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 In this work, a representative sample was initially prepared from exploratory 
drilling cores, followed by identification and characterization studies based on XRD 
analysis; the sample consists primarily of quartz, kaolinite, muscovite-illite, calcite, 
potassium, feldspar, albite, dolomite, siderite, and chalcopyrite. Optical and scanning 
electron microscopy studies revealed that the sulfide minerals in the sample include 
chalcopyrite, chalcocite, and pyrite, with the most significant copper minerals primarily 
comprising chalcopyrite, chalcocite, and malachite. No free gold was observed, and 
gold mainly exists as a substitute within the structure of sulfide minerals. AAS analysis 
results indicated that the copper grade in the sample is 0.99%. To investigate the 
flotation of copper minerals, influential parameters such as pH, collector concentration, 
frother concentration, sodium sulfide concentration, and the effect of particle size were 
examined. The results demonstrated that under optimal conditions (pH = 11, collector 
concentration of 100 g/t Potassium Amyl Xanthate (PAX), 100 g/t Sodium Isopropyl 
Xanthate (SIPAX), 60 g/t frother methyl isobutyl carbinol (MIBC), 1000 g/t Na2S at a 
particle size of d80= 75μ), the total copper grade and recovery following two stages 
cleaner flotation were achieved at 21.2% and 60.2%, respectively. 
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1. Introduction 

Copper ൴s a strateg൴c metal used ൴n many 
൴ndustr൴es, ൴nclud൴ng electron൴cs, construct൴on, 
energy, and automot൴ve. G൴ven the grow൴ng 
demand for th൴s metal, the extract൴on and 
process൴ng of ൴ts m൴neral resources are of 
paramount ൴mportance. Copper occurs naturally ൴n 
two forms: ox൴de ore and sulph൴de ore, each 
present൴ng un൴que character൴st൴cs and challenges. 
Sulph൴de ores, ൴nclud൴ng m൴nerals such as 
chalcoc൴te and chalcopyr൴te, are more commonly 
processed us൴ng flotat൴on methods, whereas ox൴de 
ores l൴ke malach൴te and azur൴te typ൴cally requ൴re 
hydrometallurg൴cal processes. Due to the deplet൴on 
of h൴gh-grade sulph൴de depos൴ts and the ൴ncreased 
extract൴on from ox൴de-sulph൴de sources, the 
development and opt൴m൴zat൴on of concentrat൴on 
methods for these ores are essent൴al [1-4]. 

The flotat൴on process, wh൴ch extens൴vely 
concentrates sulph൴de m൴nerals, ൴s one of the most 
൴mportant methods for concentrat൴ng copper ores 

[5,6]. Th൴s process operates based on the 
d൴fferences ൴n the surface propert൴es of valuable 
m൴nerals and gangue, ൴ncorporat൴ng the use of 
chem൴cals l൴ke collectors, frothers, and other 
reagents to enhance m൴neral separat൴on. Var൴ous 
factors such as the chem൴cal compos൴t൴on of the ore, 
type and concentrat൴on of collector, pH levels, and 
operat൴onal cond൴t൴ons have a d൴rect ൴mpact on the 
eff൴c൴ency of th൴s method. For example, th൴ol-based 
collectors such as xanthates are effect൴ve for the 
flotat൴on of sulph൴de m൴nerals, wh൴le ox൴de 
m൴nerals requ൴re pre-act൴vat൴on w൴th sod൴um 
sulph൴de to become su൴table for collector 
adsorpt൴on [5,7]. 

Lee et al. (2009) ൴nvest൴gated the effect of n-
octyl hydroxamate as a collector for the 
s൴multaneous recovery of copper sulph൴de and 
ox൴de m൴nerals. The൴r results ൴nd൴cated that th൴s 
collector enhanced the recovery of malach൴te and 
azur൴te [8]. Add൴t൴onally, Bulatov൴ć et al. (2010) 
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demonstrated that the use of depressants such as 
sod൴um s൴l൴cate and sod൴um carbonate s൴gn൴f൴cantly 
൴mproved flotat൴on select൴v൴ty, and reduced the 
൴mpact of gangue ൴mpur൴t൴es [9]. 

Further stud൴es have shown that comb൴n൴ng th൴ol 
and am൴ne collectors can lead to h൴gher copper 
recovery from ox൴de-sulph൴de ores . Fuerstenau et 
al. (2007) assessed how the ox൴d൴zed or sulph൴de 
nature of copper ores affects flotat൴on performance. 
They found that sulph൴de ores are typ൴cally well-
flotated us൴ng xanthate collectors, whereas ox൴de 
ores requ൴re a pre-act൴vat൴on stage [10]. Koleini et 
al. (2013) optimized the selective flotation process 
of chalcopyrite, sphalerite, and pyrite from the 
copper-zinc ore of the Taknar mine. The results 
indicated that the most effective parameter for 
copper and zinc recoveries in the copper 
concentrate was the type of collector mixture. The 
optimization results demonstrated that by 
maximizing copper recovery, the respective 
recoveries of copper, zinc, and pyrite were 89.04%, 
25.3%, and 2.02%, achieved using a mixture of 
sodium isopropyl xanthate and sodium di-butyl 
dithiophosphate as collectors, dextrin as a pyrite 
depressant, 500 g/t of zinc sulfate, and a pH of 
11.35 [11]. Ghodrati et al. (2013) optimized the 
concentration of chemical reagents used in the 
copper flotation process of the Shahre Babak 
complex through statistical design. The optimal 
conditions for achieving a maximum copper 
recovery of 91.31% were identified as follows: 
sodium isopropyl xanthate collector at 8.99 g/t, 
thionocarbamate collector at 22.8 g/t, 
dithiophosphate collector at 5.05 g/t, frother A65 at 
12.52 g/t, and frother A70 at 7.68 g/t [12]. 
Add൴t൴onally, W൴lls and F൴nch (2015) stud൴ed the 
opt൴m൴zat൴on of flotat൴on process through prec൴se 
control of operat൴onal parameters ൴s cruc൴al for 
൴mprov൴ng eff൴c൴ency and reduc൴ng process൴ng 
costs [13]. 

Mar൴on et al. (2017) conducted a study 
൴nvest൴gat൴ng the effect of the structure of seven 
hydroxam൴c ac൴d collectors on the flotat൴on of 
malach൴te, f൴nd൴ng that certa൴n collectors, such as 
benzohydroxam൴c ac൴d and C8 alkyl hydroxamate, 
demonstrated super൴or performance ൴n flotat൴on 
[14]. Add൴t൴onally, Zare൴ Varzeqan (2017) showed 
൴n a work that the use of potass൴um octyl 
hydroxamate at a dosage of 10 g/t could ൴ncrease 
the recovery of ox൴de copper by up to 74.46%. 
Furthermore, the s൴multaneous use of ammon൴um 
sulph൴de and hydroxamates ൴mproved ox൴de copper 
recovery to 77.31% [15]. 

Barfey൴ and Paraspoor (2022) exam൴ned the 
effect of pH and chem൴cal reagents on froth 

stab൴l൴ty, us൴ng a sample obta൴ned from the copper 
process൴ng plant ൴n Mohammadabad Del൴jan, 
employ൴ng the Taguch൴ method. The results showed 
that the best froth stab൴l൴ty happened at a pH of 
11.2, us൴ng 20 g/t of sod൴um ൴sopropyl xanthate 
collector, 15 g/t of d൴-th൴ophosphate collector, 20 
g/t of the frother MIBC, and 15 g/t of the frother 
Dowfroth 250 [16]. 

Canpolat and Z൴yadanoğullar൴ (2023) 
investigated the extraction of copper from complex 
copper oxide ore, using flotation enrichment 
experiments. For the sulphidation of the surface of 
oxide minerals, Na2S and H2S were used. The use 
of H2S led to an increase in recovery [17]. Yu et al. 
(2024) investigated the recovery of copper from 
copper smelting slag, using the flotation-
sulphidization-xanthate method. The results 
indicated Na2S-modified CuO surface apparently 
adsorbed more xanthate collection, resulting in an 
improved hydrophobicity. The results demonstrate 
good recovery efficiency under the conditions of 
pH = 8.5, pulp density = 45.6 % and Na2S 
concentration = 80 g/t [18]. 

Recent stud൴es ൴nd൴cate that the d൴rect flotat൴on 
method for recover൴ng copper from Copper 
Smelt൴ng Slag (CSS) faces l൴m൴tat൴ons, due to the 
h൴gh malleab൴l൴ty of metall൴c copper and d൴ff൴cult൴es 
൴n gr൴nd൴ng, often result൴ng ൴n recovery rates of less 
than 90%. A work conducted by J൴anjun et al. 
(2024) showed that comb൴n൴ng grav൴ty separat൴on 
and flotat൴on can more effect൴vely recover copper 
from CSS, and ൴mprove the overall process 
eff൴c൴ency by reduc൴ng the copper grade ൴n the 
ta൴l൴ngs. These f൴nd൴ngs may also be benef൴c൴al ൴n 
opt൴m൴z൴ng the concentrat൴on of ox൴de-sulph൴de 
copper ores [19]. 

Convent൴onal collectors such as xanthates 
cannot d൴rectly flotate ox൴de m൴nerals, wh൴ch 
const൴tute a port൴on of copper depos൴ts. In the  
recent years, the sulph൴de-coat൴ng method for 
copper ox൴de m൴nerals followed by flotat൴on w൴th 
xanthate collectors has ga൴ned attent൴on, espec൴ally 
൴n areas l൴ke the Bouj൴ reg൴on, wh൴ch conta൴ns both 
sulph൴de and ox൴de copper m൴nerals. The pr൴mary 
challenge ൴n the process൴ng and concentrat൴on of 
copper ores from th൴s reg൴on l൴es ൴n the presence of 
copper ox൴de m൴nerals that typ൴cally cannot be 
floated w൴th convent൴onal collectors l൴ke xanthates. 
As such, the processes for concentrat൴on and 
opt൴m൴zed methods for recover൴ng copper from 
these m൴nerals rema൴n ൴ncompletely ൴dent൴f൴ed. 
Add൴t൴onally, there ൴sn't enough ൴nformat൴on about 
the exact deta൴ls of the m൴nerals, the 
character൴zat൴on of waste m൴nerals, and gold-
conta൴n൴ng m൴nerals, espec൴ally us൴ng modern 
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methods l൴ke scann൴ng electron m൴croscopy (SEM). 
The a൴m of th൴s research ൴s to f൴rst perform deta൴led 
൴dent൴f൴cat൴on and character൴zat൴on from the 
perspect൴ve of m൴neral process൴ng for samples from 
the Bouj൴ reg൴on. In th൴s study, SEM equ൴pped w൴th 
WDX was used, along w൴th element d൴str൴but൴on 
mapp൴ng, to accurately ൴dent൴fy copper m൴nerals, 
accompany൴ng gangue m൴nerals, and gold-bear൴ng 
m൴nerals. Subsequently, to ach൴eve appropr൴ate 
grade and recovery, flotat൴on methods were 
appl൴ed, exam൴n൴ng opt൴mal levels of effect൴ve 
parameters such as pH, collector concentrat൴on, 
frother concentrat൴on, and Na₂S concentrat൴on. 

2. Material and Methods 
2.1. Material 

Approximately 120 kg of representative 
samples were obtained from the core drillings of 
the Bouji ore deposit, located 65 km east of Zanjan. 
The samples were crushed, using jaw and roll 
crushers to a size of less than 2 mm. After 
homogenization, the samples were further ground 
in a ball mill according to liberation studies to a 
size of 80% passing 75 µm (d80) for flotation tests. 

To identify the chemical composition of the 
sample, X-Ray Fluorescence (XRF) analysis was 

conducted, using the X unique II model from 
Philips. For identifying the present minerals, X-
Ray Diffraction (XRD) analysis was performed, 
using the X'Pert MPD model from Philips. The 
quantitative determination of the elements in the 
sample was carried out using Atomic Absorption 
Spectroscopy (AAS). Additionally, for more 
precise identification of minerals and calculating 
the degree of liberation of copper-bearing minerals, 
petrographic and mineralographic studies were 
conducted using optical and electron microscopy, 
utilizing polished and thin sections. 

After preparing the polished sections, studies 
were continued with the XL 30 model scanning 
electron microscope from Philips, equipped with 
WDX, along with the preparation of element 
distribution maps. When using the BackScattered 
Electron (BSE) detector for imaging, heavier 
minerals stand out clearly, and the image gets 
dimmer as the average atomic number of the 
mineral decreases. 

2.2. Chemicals used 

Various chemicals were utilized for the flotation 
experiments (Table 1). 

Table 1. Specifications of the chemicals used in flotation experiments. 
Chemical reagent Chemical formula Role and application 

Potassium Amyl Xanthate (PAX) C5H11OCS2K Collector 
Sodium IsoPropyl Xanthate (SIPAX) C3H5S2Na Collector 
Sodium sulfide Na2S Activator 
Methyl Isobutyl Carbinol (MIBC) C6H13OH Frother 
Calcium carbonate CaCO3 pH Regulator 
Sulfuric acid H2SO4 pH Regulator 

 
2.3. Flotation experiments 

In all flotation experiments, 1 kg of sample were 
mixed with water to prepare a pulp with 30% 
solids, which was then transferred to a flotation cell 
in the Denver laboratory. Figure 1 shows a view of 
the flotation cell used in the Denver laboratory. 
Subsequently, chemicals including pH regulator, 
activator, collector, and frother were added to the 
pulp. After a set preparation time, the aeration 
process was conducted. Finally, the froth collection 
was performed. The collected concentrate and the 
remaining tailings in the cell were weighed after 
filtration and drying. After each experiment, we 
determined the grades of the concentrate and 
tailings by sampling each using an atomic 
absorption device. With the grade and weight 
available, the recovery for each test was calculated 
using Equation (1). Additionally, all data were 

mass balanced, and tests with high mass balance 
errors were repeated [20]. 

R = େ.ୡ
୊.୤

 × 100 (1) 

Where: 
C: Weight of the concentrate (g) 
c: Copper grade in the concentrate (%) 
F: Weight of the feed (g) 
f: Copper grade in the feed (%) 

Following crushing by jaw, cone, and 
cylindrical crushers; the ore underwent size 
analysis and grinding in a ball mill based on 
liberation studies. According to Table (2) and 
Figure (2), 80% of the particles are less than 75 
microns (d80 = 75 µm). 
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Table 2. Particle size analysis. 
S൴eve S൴ze 

(µm) 
We൴ght percent 

reta൴ned (%) 
Cumulat൴ve percent 

reta൴ned (%) 
Cumulat൴ve percent 

pass൴ng (%) 
+177 0.5 0.5 99.5 

+149 –177 0.75 1.25 98.75 
+105 –149 2.25 3.5 96.5 
+74 –105 7.0 10.5 89.5 
+53 –74 20.5 31.0 69.0 
+44 –53 28.5 59.5 40.5 

-44 40.5 100.0 0.0 
Total 100 --- --- 

 

 
Figure 1. Denver laboratory flotation cell used 

 
Figure 2. Particle size analysis curve. 

3. Results and Discussion 
3.1. Results of optical microscope studies 

According to Figure 3, the optical microscope 
studies showed that the copper minerals in the 
sample are mostly chalcopyrite and malachite. 
Some of the chalcopyrites are changing due to iron 
hydroxide, which is replacing them with malachite, 
chalcocite, and quartz. Some chalcopyrites are 
being replaced by malachite, chalcocite, and quartz 
due to iron hydroxide. Chalcopyrite alteration 
products have more iron hydroxide and malachite 
than the others, but chalcocite and quartz are much 
less. Bornite is also present in minimal amounts, 
mainly as minor intergrowths with chalcopyrite. 
Magnetite is primarily observed in semi-mafic 
volcanic rocks, where its occurrences are quite 
limited. Hematite is also present in low amounts, 
occurring as aggregates of platy-shaped crystals in 
a few samples. 

The most common pairing of chalcopyrite 
grains, especially in the larger pieces, is with non-
metallic gangue minerals. Due to the nature of the 
deposit, some chalcopyrite particles are being 
substituted by iron hydroxide; the most significant 
association of chalcopyrite occurs with gangue 
minerals and iron hydroxides, specifically limonite 
and goethite. In finer fractions (250–150 microns) 
and smaller fractions, the association of 
chalcopyrite is mainly with iron hydroxides. For 
malachite, it is mixed with non-metallic minerals, 
and in smaller sizes, it is found together with iron 
hydroxide. Overall, the abundance of chalcopyrite 
is approximately 2 to 2.5%, while the abundance of 
malachite is around 1%. 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

  
(g) (h) 

Figure 3. Illustrates various associations within the studied fractions: (a) the association of chalcopyrite (Cpy) with bornite (Bor) and gangue, 
as well as the association of bornite with gangue (Gng) in the 2830+ micron fraction; (b) chalcopyrite (Cpy) undergoing substitution by iron 

hydroxide (Fe hyd) in the 2830+ micron fraction; (c) The association of pyrite (Py) crystals with gangue in the 2830+ micron fraction; (d) The 
association of malachite (Mal) with gangue in the 2830+ micron fraction; (e) The association of chalcopyrite particles with gangue in the -

500+350 micron fraction; (f) the association of chalcopyrite with pyrite in the -500 + 350 micron fraction; (g) The association of chalcopyrite 
and iron hydroxide in the -75 + 62 micron fraction; and (h) a free malachite particle in the -75 + 62 micron fraction. 
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3.2. XRD, XRF, and AAS analysis 

The results of the XRD analysis confirmed the 
findings from the microscopic studies. Figure 4 and 
Table 4 show that the main minerals in the sample 
are mostly lbite, quartz, kaolinite, muscovite-illite, 
calcite, potassium feldspar, adolomite, siderite, and 
chalcopyrite. Additionally, the results of the XRF 
analysis are presented in Table 5, indicating a loss 
on ignition (L.O.I) of approximately 7.32%, which 
includes carbonates, sulphates, and water in the 
sample. The AAS analysis revealed that the copper 
and gold grades in the sample were 0.99% and 
1616 ppb, respectively. The amount of oxidized 
copper in the sample was 0.43%. Due to the low 

gold content, identifying associated minerals 
through XRD analysis and optical microscopy was 
not feasible. Therefore, to identify gold-bearing 
minerals, SEM equipped with WDX was utilized. 

Table 4. X-ray diffraction analysis. 
M൴neral name Chem൴cal formula 

Quartz S൴O2 
Alb൴te NaAlS൴3O8 
Muscov൴te KAl2[(OHF)2–AlS൴3O10] 
Dolom൴te CaMg(CO3)2 
S൴der൴te FeCO3 
Calc൴te CaCO3 
Kaol൴n൴te Al2S൴2O5(OH)4 
Orthoclase feldspar KAlS൴3O8 
Chalcopyr൴te CuFeS2 

 
Figure 4. XRD of ore sample 

Table 5. Chemical composition of sample determined by XRF. 
S൴O2 Al2O3 CaO Fe2O3 K2O MgO MnO Na2O P2O5 SO3 T൴O2 Cu LOI 
62.74 8.95 4.66 7.44 1.8 1.58 0.45 1.38 0.13 2.15 0.46 0.99 7.32 

 
3.3. SEM studies 

The findings from the scanning electron 
microscope studies of the sample are shown in 
element distribution maps in Figures 5, 6, and 7. 
Figure 5 shows the association of chalcocite and 
pyrite particles in the 150-105 micron size fraction. 
Analysis of these particles and the X-ray mapping 
of copper, iron, sulfur, and gold indicates that the 
light-colored mineral is chalcocite, due to the 
simultaneous presence of copper and sulfur, while 
the dark portion is pyrite due to the simultaneous 
presence of iron and sulfur. It is evident that both 
minerals contain some gold in their structure. 
Figure 6 depicts the free and associated particles of 
valuable minerals and gangue in the 150-105 
micron size fraction. The light-colored, free 
mineral in this image is chalcopyrite, which has 
copper and some gold in its structure. Figure 7 
displays several free and associated heavy mineral 
particles and gangue together in the 75-62 micron 
size fraction. An analysis of some of the light-
colored particles suggests the presence of two 
chalcopyrite particles along with one iron oxide 

particle. The brighter particles are identified as 
chalcopyrite containing copper, iron, and sulfur 
along with some gold in their structure, while the 
darker particle is due to the presence of iron 
without other elements, indicating iron oxide. 

3.4. Effective parameters 
3.4.1. pH 

pH is a key parameter in the flotation of 
sulphide and oxide minerals. In this work, the 
effect of pH was investigated by conducting 
flotation tests under similar conditions at three 
different pH levels, with the results presented 
in Figure 8.  Figure 8(a) illustrates the copper 
recovery at three pH levels. Based on the results, 
increasing pH positively effects the recovery of 
both oxidized and total copper, but it has little 
effect on recovering sulphide copper. As pH 
increases from 9 to 10, the recovery of both 
oxidized and sulphide copper increases. As the pH 
increases from 10 to 11, the recovery of sulphide 
copper decreases. The reason for this is that raising 
the pH to higher levels requires a significant 
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amount of lime. This quantity of lime leads to an 
increased precipitation of magnesium and calcium 
ions on the surface of valuable minerals, negatively 
impacting the flotation process. Additionally, the 
adsorption of Mg(OH)₂ and CaCO₃ precipitates on 
the surface of copper sulphide minerals alters their 
surface characteristics, resulting in decreased 
recovery. Overall, these changes in surface 
properties lead to a reduction in the efficiency of 
the recovery and flotation process of sulphide 

copper [21], whereas a further increase in pH from 
10 to 11 results in a decrease in sulphide copper 
recovery, although oxidized copper recovery 
continues to rise at a slower rate. The increase in 
oxidized copper recovery with higher pH is 
attributed to improved sulfidization of oxide 
minerals. Additionally, the decrease in the recovery 
of sulphide minerals at pH 11 results from the 
depression of sulphide minerals such as pyrite and 
galena. 

 

   
(c) (b) (a) 

 

  
(e) (d) 

Figure 5. a) The interaction of chalcocite and pyrite within the particle size fraction of 105-150 microns. b) 
Distribution map of Cu in image a. c) Distribution map of Fe in image a. d) Distribution map of S in image a. e) 

Distribution map of Au in image a. 
 

   
(a) (b) (c) 

  

 

(d) (e) 
Figure 6. a) Free and locked particles of valuable minerals and gangue in the particle size fraction of 105-150 

microns. b) An almost free particle of chalcopyrite. c) Distribution map of Cu in image b. d) Distribution map of 
Fe in image b. e) Distribution map of au in image b. 
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(a) (b) (c) 

   
(d) (e) (g) 

Figure 7. a) Free and locked particles of valuable minerals and gangue in the particle size fraction of 62-75 
microns. b) Free particles of heavy minerals in image a with increased magnification. c) Distribution map of Cu 
in image b. d) Distribution map of Fe in image b. e) Distribution map of S in image b. f) Distribution map of Au 

in image b. 
Figure 8(b) shows the grade versus pH chart. As 

depicted in Figure 8(b), with pH increasing from 9 
to 11, the sulphide copper grade rises from 12.3% 
to 13.2%, indicating enhanced flotation 
performance. This grade increase is due to the 
depression of pyrite and galena in pH =11 and 
improved separation of chalcopyrite from the 
tailings [22]. Moreover, the oxidized copper grade 
increases from 5.8% at pH 9 to 6.2% at pH 11, 
indicating that a portion of oxidized copper is also 
entering the concentrate in alkaline environments. 
Ultimately, the total copper grade rises from 9.72% 
to 10.3%, reflecting improved concentrate quality, 
which may be attributed to optimized flotation 

conditions and increased selective separation of 
copper particles. At higher pH levels, the formation 
of hydroxide complexes for certain impurities, 
such as iron and silica, increases, leading to a 
reduced presence of these impurities in the 
concentrate and consequently enhancing the 
copper grade. The increase in oxidized copper 
recovery with rising pH is a result of improved 
sulfidization of oxide minerals. Since the goal 
during the rougher and scavenger stages is to 
achieve maximum recovery, pH=11 is considered 
the optimal value for determining other process 
parameters. 

 

 
 

(a) (b) 
Figure 8. Effect of pH on copper a: recovery b: grade (collector concentration: 150 g/t, MIBC concentration: 45 

g/t, and sodium sulphide concentration: 500 g/t). 
 

3.4.2. Collector concentration 

In this work, two collectors—sodium isopropyl 
xanthate and potassium amyl xanthate—were used 

in equal weight ratios of 50%. The potassium amyl 
xanthate collector, because of its longer 
hydrocarbon chain, exhibits a powerful flotation 
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compared to sodium isopropyl xanthate. To 
investigate the effect of collector concentration, 
flotation tests were conducted under similar 
conditions at four different levels of collector 
concentration, with the results illustrated in Figure 
9. Figure 9(a) displays the impact of collector 
concentration on copper grades As shown in Figure 
9(a), increasing the concentration of both sodium 
isopropyl xanthate and potassium amyl xanthate, in 
an equal weight ratio of 50%, from 100 to 200 g/t 
results in an increase in the sulphide copper grade 
from 12.3% to 13.3%, representing the maximum 
value within this range. However, further 
increasing the concentration to 250 g/t leads to a 
decrease back to 12.3%, indicating that the optimal 
collector amount for sulphide copper flotation is 
200 g/t. The subsequent reduction in grade is 
attributed to surface saturation of the particles and 
decreased flotation recovery [21]. On the other 
hand, the grade of oxide copper, which is 5% at 100 
g/t, shows a slight increase at concentrations of 150 
and 200 g/t, reaching 6.3%. However, at 250 g/t, 
the grade drops to 6%, suggesting that the collector 
has a minimal effect on oxide copper. The overall 
copper grade, starting at 9.12% at 100 g/t, rises to 
10.12% at 150 g/t, but subsequently declines to 
10.4% and 9.72% at 200 and 250 g/t, respectively. 
This data indicates that excessive collector addition 
can lead to a decrease in grade. Given that the 
objective in rougher and scavenger stages is to 
achieve maximum recovery, the best performance 
of the collector is noted at a concentration of 200 
g/t, which is regarded as the optimal amount for 
determining other process parameters. 

Figure 9(b) illustrates the effect of collector 
concentration on copper recovery. The recovery of 
sulphide copper exhibits an increasing trend with 

the rise in concentration of two collectors—sodium 
isopropyl xanthate and potassium amyl xanthate—
in an equal weight ratio of 50%, ranging from 100 
to 200 g/t, resulting in an increase from 59.3% to 
71.25%. The increase in collector concentration 
enhances the surface coverage of the sulphide 
minerals present in the sample. This phenomenon 
increases the hydrophobicity of the surface, 
thereby improving their flotation. In this context, 
the collector is sufficiently available to cover the 
active sites of sulphide particles and facilitates 
bubble attachment by reducing interfacial energy. 
However, at a collector concentration of 250 g/t, it 
was observed that the recovery of sulphide copper 
decreased to 64.35% with increasing collector 
concentration. This is because the excess amount 
of collector can lead to increased foam stability due 
to micelle formation. In this situation, micelles 
cause a mix of minerals instead of separating the 
desired ones effectively, which lowers the recovery 
rate. Furthermore, the saturation of particle 
surfaces with the collector can lead to detrimental 
effects such as particle repulsion, increased froth 
buoyancy, and the mixing of valuable minerals 
with gangue [23]. 

Conversely, the recovery of oxide copper 
initially increases with the concentration from 100 
to 200 g/t, rising from 24.18% to 31.06%. 
However, it decreases at 250 g/t, reaching 28.18%, 
indicating that the optimal point for oxide copper 
recovery is also at 200 g/t. Finally, the overall 
copper recovery, which stands at 44.05% at 100 g/t, 
increases at 150 and 200 g/t to 51.04% and 53.79%, 
respectively. However, it drops to 48.64% at 250 
g/t, showing that 200 g/t is the best amount for 
overall copper recovery; using too much of the 
collector reduces recovery. 

 

  
(a) (b) 

Figure 9. Effect of collector concentration on copper a: recovery b: grade (pH = 11, MIBC concentration = 45 g/t, 
and sodium sulphide concentration = 500 g/t). 
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3.4.3. Frother concentration 

To determine the optimal concentration of 
frother, experiments were conducted at four levels: 
30, 45, 60, and 75 g/t of MIBC frother under 
identical conditions. MIBC frother produces low-
density bubbles, which can lead to lower recovery 
and increased transfer of water and slimes to the 
froth zone. Figure 10(a) demonstrates the effect of 
frother concentration on copper grade. According 
to Figure 10(a), the sulphide copper grade at a 
concentration of 30 g/t is 13.4%, and as the 
concentration of MIBC frother increases to 45 and 
60 g/t; the sulphide copper grade slightly decreases 
from 13.3% to 13.2%, ultimately reaching 12.4% 
at 75 g/t. This indicates that excessive frother 
concentration negatively impacts the sulphide 
copper grade; an excessive amount of frother like 
MIBC can lead to the production of unstable froths 
or excessive froth stability. This results in the 
recovery of slimes or non-floatable particles, 
thereby reducing the selectivity of the flotation 
process and ultimately lowering the grade of the 
final concentrate (including the sulphide copper 
concentrate). Furthermore, highly stable froths can 
impede the effective separation of valuable 
particles from waste materials. On the other hand, 
the grade of oxide copper decreases from 6.4% to 
6.1% when the concentration of MIBC frother 
increases from 30 to 75 g/t. Flotation of oxide 
copper is more challenging due to its more 
hydrophilic surface compared to sulphide copper. 
The increased concentration of frother can hinder 
the effective attachment of oxide copper particles 
to air bubbles by thickening the froth layer and 
reducing the concentration of materials in the 
liquid phase, thus decreasing flotation recovery 
[24,25]. As a result, the frother has a lesser impact 
on the flotation of oxide copper, and increasing its 
amount does not lead to improved recovery. The 
overall copper grade at 30 g/t is 10.4%, and remains 
relatively constant at 45 and 60 g/t, measuring 
10.4% and 10.35%, respectively; however, it 
decreases at 75 g/t to 9.86%. This reduction 
indicates that an increase in frother concentration 
beyond the optimal amount leads to decreased 
flotation efficiency, thus showing that the best 
performance of the frother in this range occurs at 
30 g/t, after which the increase in concentration 
results in a decline in recovery. 

Based on Figure 10(b), the recovery of sulphide 
copper at a concentration of 30 g/t is 66.52%. With 
the increase in frother concentration from 45 to 60 
g/t, the recovery of sulphide copper rose from 
71.25% to 73.07%. However, at a concentration of 

75 g/t, the recovery decreased to 70.85%, 
indicating that an increase in frother concentration 
up to 60 g/t improves sulphide copper recovery, 
while higher concentrations have a diminishing 
effect. At elevated concentrations, frothers can lead 
to excessively stable froths, which hinder the 
proper separation of valuable minerals from waste, 
resulting in a higher retention of gangue particles 
in the froth. Additionally, high frother 
concentrations increase the viscosity of the froth, 
and the bubbles can't move as easily, consequently 
decreasing flotation performance and leading to 
lower recovery rates. Conversely, the recovery of 
oxide copper, which is 30.95% at 30 g/t, increases 
to 31.06% and 31.25% at 45 and 60 g/t, 
respectively, but decreases to 30.5% at 75 g/t. This 
indicates that the effect of frother on oxide copper 
recovery is not significant and shows only slight 
variations. At higher frother concentrations, bubble 
size decreases, reducing the likelihood of oxide 
particles adhering to the bubbles [26]. Furthermore, 
excessive frother concentration may preferentially 
adsorb onto the surfaces of gangue particles, 
disrupting the selectivity of the process. Finally, the 
overall copper recovery at 30 g/t is 51.07%, and it 
increases to 53.79% and 54.9% at 45 and 60 g/t, 
respectively, but drops to 53.32% at 75 g/t. This 
trend indicates that optimal performance occurs at 
60 g/t, after which flotation recovery declines. 

3.4.4. Sodium sulfide concentration 

To investigate the effect of sodium sulphide 
(Na₂S) concentration, experiments were conducted 
at four levels: 500, 750, 1000, and 1250 g/t of Na₂S 
under identical conditions. According to Figure 
11(a), increasing the concentration of Na₂S from 
500 to 1250 g/t had no effect on the sulphide copper 
grade, which remained constant at 13.2%. In 
contrast, the oxide copper grade increased from 
6.25% at 500 g/t to 8.1% at 750 g/t. Sulphide ions 
activated the oxide copper surface, making it more 
hydrophobic and improving its flotation, which 
may account for this increase. As the Na₂S 
concentration further increased to 1000 g/t, the 
oxide copper grade increased to 9.9%, indicating 
optimal activation conditions. However, when the 
Na₂S concentration reached 1250 g/t; the oxide 
copper grade decreased to 9.5%. This reduction 
could be due to excessive coverage of the particle 
surfaces by sulphide ions, leading to a reversion to 
a more hydrophilic nature. The overall copper 
grade also initially increased with rising Na₂S 
concentration, from 10.35% at 500 g/t to 11.02% 
and 11.68% at 750 and 1000 g/t, respectively, but 
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decreased at a concentration of 1250 g/t to 11.54%. 
These changes suggest that the optimal Na₂S 
concentration for achieving maximum overall 
copper grade is around 1000 g/t, and exceeding this 
amount reduces process efficiency due to its 
negative effect on oxide copper flotation. 

The optimal flotation performance observed at 
a dosage of 1000 g/t can be attributed to the 
effective activation of non-sulfide copper minerals, 

whereby their surfaces are sufficiently transformed 
into a sulfide-like state. This surface modification 
enhances their interaction with flotation collectors, 
thereby improving both copper recovery and 
concentrate grade. At this concentration, sodium 
sulfide appears adequate to induce the necessary 
surface changes that facilitate the selective 
flotation of valuable copper-bearing minerals. 

 

  
(a) (b) 

Figure 10. Effect of frother concentration on copper a: recovery b: grade. (pH = 11, collector concentration = 200 g/t, and 
sodium sulphide concentration = 500 g/t). 

According to Figure 11(b), the recovery of 
sulphide copper at a concentration of 500 g/t is 
73.07%, and as the Na₂S concentration increases; 
the recovery of sulphide copper remains constant. 
This is because sulphide minerals inherently 
possess hydrophobic properties, and float easily 
with common collectors such as xanthates. When 
Na₂S reacts with water, it creates sulphate 
compounds and elemental sulphur, which helps to 
improve the recovery of oxide copper. This 
increase in recovery is due to the formation of 
sulfur layers on the surface of oxide minerals. With 
the increase in Na₂S concentration, the recovery of 
oxide copper rises from 31.25% at 500 g/t to 
43.02% at 750 g/t, indicating a positive effect on 
oxide copper recovery within this range. The 
coating of oxide mineral surfaces with sulphide 
ions from Na₂S results in the formation of a layer 
of copper sulphides, which enhances the adsorption 
capacity for the collector xanthate. This process 
increases the hydrophobicity of the mineral surface 
and improves recovery in flotation. As Na₂S 
concentration increases to 1000 and 1250 g/t, oxide 
copper recovery reaches 60.32% and 55.23%, 

respectively, indicating that optimal performance 
occurs at 1000 g/t, after which recovery declines. 
At concentrations above 1000 g/t of Na₂S, oxide 
copper recovery decreases to 55.23%, indicating a 
negative effect of high Na₂S concentration on 
flotation process efficiency. At lower 
concentrations, Na₂S aids in increasing the 
hydrophobicity of mineral particle surfaces, 
facilitating their adhesion to air bubbles. However, 
as concentration increases, the likelihood of 
particle coverage by sulphide ions rises. This 
coverage can ultimately lead to a reversion to a 
hydrophilic nature in mineral particles, competing 
with the existing collectors and causing these ions 
to act as depressants. Therefore, increasing Na₂S 
concentration may reduce the ability of collectors 
to adsorb onto copper particle surfaces, resulting in 
lower recovery of oxide copper and potentially 
leading to the stability of weaker froths and 
decreased recovery [22,27]. Ultimately, the optimal 
amount of Na₂S for achieving maximum overall 
copper recovery is around 1000 g/t, and any further 
increase results in a decline in recovery. 
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(a) (b) 

Figure 11. Effect of Na₂S concentration on copper a: recovery b: grade. (pH = 11, collector concentration= 200 
g/t, and MIBC concentration = 60 g/t). 

3.5. Optimal conditions 

Based on the results of flotation experiments at 
various parameter levels, the optimal values for the 
parameters were determined. Under the optimal 
conditions of pH = 11, a concentration of 100 g/t of 
potassium amyl xanthate and 100 g/t of sodium 
isopropyl xanthate, a concentration of 60 g/t of 
MIBC frother, and a concentration of 1000 g/t of 
Na₂S, with a part൴cle s൴ze of d80 = 75μ, the copper 
grade and recovery were obtained as 21.2% and 
60.2%, respectively, after two stages of cleaner 
flotation. 

4. Conclusions 

This work investigated the flotation behavior of 
a complex copper ore from the Bouji region 
containing both sulphide (primarily chalcopyrite) 
and oxide (notably malachite) minerals, using a 
combination of mineralogical characterization and 
flotation parameter optimization. The 
mineralogical studies, including XRD, XRF, AAS, 
and SEM-WDX, confirmed the presence of copper-
bearing minerals and their associations with 
gangue, revealing critical information about 
mineral liberation and intergrowths, which 
significantly influence flotation performance. 
Flotation experiments highlighted the importance 
of key operational parameters such as pH, collector 
concentration, frother concentration, and Na₂S 
concentration to achieving optimal recovery and 
grade. The results demonstrated that optimal 
flotation performance was achieved at pH 11, with 
a collector concentration of 200 g/t (equal parts 
potassium amyl xanthate and sodium isopropyl 
xanthate), 60 g/t MIBC frother, and 1000 g/t Na2S. 
Under these optimized conditions, the final 
concentrate achieved a copper grade of 21.2% and 
a recovery of 60.2% after two stages of cleaner 
flotation. These results underscore the necessity of 

process customization based on ore mineralogy and 
confirm the potential for improving the recovery of 
mixed oxide-sulphide copper ores through 
integrated mineralogical analysis and flotation 
optimization. This approach not only enhances 
resource utilization but also provides a 
methodological framework for similar deposits 
facing processing challenges due to mineralogical 
complexity. 

References  
[1]. Yu, X., Feng, Q., Wang, H., & Liu, D. (2025). 
Surface sulfidization mechanism of difficult to enrich 
copper oxide in copper smelting slag and its response to 
recycling performance. Applied Surface Science, 684, 
161825. 

[2]. Sokolović, J., Stanojlović, R., Andrić, L., 
Štirbanović, Z., & Ćirić, N. (2019). Flotation studies of 
copper ore Majdanpek to enhance copper recovery and 
concentrate grade with different collectors. J. Min. 
Metall. A Min, 55, 53-65. 

[3]. Bozhkov, A. I., Bobkov, V. V., Osolodchenko, T. P., 
Yurchenko, O. I., Ganin, V. Y., Ivanov, E. G., ... & 
Ponomarenko, S. V. (2024). The antibacterial activity of 
the copper for Staphylococcus aureus 124 and 
Pseudomonas aeruginosa 18 depends on its state: 
metalized, chelated and ionic. Heliyon, 10(20). 

[4]. Potysz, A., van Hullebusch, E. D., Kierczak, J., 
Grybos, M., Lens, P. N., & Guibaud, G. (2015). Copper 
metallurgical slags–current knowledge and fate: a 
review. Critical Reviews in Environmental Science and 
Technology, 45(22), 2424-2488. 

[5]. Khoso, S. A., Gao, Z., Tian, M., Hu, Y., & Sun, W. 
(2020). The synergistic depression phenomenon of an 
organic and inorganic reagent on FeS2 in CuS flotation 
scheme. Journal of Molecular Liquids, 299, 112198. 

[6]. Geng, Q., Han, G., & Wen, S. (2024). Flotation of 
Copper Sulfide Ore Using Ultra-Low Dosage of 
Combined Collectors. Minerals, 14(10), 1026. 



Hamedani et al. Journal of Mining & Environment, Published online 

 

13 

[7]. Zhang, C., Su, Y., He, T., Bu, X., Wan, H., Wang, S., 
& Xue, J. (2025). The role of copper ions in improving 
the flotation of chalcopyrite at low temperatures. 
Minerals Engineering, 220, 109091. 

[8]. Lee, K., Archibald, D., McLean, J., & Reuter, M. A. 
(2009). Flotation of mixed copper oxide and sulphide 
minerals with xanthate and hydroxamate collectors. 
Minerals engineering, 22(4), 395-401. 

[9]. Srdjan, M. B. (2007). Handbook of Flotation 
Reagents Chemistry, Theory and Practice: Flotation of 
Sulfide Ores. Elsevier Science & Technology Books. 

[10]. Fuerstenau, M. C., Jameson, G. J., & Yoon, R. H. 
(Eds.). (2007). Froth flotation: a century of innovation. 
SME. 

[11]. Koleini, S. M. J., Soltani, F., & Abdollahy, M. 
(2013). Optimization of the reagent types and dosage in 
selective flotation of Cu-Zn Taknar mine by using D-
Optimal method of statistical experiments design. 
Journal of Mining Engineering, 8(19), 1-11. 

[12]. Ghodrati, S., Koleini, S. M. J., Hekmati, M. (2013). 
Optimization of Reagent Dosages for Copper Flotation 
in Shahr-E-Babak Copper Complex Using Statistical 
Design. Journal of Separation Science and Engineering, 
4(2),17-27. 

[13]. Wills, B. A., & Finch, J. (2015). Wills' mineral 
processing technology: an introduction to the practical 
aspects of ore treatment and mineral recovery. 
Butterworth-heinemann. 

[14]. Marion, C., Jordens, A., Li, R., Rudolph, M., & 
Waters, K. E. (2017). An evaluation of hydroxamate 
collectors for malachite flotation. Separation and 
Purification Technology, 183, 258-269. 

[15]. Zare Varzeghan, A., Azizi, A., (2017). 
Investigation on the effect of copper oxide minerals on 
flotation circuit recovery of the sungun copper complex 
concentration plant and introducing solutions to increase 
recovery. School of Mining, Petroleum and Geophysics 
Engineering, Shahrood University of Technology. 

[16]. Barfaei, M., & Parsapour, G. (2022). Effect of pH 
and reagents on the froth stability in the copper flotation; 
Case study: Mohammadabad-E-Delijan copper 
company. Journal of Separation Science and 
Engineering, 13(2), 1-12. 

[17]. Canpolat, G., & Ziyadanoğullari, R. (2023). 
Recovery of copper from complex copper oxide ore by 

flotation and leaching methods. Advanced Physical 
Research, 5(2), 103-116. 

[18]. Yu, X., Wang, H., Wang, L., Mao, Y., & Liu, D. 
(2024). Enhance recovery mechanism of difficult to 
enrich copper oxide component in copper smelting slag: 
Sulfidization-xanthate flotation. Chemical Engineering 
Journal, 502, 157857. 

[19]. Sun, J., Dong, L., Zhang, T., Shen, P., & Liu, D. 
(2024). Efficient recovery of copper from copper 
smelting slag by gravity separation combined with 
flotation. Chemical Engineering Journal, 494, 153159. 

[20]. Farati, A., Chegini, M., Sobouti, A., & 
Alimohammadi, S. (2025). Optimization of effective 
parameters in flotation of fluorite from low-grade ore 
without frother. Physicochemical Problems of Mineral 
Processing, 61(2). 

[21]. Suyantara, G. P. W., Hirajima, T., Miki, H., & 
Sasaki, K. (2018). Floatability of molybdenite and 
chalcopyrite in artificial seawater. Minerals 
Engineering, 115, 117-130. 

[22]. Maleki, H., Noparast, M., Chehreghani, S., 
Mirmohammadi, M. S., & Rezaei, A. (2023). 
Optimization of flotation of the Qaleh Zari mine 
oxidized copper ore sample by the sequential sulfidation 
approach using the response surface method technique. 
Rudarsko-geološko-naftni zbornik, 38(1), 59-68. 

[23]. Lotter, N. O., & Bradshaw, D. J. (2010). The 
formulation and use of mixed collectors in sulphide 
flotation. Minerals engineering, 23(11-13), 945-951. 

[24]. Zhang, W. (2016). The effects of frothers and 
particles on the characteristics of pulp and froth 
properties in flotation—A critical review. Journal of 
Minerals and Materials Characterization and 
Engineering, 4(4), 251-269. 

[25]. Bayragh, A. S., Zakeri, M., & Bahri, Z. (2022). 
Estimation of copper grade from the flotation froth using 
image analysis and machine vision. Amirkabir Journal 
of Civil Engineering, 54(3), 869-884. 

[26]. Finch, J. A., Nesset, J. E., & Acuña, C. (2008). Role 
of frother on bubble production and behaviour in 
flotation. Minerals Engineering, 21(12-14), 949-957. 

[27]. Taheri, B., Abdollahy, M., Tonkaboni, S. Z. S., 
Javadian, S., & Yarahmadi, M. (2014). Dual effects of 
sodium sulfide on the flotation behavior of chalcopyrite: 
I. Effect of pulp potential. International Journal of 
Minerals, Metallurgy, and Materials, 21, 415-422. 



  چاپ آنلاین  زیستپژوهشی معدن و محیط -نشریه علمی  و همکاران   همدانی
  

 ) ب. رضایی(  Rezai@aut.ac.irنویسنده مسئول مکاتبات:  

 

 
 دانشگاه صنعتی شاهرود 

 

 نشریه مهندسی معدن و محیط زیست 
 www.jme.shahroodut.ac.ir: نشانی نشریه

 
 انجمن مهندسی معدن ایران 

  
 ون یمس به روش فلوتاس  يدی سولف -يد ینمونه کانسنگ اکس  ي ارسازیپرع  یبررس

  
  انینی، فاطمه سادات حس*یی، بهرام رضافر یی، محمد بقای، آرش ثبوتیهمدان  نیحس

  .رانیتهران، ا ر،یرکب یام  یمعدن، دانشگاه صنعت یدانشکده مهندس

  چکیده     اطلاعات مقاله
  2025/ 04/ 10:  تاریخ ارسال 

  2025/ 18/05: تاریخ داوري 
  2025/ 08/06:  تاریخ پذیرش

  
DOI: 10.22044/jme.2025.16210.3136 

  

و خواص    ییشد، سپس مطالعات شناسا هیته  یاکتشاف يحفار يهامطالعه، ابتدا نمونه معرف از مغزه  نیدر ا
آنال  یسنج بر اساس  گرفت،  کام  XRD  زیصورت  از    ت، ی لیا-تیموسکو  ت،ینیکوارتز، کائول  يهای نمونه عمدتاً 
آلب  میپتاس  ت،یکلس کالکوپ  تیدریس  ت،یدولوم  ت،یفلدسپات،  مطالعات    لیتشک  تیری و  اساس  بر  است.  شده 

  ت، یری موجود در نمونه شامل کالکوپ  يدیسولف  يهای کان  ،یروبش  یالکترون  کروسکوپیو م  ي نور  یکروسکوپیم
 ت ی و مالاک  تیکالکوس  ت،یریمس در نمونه عمدتاً شامل کالکوپ  يهای کان  نیترهستند که مهم   تیریو پ  تی کالکوس

است.    يدیسولف  يهایدر شبکه کان  نیگزیعنوان جاآزاد مشاهده نشد و طلا عمدتاً به   يطلا  گونهچ یو ه  باشندی م
ع   AAS  ز یآنال  ج ینتا نمونه    ارینشان داد که  به منظور بررس  0/ 99مس در    ي های کان  ونی فلوتاس  یدرصد است. 

  ی اندازه ذرات بررس ر یو تأث دی سولف می، غلظت کلکتور، غلظت کفساز، غلظت سدpHموثر مانند  يمس، پارامترها 
  100) و PAXگزنتات ( لیآم میگرم بر تن پتاس 100، غلظت pH=11 نهیبه طینشان داد که در شرا ج ینتاشد. 

)  MIBC(   نولیکرب   لیزوبوت یا  لیگرم بر تن کفساز مت  60)، غلظت  SIPAXگزنتات (  لیزوپروپیا  میگرم بر تن سد
 ون یمس با دو مرحله فلوتاس ی ابیو باز  اری، ع µ 75= 80d ي در دانه بند میسد دیگرم بر تن سولف  1000و غلظت  

  .درصد بدست آمد 2/60و  2/21 بیبه ترت

    کلمات کلیدي 

  ت یریکالکوپ
pH 
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