu hézéna baj Ié olmaktadér
(Maachar ve Dobby (1992), Tuteja ve dif .,
(1995), Tao ve dij ., (2000a, 2000b), Rahal
ve dij., (2001), Ata ve dij., (2002),
Martinez-Carrillo ve Uribe-Salas, (2008),).

hidrofilik
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Smith ve Warren (1989) tanelerin su ile

s¢réklenmesinin flotasyona etkisini
a-eklaméklar ve elde edilebilecek ten°r
yekselme  oranénén,  maksimum  ten°r

seviyesine hi-bir zaman ulakmadéj éné bunun
nedeni olarak da, su ile s¢réklenen ince
boyuttaki tanelerden kaynaklandéj éng
vurgulaméklarder.

Flotasyonda kazaném sadece tanelerin
hidrofobik °©zelliklerinden dolayé dej il su ile
takéném (entrainment), tuzaklanma
(entrapment) ince boyuttaki gang
minerallerinin iri boyuttaki hidrofob minerali
kaplamasé (slime-coating) keklinde
sa] lanmaktadér. Suyun hidrofobik mineral
kazanémé yavak ve hézlé yszen malzemelerin
kinetik parametrelerinin etkisi ile
ger-eklexmektedir. Su ile takénan malzeme
miktarénén belirlenmesinde farklé y°ntemler
geliktirilmik, bir-ok araktérmacé flotasyonda
konsantreye su ile takénan minerallerin
davranékéné ve bu davranék ¢zerinde -exitli
iklem parametrelerinin etkisini tanémlamak
amactyla modelleme -alékmalart
yapméklardér (Engelbrecht ve Woodburn
(1975), Bisshop ve White (1976), Lynch
dij ., (1981), Wark (1981), Trahar (1981),
Warren (1985), Kirjavainen dij .,
(1989,1992), Sawassai dij., (1998), Ross
(1990,1991)).

Woodburn ve dij., (1971) taraféindan,
hidrofilik tanelerin su ve Kkaté kazanémg
araséndaki ilikkinin doj rusal olduj unu, tane
boyutu irilektik-e bu doj rusal ilikkinin su
kazanémé eksenini  kestiji belirtilmiktir.
Trahar ve Warren (1976), k°p¢k zonundaki
tanelerin su ile takénéméné, iki farklé test
¢zerinde  dej erlendirerek, birinci  testte
toplayéct ve kepeértéceyeé, birlikte
kullanméklar  ikinci testte ise sadece
kop¢rtéce, kullanarak su kazanéména karké
katt  kazanémé arasénda ki ilikkiyi
tanémlaméklardér. Toplayécé ve kO p¢értécenen
birlikte kullanélmasé sonucu konsantrede
kazanélan katé miktaréndan sadece k°p¢értéce,
kullanélmasé sonucu elde edilen Katé

miktarénén -ékarélmasé ile ger-ek flotasyonda
elde  edilecek  miktaré  hesaplamaya
-alekméklardér. Warren (1985), flotasyon
s¢resini sabit tutarak sistemdeki dij er
parametreleri dej iktirmek suretiyle su ve katé
kazanéména y°nelik -alékmék, elde edilen
hidrofobik katé kazanémé farkénén su ile
kazanéldéj éné belirtmiktir. Kaya ve Laplante
(1986) yapmék olduklaré -alékmalarénda,
yekama suyu sécakléj énén artmasé ile su ile
s¢réklenmede  tane  miktarénén  azaldgj éné
belirtmiklerdir.

Ross (1990), su ve katé kazanémené
belirlemeye y° nelik -alékmalarénda flotasyon
s¢resini uzun tutarak konsantrede ki katé/séveé
orangnén pélpteki katé/sévé  oranéna
oranlayarak fiTransfer Fakt®r¢éong,
tanémlamaktadér. Zamana bajlé olarak
transfer fakt®r¢, arasénda bir ilikkinin
oldujunu ve olukturulan €jrinin  bitik
késméndan -izilen teJetin su ile takénan
malzeme i-in transfer dej erini temsil ettif ini
belirtmektedir.

Kirjavainen ~ (1988;  1989),  -exitli
mineraller kullanarak farklé bir yaklakém
geliktirmik, -alékmasénda bir transfer fakt®re,
tanémlayarak buna baj Ié bir model ©nermik,
tane k¢tlesine baj 18 olan transfer fakt®r¢ng,
ekitlik 20 de verildij i gibi tanémlaméxtér.

P: 1-Dlog(m) )]

D: Sabit (%2-20) ajérlék-a katé i-eren
pélp i-in 0.17 civaréinda), m: Dar tane

boyutundaki tanelerin ortalama  k¢tlesi
(nanogram)

Hidrofilik minerallerin takénémlaré
arasénda ilikkinin doj rusal olmayacaj éné

belirterek ekitlik 30 de ifade edilebilen bir

model  °nermiktir  (Kirjavainen  (1988;
1989)).
R =1-exp(-R Ry) 3

R, : Hidrofilik malzeme verimi
Py : S¢reklenme faktOre,
R.: Su verimi
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Hava kabarcéklarénén y¢kselmesi ile taneler
k°péje yekselirken kabarcéklar arasénda
k°p¢j e bir miktar su takémaktadér. Tanelerin
bir késmé kPp¢k fazénén i-inden s¢zélerek
tekrar p¢lpe doner dij er bir ifadeyle sévénén
s¢rekli s¢z¢élme €f ilimi tanelerin kabarcéklar
araséndan tekrar p¢lpe d°nmelerine neden
olmaktadér. Gang partik¢llerinin kO p¢kten
s¢z¢lmeleri konsantre ten®r¢nde artmaya
neden olur. Buda Kk°p¢f¢n su speyi ile
yékanmaséyla m¢mken olabilmektedir.

Bu -alékmada; hidrofilik malzeme olarak
kalsit, hidrofobik malzeme olarak ta talk
kullanglmektér.  -106+75mm,  -75+53mm,
-53+38, -38nm tane boyutunda saf hidrofilik
(kalsit) ve hidrofobik (talk)-hidrofilik
(kalsit)  minerallerinin  karékémé  (3:1
oranénda) ile bir grup deneyler yapélmék ve
tane boyutunun su ile s¢réklenme faktoréne

etkisi incelenmiktir. Elde edilen sonu-lar
Kirjavainen (1988; 1989) 'en belirlemik
olduju  model  ¢zerine  uygulanarak

dej erlendirilmiktir.

2 MALZEME VE Y¥NTEM

2.1 Malzeme

Sivas-Ulak belgesinde G¢lsoy
Madencilik A.k. tarafindan ikletilen
hidrofobik talk, tesisten -ékaréldéktan

sonra 15-20cm  bgyeklé] ¢ndeki  cevher
par-alaré °n iklem olarak tavuklama
(triyaj) ile ayéklanmaktadér. Deneysel
-alékmalarémézda, triyaj ile ayéklamasé
yapélmék  konsantre talk ve Kkalsit
numuneleri  kullanélméktér. Talkén ve
kalsitin kimyasal analiz sonu-laré (X-Ray
Fluerosans) Tablo 1'de verilmiktir.

Tablol. Deneylerde kullanélan talk ve kalsitin kimyasal analizi
Element SiO, MgO | CaO | Al,O3 | Fe,03 | TiO, | K;,O | MnO | P,Os Cr SO; K,0 Atek
% Zaiyaté (A.Z)
Talk 63.75 29.55 | 2.16 0.51 0.51 0.01 | 0.01 | 0.023 0.0024 - - 7.66
Kalsit °0.01 158 |[54.42| 0.03 0.03 - 0.3 - - 0.03 0.3 43.36
Saflék derecesi %97.78 olan kalsit BMT  hidrofil kalsit numuneleri -106+75 mm,
al-¢ tesisinden temin edilmiktir. Saf talk ve  -75+53 pnm, -53+38 mm, -38 mm

kalsit numunelerimizin yoj unluklaré
birbirine -ok yakén olduj undan ayng °7 ¢tme
kokullaré kullanélméktér. Tesisten yaklakék
10-15cm boyutundaki numunelere, -eneli
kérécéda iki akamalé kérma iklemi uygulanmék,
malzemenin  tamamé 73.35 mm tane
beyeklé] ¢ne  kérélarak 5 kg numuneler
halinde torbalanméktér. ¥j ¢tme deneylerinde
bilyalé dejirmen ve °J ¢téce ortam olarak
-elik bilyalar kullanélméktér. Numuneler 5
dak. °f ¢teldekten sonra 106mméluk elekten
elendi ve elek ¢zerinde kalan miktar tekrar
o7 ¢telde. Bu  kekilde kontrollg, ©f ¢tme
yapélarak fazla miktarda klam olukmasé
onlenmiktir. ¥j ¢tme deneyleri sonucunda
érénégn  boyut  daj élémé  belirlemek i-in
hidrofob ©zellije sahip talk numunesi
-106+75 mm, -75+53 nm, -53+38 mm,
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boyutlarénda sénéflandérélmékter.

Kolon flotasyonu deneylerinde kullanélan
1106 mm talk ve kalsit numunelerinin elek
analizi sonu-laré kekil 16de verilmiktir.

100
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Kemglatif Elek Alts, %

20 4

—8—Kalsit —0—Talk
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0 20 40 60 80 100 120
Tane Boyutu, nm

kekil 1. Deneylerde kullanélan kalsit ve talk
numunesinin elek analizi

KOp¢rtece, miktaré (MIBC- Metil Isobutyl
Carbinol) : 90g/t, katé orané: % 4, hava hézé:
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1 cm/sn, besleme hézé: 400 ml/dak., ytkama
suyu hézé: 150 ml/dak., sabit deneysel
kokullarénda -alékélméxter.

2.2 Yontem

Deneylerimizde, kolon flotasyonda tek
mineral olarak kalsit ve Kkalsit+talk karékémé
kullanélarak su ile takénéma  etkisi
araktérélmékter, Deneylerimiz musluk
suyunun pHoisé 7.80 de ger-eklektirilmiktir.
Kep¢rtece, olarak MIBC (Metil Isobutyl
Carbinol) kullangIméktér.

Kolon flotasyonunda besleme tankénda
hazérlanan p¢lp MIBC ile 5 dakika
kokullandgrélméxtér. Hava miktaré
ayarlandéktan sonra kolonun tamamé su ile
doldurulmuk, peristaltik pompalar
-alétérdlmék en son olarak kokullandérélmék
pelp ile yikama suyu Dbirlikte kolona
beslenmiktir. Kolon i-erisinde Kk°p¢rtéce
miktaréné dej iktirmemek i-in yékama suyu
tankéna, besleme tankéna ilave edilen miktar
kadar k°p¢rtece eklenmiktir.

Deneylerde ele alénan kriterler, su
kazanémé, kalsit kazanémg, talk kazanémé ve
su ile s¢reklenme faktergdeér. Hesaplamalar
ekitlik 4' de ifade edilen model ¢zerinden
yapélméktér (Kirjavainen, 1988; 1989).

R=1-e0(RR), R=1CLE (@

R : Hidrofilik malzeme verimi
Py : S¢reklenme faktore,
R.: Su verimi

2.2.1 Kolon Flotasyonu D¢ zenej i

Deneysel -alékmalarda kullanélan kolon,
75 cm y¢kseklij inde 5cm -apénda dairesel
kesitlidir. Kolon bir kase ¢zerine monte
edilmik ¢stte ¢niversal duk bakléé ile
yékama sistemi saj lanméktér. Besleme ve
arttk  -8kéké  peristaltik  pompalarla
yapélmeéktér. Yékama suyu ise, bir pompa
yardéméyla sifon i-erisinden alénan su,
hortumla kolon y¢zeyine iletilmektedir.
Kolon y¢zeyine verilen yékama suyu duk
sistemi ile -alékmaktadér. ¥n deneylerle
pompalarén performanslaré denenmik ve
pelpteki katé i-erij inin -alékma s¢resince
dej ikmedij i g°zlenmiktir. Kabarcéklar
hava ¢reten hava taklaré ve maksimum 1.8
dev/dak.,>0.012Mpa basén-ta bir
akvaryum pompasé kullanarak
saj lanmektér. Kolona verilen hava, farklé
hava hézlarénda hava akék °l-er yardéméyla
ayarlanméktér. Yékama suyu, kolon ¢st
késménén 2.0 cm yukaréséndan verilmiktir.
Deneyler  esnasénda  yékama  suyu
sisteminin k°p¢j ¢, engellenmemesine ve
kérmamaséna dikkat edilmiktir. Besleme
tanké kolon hacminin bek katé olarak
tasarlanméktér. Kolon flotasyonu
deneylerinde ANKE&KUNKELS in IKA-
WERK RW 20 modeli Kkaréktérécs,
60 dev/dak. hézla pe¢lpe karéktéirmakta,
kokullandérma ve pH ayarlama tank
i-erinde yapélmaktadér. kekil 26 de
deneysel -alékmalarda kullanélan kolon
flotasyonu deney d¢zenej i g°r¢lmektedir.
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Akvaryum Pompasé >

Konsantre

[ Artik Pompast |——> Artek|

kekil 2. Deneysel -alékmalarda kullanélan kolon flotasyonu deney d¢zenej i

3 DENEYSEL ¢ ALIKMALAR

3.1 Sadece Kalsit Kullanarak Yapilan
Deneysel Calismalar

Tane boyutunun tanelerin su ile takénéména

etkisini incelemek i-in kalsit taneleri -106+75

Om, -75+53 Om, -53+38 Om, -38 Om boyut

araléklarénda hazérlanmék deneysel sonu-lar

Tablo 2' de kekil 3, 4, 5'de gC°sterilmiktir.
MIBC miktaré 90 g/t, katé orané % 4, hava
hézé 1 cm/sn, besleme hézé 400 ml/dak,
yékama suyu hézé 150 ml/dak deneysel
kokullarénda -alékélmekter.

Tablo 2. Kolon flotasyonunda farklé zamanlarda ve tane boyutlarénda su, kalsit kazanémlaré

ve su ile s¢r¢klenme faktoréne etkisi

Tane Zaman Verim (%) S¢réklenme
Boyutu (sn) Kalsit Su Faktor¢,
(Om) (Pi)
30 3.12 14.24 0.22
-106+75 60 4.28 21.71 0.20
120 8.51 44.07 0.22
180 10.83 65.26 0.18
30 341 14.52 0.24
-75+53 60 5.18 23.12 0.23
120 10.42 41.54 0.26
180 12.13 59.85 0.22
30 3.92 11.23 0.30
-53+38 60 7.01 20.91 0.34
120 12.65 38.04 0.32
180 15.82 57.07 0.30
30 4.43 8.08 0.56
-38 60 7.20 12.96 0.57
120 13.92 26.71 0.56
180 21.18 41.02 0.55
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Sekil 3, 4, 5 incelendiginde tane boyutu
artitkca su ile  siiriklenme  faktori
azalmaktadir. En iri boyutta (-106+75 pm)
su ile siirtiklenme faktorii (Pi)= 0,18 iken, en
ince boyutta (-38 pum) su ile siiriiklenme
faktorii (P1)=0.55 degerine ylikselmektedir.

Yine, en iri boyutta (-106+75 pm)
% 65,26 su, %10.83 Kkalsit kazanimi soz
konusu iken en ince boyutta  (-38 pm)
% 41.02 su, % 21.18 kati kazanimina
ulasiimistir.
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Sekil 3. Tane boyutu ve flotasyon siiresine
bagli olarak kalsit verimi degisimi
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Sekil 4. Tane boyutu ve flotasyon siiresine
bagli olarak su verimi degisimi
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Su ile Siriklenme Faktori, Pi
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Tane Boyutu, Mn

Sekil 5. Tane boyutunun su ile siiriiklenme
faktoriine etkisi

3.2 Kalsit ve Talk Karikémé ile Yapélan
Deneysel ¢alékmalar

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

Kalsit Tane | Konsantre Verim(% Ten°r S¢reklenme

Boyutu Miktart (g) Talk Kalsit Su Talk Kalsit Faktor¢,
(Om) (Pi)
-106+75 71.32 82.75 211 10.04 | 98.74 1.26 0.21
75.21 83.53 6.01 26.12 97.23 277 0.24
76.96 82.77 8.27 45,18 98.41 1.59 0.19
-75+53 69.82 83.92 4.82 16.63 98.81 1.19 0.30
70.28 83.81 6.91 28.73 97.96 2.04 0.25
75.36 82.17 11.03 47.19 97.27 2.73 0.25
-53+38 72.56 85.41 9.12 22.83 98.74 1.26 0.42
77.12 83.24 10.97 29.65 97.11 2.89 0.39
77.77 82.91 14.18 40.27 96.56 344 0.38
-38 65.37 85.55 13.95 20.35 97.93 2.07 0.74
67.81 86.24 14.07 21.66 94.75 5.25 0.70
75.32 88.41 16.50 26.81 92.78 7.22 0.67

Kalsit kazanémé kalsit tane
azalmaktadér (kekil 6). -38 Om tane
boyutunda %16.50 kalsit verimi elde
edilirken -106+75 Om tane boyutunda %8.27
kalsit verimine ulakélméxtér.

boyutu artték-a

20
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\\\
-

Su Verimi, %
kekil 6. Talk ve kalsit karékéménda farklé tane
boyutlarénda kalsit veriminin su verimi ile
dej ikimi

Knce boyutlarda Kkalsitin  s¢r¢klenme
oranénén artmasé y¢zen ¢réngn ten°réng
olumsuz etkilemiktir. Talk i-erij i séraséyla; -
106+75 Om , -75+53 Om, -53+38 Om ve -38
Om i-in, %98.41,% 97.27; %96,56 ve
%92,78 keklinde azalma g°stermixtir (kekil
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7). Su ile takéném fakt®r¢ en ince tane
boyutunda 0.67 iken, en iri boyutta bu dej er
0.19"a d¢kmekter (kekil 8).
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kekil 7. Talk ve Kkalsit karékéménda tane
boyutlarénda kalsit, talk veriminin su verimi
ile dej ikimi
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kekil 8. Talk ve kalsit karékéménda farklé tane
boyutlarénén su ile s¢réklenme faktereéne
etkisi
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4 SONUC VE ¥NERKLER

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

Bu ¢alismamiz neticesinde; deneysel ve

literatiir caligsmalar g0z oniinde
bulunduruldugunda su Onerilerde
bulunabilir.

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

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

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

Su ile tasimimi azaltic1 birtakim 6nlemler

tizerine  calisilmahidir. Kopik  yikama
sistemleri, hiicre geometrisi mekanik-
ultrasonik titresimler uygulanmasi gibi
degisimler iizerine detayli aragtirmalar
yapilmalidir.
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Siklojet Flotasyon Hg¢cresi Kle Knce Na-Feldspatlardan Renk
Verici Minerallerin Uzaklaktérélmasé

The Removal of Coloring Minerals from Fine Na-Feldspar

By Cyclojet Flotation Cell

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

ABSTRACT Coloring impurities like Fe,O3 and TiO, exist within the feldspar ore taken from
the mine. In order for the feldspar quality to be improved and to obtain a vendible feldspar
concentrate, these impurities need to be removed from the ore. The most common method for
cleaning the coloring minerals from the feldspar ore is reverse flotation method. Reverse
flotation process is usually conducted in conventional mechanically agitated flotation cells.
This study aims at clearing the coloring minerals from feldspar ore through cyclojet flotation
cell that has been developed as an alternative to conventional flotation cell and that works
with a kind of jet flotation technique. Na-Feldspar samples obtained from Mugla province
(Turkey) with a size of -500 microns containing %0.100 Fe,03 and %0.360 TiO,, respectively
were used in experimental cyclojet flotation studies. As a result of reverse flotation studies
conducted in natural pH and with Aero 825+801 reagents in cyclojet cells, Fe,O; content was
decreased to 0.010% and TiO, content was reduced to 0.030%. At the end of an 8-minute

flotation time in cyclojet cell, coloring minerals were reduced at a rate reaching up to 90%.

1 INTRODUCTION

Comprising 60-65% of the earthds 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 (NaAlSisOsg),
orthoclase  (KAISizOg), and anorthite
(CaAl,Si,0g) that take their names by Na, K,
and Ca. Since commercial anorthite ore beds
are scarce on earth, the actual feldspar
production are comprised by albite and
orthoclase (Bayraktar et al., 1997;Karaguzel
and Cobanoglu, 2010).

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

Fe,O3 and TiO, are demanded to be below
0.50% or 0.05% in feldspars based on their
areas of use. Major impurity minerals
observed in feldspar ores are rutile and
sphene for titanium, garnet for iron oxides,
and such mica minerals as hematite,
hornblende,  tourmaline,  biotite, and
muscovite. In case these minerals exist more
than certain values, glass and ceramic quality
become lower and thus the change in color
occurs. Therefore, the main objective of
enriching feldspars is based on coloring
minerals to be cleared from the ore.
Magnetic separation seems to be the most
appropriate method in enriching the feldspars
in terms of costs and simplicity. However,
flotation method is usually preferred in the
process based on mineralogical
characteristics due to the fact that such
titanium minerals as sphene and rutile have
low magnetic sensitivity, and in addition,
magnetic separators used in this field are
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only able to carry out efficient separations up
to certain size thickness. Conventional
reverse flotation is still the most commonly
used method in the world for eliminating the
impurities of feldspars. On the other hand,
chemical and biological methods can also be
used for eliminating the impurities. While, in
chemical methods, feldspar is leached by
organic and inorganic acids, microorganisms
are utilized in biological methods instead of
chemical substances (Styriakovaa et.al.,2006;
El-Rehiemand Abd EI-Rahman, 2008).
Agglomeration or selective flocculation
methods are also benefited from in the
enrichment of feldspars (Dogu and Arol,
2004).

In this study, Na-feldspar ore supplied
from the Mujla province (Turkey) was
enriched by cyclojet cell which is an
alternative jet flotation technique. Optimum
working conditions have been established for
clearing feldspar ore from Fe,O5 ve TiO, and
experiments were conducted under optimum
conditions through the reverse flotation
method.

2 EXPERIMENTAL STUDIES
2.1 Cyclojet Flotation Cell

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

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

The diagrammatical image of pilot scale
cyclojet cell experiment setup established in
Ore Preparation Laboratory of Mining
Engineering  Department  of  Istanbul
University is given in Figure 1. According to
Figure 1, the pulp conditioned for 10 minutes
with the addition of collector and frother in a
67-litre  conditioner is fed into a
hydrocyclone of 16 cm diameter tangentially
by 0.1-0.6 bar (10-60 kPa) pressure through
a centrifugal pump propelled by 1.5 kW
engine. Right below the hydrocyclone, there
is a conical tube with a height of 25 cm, and
under the conical tube there is a separation
cell with a diameter of 30 cm and height of
40cm. The 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 em) air bubbles by
establishing numerous cutting forces. Bubble
sizes were measured by DIP method.
Separation process is carried out by taking
the hydrophobic grains (coloring impurities)
attaching to the bubbles in the separation cell
from the upper section of the cell and
hydrophilic grains (feldspar) that cannot
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attach from the lower section of the cell. In
order for the constancy to occur in the cell
and feldspar ore to be cleaned repeatedly, a
by-pass was mounted to the system. In other
words, the lower pipe exit of the separation
cell was mounted on the conditioner with
another pipe.

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

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

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

Figure 1. Cyclojet flotation cell experimental
set-up

2.2 Na-Feldspar Sample

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

Table 1. Chemical analysis of Na-feldspar
sample

Component %
SiO; 67.380
Al,04 19.280
Fe,03 0.100
TiO; 0.360
MgO 0.250
CaO 1.080
Na,O 10.070
K20 0.430
P,0s 0.080
MnO 0.010
Cry,03 0.002
Others (Ba,Ni,Sr,Zr,Y,Nb) 0.058
L.O.l. 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 1
adjusting chemicals were not used in the
experiments. All the experiments were
conducted with tap water and in natural pH

0.40%. Increasing the reagent amount
provided flotation of higher number of
impurities. On the other hand, along with
increasing the pulp pressure from 10 kPa to
40 kPa in a fixed reagent dosage (1500 g/t),
Fe,O5 content drops down from 0.090% to
0.010%. Increasing the feed pressure reduces
the TiO, content from 0.270% to 0.040%.
The reason why the elimination of Fe,O; and
TiO, minerals is low under lower feed
pressure (10 kPa) is that sufficient cutting
forces were not obtained in the separation
cell. In other words, bubbles in cyclojet cell
are created by pulp jet that gushes out from
the apex. Here the higher the pulp jet speed
is the more intense the cutting force will be
created, and thus, more and relatively thinner
bubbles are obtained. The image of bubbles
(foam) obtained from low and high pulp feed

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

flotation
Concentrate Reject
(Feldspar) (Impurities)
Parameters Values Fe.0s TiO, Wt Fe.0s TiO, Wt
content(%) content(%) (%) content(%) content(%) (%)
Reagent 750 0.070 0.230 76.600 0.198 0.786 23.400
Aero801+825
(/) 1500 0.020 0.040 67.200 0.264 1.016 32.800
Feed pressure 10 0.090 0.270 82.200 0.146 0.776 17.800
(kPa) 40 0.010 0.040 65.400 0.270 0.965 34,600
Conical 10 0.010 0.030 66.100 0.275 1.003 33.900
Jet Lenght
¢ (Cﬁf)g 20 0.060 0.190 70.100 0.194 0.759 29.900

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

As can be observed in Table 2, Fe,O5; and
TiO, removals increase parallel to an
increase in the reagent amount. While Fe,O;
content in the concentrate drops from
0.070% to 0.020% with increasing the
reagent amount from 750 g/t to 1500 g/t
dose, TiO, content decreases to 0.230% to
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pressures are given in Figure 2. As can be
seen from Figure 2, high pressure creates
denser and higher foam layers, thus, greater
amounts of Fe,O5; and TiO, minerals can be
carried with the foam. As it is clearly visible
in Table 2, Fe,O; content in the reject (foam
product) increased to 0.270% under 40kPa
feed pressure while was 0.146% under 10kPa
feed pressure. Similarly, TiO, content was
established as 0.776% and 0.965%
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Feed pressure: 10 kPa
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Figure 2. Image of the foam under low and high feed pressures

respectively under 10 and 40 kPa feed
pressures.

Another important parameter that affects
the flotation efficiency in cyclojet cell is the
conical jet length. As can be seen from the
results in Table 2, lower Fe,O; and TiO,
containing concentrates were obtained with a
10 cm conical jet length. Fe,O5 content in the
concentrate was reduced from 0.060% to
0.010% along with decreasing the jet length
from 20cm to 10cm. Also TiO, content in the
concentrate was reduced from 0.190% to
0.30%. The reason for that is related with the
sufficient number of bubble formation as is
the case in the effect of pulp pressure. With
higher jet length (20 cm), the strength of
cutting force was reduced due to efficiency
of the jet, and less number of bubbles were
formed in the cell. In the case of jet length
reduced to 10 cm, more bubbles were created
and bigger amounts of impurities were
carried to foam product.

3.2 Cyclojet Flotation 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
Fe,O; and TiO, removal increased as the
flotation time is lengthened. At the end of
flotation time of 2 minutes, while Fe,O3
removal was 40%, it reached up to 90%
following a 10-minute flotation period. A
similar case applies to TiO, removal, and
TiO, removals at the end of 2- and 10-minute
flotation times were 41.66% and 91.66%,
respectively. Along with the increase in
flotation time, impurities that did not attach
to the first level foam were efficiently
separated from feldspar concentrate by
attaching to the foam at the second and third
levels. This has been clearly established in
the entire experiments. However, the content
of concentrate obtained after the flotation
time of 8 minutes did not demonstrate any
change. Even though the removal of both
Fe,O3z and TiO, did not change, concentrate
weights were found as 75.400% and 66.10%
respectively at the end of 8" and 10"
minutes. Too much increase in flotation
times also caused feldspar grains to float, and
as a result, concentrate weight was reduced.
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Thus, optimum flotation time for feldspar
flotation in cyclojet cell was found to be 8
minutes. At the end of the mentioned
flotation time, Fe,O3 and TiO, contents in
concentrate were found as 0.010% and
0.030%, respectively. And the weights of
concentrate and reject were established as
75.40% and 24.60%, respectively.

A complete chemical analysis of feldspar
concentrate  obtained under  optimum
conditions and at the end of an 8-minute
flotation time in cyclojet cell is given in
Table 3. According to these results, while
SiO,, Al,O3, and Na,O did not demonstrate
much change, Fe,O; content was reduced
from 0.100% down to 0.01% and TiO,
content from 0.360% down to 0.030%.
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Figure 3. Fe,O5 content and Fe,O5; removal
in the concentrate depending on flotation
time
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Figure 4. TiO, content and TiO, removal in
the concentrate depending on flotation time
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Table 3. Chemical analysis of Na-feldspar
concentrate obtained from cyclojet flotation

Component Feed Concentrate
% %
SiO, 67.380 67.810
Al03 19.280 19.430
Fe;03 0.100 0.010
TiO, 0.360 0.030
MgO 0.250 0.010
CaO 1.080 0.950
Na,O 10.070 10.310
K0 0.430 0.210
P20s 0.080 0.010
MnO 0.010 0.010
Cr,04 0.002 0.002
Others
(Ba,Ni,Sr,Zr,Y,Nb) 0.058 0.060
L.O.I. 0.900 1.140
4 CONCLUSION

Today, qualities and sale prices of Na-
Feldspar ores are largely determined by
Fe,O; and TiO, rates in their content.
Specifically when high quality glass and
ceramic production is considered, these
impurities are expected to be below 0.050%.
Currently, the most commonly used method
to reduce Fe,O3 and TiO, rates in feldspar
ores is reverse flotation technique. Reverse
flotation process is usually conducted in
conventional cells. In this study, such
coloring minerals as Fe,Os; and TiO, were
removed from feldspar ore by cyclojet cell
which is an alternative jet flotation
technique. It has been observed in cyclojet
optimization studies that reagent amount,
pulp pressure, and conical jet length
possesses a significant effect on efficiency.
Studies conducted under optimum conditions
established that high quality feldspars can be
produced by cyclojet cell. Fe,O3 content in
Na-Feldspar ore was reduced from 0.100%
to 0.010% and TiO, content from 0.360% to
0.030%. Concentrate recovery rate in weight
was found as 75.40%. Fe,O; and TiO,
impurities were removed up to 90%. Based
on these results, cyclojet cell is also
promising for the enrichment of other
industrial minerals as silica sand, kaolin,
fluoride, etc. in addition to feldspar ores.
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