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Abstract: Flotation of smithsonite coming from a cerussite flotation circuit was investigated using Armac
C and Armac T as cationic collectors and their mixtures with potassium amyl xanthate (KAX) as an
anionic collector. Under optimum condition using Armac T with sodium hexamethaphosphate as a depressant, a smithsonite concentrate with 42% Zn and 89.6% recovery is obtained while in the presence of
sodium silicate depressant Armac C produces a concentrate containing 40.8% Zn with 92.5% recovery.
However, Armac T acts a little more selectively than Armac C but their mixture with KAX act inversely.
The KAX-Armac C mixed collector improves the Zn grade and recovery of the flotation concentrate
while KAX-Armac T does not. At the mixture ratio of KAX - Armac C 2:1, the amine collector consumption is decreased and an optimal concentrate with 94% recovery and 43% Zn grade is obtained without
any gangue depressant reagents.
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Introduction
Nowadays, new technologies to produce zinc metal from oxidized zinc ores are being
developed as it is becoming more difficult to find new sphalerite mines. Oxidized ores
contain zinc in various carbonate and silicates minerals, such as smithsonite (ZnCO3),
hydrozincite (2ZnCO3·3Zn(OH)2), zincite (ZnO), willemite (Zn2SiO4) and hemimorphite
(Zn4Si2O7(OH)2·H2O) and so on (Chen et al., 2009). In practice, the commonly used
method for the recovery of oxidized lead and zinc minerals from ores at present is flotation (Onal G. et al., 2005). The flotation of oxidized lead and zinc minerals, particularly
zinc minerals, is much more difficult than the flotation of corresponding sulfide minerals. Hexyl and amyl xanthates are capable of collecting smithsonite. However, the process is not selective enough in practice (Gaudin, 1957; Billi and Quai, 1963; Nagano et
al., 1975; Yamada et al., 1976; Yamazaki et al., 1978; Herrera Urbina et al., 1999; Hosseini and Forssberg, 2006; Hosseini and Forssberg, 2007). The fatty acids are also used
http://dx.doi.org/10.5277/ppmp130114
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to recover the zinc oxide minerals such as smithsonite, hemimorphite and calamine via
froth flotation method (Rey, 1953; Nagano et al., 1974; Kiersznicki et al., 1981; Hosseini and Forssberg, 2006; Irannajad et al, 2009; Ejtemaei et al, 2011). Flotation using
chelating agents is another alternative for beneficiation of zinc oxide minerals (Rinelli
and Marabini, 1973; Fuerstenau and Palmer, 1976; Barbery et al., 1977; Marabini et al.,
2007). The most common flotation technique used commercially for the treatment of
zinc oxide minerals is sulfidization with Na2S, followed by treatment with conventional
cationic collectors, namely amine (Mckenna et al., 1949; Rey, 1979; Abramov, 1961;
Onal et al., 2005; Pereira and Peres, 2005; Keqing et al., 2005; Hosseini and Forssberg,
2006; Irannajad et al., 2009). The amount of sulfidizing reagent and pH of the pulp must
be carefully controlled in amine flotation (Hosseini and Forssberg, 2007; Salum et al,
1992). Either sodium sulfide or sodium hydrosulfide is used as a sulfidizing agent (Onal
G. et al., 2005). When the pH value decreases, there is a drop in recovery (Hosseini and
Forssberg, 2007; Salum et al, 1992). A mixture of amines and xanthates can be used as a
collector. A system that contains two surfactants of different charge is called a catanionic system (Herrington et al., 1993; Hosseini and Forssberg, 2006; Hosseini and
Forssberg, 2007; Ejtemaei et al, 2011).
The Angooran mine, located 100 km south west of Zanjan, is one of the largest
lead and zinc oxide deposit in Iran. The major zinc mineral is smithsonite with hemimorphite and hydrozincite as minor minerals while the major lead mineral is cerrusite
with mimetite as a minor one. Generally, the associated minerals are mainly calcite
and quartz which are accompanied with minor amount of mica, hematite, goethite,
kaolonite, and montmorolinite. The exploited ore is concentrated in Dandy Processing
Plant which is located 20 km far from the mine with approximately 1 Gg (gigagram or
1000 ton) daily feed. The schematic flowsheet of present concentration process is
shown in Fig. 1. The tailing of cerrusite flotation is the zinc concentrate containing 2025% Zn, which is leached by sulfuric acid to extraction the zinc metal (Irannajad
2007; Mehdilo et al, 2010; Ejtemaei and Irannajad, 2008). In recent years by decreasing the Zn content of the ore, upgrading of tailing by froth flotation before acid leaching has been attracted considerably. In this work the cationic/anionic flotation of
smithsonite from the tailing of cerrusite flotation circuit is studied.

Fig. 1. Schematic flow diagram of Dandy Mineral Processing Plant
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Materials and Methods
Materials
A representative sample containing 21.7% Zn was taken from tailing of the cerrusite
flotation circuit. The chemical composition of the ore sample and pure smithsonite
determined by XRF is presented in Table 1. The XRD (X-ray diffraction) pattern of
the sample indicated that the associated minerals of smithsonite are calcite, quartz and
minor amount of goethite, kaolinite, and montmorolinite. The reagents used in the
study are shown in Table 2.
Table 1. Chemical composition of representative sample
Composition (wt. %)
Sample
ore sample

ZnO pbO SiO2

CaO Al2O3

27.0

Fe2O3 MgO K2O CdO NiO

4.8

16.9

17.5

2.6

2.62

0.65

0.36

0.19

pure smithsonite 63.5 3.11

0.13

0.51

–

2.45

–

–

–

SO3

L.O.I

0.09 0.22 25.64
–

–

29.4

Table 2. Reagents used in flotation tests
Chemical
Armac C (Cocoalkylamine) acetate)

Concentration
99

Supplier
Akzo Nobel

Role
Collector

Armac T (Tallowalkylamine)
acetate) amyl xanthate (KAX)
Potassium

99

Akzo Nobel

Collector

90

Cheminova

Collector

Sodium sulfide (Na2S)

75

Merck

Sulfidizing reagent

Sodium silicate (SS)

97

Merck

Depressant

Sodium hexa methaphosphate (SH)
Methaphosphate
NaOH

96

Scharlau

Depressant

–

Merck

pH adjuster

Pine oil

99

Penn Chemical

Frother

Methods
Microflotation test

The samples were ground and then sieved to collect the –150 + 75 µm fraction for the
microflotation tests. Single mineral microflotation tests were performed in a 300 cm3
Hallimond tube at a constant air flow rate. Experiments were carried out at varying pH
and reagent concentrations. Sulphuric acid and sodium hydroxide solution were used
for pH adjustment. For each test, 3 g of –150 + 75 µm fractions were separately conditioned using reagents at the desired pH in a 400 cm3 volumetric flask for a predetermined time (3 min). The collector was then added to the slurry and flotation was carried out in the Hallimond tube. After the flotation tests, the concentrate and tailings
were filtered, dried and weighed.

148

A. Mehdilo, M. Irannajad, H. Zarei

Flotation tests

In the flotation tests carried out in 1 dm3 Denver cell according Fig. 2, the desired
amount of sodium sulfide was added to the pulp and was conditioned for 10 min by
adjusting the pH at 11. A depressant was then added and conditioned for 5 min, after
which the slurry was conditioned with collectors for 5 min (conditioning time for
mixed collectors was 10 min). Finally, pine oil was used as a frother (120 g/Mg) with
a conditioning time of 2 min. The froth collection was performed for 10 min. The flotation concentrate and tailing were filtered, dried, weighed, and analyzed by atomic
absorption technique.
Reagents

Feed

Desliming

Slime

Flotation

Tailing

Zinc Concentrate

Fig. 2. Schematic diagram of flotation tests

Results and discussion
Microflotation tests
The microflotation tests were carried out in order to select the optimum amount of
sulfidizer agent and pH value. The recovery of smithsonite flotation using 500 g/Mg
Armac C and KAX as a function of pH value are shown in Fig. 3. The maximum recovery of smithsonite flotation occurred at pH = 9 and pH = 10.5–11 using KAX and
Armac C, respectively. In the next experiments pH=11 was selected for cationic flotation by Armac C and Armac T. The effects of sodium sulfide on smithsonite flotation
using 500 g/Mg Armac C, Armac T and KAX are shown in Fig. 4. The recovery of
smithsonite was increased by increasing sodium sulfide concentration. The optimum
dosage of sodium sulfide is 500 g/Mg which results in 82.6% and 83.7% recoveries
using Armac C and Armac T, respectively, while its optimum amount is 1.25 kg/Mg
for KAX with 73.4% recovery. The recovery of smithsonite decreases with the increasing sodium sulfide concentration. This is due to over-sulfidization of the pulp and
a high content of HS- ion in the flotation system (Malghan, 1986; Onal et al., 2005; Fa
et al., 2005).

Flotation of zinc oxide ore using cationic and cationic-anionic mixed collectors

Fig. 3. Recovery of smithsonite flotation as a function of pH value
(500 g/Mg Armac C, 500 g/Mg KAX, 500 g/Mg Na2S)

Fig. 4. Recovery of smithsonite as a function of Na2S concentration
(500 g/Mg Armac C, 500 g/Mg Armac T, 500 g/Mg KAX)
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Ore sample flotation
Cationic flotation

Figure 5 shows smithsonite flotation from the ore sample as a function of the sodium
sulfide dosage using Armac C. The results revealed that the smithsonite particle surface was not sufficiently sulfidized. The optimal dosage of sodium sulfide is up to
about 7500 g/Mg. At a high dosage, the adsorption of S2– ions increases with the increase of sodium sulfide, and the flotation of smithsonite is hence depressed. Marabini
et al., 1984, found that the smithsonite recovery is not sensitive to the Na2S concentration when the concentration of sodium sulfide is high. The reason for this observation
is that at high concentration of Na2S, the ZnCO3 component disappears totally and
a dense coating of ZnS is formed on the mineral surfaces. Essentially, the full formation of ZnS on the surface of ZnO minerals results in the amine adsorption less
sensitive to the effects of concentration of Na2S. However, the Na2S dosage is relatively high but it also has the role of a pH adjuster, and no other pH adjusting reagent is
required (Marabini et al., 1984).

Fig. 5. Grade and recovery of zinc in smithsonite flotation concentrate as a function
of sodium sulfide dosage using Armac C (Armac C 200 g/Mg, pH=11)

The flotation response of smithsonite as a function of Armac C or Armac T dosage
in the presence of SS and SH as depressant reagents is shown in Figs 6 and 7. It is
clear that the Zn grade of the concentrate obtained by Armac T is higher than that by
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Armac C. The increase of both collectors dosage increases Zn recovery and decreases
Zn grade in the smithsonite flotation concentrate. The reduction of Zn grade is attributed to the flotation of more gangue minerals due to high collector concentration.

Fig. 6. Grade and recovery of zinc in smithsonite flotation concentrate as a function
of collector dosage (7500 g/Mg Na2S, 600 g/Mg SS, pH = 11)

Fig. 7. Grade and recovery of zinc in smithsonite flotation concentrate as a function
of collector dosage (7.5 kg/Mg Na2S, 250 g/Mg SH, pH = 11)
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In the presence of SS, the optimal dosage of Armac C is 200 g/Mg, which results in
a smithsonite concentrate with 40.8% Zn and 92.5% recovery, while the optimum Zn
grade and recovery in the concentrate produced by Armac T are about 42.0% and
89.6%, respectively which is obtained at dosage of 800 g/Mg. Using SH as depressant
reagent increases the optimal dosage of Armac C to 300 g/Mg which results in a concentrate containing 39.8% Zn with 83.5% recovery. In the presence of SH, using 800
g/Mg as an optimal dosage of Armac T a concentrate with 42.8% Zn and 92.5% recovery is obtained.
Anionic–Cationic flotation
KAX–Armac C

The Zn grade – recovery curves of the bench flotation using mixed collectors depend
on the mixture ratio and are shown in Fig. 8. At a fixed concentration of Armc C (50
g/Mg), the KAX concentration was increased from 150 to 900 g/Mg and the mixed
collector ratio of KAX:Armac C was varied from 3:1, 6:1, 10:1, 14:1, to 18:1. The
results (Fig. 8a) show that the increasing of KAX dosage or mixture ratio improves the
Zn grade significantly but it decreases the Zn recovery from 92.5% (using Armc C
only) to about 70%. The optimum mixture ratio of the mixed collector is KAX: Armac
C, 6:1 (300 g/Mg KAX and 50 g/Mg Armac C) which results in a concentrate with
72.6% recovery and 47.5% Zn grade. For improving the recovery, at the optimum
dosage of KAX (300 g/Mg) the dosage of Armac C was increased gradually according
Fig. 8b. With increasing the concentration of Armac C, the Zn grade is decreased but
the Zn recovery is improved significantly. The optimal ratio of collectors is
KAX:Armac C, 2:1 (300 g/t KAX and 150 g/t Armac C) which results in a smithsonite
concentrate with about 43% Zn and 94% recovery. At the optimal conditions the Zn
grade and recovery of the concentrate obtained by mixed collector are 2.15% and
1.5% respectively higher than that obtained using Armac C alon. Furthermore, by
using mixed collectors without any depressant reagents, the optimum consumption of
amine collector is also decreased.
KAX–Armac T

The Zn grade – recovery curves of the bench flotation using the mixture of KAX and
Armc T at the different mixture ratios are shown in Figure 9. At a fixed concentration
of Armc T (300 g/Mg), the KAX concentration was increased from 90 to 1000 g/Mg
and the mixed collector ratio of KAX:Armac T was varied from 0.3:1, 0.6:1, 1.2:1,
1.8:1, 2.3:1 to 3.3:1. As seen from Fig. 9a the increasing KAX concentration or mixture ratio improves the Zn grade and recovery and the optimum concentrate containing
43.3% Zn grade and 65.1% recovery are obtained at a mixture ratio of 1.2 : 1
(360 g/Mg KAX and 300 g/Mg Armac T). A further increase of the KAX concentration decreases the selectivity of the amine collector and Zn content of the concentrate
but it does not have significant effect on the Zn recovery. At the KAX concentrations
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Fig. 8. Grade and recovery of Zn in smithsonite flotation concentrate as a function
of mixed collectors ratio (Na2S 7500 g/Mg, without deprassant, pH = 11):
(a) variation of KAX concentration, (b) variation of Armac C concentration

higher than 700 g/Mg with decreasing the Zn grade, the recovery is increased significantly. For improving the Zn grade and recovery of the concentrate, at the optimum
fixed concentration of KAX (360 g/Mg) the concentration of Armc T is increased
according Fig. 9b. The results show that the increasing of Armc T consumption increases the Zn recovery of the concentrate significantly but it decreases the Zn grade
of the concentrate. The optimum mixture ratio of the mixed collector is KAX:Armac T
as 0.6:1 (360 g/Mg KAX and 600 g/Mg Armac T) which results in a concentrate with
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Fig. 9. Grade and recovery of Zn in smithsonite flotation concentrate as a function
of mixed collectors ratio (Na2S 7500 g/Mg, without deprassant, pH = 11):
(a) variation of KAX concentration, (b) variation of Armac T concentration

41.5% Zn grade and about 82% recovery. A comparison of results presented in Figs 6,
7 and 9 shows that the Zn grade and recovery of the concentrate obtained using mixed
collector (KAX and Armac T) are lower than those produced by Armac T alone. However, more experiments indicated that using SH as a depressant reagent the Zn grade
and recovery of the concentrate produced with mixed collector are improved a little
but the results are not as good as obtained with Armac T alone.
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Conclusion
From two amine collectors used in this study, Armac T acts a little more selectively
than Armac C and results in smithsonite concentrate with higher Zn grade while Armac C is effective in enhancing the recovery of Zn. The KAX–Armac C mixed collector improves Zn grade and recovery of the smithsonite concentrate while the KAXArmac T one does not. The best concentrate with 43% Zn and 94% recovery is obtained using the KAX–Armac C mixed collector at a mixture ratio of KAX:Armac C
as 2:1 (300 g/Mg KAX and 150 g/Mg Armac C). The improvement of Zn grade and
recovery is probably related to the co-absorption of KAX and Armac C when they are
used as a mixed collector. The presence of KAX increases the Armac C adsorption
due to the decrease in the electrostatic head–head repulsion between the surface and
ammonium ions and increase in the lateral tail–tail hydrophobic bonds (Hosseini and
Forssberg, 2007). The reason why the mixture of KAX with Armac T does not have
positive effect on the smithsonite flotation concentrate should be investigated comprehensively. The decrease of collectors consumption and also no requirement of any
depressant reagents are other advantages of the studied xanthate-amine (KAX-Armac
C) mixed collector.
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