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Abstract: Today, the adoption of green technologies and sustainable development has dragged more attention in
the metallurgical industry. Accordingly, in this study, the leaching kinetics of chalcopyrite (CuFeS,) concentrate using
1-Butyl-3-methylimidazolium hydrogen sulfate (BmimHSO,) as an acidic ionic liquid was investigated. Effects of
operational parameters including temperature, BmimHSO, concentration, H,O, concentration, solid-to-liquid ratio
and particle size on the rate of copper dissolution from CuFeS, were systematically examined. The results showed
that the concentration of hydrogen peroxide and temperature had the greatest and the least effect on the dissolution of
chalcopyrite, respectively. Also, the highest Cu extraction (ca. 97%) in this work was achieved using 40% BmimHSO,,
30% H,0,, and 10 g/L solid to liquid ratio for particle sizes less than 37 pm and 45 °C for leaching time of 180 min.
Kinetics study using Shrinking Core Model (SCM) revealed that CuFeS, leaching process using BmimHSO, follows
the chemical reaction-controlled process. In addition, the orders of reaction with respect to BmimHSO, and H,O,
concentration, solid to liquid ratio, particle size were estimated to be 0.5386, 0.933, -0.676 and -1.1078, respectively.
Under these circumstances, the activation energy and Arrhenius constant were 46.63 kJ/mol and 0.2596x106,
respectively.
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INTRODUCTION

Chalcopyrite, with the chemical formula of CuFeS,, is highly resistant to dissolution, mainly due to its
chemical structure, variations on the surface of mineral, and formation of passive layer with substantial
porosity on its surface [1]. Therefore, there are numerous studies on leaching of copper from CuFeS,. Due
to low dissolution rate of this mineral, several processes including chloride leaching [2], ammonia leaching
[3], bio-leaching [4] and pressure sulfate leaching [5] have been developed for Cu extraction from CuFeS,.
However, due to the issues regarding solvent extraction from the product, incomplete extraction, safety,
toxicity, environmental pollution, and high expenses for solvent management, there are some controversies
about the applicability of solvent-based leaching of Cu from CuFeS, [6]. Therefore, novel hydrometallurgical
processes are necessary for the green and sustainable development of metallurgy industry for efficient Cu
production with low energy consumption, minimal acid requirement, and less pollution under ambient
conditions. As a result, ionic liquids have been considered as a viable alternative in metallurgic processes,
due to their higher solubility in organic/inorganic compounds, non-volatile nature, and thermal stability
[7]. In recent years, several studies on leaching of Cu from CuFeS, with ionic liquids as solvent have
been conducted successfully [6-10]. All of the works done in this field reveal the significant effect of
ionic liquids during chalcopyrite leaching. In addition, achievement of considerable efficiency using ionic
liquid requires utilization of oxidative agent. The main oxidative agents are KNO,, NaClO,, (NH,),S,0,,
K. Cr,0., H,0,, and Fe** which have been used in CuFeS, dissolution [8]. Among them, hydrogen peroxide
constitutes a potentially green and environmentally-friendly oxidant because it releases only water as by-
product. Therefore, In the current study, the dissolution of chalcopyrite using BmimHSO, in the presence
of H,0, as an oxidizing agent, was investigated. In addition, the effects of operational parameters such as
temperature, BmimHSO, concentration, H,O, concentration, solid-to-liquid ratio, and particle size on the
leaching of chalcopyrite have been investigated. Also, the kinetics of chalcopyrite leaching and the effects
of operational parameters on the kinetics using the shrinking core model method were investigated.

METHODS

X-ray diffraction (XRD) analysis (D8-Advance, Bruker axs, USA) was carried out in order to identify
the minerals. Accordingly, the main mineral in the sample was CuFeS2 along with trace amounts of Pyrite.
Microscopic mineralogy revealed less than 5% Cu with trace amounts of Cu oxide minerals, chalcocite,
and bornite which were not detectable by XRD analysis. BmimHSO, (=94.5% purity), H O, (30 wt%)
and de-ionized water were used throughout the experiments. The leaching solution was prepared in a 50
ml Erlenmeyer flask using digital magnetic stirrer-hot plate. Aliquot samples of the solution were drawn
and filtered at certain times from start of each experiment. The amount of leached Cu was analyzed using
Atomic Absorption Spectrophotometer (Varian, AA240, USA).

FINDINGS AND ARGUMENT

Effect of BmimHSO, concentration

The influence of BmimHSO, concentration on the degree of copper leaching was investigated in
solutions containing different initial BmimHSO, concentrations (10%, 20%, 30% and 40%) at 30% H,O,,
40 °C, 10 g.L! solid to liquid ratio, particle size of less than 37 um and leaching time of 180 min. Results
showed that, by increasing the BmimHSO, concentration from 10 to 40%, Cu extraction increases from

57.6 to 89.1% after 3 h of leaching.

Effect of H,O, concentration

The effect of H,0, concentration on the dissolution of chalcopyrite was investigated for 7.5, 15, 22.5
and 30% at 40% BmimHSO,, 40 °C, 10 g.L"' solid to liquid ratio, particle size of less than 37 pum, and
leaching time of 180 min. Studies on the H,0, concentration indicated that the copper recovery increases
by enhancing the H,O, concentration. Also, was observed that the improvement of CuFeS2 dissolution by
increasing H,O, concentration in the range of 7.5 to 15% was more significant than in the range of 15 to
30%.

Effect of solid to liquid ratio
The influence of solid to liquid ratio on the dissolution of chalcopyrite was investigated at different
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levels of 10, 20, 30 and 40 g.L! at 40% BmimHSO » 30% H,0,, particle size of less than 37 um, 40 °C,
and leaching time of 180 min. It was found that, by increasing the solid to liquid ratio, copper recovery
decreased; after 180 min, increasing the ratio from 10 to 40 g L' led to the decrease in copper recovery

89.1 to 50%.

Effect of particle size

The influence of particle size on the copper leaching rate was examined for four different size fractions
(-37,37-53, 53-74, and 74-88 pm) at 40% BmimHSO,, 30% H,O,, 10 g.L"' solid to liquid ratio and leaching
time of 180 min. The results indicated that after 180 min, the Cu extraction efficiency increased from 45.8

to 89.1% by decreasing the particle size from 74-88 um to less than 37 pm.

Effect of temperature

The influence of temperature on the dissolution of chalcopyrite was investigated at temperature of 30,
35, 40, and 45 °C at 40% BmimHSO,, 30% H,O,, 10 g.L" solid to liquid ratio, particle size of less than 37
um, and leaching time of 180 min. Results showed that the copper recovery increases as the temperature
increases. Also, was observed that the improvement of CuFeS, dissolution by increasing temperature in the
range of 30 to 40 °C was more significant than in the range of 40 to 45 °C.

Kinetic model of dissolution in ionic liquid

Investigation of kinetic models showed that dissolution of CuFeS, using BmimHSO, in it, is well
described by Shrinking Core Model (SCM). Also, results of leaching kinetics study using SCM demonstrated
that the leaching process using BmimHSO, does not follow the diffusion-controlled reaction and the results
fit better with the chemical reaction-controlled mechanism. Under these circumstances, the calculated
activation energy was 46.63 kJ/mol. Moreover, the orders of reaction with respect to BmimHSO4 and
H,0O, concentration, solid to liquid ratio, particle size were estimated to be 0.539, 0.933, -0.676 and -1.108,
respectively, and the obtained Arrhenius constant was 0.26x10°. Finally, the kinetic model for CuFeS,
leaching using BmimHSO, in the presence of H,O, oxidative agent is obtained as Equation 1.

§7-0.68

I 0, -46625.74
1-(1-x)3=0.26% 10 [BmimHS O, ]34 [H,0,]%%3 [1] [size] 1! exp (—)

RT (1

CONCLUSIONS

In the current study, the effects of leaching operational parameters, i.e. BmimHSO, concentration, H,0,
concentration, solid to liquid ratio, temperature, and particle size on leaching of CuFeS, were investigated.
The results are summarized as follows:

* The highest Cu extraction was achieved using 40% BmimHSO,, 30% H,0,,
ratio for particle sizes less than 37 um and 45 °C for leaching time of 180 min.

* It was found that the increase in BmimHSO, and H,O, concentration, and temperature content, as well
as the decrease in solid to liquid ratio and particle size, contribute to the dissolution of chalcopyrite.

* Results of CuFeS, leaching kinetics study using SCM demonstrated that the leaching process using
BmimHSO, does not follow the diffusion-controlled reaction and the results fit better with the chemical
reaction-controlled mechanism. The calculated activation energy was 46.63 kJ/mol.

* The orders of reaction with respect to BmimHSO, and H,O, concentration, solid to liquid ratio, particle
size were estimated to be 0.539, 0.933, -0.676 and -1.108, respectively. Under these circumstances, the
calculated Arrhenius constant was 0.2596x10°.

and10 g.L! solid to liquid

REFERENCES

[1] Nazari, G., and Asselin, E. (2009). “Morphology of chalcopyrite leaching in acidic ferric sulfate media”. Hydrometallurgy,
96: 183-188.

[2] Watling, H. (2014). “Chalcopyrite hydrometallurgy at atmospheric pressure: 2. Review of acidic chloride process
options”. Hydrometallurgy, 146: 96-110.

[3] Radmehr, V., Koleini, S. M. J., Khalesi, M. R., and Mohammadi, M. R. T. (2013). “Ammonia Leaching: A new approach



Moazzami Y., Gharabaghi M., Shafaei S.Z.

of copper industry in hydrometallurgical processes”. Journal of The Institution of Engineers (India): Series D, 94: 95-104.

Panda, S., Akcil, A., Pradhan, N., and Deveci, H. (2015). “Current scenario of chalcopyrite bioleaching: a review on the
recent advances to its heap-leach technology”. Bioresource Technology, 196: 694-706.

Padilla, R., Vega, D., and Ruiz, M. (2007). “Pressure leaching of sulfidized chalcopyrite in sulfuric acid—oxygen media”.
Hydrometallurgy, 86: 80-88.

Whitehead, J., Zhang, J., Pereira, N., McCluskey, A., and Lawrance, G. (2007). “dpplication of I-alkyl-3-methyl-
imidazolium ionic liquids in the oxidative leaching of sulphidic copper, gold and silver ores”. Hydrometallurgy, 88:
109-120.

Carlesi, C., Cortes, E., Dibernardi, G., Morales, J., and Mufioz, E. (2016). “lonic liquids as additives for acid leaching of
copper from sulfidic ores”. Hydrometallurgy, 161: 29-33.

Hu, J., Zi, F., and Tian, G. (2021). “Extraction of copper from chalcopyrite with potassium dichromate in I1-ethyl-3-
methylimidazolium hydrogen sulfate ionic liquid aqueous solution”. Minerals Engineering, 172: 107179.

Aguirre, C. L., Toro, N., Carvajal, N., Watling, H., and Aguirre, C. (2016). “Leaching of chalcopyrite (CuFeS2) with an
imidazolium-based ionic liquid in the presence of chloride”. Minerals Engineering, 99: 60-66.

[10] Dong, T., Hua, Y., Zhang, Q., and Zhou, D. (2009). “Leaching of chalcopyrite with Bronsted acidic ionic liquid”.

Hydrometallurgy, 99: 33-38.



VIYSAYA o o o)lad ot 0,50 NP+ Y Lo o gome aolie cwiige 4y 20

N,
-
\0

N

L\ 3

-

-
A

Mineral
' I Qesources
TMAM KHOMEINI ngineering
INTERNATIONAL UNIVERSITY
IYAGYIY dxio d 6 Y Olual F o lod (pidss 09 S0 @lo  swigo 4 53
Vol. 8, No. 2, Summer 2023, pp. 117-128 Journal of Mineral Resources Engineering

(JMRE)

Gl Se1 Rlo ygas 10 Ly SIB Ml Seciow (w2

T Sl i lelud s T EU1E gogen ) saline puly

OIS ol olRils o 3 (laoaSiisls sy cpdan (pwiige 0aSCils {f 5SS (gezeiils - )
Olrs el olRzils (8 slooaSisls sy (ydme (pwdige oaSiiils (Loails -Y
Ol ol olRils o 3 lmoaSiisls sy e ydan (owiige 0aSCils woliwl Y

PRSI SRRy VEo o1/ il 58
ouus

S Ll (a5 ol 03,5 glans 395 a3 55590l Coxivo 3 15 (6 st drgi JMaly Anasgd 3 s (5o y9Ud B34 039
@ )90 G (p] )3 (BmImHSO,) Slguw (159 0 paadgslaso - Juito-Y'- =) (Fg2 @olo 31 ooliiwl b oy oI 0 yiiluis
2 ohdoilwil g ale & ol Cound STy (339,00 cdile BmimHSO, Jg @l cdile (oo (yezred a2l pol)ly 51.08)5 51,8
2 1) 550 a8 lod gyl oy o donST5y (59000 LS (010 LS ool s 4y S s gy 2 Sy 9SILT IS & 55 595
a0 Fo Lod LY dunSTyp 59 00 cdale JFe BmimHSO, Sg aobo cdale byl il S cpudamods 09,10 o juu oI Ml & 55 (695
Cowd 49 0033 AV 31 oy oo Jlammi] 4B YA+ Wil (4loj g 9 55a0 TV 325 ©yd 03103l e pid 39 0,5 1 oo & ol Cnds o1 )5 ias
&obo 31 ooliswl b oy oSI Sz wiaT 5 0 50l 10 (3L odigd S 98 dsand Joko 31 00lisian! b i St olalllan (oav y 3 kol
4 sol> cows H,0, cdale BmimHSO, cdile 4y s (JwiSTg dd po (pdozod .05 0 (5974 (o2 bt 03500 31 BmimHSO, g
i P 4 35 g yT ol g (5l led (6550 bl ol 50 s sl (S)NVA) 5 (=4 FVF)  ATY BT AS i g lyd o3Il g oo
ol Cawd a3+ YOAFXV+F o F££Y kJ/mol

oS wlls

g S gS ddumd Joo STy (1359 300 S0y oI 0, lucS (S St (S wlu b

Alio ol ay sbcew!

AITSIVA o ¥ o lah et o9

DOI: 10.30479/JMRE.2022.16911.1578

[@: ® OBy © ez Email: gharabaghi@ut.ac.ir &L s odge 5 J stume aM};*
(o))b_;,_.a} stc‘ ‘sllé.” O oKislo )M:L:
1Yy VE+Y bl ¥ 0 5lod s 0393


https://jmre.journals.ikiu.ac.ir/article_2837.html?lang=en

S Bl guigo 4yl

S VIlo v ( LIS (Sugo (plazo gl

Yodser) o mbe )l eolitul b ldlas gl cal
Jole 5 BMIMBE,) &ly59,555l8 125 pocdgjlacesl Jete
0 jiluiS” 59, » (Fe(BF,),) (ol &l j509,53581 55 00|
ols Gl udios opl @l [VANF] 2 3 alowil ey 0 SIS
loo g el A ley Do 4o e Jlasiwl asyo A a5
(gomy axllas (o el g s BB o5 ol a0 Ve
00,3 Vo 15505 (55l a4 9IS 6 y5leiS 51 e Jlaei]
Yoder) e mbe 5 oolial b al o, ¥F 5 e
o2l s BmIMHSO,) Sy (59,000 poedsjlacerl e
ool o IV s ) caiSanST lgre 4 b b an
e i i ale clald L8l as s eols oles aslllas ol
2 5 e ol 955 e eSS Pl iyl
wle 5l oaliiul b Sy SIS o 5l Mol (59, anllas
ol saSanST lgie 4y 505155 e BmimHSO, S
Gy eSS Dol ial33l e ey amle cibale T8l a8 aisls
ol ol 25515 e a1, ¥ alad 5 als Jlss &,
sty BMImHSO, S wle 51 oslitul by oSS

Ive] sgi oo Jol> ¥ 5\ Laly, aax 5l a5 wisls

CuFeS; + 4Fe’ <= Cu?" +5Fe?" + 28 M)
4Fe™ + 4H* + 0,¢=> 4Fe™ + 2H,0 )

)
CuFeS; + 4H' + Oy<= Cu?" +Fe?* + 28° +2H,0

Pl a5 wo,s B plie opl eiores

b 3l solitul b SIS o, 5las ool St
O YU s a4 (5SSt 58 BmimHSO4 Y
b S g 5l (P4F kI/mol) gilu s g5,
A s g )5 YN8 Jlo o ol glianiig 2SI
b 5l oolitnl b souilgm KinslS 51 oy oSIS Ko
0590902 podgslaes] Joie-3-h-1 ¢ BmimHSO, s
cdale ol b v e V] LS cliss asles a5 ol lis
Owzred b o D38l o oSS Ml s T
= &y »BmimHSO, 4, cee.s HmimHSO, g aslo
Jlaziol Gliee « S sdlam el b oS 5 Sjge )0 500
5 LoslS oy ce doyo Ve 5l o 4 oy sSIST I e
Sg Slube 5l eslitul b cu eI Sioed V] e

1E0F Ll F o lods coiddd 0598

doddio —)
Sl Jds 4 CuFeS, olos Jgo, b oy oSIS

oY S S 5 G e o s (b oSS
Pl il o 2V Cuoglio o s (59, 2 J5el5ie iy
a5 slod s Sladss jelaie e @ Dbl N
Ol B Pl s g oad plxil S ol S
L] o s Ko ol o Spmmd sloansTp S5 o]
Ol Sz 5 [F] Kol d¥]  Slogel S
oo 5l s Jlasial (sl o504 b (0] Las cos

o) lelas gl sl oM Jdo 4 (Jlb nl b
L &bl dapy] Lels bl w¥gams 5l oM
b Pl nl JS Gre o i slaayie g S
IVl s 1250 cou s 50 banTd opl wsd oo
2 b war (Soj)lliegyann glaanld pw)p 4 o
My sle @il Core e gl Ay @ e
555 el o Fogll Ll g0y eizman 5 sl 5 51 o5
Foa Sg Slube jolate pen a4 el 00,5 oy 58
(g Bt igane 5 JI OS5 it g pdy
WS 15 az g5 3550 YU (> )b g 6 ndl L]
1A

oS Wl olawd OS5 3 s aws Je Olnle
Slwl 4y ol 053 ealallgsd slaShs 5 ols> ol L
ot sloanld ol 6lp e ol Glalaos
4 G g JI Pl gy colie 3Kl g 00y
sl JT e G fael way cel a5 > wnl oo olus
oSl 1, ‘_JT Sdxe g STy ploxl aS 09l o Gﬂﬁ.{:
S Olube Jled o o5 ol LA YY] WS
e sk 4 )ls )15 (65 0leg s i )3 (S
olie VATV 0,5 9 M S a3 s alube oy
olgie 4 VY-120Y] 65 slaacst V0] S b
Alosls lis oals plodl Gladod 0gd g0 oolaiwl >
oSt 5 Sl Mol o oYL colls Slule ol oS
oy & Sl ileke sy 5 s8OSl 5 Wl g3l
AT 555100 w2l 5 1y (55 )5llogise]

Jlaseil glosly s adlas pais o3l glals o
ond bl g lale 5 eslitul b CusSIS 51 e

1A



P Bl guigo & 5

Sl S @lbo ygan 15 Ly oIl Il i (s 5

Iy ass o adgs Blol slaoauT § 59 oo o
23 BmimHSO, o mbe 5l Gadss cnl o cnlpl
Pl gy sl oasS oS! bl oloe 4 HO, LS
asle Sllee sl el 306 ol colaiul o ,0 oIS
le 4 sl cos wasS oS! edale (e mle ke
b3 90 oy SIS Smd (59, p ) ojlail g Lo
76 s CapsSIE Sz St zes 858
it Joe g, 3l eslawl b St o Sldes slo 2l )l

S () p2 0N SzeS

Ol 9 09y dlgo -Y

Gty 9SS 0 LS’ dig0d iliasiion —1-Y

axly 5l G ol jo eolawl 050 o 1 SIS 0 LS

OlalyS Gl jo @Bly LSS e (polae gaizme (yglisld
Serge sl (oS ans plulil lp b ags 592,
0,5lusS (59, y» XRD 3JUT caadllas 550 o 0lucS o
ool )l Y s o ol s aS <8 )3 sl cy 5 SIS
S5 kel 455 sl ST gl il o
oS Hlade oljen 4 S o eSS igad () cdums LSS
Bgad ;0 39290 b SIS JolS Hluld gl .l oy
adllas [0 ol colaiul (6,90 oSy, w3l cdsllas 3,40
SIS 51 o8 o ol 5K oo (puli IS
00ld [anis diged ;3 5 Cadyg g S sSIS (uo (S0uS ]
S92 ga o Hlddo g 0gu aseid b8 XRD 5 JUI jo a5 0l
S5 050 diged Al 350 200 B 5l S L SIS pl o
O3S 158 Yoz )0 i 43S leslatul b g 5 gy @
05s5ee TV 115 5 (O ¢ +YY) (VF L +OF) (CAA « +VF)
Jsaz o sl ol s XRF 5JGT ol a5 ol ganai b

O PRV

Sl g cauiSanST flsie 4 0I5 L ol oe BmimHSO,
aisls las lddses pl a0, dslllas g oy |y SO Hgalgu
Dlor Caws oy Al i e Jlasiiwl ol a5
oo Sl les g IS g cdale aS wols lis lagy] e
St 30l 0,10 gy gSIS 5| s Jlameinsl (55, 5

o Sy Sl al g S sSIS Sl
S prille G (pl @l ol p 8518
Sl lierd iSly a5l b o SIS Pl
Lol £0F kJ/mol Qj Lg)‘Lw‘_JLz_é Lg‘)“)jl 9 a)lo (&8 poions
) st e sy @ S sSIS 1 e Lo
(EmimHSO,) olisw (35,008 podsjlanesl et
3 eaiiSanST lie 4 Dlog S 60 pawlly jga> (o
il IVY]ed 8 15 asdllas g (owyp 390 YoV Lo
pewly EMImHSO, clale 201580 b cy 0 oIS D]
Pl (swyp g i (nl @S 5 Les g Slog S (63
Pl sl plas ladss (p) lawg 5 Ml S
adg a5l (Diffusion) 3ea5 p30l 1 o 0 oIS
@9_: ulJuLc as MOGA ULAAJ 03 ral.?u‘ uLA.Jz.?u o

el g wls o oSS Pl 59, 2 2y JLE SU
BmimHSO, s ale 5l e 095 o 59 5 ol
os){.c L .&‘oe; oolawl w,.@SJlS )‘ O JLQM‘ 6‘)‘.‘
oy sSB 5l ee Jlasiwl az g5 BB guli 4y gltws asy|
oaiS ST 5l oolaiwl pilives ¢ S Slale 51 oolazul b
NaClO, HCIO (NH,),S,0, K Cr,0, H,0, el
2 A wies gboanSaST oy Sege I Fet'y KNO,
LYy Tassis oo oolitul cu pm sSIS Dol (6l g Lanoeo
L5k canS s SGHL0, bossaSanST ol s
OiST g ol ay 25STy 5l o a5 1zl sy oo

sy SIS 0 i lwiS” 4 god ciliio (5L g gunS 58 9 Lot g XRF 3007 1 Jgu

(e (um) &l o5l
ST Cu Jts Cu S Fe
AR AR 44 YY 2 YV,0A -Yv
ARR] Ya Ny Y'Y F4 Yo v -OY +YY)
< YOA YV,AY ARTAN ARNAT Y¥ . +0Y)
< NEY vq,-f Y. £ YASA AN YY)

114

VE¥ O3l oF 0 losd cpiits 0399



S Bl guigo & 5

S VIlo v ( LIS (Sugo (plazo gl

g

o

00

Lin (Counts)
PUE U ST U U S U U U SN U S U G S G SN SN S UN SN SN SN

Cp: Chalcopyrite
Py: Pyrite

40 0 60 70
2-Theta - Scale

(4ol Aigns) gy sSUIS 0 5l XRD jloged 1) S5

Jsboee slod (e 5l g il R385 5590 0>
oS aalllae 590 digei jl (ative ()9 N 0)90 wo @
O A ABlal Joloxe 45wyl satin olul oogase
Stz 018 5 00 gy (aseiin 590 b (urbliio (00
SV lade iolesl o jo .l dalsl Hlas 500 ey Sae b
wldlyy plad)l (5,0 5l ateie Sl laosl jo Joloxe
Sl g e Jladte (raend Sl gl kS 5l e g 00
&l o oolazwl Varian-AA240 Joe o3l iz oKiws
abal) 5heslo paiged Gloj yo e (535 o llas S

IVElas solinw) e Jlaswl dculxe lp

1 il
_ (Vo X vi )CHER viG

X; C )
M( M/] 00)

o) e as

Al digas ;o o Jlaseiul lie doy0 : X

D) pled )| s ooz Jslns o2 1V

(M) 558 g0 aily yy plos ) 51 a8 a1 diges pox>:V,

1E0F Ll F o lods coiddd 0598

bosds Slgo —Y-¥

o ped 38 g b Cwesd ol o g Pl s w
podoslieel-dee V=it G le 5l e g
12¥0 < pols wo,e L BmimHSO)) clafsw 459,000
slp ke Of rizmen 5 Sye 05,5 cole (Fig doy
A eslauwl wa.:l.o)] GALQ.’ raL?u‘

oz giolojl -¥-Y

a0 plaid | Sy 53 i slo alos] sales

o Slo b Srmd Jsbre 53,5 65 5 3508 0 ol
4 y=e MS7 H550Pro Ja. Deragoon  o..blie
oo 5380 ot g JyS sl PTI000 Sleo jgucws
e olis L talojl cal plnil gl s plomil (Jolore
oaSasSl ¢ BmimHSO, g mle Jsbxo 5l o
09,0 @ JUl jlam jaine glacdale b oSy (59,00
Ol led b wd 8 13 wbline cody Sla (g5, » pled)|



P Bl guigo & 5

Sl S @lbo ygan 15 Ly oIl Il i (s 5

100+
- 40%

+ 30%
801 » 20%
= 10%

o
o
1

(%) owe gk

Fy
o
I

20~ =

0 30 60 90 120 150 180
(48:33) ooy

o w95 ISl 535, BMImHSO, cdalé 5306 ¥ Jsci

100~
* 30%
¥ 22.5%
801 4+ 15%
" 7.5% » Y
2, 60-
k] A
1
= x
5 407 /V/ ®
|}
w
20+ =
= E
&
& -
0 T T T T T T
0 30 60 90 120 150 180
(42:33) )

o o8B Pl 595 2 s T 059,000 Cile SEY JS

H,O, =——> HO" + OH" )

L7 ahal, b glee HO™ Jb oS5 000 JSS0,

Do oo JSiS 1y gpaie 0,565 g (Sl o ymsSIS
o g g @ Vol b @illae 55 g paie 3555
Slalgas G52 b e g2 A alaly b illae Colyd 50 5 050 o

2HO* + 282 == 2S%+H,0 + 0.50, *)
28° +2H,0 + 30, == 2S04 + 4H" )
Cu?(aq) + SO4* (aq) = CuSOs(aq) M)
AR

(g/ml) l‘"i Dgad HO Sg>g0 Cu clale :Ci

(@) pledd)l ;o 35290 Cu o s8I 0 LS (459 : M
w‘ w}.gjglf OJ.I.SLJJ-;S )Q éj}yo Cu M)O : CM

g e -Y
BmimHSO, ckle 56 -)-¥

iz glackle o Slaisle;] wo SIS sl
o5 il a0 Feoglos Ve 0S50 cdale
YY o ohd egladl (id a8 Ve mle 4 del> cas
2l b illae 0gd oo canlin ¥ JSs j0 a5 45Sler
BmimHSO, cble il b [Yysvoal Ls ol
il S5y ol abioe I3 55 e Sl (s
—aal> oo g 1SN Ll slaoss] )8 Sgu Jdo 4 Yl
sleaal> Syie mho o Syl caglie zals L sl
Silpw gohaw 9 058 b S mlo (55 Joo o @
Jlazciwl o5 ili8l Lol Jole aSCol og)ay .00 oo e
ol el See BmimHSO, YL slocdale jo o
Ko o Ts 0 b el b ple 156 ) sl LYY
Ab s s b o7 Fe BmimHSO, clale

STy 59 0 cdale RS0 -Y-Y

O5oye doye Ve g YYO N0 VO sladale SU
¥ sles BmimHSO, 7§+ clike col jyolie b ansT,
oill yid S Ve b 4 sl s ol 5 ol a0
Nl (59, 3 a8 YA+ wile (loj 5 (9, TV 55 )3
Ojgyed cdale (a8l USS Billas ol sy S oSIS
208 o eSS Pl 555 2 2P JB 56 STy
39S 059,008 (gamloenST Jeiliy G35 YL L el ]
S5 3 o yessSIS Dol 33l aSyl ogdley el bL3 |
a8 ol s 5 Ceddly cnl 4 (g on | 0T (55000
b e po (ST (Same Slge b wnST (159,000 (B
JomS g 000 JIo0l, g (OH) JouS 95000 (51 4 0 alal
LYY] 098 o 32 (HO®)

VE¥ O3l oF 0 losd cpiits 0399



S Bl guigo 4yl

S VIlo v ( LIS (Sugo (plazo gl

Lev oyl o8 o 18 Soed Lo (oyme jo SIS )
Stz 9T 0 oyl ple 236 (cwyp lp ool
Al a8 § s e, YV 5 ld 65l

s il -0-¥

slogialel dos 580 (e 99,5 Lasie sy

ol 5 sl a0 FO 5 F X0 Y mhaw x> o S
Oheyaee clale BmimHSO, 7. clle Lyls cos
ol xd eSS Ve mbe a4 sl cond Y allSTy,
A alol g B YA wile ley g 49,500 YV 5 I3
Sldlae ;o a4 GeSlon oo ildl L JSs b sollas

100+

+ 40g/l

-+ 30g/l =
801 . 20 g/l . "

= 10g/l

(%) e gbib
«
i\

\\\’
\

204
-
®
0 v r T . T .
0 30 60 9 120 150 180

(48:33) ol

Co o oS Il (69 p @ bo a4 vl Canns J56 0P TS

100+

- -88+74 um
¥ -74+53 um =
e
804
& -53+37 um -
= -37 um
a
. 604 "
v 1 ||
& 404
204
0 T T T T T T
0 30 60 90 120 150 180

(48:33) 0la)

o o oS Il (595 9 1S o1l 30 Sl

1E0F Ll F o lods coiddd 0598

Oigodee bl s XSS L Gille (izes

Ohgyded cdale s 4 cans JYYO B AYD oSy,
oo Jlasiwl jo golisl e e TV BUYY 0 oSy,
a0 liee a5 canl Jdo cplas el cplogls Jlos w
sladale ;o 4 akl) gb 5S s Ol H O, 45
e cble cplpls IYAYANY] ol e T YL
Sized an 1 50 byl plo 56 oy @l HO,
H, Oy —— H,O0+0.50, 1)

b a ool cows W56 -Y-Y

3 Saym S8 Pl 65, 2 @le 4 del S 56

chle g d ppS ¥ g Ve Ve 0 il mhan
slos Y aSTy Gisyae clale BmimHSO, /¥
oLy 9 0eSee YV 55 &l ojlail ol 3 il a0 T
ssaline ¥ S 0 a5 aigSilen .o aslllas aids VA« wile
Ol aS el glaieT 4 mle 4 dsl> Cod ;53U 09l 0
2 Gk 4 wgdiee e Jlazil el cge o
Vo shemle 4 sl s uli8l L el ¥ ley Do
@ Sz ol (e a8 Jdo 4] e S ¥ G
Jds @ pyo Jlasl Coglie alidl g [Ye] aals asly o
10 5 TAR 3 ogas e Jlamernl [WV] aty080un g 2ul33!
2 bl ple 36 s ln alple ciloe GRS
A 2 e S Y ple 4 deler Cond (Samd 0nl

RESEER

Olyd o3l il —F-Y
bl Jole S Sozed o0 STygs aul> @l)d o5l
glaane 4 ol luie wnl ol Llue 15wl
o)‘..b‘ )...ul_v R Ls‘)" L......:‘) Oy )0 o M‘j u..u‘.))?
+AV) (CAACHYT) (golal dgaze gz (o @u&,uj «lhd
cdale col Loyl 1 o «y9, 00 YV 05 5 (COY YY) (VY
Feoolos Y 0S50 cdale BmimHSO, /¥ -
by s e Ve mle sl Cons IS sl 4z
Sgus 0 0033 O i )0 4T aigSilen .ol ploil 4z do YA+ wile
@ el cplasl oo il 33l e Jlaseiwl & I3 ojlasl el L
Sy gl Colie 53, Ol ojladl jo a8 el o 4l

\YY



P Bl guigo & 5

Sl S @lbo ygan 15 Ly oIl Il i (s 5

100~
- 45°C
¥ 40°C
80
35°C
= 30°C
- o
>, 604
s 1 =
3 .
& 404
L]
3
|}
204 .
||
&
0 . . . . . .
0 30 60 90 120 150 180
(4@:35) ola)
oy oS ISl (59 1 Loo il F ST
089 0.0044
- o |¥TU- X *
45°C [R: = 0.9776
/= 0.0031x o
-¥- o, ) * ar
064" 497C |R:=0.9743 P
3 = : o
x o |y=0.0019x - v
p’ 357C |Rz=0.9725 e
N % .
" 4 2
N 04q-m op |¥=10.0011x e Y
T 30 Re=0.ass| 7 -
o A
o0 o
- ir ,” -
0.24 g f/'v ‘ L]
’/0’«'7 ; P
r’/’V o
0.0 e oy T T T T
0 30 60 90 120 150 180
(48:83) Olay

oo 4 o 1-3(1-X)3+2(1-X) log0i 1V JSi

ool min') STy &5 ek K
Slal o el ol sl )3 ooy 5 4 a5
608 J S S sl STy ol jo 1, Ceaglie oy YL a5
&l IYYX0logs o oaels 2STy ca yw oaiiS 30 b
Slop 5 b oy sSIST Plosil w18 illas (5 oo 2
oaisSdgame J>lie a4y bgsye SVolee Sloged 5l coads al)l
Al ookl dalllas 0,90 oled odgaze yo Hley slaw
WV e Lads, 5l ol (sl foges iy A 5V sl S
slrosls Svor oo Jlaie 4 axgi b ano oo lud |
Gk 31 STy S lages il 53 (RD) alSasle]
o | 6 5Vb (o o o xhaw sla STy el

1YY

Il e ol oas oLl T [YEYEYONYAL LS
Fobve 5o Lilisl Ll aul oo ial38l 5 oy SIS
a0 YO U P sl Lo molidl ay cos )5 ol a0
s oSS Pl (53, 5 (8 it il ol ,5 e
Fo 5l e il b K olo e s 5o o (555b
ARG /EY sgam 5l Pl e o5 il ax o FeU
ax o YO LT 5lles Jiulidl by Goe fued j0 Lol w0
ol e ialdl |y el s VA lagas ol 5 ol
oS colwaz 0 ¥ YL slos o as el o ol sl
oalS Jole o o1 Jlaie HO, 4z aalidl o o

Ivvlat o

S92 &bo 5o Pl (S Joo -F

s &l Jslxe § CoymsSIS OISy a5 LSl
3 Jgeme diged S amd e gy Sz anlp (b
5 e e olge Joll) sl 5 mabe (Real slo 25Ty
el (o510

Joe dlewy 4y STy Sl Ysano b2y ool 5o
Jae opl jo sl s LB (SCM) 0035 S> oS atds
JrAsS cdd V) g Ve by, 5l (SO b assly s
Gk 3 RS L oy Y 5 (Giseied) 385 b )
Irexolea oy L o)d mlhw ,o olews 1Sl

2 2MgDC,
1-3(1-x)3+2(1-X)=———= t=kgt 0
pgary

I keMgC
1-(1-x)3=——B2 Ak ¢ 0
PRary
aslgy cpl o a8

(s 3ok (] 53) el Sl o o S 2 X

(M*/S€C) (yjgmisd o po : D

(Mm/sec) S <l ik

(S masSIS 3185 ol ) aelr ISl 335 M,

Sl glodes iz jo ol J> lixiviant A clale :C
(mol/m?) Jgl>xe

(MON/M’) (S s 3585l ,9) el S 2p,

Sz STy )0 Byme (5 egeS gl po i 2
(min) Pl ey o t
(m) e).S él.:.....» I

VE¥ O3l oF 0 losd cpiits 0399



S Bl guigo 4yl

S VIlo v ( LIS (Sugo (plazo gl

S iledld 550 oo b 9 STy e
s Iralasl STy e saiSagame b saiS S
S5 aliond Sy pplse b anTp sl ansy ol
[f-lewd ot S5 55 Fo-A+ kI/mol bl o5le b
s)Lwa «53;5‘ &i%f A )° 9 bas o)‘ 4 azg b
M ..\.:,{l).e Pl as o)S QI};.c 8 i QL’.:.QJG‘
p 3% 5 BmMImHSO, Sg ale 3l eolisnl b cy 568U
FS005 bl (1Sl 05l 4 g 0I5 (a5 (59 S5i
SS9, uiﬁ,.Lo)’T e yalb St 8L ol y ol

0.8 y = 0.0038x
g o |}
45°C Rz = 0.9965
y = 0.0030x
¥ o y . R 4
40°C |R2 = 0.9955 o
0.6
o~ |¥=10.0022x e
35°C [R2=0.9913 5 L
3 0.0016 N
P i o |¥=0. X o i
X 04{ " 30°CIR:=0.9966| .- -
& r i
,?’ ‘Y’, w®
» v "
0.2- X .
T $ =
e N--
40
0.0 — T T . v T
0 30 60 90 120 150 180
(4285 ooy

o) & s T-(1-X)1? 15903 1A JSi

3.10 3.15 3.20 3.25 3.30 3.35
5.4
5.6 o
-5.8 ‘e
S 60 "
= o
bt
-6.2
y =-5.6081x + 12.0738 "R
6.4 R?=0.9971
[ )
-6.6

1000/T, k*

Sy eI IOl (gl gy Hloges 4 S

1E0F Ll F o lods coiddd 0598

Ol Olges alple ls 355 & b 5l STy J S 4
o ol bll 5l Jol> slasols V) alal; a5 oS
STy p5ilSe b Stz 018 035080 5 WS o oy

D08 g yinn SlgFen oliepd
Sz w3 St 50 (Flhlas gla yiol )b 56 -1-F

G558 Oliee  Saazmd Seiie oS oy 1
ekl BmimHSO, cbl) bl sl ll
O g (Lo g mle a4y dol> Cond o3 o3lu0] conS ansTl
D gy Sz S 59, 2 byl nl I Se 2

VA g o0 L VY alaly & 50 0 b sl b (6135 256

ky=k,[BmimHSO,4]*[H,05] H X

E OY)
[R,]¢ exp RT

(o) o aS

oosyl el K
BmimHSO, clale 4 azgs b STy a5 o :
Hzoz“""'!‘."l'é“'?“'?ﬂsl’.&"‘s‘ﬁ“-?s}":

gl d sl Ci g azg b Sl as e

o & o

Aoy 4 5 Lo 4 Szd anld S (Sils
L¥V]sss co olo w1 ab ogs,T alasl, a5 VY alal,

-E,
K,=Aexp (RT) QAY)

(o) o aS

min) Sty &5 cols : K

Mmin') l5,8 g5 A

d.mol™) ;L Jleé 5,50 : Ea

8.314 JK .mol") la;5 Slp> ol : R

ol (52515) 3llao glos : T

Kol A US55 loges 5l Jobs glaks oo
e |y bz glales ;o lagialesT 5l s 2 sl
e K Jogai oy b Y b, e 05 oo
G50 Jlade cewl oad coly lad @ S o aS Yo/ T
099 YU Yoane 0 dewlre F75Y kI/mol g5lo Jlad
(f+ kl/mol | i) gile]ld o35,
oS gamme by 0aiiS J S ol San iloands 25T

45&&0600‘

1Ye



Sl S @lbo ygan 15 Ly oIl Il i (s 5

1.5 2.0 2.5 3.0 3.5
5.5
[
y =0.933x -9.0713
-6.0 R? = 0.9752
)
=< 65 5
£ ‘®
-7.0 4
87
-7.5
In[H,02]
Ink 4 couwi H,0, cdale ;logos 1) JSi
2.0 2.5 3.0 3.5 4.0
-5.5
. y =-0.676x - 4.2365
S R? = 0.9925
-6.0 5
- Y J
= s
£ 5
-6.5
o,
Y
7.0
In[s/1]

Ink 4 Conns 23l 4 vl S Hlogod VY S

3.4 3.6 3.8 4.0 4.2 4.4 4.6
-5.5
o, y=-1.1078x -1.8032
S R? = 0.9865
-6.0 e
= o,
< ‘~
z
-6.5 e
°
-7.0
In[R,]
lnkr A s Q')\) O}‘u\)‘ )‘\59—&-‘ Y JL:)
\Yo

4295 b STy 4 po demlons (pizmed 5 o SIS POlox]
e 1V alad | ol g 51 i el 1 oS 5o
W35 oy Glalesl sla el i molans 40 45 (o
@ pelie bolas ol 5l ooliinl b e ol ool
2 ln Ll oIk jloges alily o gl (k) odwl Cawd
L ,loged (I VW g VY Y O e la S s g 5 0l )b
Comd HLO, cdale BmimHSO, clale oly oy 4,
Al STy adye bl daloges cnl 5l plas o (k)
clle BmimHSO, clle gl jlaie cpl oS el sl )by
COYAS (s 4 olyd ojlail g mole 4 wel> o HLO,
ak, lade (og e sl () YA) 5 (-4 FYE) o ATY
w‘)ﬁ‘ L aS Cowl le OMQQLWJ 5)—0.40‘)[.' SR LS‘)" o..\.n] Cawd
Db o 2ol Ploul &5 el ol lade

ol 2 Gl R ke 05: S v0e 4 S0 35 eizran
0l duwloe (1iSTg 4 po 5090 b pdy BB sass lis 0
3leslaiwl o VY adaly 0 VY akal, 0,8 05l b el
STy 4 e g il s 655l slp odal cans @ =l
L s SIS Szl sl 1, )F alad lyion iell 5o
3,51 Cews 4 BmimHSO, Sg mle 5l eolazul

1
1-(1-x)3=
§-0.68
ko [BmimHS0,4]%>*[H,0,]%% [I] X "
-46625.74
R -1.11 ex <—)
[Ro] L ——
2.0 25 3.0 3.5 4:0
5.6
5.8 o
y = 0.5386x -7.8378 .
R? = 0.9848 o
-6.0 .
< 62
= #18
-6.4 ’
-6.6 -
-6.8
In[BmimHSO,]

Ink 4 couiBmimHSO, cdals logoi Ve JSC

VE¥ O3l oF 0 losd cpiits 0399



S Bl guigo 4yl

S VIlo v ( LIS (Sugo (plazo gl

Ly=1.0124X g0 a0 Jlogel a5 sldisS @ 0,0 ey
ol el cews 4 y=x Jlows! cll> 5 Bl Sl
BB oo sl aS col < AAY Ll 55 R? Jlade jloges

ol o] s 4y =l o Joud

1001

o
%
801 ‘:
y =1.0124x + 0.4847 oih
- R? = 0.982 A
w© & e
Tt 60- ',«5’.‘ 3
£ s’ o
= @,
8 og g °
3 401 aske,
> p X%
%"
S
204 Bpoe
"
o . : . :
0 20 40 60 80 100

X (calculated)

W o o (P LGT Jlamiol ()l Hloges N0 JSb
Joo 3250 3l eud dwlne (o Jlamiuw! il 0

S S Az -0

oolainl b oy o8I K] dslllas 4y Guios cpl 4o
SIS, 5 s aslsy BmimHSO, e mbe )
w2l o3lasl H,O, clale BmimHSO, clale la ol )l
2l ol 5 S 5 i g e 5 e el s
25 @l 9S85 IR s p 900 Simd S )
cble dayls o ae,0 Y 5l s e Jlasswl -)
4?)& f’ 6L0~) ‘./.Yl’ H202 u.E.Lé s./.f’ BmimHSO4
oslail xd e 5 Ve mle a4 vl o ol )5 ol
Cewd 4y 4z By VA- Wlo lej 9 9,500 YV 55 olyd
KW
5 e o A oo g STy 3g uee cdale Y
SIS SIS Pl &5 555 52 556 (20
Pl Saw 0l s St Sldlas Y
L BmimHSO, s able I esliiwl b g, eSIS
Lyls cpl o g cul cinogs BB 1-(1-x) 3=kt alal,
<l $22Y kJ/mol s3le Jbd 555!

1E0F Ll F o lods coiddd 0598

J».\A k_’LiLQA ) 'Y d.‘a.a‘) C«Mv‘) Cowws )|$9.o.§ Sp) L)
wLa l) )._a‘ﬁ QT w LY 054.:‘5@ J..al> 6)‘09"’" ‘1-(1-X)1/3
Saaloalooly Las VF S 10 oged (l.0gs dlgs (KO) Vg0 )T

0.8+

0.6 y =0.2595x + 0.0051 )
R* = 0.9836 ‘,-".

0.4

1-(1-x)

0.2+

0.0+

equation calculated x (105)

(K,) (o s] <ol jloges NP S

ol o wgd e somlie VF S 0 a5 4Klkea

Joges pl 5o mimmen el ¢ YOAEXY T L ply loges
Jod BB saumoslis a5 ool + AAYZ L ol R?lods
ol 6,5 b coles jo .l sdnel cans 4 mls (g
aTp Jae ol abyly O F alaly )0 00 dslome ugd
s BmimHSO, s molo 5l oalinal by 5 55U Simd

Al oo Cawd 4 V0 alayly &yeo 4 HO, jea> o

1
1-(1-x)3= )
g1-0.68
0.26x10°[BmimHS0,]%34[H,0,]%%3 [I] X
-46625.74
Rol 1" exp ()

S Jos (i L] Y —F

wdal Cawd 4 Seiw 5 @l Jow (i liel gl

4 Seiow Jawe l eolal b (X)) e Jlaseiwl e
andllae 3,90 sl 2al,b o0game ;0 VO abal, ;o odwe] o
ol ey 2Rsles] ol blie 1o )] Jloges g dcwle
ol aas so LS il ool 411 VD S 8 a8 Jlogal
Joe Gosb 5l ead b 5 oltylejl @l o (29>

1M



P Bl guigo & 5

Sl S @lbo ygan 15 Ly oIl Il i (s 5

[9] Singh, G. and Kumar, A. (2008). “lonic liquids: Physico-
chemical, solvent properties and their applications
in chemical processes”. Indian Journal of Chemistry
Section A, 47: 495.

[10] Blasucci, V. M., Hart, R., Pollet, P., Liotta, C. L., and
Eckert, C. A. (2010). “Reversible ionic liquids designed
for facile separations”. Fluid Phase Equilibria, 294: 1-6.

[11] Greaves, T. L., and Drummond, C. J. (2008). “Protic
ionic liquids: properties and applications”. Chemical
Reviews, 108: 206-237.

[12] Park, J., Jung, Y., Kusumah, P., Lee, J., Kwon, K., and
Lee, C. K. (2014). “dpplication of ionic liquids in
hydrometallurgy”. International Journal of Molecular
Sciences, 15: 15320-15343.

[13] Whitehead, J., Zhang, J., McCluskey, A., and Lawrance,
G. (2009). “Comparative leaching of a sulfidic gold
ore in ionic liquid and aqueous acid with thiourea
and halides using Fe (IlI) or HSO 5— oxidant”.
Hydrometallurgy, 98: 276-280.

[14] Whitehead, J. A., Lawrance, G. A., and McCluskey,
A. (2004). “Green’leaching: recyclable and selective
leaching of gold-bearing ore in an ionic liquid”. Green
Chemistry, 6: 313-315.

[15] Davris, P., Balomenos, E., Panias, D., and Paspaliaris,
1. (2016). “Selective leaching of rare earth elements
from bauxite residue (red mud), using a functionalized
hydrophobic ionic liquid”. Hydrometallurgy, 164: 125-
135.

[16] Davris, P., Balomenos, E., Panias, D., and Paspaliaris, 1.
(2014). “Leaching of rare earths from bauxite residues
using imidazolium based ionic liquids”. In: ERES2014:
st European Rare Earth Resources Conference, Milos,
Greece. DOI: 10.13140/2.1.3345.0246.

[17] Abbott, A. P., and Frisch, G. (2013). “lonometallurgy:
Processing of Metals using lonic Liquids”. In book:
Element Recovery and Sustainability, RSC Publishing,
59-79. DOLI: 10.1039/9781849737340-00059.

[18] Abbott, A. P., Frisch, G., Hartley, J., and Ryder, K. S.
(2011). “Processing of metals and metal oxides using
ionic liquids”. Green Chemistry, 13: 471-481.

[19] Tian, G.-C., Jian, L., and Hua, Y.-X. (2010). “4pplication
of ionic liquids in hydrometallurgy of nonferrous
metals”. Transactions of Nonferrous Metals Society of
China, 20: 513-520.

[20] Dong, T., Hua, Y., Zhang, Q., and Zhou, D. (2009).
“Leaching of chalcopyrite with Bronsted acidic ionic

liquid”. Hydrometallurgy, 99: 33-38.

[21] Aguirre, C. L., Toro, N., Carvajal, N., Watling, H., and

\AA

ey 4 ohd ol g mle 4 sl cws HO,
5 el G 45 (V) -YA) § (o SVF) o ATY L OYAS
b dasleo < YORExY -7 Uy 1l 35 ywssy| i oo

&l ol -

Saslas 5 5, 5en 5l 45wl e p3¥ 055 lilse
a8 i ol oislesT asly 5 LSS o yoleo matiome &S
oBtalojl b 5 AllS (5)l50n jl (izpen anslel (Jlo,u5
JLS ol olfsils conisgsy g mSol axdl ( ollals
O P U1 B POT-S 15 o W

&=l -V

[1] Nazari, G., and Asselin, E. (2009). “Morphology of
chalcopyrite leaching in acidic ferric sulfate media”.
Hydrometallurgy, 96: 183-188.

[2] Watling, H. R. (2014). “Chalcopyrite hydrometallurgy
at atmospheric pressure: 2. Review of acidic chloride
process options”. Hydrometallurgy, 146: 96-110.

[3] Radmehr, V., Koleini, S. M. J., Khalesi, M. R., and
Tavakoli Mohammadi, M. R. (2013). “Ammonia
Leaching: A New Approach of Copper Industry in
Hydrometallurgical —Processes”. Journal of The
Institution of Engineers (India): Series D, 94: 95-104.

[4] Panda, S., Akcil, A., Pradhan, N., and Deveci, H. (2015).
“Current scenario of chalcopyrite bioleaching: a review
on the recent advances to its heap-leach technology”.
Bioresource Technology, 196: 694-706.

[5] Padilla, R., Vega, D., and Ruiz, M. C. (2007). “Pressure
leaching of sulfidized chalcopyrite in sulfuric acid—
oxygen media”. Hydrometallurgy, 86: 80-88.

[6] Anderson, C., Dahlgren, E., Huang, H., Miranda,
P, Stacey, D., Jeffrey, M., and Chandra, 1. (2005).
“Fundamentals and applications of alkaline sulfide
leaching and recovery of gold”. In: CIM Gold
Symposium, Calgary, Alberta.

[7] Whitehead, J., Zhang, J., Pereira, N., McCluskey, A.,
and Lawrance, G. (2007). “dpplication of 1-alkyl-
3-methyl-imidazolium ionic liquids in the oxidative
leaching of sulphidic copper, gold and silver ores”.
Hydrometallurgy, 88: 109-120.

[8] Carlesi, C., Cortes, E., Dibernardi, G., Morales, J., and
Muioz, E. (2016). “lonic liquids as additives for acid
leaching of copper from sulfidic ores ”. Hydrometallurgy,
161: 29-33.

VE+F Oliwl ¥ o lod cpiid 0592



S Bl guigo 4yl

S VIlo v ( LIS (Sugo (plazo gl

927-935.

[31] Kim, C.-J., Yoon, H.-S., Chung, K. W., Lee, J.-Y., Kim,
S.-D., Shin, S. M., Lee, S.-J., Joe, A.-R., Lee, S.-1., and
Yoo, S.-J. (2014). “Leaching kinetics of lanthanum
in sulfuric acid from rare earth element (REE) slag”.
Hydrometallurgy, 146: 133-137.

[32] Dreisinger, D., and Abed, N. (2002). “4 fundamental
study of the reductive leaching of chalcopyrite using
metallic iron part I: kinetic analysis . Hydrometallurgy,
66: 37-57.

[33] Nabizadeh, A., and Aghazadeh, V. (2015). “Dissolution
study of chalcopyrite concentrate in oxidative ammonia/
ammonium carbonate solutions at moderate temperature
and ambient pressure”. Hydrometallurgy, 152: 61-68.

[34] Aguirre, C. L., Toro, N., Carvajal, N., Watling, H., and
Aguirre, C. (2016). “Leaching of chalcopyrite (CuFeS2)
with an imidazolium-based ionic liquid in the presence
of chloride”. Minerals Engineering, 99: 60-66.

[35] Faraji, F., Alizadeh, A., Rashchi, F., and Mostoufi, N.
(2020). “Kinetics of leaching: a review”. Reviews in
Chemical Engineering, 38(2): 113-148.DOI: https://doi.
org/10.1515/revee-2019-0073.

[36] Gharabaghi, M., Irannajad, M., and Noaparast, M.
(2010). “A review of the beneficiation of calcareous
phosphate ores using organic acid leaching”.
Hydrometallurgy, 103: 96-107.

[37] Levenspiel, O.(1999). “Chemical reaction engineering”.
John Wiley & Sons, New York, 54. DOI: http://dx.doi.
org/10.1021/ie990488g.

[38] Dehghan, R., Noaparast, M., and Kolahdoozan, M.
(2009). “Leaching and kinetic modelling of low-grade
calcareous sphalerite in acidic ferric chloride solution”.
Hydrometallurgy, 96: 275-282.

[39] Habashi, F. (1969). “Principles of extractive
metallurgy”’. CRC Press, pp. 413.

[40] Romankiw, L. T. (1962). “Kinetics of dissolution of

zinc sulfide in aqueous sulfuric acid”. Ph.D. Thesis,
Massachusetts Institute of Technology.

1E0F Ll F o lods coiddd 0598

Aguirre, C. (2016). “Leaching of chalcopyrite (CuFeS 2)
with an imidazolium-based ionic liquid in the presence
of chloride”. Minerals Engineering, 99: 60-66.

[22] Hu, J., Zi, F., and Tian, G. (2021). “Extraction of copper
from chalcopyrite with potassium dichromate in I-ethyl-
3-methylimidazolium hydrogen sulfate ionic liquid
aqueous solution”. Minerals Engineering, 172: 107179.

[23] Soki¢, M., Markovi¢, B., Stankovié, S., Kamberovié, Z.,
Strbac, N., Manojlovié, V., and Petronijevi¢, N. (2019).
“Kinetics of chalcopyrite leaching by hydrogen peroxide
in sulfuric acid”. Metals, 9: 1173.

[24] Georgiou, D., and Papangelakis, V. J. H. (1998).
“Sulphuric acid pressure leaching of a limonitic laterite:
chemistry and kinetics”. 49: 23-46.

[25] Dong, T., Hua, Y., Zhang, Q., and Zhou, D. (2009).
“Leaching of chalcopyrite with Bronsted acidic ionic
liquid”. Hydrometallurgy, 99: 33-38.

[26] Whitehead, J., Zhang, J., Pereira, N., McCluskey, A.,
and Lawrance, G. (2007). “dpplication of I1-alkyl-
3-methyl-imidazolium ionic liquids in the oxidative
leaching of sulphidic copper, gold and silver ores”.
Hydrometallurgy, 88: 109-120.

[27] Olubambi, P., and Potgieter, J. (2009). “Investigations
on the mechanisms of sulfuric acid leaching of
chalcopyrite in the presence of hydrogen peroxide”.
Mineral Processing & Extractive Metallurgy Review,
30: 327-345.

[28] Wu, J., Ahn, J., and Lee, J. (2021). “Kinetic and
mechanism studies using shrinking core model for
copper leaching from chalcopyrite in methanesulfonic
acid with hydrogen peroxide”. Mineral Processing and
Extractive Metallurgy Review, 42: 38-45.

[29] PetroviC, S. I., BogdanoviC, G. D., and AntonijeviC,
M. M. (2018). “Leaching of chalcopyrite with hydrogen
peroxide in hydrochloric acid solution”. Transactions of
Nonferrous Metals Society of China, 28: 1444-1455.

[30] Copur, M., Kizilca, M., and Kocakerim, M. M. (2015).
“Determination of the optimum conditions for copper
leaching from chalcopyrite concentrate ore using taguchi
method”. Chemical Engineering Communications, 202:

YA



