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Abstract: A copper—molybdenum iso-flotability flotation process has been developed to efficiently improve the recovery of
molybdenite from Duobaoshan porphyry Cu—Mo ores. The effects of flotation approach, type of collector, feed particle size
distribution, rougher pH value and reagent dosage on the recovery of molybdenite were evaluated systematically. The results suggest
that compared with kerosene and diesel oil, transformer oil has stronger dispersion capability in water media and better flotation
selectivity for molybdenite, providing a higher molybdenum recovery under low reagent dosage. Moreover, compared with bulk
flotation approach, the iso-flotability flotation approach using transformer oil as a collector can obtain superior Mo recovery
(90.77%) and grade (0.80%) in the cleaner concentrate, and increase the Mo recovery and grade by over 18% and 5% in the final Mo
concentrate, respectively. The results of commercial flotation further indicate that the iso-flotability flotation approach is a rational

and effective route to beneficiate the porphyry Cu—Mo ores.
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1 Introduction

Currently, it is well known that about 99% of
molybdenum production in the world is originated from
molybdenite. Molybdenite occurs not only in a single
molybdenum deposit, but also in the polymetallic
deposits such as copper molybdenum sulphur deposit,
and wolframium molybdenum bismuth deposit.
Approximately 50% of the world’s molybdenum
production comes from Cu—Mo ores as a by-product [1].

Until now, there are mainly three approaches used
in the flotation recovery of molybdenum and copper
from their porphyry sulfide ores. One is the bulk copper—
molybdenum flotation followed by separation, which has
been widely used in several large-scale mines such as
Dexing copper mine (Jiangxi Province, China) [2]. This
approach has an uncomplicated technological process
and simple reagent scheme, but the separation operation
of Mo/Cu sulfide minerals may encounter some
difficulties such as high consumption of depressant and

poor quality of concentrate product. The other is
selective Cu flotation followed by bulk flotation or
preferential Mo flotation followed by Cu flotation, which
usually requires large reagent dosages and complex
flowsheet [3]. LIU et al [4] reported that the preferential
Mo flotation approach using a non-thiol collector was
superior to bulk flotation process in improving the
recovery of molybdenite from Dexing Cu—Mo ore. Their
flotation indexes of pilot-scale testing were satisfactory,
but the Na,S consumption of Mo/Cu separation still
reached over 18 kg/t. The third approach is copper—
molybdenum iso-flotability flotation followed by
separation. In this case, a Cu—Mo rougher concentrate
with a high recovery of molybdenite is first obtained and
the recovery of copper from porphyry Cu—Mo ores is
then implemented by two stages. The first stage is that
using a high selective collector for molybdenite,
molybdenum minerals in the porphyry Cu—Mo ores are
concentrated as completely as possible; meanwhile, only
a part of copper sulfide minerals with good floatability
are also collected. This implies that the subsequent
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Mo/Cu flotation separation may be easily carried out by
using low dosage of depressant against copper sulfides.
Moreover, the second stage means that the rougher
tailing of copper—molybdenum iso-flotability flotation
(IFF) is treated by enhancing flotation of residual copper
minerals, which involves thiol collectors with strong
collection power to obtain a high overall recovery of
copper.

Apparently, the emphasis of IFF approach lies in
development of collectors with high selectivity for
molybdenite. It is well known that molybdenite has a
laminar crystalline structure consisting of a single sheet
of molybdenum atoms sandwiched between two sheets
of sulphur atoms. Strong covalent bonds act within
S—Mo—S layers, but only weak van der Waals forces
between adjacent S—S sheets. Molybdenite surfaces
formed by rupture of weak van der Waals bonds are
hydrophobic and consequently, naturally floatable [5,6].
Furthermore, several oily collectors such as kerosene,
diesel and plant oil are typically introduced into the
flotation system of molybdenite to enhance the mineral’s
hydrophobicity [7—10]. In recent years, several new
collectors such as emulsified kerosene, magnetized
hydrocarbon oil and synthetic oil have also been
developed and adopted for the flotation recovery of
molybdenite [11-14]. However, these linear chain
hydrocarbon oils commonly provide low recoveries of
molybdenum in the case of treating with porphyry
Cu—Mo ores. This phenomenon may be caused by
various factors, including the inherent properties of
molybdenite and other external factors, such as
mineralogy of ore deposits, slime coatings, flotation
reagents, grinding and liberation [15—18]. Although
those factors have been studied intensely, the
development of effective collectors as substitutes for fuel
oils is always one of the research hotspots, because an
appropriate collector plays an important role in
improving the recovery of molybdenite from porphyry
Cu—Mo ores. Furthermore, with respect to the oily
collector, there exists a great challenge in creating a
delicate balance between its adsorption intensity on the
molybdenite surface, dispersing capability in the water
phase and its selectivity for various minerals. Hence, a
study on the interfacial interactions in the flotation
system of molybdenite is of great significance, which can
provide some insights into the selection of oily
collectors.

Recently, we have found that transformer oil can be
used as the suitable bridging reagent for the recovery of
molybdenite from ultrafine waste tailings, because it has
appropriate length of carbon chain, kinematic viscosity
and cyclical structure [19]. Therefore, in the present
work, the interfacial interactions between minerals,
collectors and water were discussed by using transformer

oil, kerosene and diesel oil as collectors of molybdenite.
And the IFF approach using transformer oil as a collector
was then investigated to recover molybdenum and
copper from the porphyry Cu—Mo ore through
bench-scale and pilot-scale tests.

2 Experimental

2.1 Materials and reagents

The porphyry Cu—Mo ore samples were taken from
the Duobaoshan copper mine of Heilongjiang Province
in China. Process mineralogy of ore samples suggests
that the copper bearing minerals include bornite,
chalcopyrite, covellite and cuprite. Chalcopyrite, as the
most important form of copper sulfide minerals,
distributes in the gangue minerals as the microgranular
star-shaped formation. Molybdenum metal mainly exists
as molybdenite, which commonly disseminates in the
crack of gangue minerals with an occurrence of
automorphic-hypautomorphic and flake aggregation. The
gold occurs in forms of native gold and electrum, mainly
embedded in bornite and chalcopyrite. The iron exists as
pyrite and magnetite. Moreover, the nonmetallic minerals
mainly consist of quartz, plagioclase, sericite, chlorite,
calcite, apatite and zircon. The chemical composition
analysis results of ore samples are given in Table 1, and
the phase analysis results of copper and molybdenum
minerals are presented in Table 2.

Table 1 Compositions of ore samples (mass fraction, %)
Cu Mo AU Ag" Pb Zn C S
0.491 0.0115 0.16 1.81 0.003 0.012 030 0.26
TFe TiO, K,O Na,0 MgO CaO ALO; SiO,
2.33 036 3.62 3.07 247 3.86 13.77 6347

* Unit is g/t.

Table 2 Copper and molybdenum phase analysis result of ore

samples
Element Phase Mass fraction/% Distribution/%
Cu Copper sulfide 0.482 98.17
Copper oxide 0.009 1.83
Molybdenum sulfide 0.0105 91.30
Molybdenum oxide 0.001 8.70

As seen from Tables 1 and 2, copper, molybdenum,
gold and silver are main metal elements meriting
flotation recovery from the porphyry ores. Furthermore,
copper and molybdenum minerals are primary sulfide
ores and their oxidation ratios are less than 9%.

Test reagents such as calcium oxide, sodium sulfide
and sodium hexametaphosphate (SHMP) were
analytically pure. Kerosene, 0" diesel oil, transformer oil,
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pine oil, sodium butyl xanthate (SBX), and ammonium
dibutyl dithiophosphate (ABDTP) were industrial
products. The tap water was used for all bench-scale
flotation tests.

2.2 Experimental methods

In a bench-scale test, the raw ore (500 g, crushed to
<2 mm during sampling) was ground to 68% passing
74 pm in a closed stainless steel @240 mm x 90 mm
XMQ ball mill with adding effective amounts of calcium
oxide at a pulp density of 55% in mass fraction. After
wet grinding, the pulp was transferred to a XFD—1.5 L
flotation cell (Changchun, China) and effective amounts
of collector and frother were added to the slurry while
agitating at about 1500 r/min. After the slurry was further
conditioned for 3 min, air was fed and the froth flotation
was continued for 5 min during which a rougher
concentrate was collected for the subsequent flotation.
Then, the enhancing flotation of residual copper minerals
from the IFF tailings and cleaner flotation of
molybdenum and copper minerals were performed in
XFD-1.0 L and XFD—-0.5 L flotation cells, respectively.
Finally, both froth concentrates and final tailings were
filtered, dried and weighed for further analysis and mass
balance calculation. In order to convince the accuracy of
flotation experimental results, the calculated grade of
feed would be compared with the head assay. If the
calculated Mo and Cu grades of feed were not in the
range of (0.0115+0.0005)% and (0.491+0.004)%,
respectively, the concentrates and tailings were
re-assayed and even the flotation tests were redone. The
flowchart of bench-scale and pilot-scale tests using
Cu—Mo iso-flotability flotation approach is described in
Fig. 1.

By contrast, the bench-scale test of bulk flotation
approach was also conducted as the flowsheet proposed
by LIU et al [2]. In the rougher flotation, SBX and
kerosene were used as collectors of copper and
molybdenum sulfide minerals. Then, the Mo/Cu flotation
separation of cleaner concentrates was carried out by
using kerosene as molybdenum collector and adopting
the closed circuit flowsheet of one-stage rougher,
one-stage scavenger and four-stage cleaner.

2.3 Calculation of interfacial interaction free energy
Molybdenite is naturally hydrophobic and the oily
collectors used in flotation process are neutrally charged.
Hence, the electrostatic interaction between interfaces is
relatively weak and can be assumed negligible.
Consequently, according to the extended Derjaguin—
Landau—Verwey—Overbeek (EDLVO) theory, the total
free energy of the interaction between two kinds of
materials (components) includes the Lifshitz—van der

Waals (LW) interaction free energy and the Lewis
acid-base (AB) interaction free energy [20—24]. These
interfacial interactions involve three forces, namely, van
der Waals force, hydrophobic attractive force and
hydration exclusive force. So, the interfacial interaction
free energy can be calculated using the LW-AB

approach, which is expressed by the following
equation [20,21]:
AGgy P = AGgy +AGHy =

—2(\/7sLW7%vW N +\/7§7&/) (1)

where AGgy P is LW—AB interaction free energy

between the solid surface and the liquid film surface or
water (mJ/m?), subscript “S” is solid surface and
subscript “W” means liquid film surface or water; AGay
is Lifshitz—van der Waals (LW) interaction free energy of
the two components (mJ/m?); AGaw is Lewis acid-base
(AB) interaction free energy of the two components
(mJ/m?); y is surface energy (mJ/m?), the superscripts
“LW?”, “+” and “—” refer to Lifshitz—van der Waals,
Lewis acid component and Lewis base component,
respectively.

If water is taken as the third component, the
interaction free energy of components 1 and 2 via
component 3 can be calculated by the following
equation [22]:

AGR, A8 = AGY), + AGhe,
=2 =AY =AY )+
o N R P e
i =ro=-\riv it | @)

where AGly, " is LW—AB interaction free energy of
two components 1 and 2 in aqueous phase (mJ/m?), the
subscripts “W”, “1” and “2” mean water, component 1
and component 2, respectively; AGlw, and AGjy, are
LW interaction free energy and AB interaction free
energy of the two components in aqueous phase (mJ/m?),
respectively.

3 Results and discussion

3.1 Interfacial interaction free energy and flotation
properties of oily collectors

The interfacial interaction free energy of a series of
interfaces occurring between minerals, water, collectors
and bubble in the flotation system of molybdenite was
calculated by WANG et al [25] using Eq. (1) or Eq. (2).
The calculated results of interaction free energy between
the oily collector, water and minerals are listed in Tables
3 and 4, respectively.
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Fig. 1 Flowchart of molybdenum—copper iso-flotability flotation followed by separation and enhancing flotation of copper minerals

Table 3 Interfacial interaction free energy between oily
collector and water in flotation system of molybdenite

As given in Table 3, the values of Lifshitz—van der
Waals (LW) and Lewis acid-base (AB) interaction free

Oily collector

AGSL\}\,’v /(mJ-m?)

AG&% /(mJ'm?) energy are negative, indicating that both van der Waals

Transformer oil
Diesel oil

Kerosene

—64.51
—62.81
—59.85

forces and hydrophobic attractive forces can cause the

—46.74

oily collector to disperse in the water media. Moreover,
39.46 the LW interaction free energy is more negative than the
~30.67

AB free energy. Hence, the van der Waals force, caused
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by the LW interaction, is the dominant force between
oily collector and water. From Table 3, it can also be
seen that the dispersion capability of three oily collectors
in the water solution follows the order: transformer oil >
diesel oil > kerosene.

Table 4 exhibits the interfacial interaction free
energy between various minerals and oily collectors in
the flotation system of molybdenite. It is indicated that
the van der Waals force between the molybdenite and the
collector is attractive in the water media, but it is not the
main force acting between the two surfaces. By contrast,
the hydrophobic attractive force resulted from the AB
interaction plays a more significant role. Taking the
intensity of hydrophobic attraction into consideration, the
absorption intensity of three collectors on the
molybdenite surface falls in the rank: kerosene > diesel
oil > transformer oil. Molybdenite has a good natural
floatability, so whether the absorption intensity of oily
collectors on the molybdenite surface can be used as a
criterion for evaluating their flotation properties remains
to be determined by flotation tests. Moreover, both van
der Walls and hydrophobic attractive forces occur
between collectors and gangue minerals in aqueous
media. In particular, there exists large hydrophobic
attraction between isinglass, steatite and collectors,
which can cause an adverse impact on the flotation
separation when the molybdenite occurs in conjunction
with these minerals. Table 4 also indicates that among
three oily collectors, transformer oil has the best
selectivity for molybdenite over gangue minerals.
And the flotation selectivity of three oily collectors for

Table 4 Interfacial interaction free energy between minerals
and oily collectors in flotation system of molybdenite

Mineral Collector (i?':\%z/) (i?/:‘:’l}z/)
Transformer oil -10.71 —52.68
Molybdenite Diesel oil —9.84 —60.12
Kerosene —8.33 —68.55
Transformer oil -7.13 5.76
Quartz Diesel oil —6.55 -5.09
Kerosene —5.54 —5.04
Transformer oil —3.25 —2.07
Calcite Diesel oil —2.98 —12.65
Kerosene —2.53 -13.74
Transformer oil —7.56 —27.07
Isinglass Diesel oil —6.94 —33.76
Kerosene —5.87 —33.23
Transformer oil —5.28 —30.43
Steatite Diesel oil —4.85 —39.28
Kerosene —4.10 —44.49

molybdenite decreases in the order: transformer oil >
diesel oil > kerosene. In addition, it should be specially
noted that the AB interaction free energy between quartz
surface and transformer oil in the water media is positive,
indicating that a hydrated repulsive force is able to
appear between the two surfaces.

Furthermore, to study the relationships between the
flotation behavior of molybdenite and the collector’s
performance, we selected kerosene, diesel oil and
transformer oil as collectors for flotation recovery of
molybdenite from the Duobaoshan porphyry Cu—Mo ore.
Under the conditions of feed particle size distribution of
68% passing 74 pm, calcium oxide amount of 1500 g/t
and pine oil dosage of 18 g/t, the flotation tests were
carried out as the flowchart given in Fig. 1. The results
are shown in Fig. 2.

100 mm Mo recovery 1.0
— Mo grade

80 10.8
§
z X
2 60 10.6 3
2 :
g )
S 40 104 S

20 10.2

0

Diesel Transformer
oil oil
Types of collector

Kerosene

Fig. 2 Effects of types of collector on Mo recoveries and grades
in Cu—Mo rougher concentrates (kerosene, 120 g/t; diesel oil,
50 g/t; transformer oil, 32 g/t)

As shown in Fig. 2, compared with kerosene and
diesel oil, transformer oil has superior -collection
performance with the highest Mo recovery and excellent
Mo grade in the Cu—Mo rougher concentrate. It is
indicated that transformer oil is more suitable to collect
molybdenite from the porphyry ore, due to its good
dispersion capability in water and high flotation
selectivity for various minerals. This is consistent with
the results reported in our previous work [25]. Moreover,
the Mo recovery of above 92% can be obtained by the
flotation tests using 32 g/t transformer oil, but the Mo
recovery is less than 89% when large amounts of
kerosene (120 g/t) and diesel oil (50 g/t) are used
respectively. This phenomenon may be explained by the
fact that cycloalkane of transformer oil has stronger
dispersion capability and better selectivity for
molybdenite than n-alkanes of linear chain oils [26].
Therefore, transformer oil was selected as an effective
collector of molybdenite to perform the sequent flotation
tests.
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3.2 Condition flotation tests
3.2.1 Effects of feed particle size distribution

Based on preliminary exploratory tests, the copper—
molybdenum IFF process was determined and several
condition flotation tests were carried out. Under the
rougher flotation conditions of calcium oxide amount of
1500 g/t, transformer oil of 30 g/t and pine oil of 18 g/t,
the effects of the feed particle size distribution on the
recoveries and grades of molybdenum and copper in the
Cu—Mo rougher concentrates were studied. The results
are shown in Fig. 3.
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Ratio of slurry particles passing 74 um/%
Fig. 3 Effects of feed particle size distribution on recoveries

and grades of Mo (a) and Cu (b) in Cu—Mo rougher
concentrates

As shown in Fig. 3, with an increase of the mass
ratio passing 74 um particles, the recoveries of
molybdenum and copper have a corresponding increase
trend. When the distribution of particle sizes is over 68%
passing 74 pm, the increase tendencies of Mo and Cu
recoveries gradually slow down while the grades of Mo
and Cu sharply decrease. When a grind fineness of 68%
passing 74 pum is used in the rougher flotation, the
liberation degree of molybdenite is 84% while that of

copper sulfides is 73%—80%. It can well explain the
reason why the recovery of Mo (91.28%) is higher than
that of Cu (77.34%) in the Cu—Mo rougher concentrate.
Also, it is indicated that the subsequent -cleaner
concentrate should be reground to obtain high quality
products in the Mo/Cu flotation separation. Therefore, at
the Cu—Mo IFF stage, the feed particle size distribution
of 68% passing 74 pm is suitable for the rougher
flotation.
3.2.2 Effects of rougher pH

To inhibit the flotation of pyrite and gangue
minerals in the rougher flotation process, pulp pH values
should be adjusted from 6.5 to 11.0 by adding calcium
oxide from 0 to 3000 g/t. Under the rougher flotation
conditions of feed particle size distribution of 68%
passing 74 pm, transformer oil of 30 g/t and pine oil of
18 g/t, the effects of calcium oxide dosage on the
recoveries of molybdenum and copper in the Cu—Mo
rougher concentrates were examined and the results are
shown in Fig. 4.

100

90

80

701

Recovery/%

60 " — Mo

e—Cu
50

40

0 0.5 1.0 1.5 2.0 2.5 3.0
Dosage of calcium oxide/(kg-t™")

Fig. 4 Effects of rougher pH values on recoveries of Mo and
Cu in Cu—Mo rougher concentrates

As shown in Fig. 4, the recoveries of molybdenum
and copper are significantly affected by pulp pH values.
With adding calcium oxide from 0 to 1500 g/t, the pulp
pH value increases from 6.5 to 8.5 and the recovery of
Mo increases from 60.38% to 92.78%. At the same time,
the recovery of Cu also shows an uptrend and increases
from 65.95% to 77.69%. The inhibition of pyrite
flotation by adding calcium oxide is conducive to obtain
high-grade Cu—Mo rougher concentrates. However, a
further increase of calcium oxide dosage will lead to the
decrease in the recoveries of Mo and Cu. It is clear that
the flotation behaviors of molybdenum and copper
sulfide minerals are impacted markedly by calcium oxide
at the high-alkaline pH. When the rougher pH value
increases from 8.5 to 11.0, the Mo recovery decreases
from 92.78% to 84.57%, which may be resulted from the
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negative influence of overdosing lime on the floatability
of molybdenite. Hence, the appropriate dosage of
calcium oxide is 1500 g/t, corresponding to the rougher
pH value of 8.5.
3.2.3 Effects of collector dosage

With other flotation conditions fixed (feed particle
size distribution of 68% passing 74 um, pine oil of 18 g/t
and rougher pH value of 8.5), the influence of collector
dosage on the recoveries and grades of molybdenum and
copper in the Cu—Mo rougher concentrates is depicted in
Fig. 5.
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Fig. 5 Effects of dosage of transformer oil on recoveries and
grades of Mo (a) and Cu (b) in Cu—Mo rougher concentrates

indicates that with an increase of
transformer oil amount, the Mo recoveries increase while
the Mo grades decrease. Furthermore, the changing
trends of the recovery and grade of Cu are similar to
those of Mo. When the transformer oil amount exceeds
35 g/t, the recoveries of Mo and Cu rise slightly.
However, the grades of Mo and Cu drop markedly due to
the growth of rougher concentrate yields. As a result,
35 g/t transformer oil is considered as the proper dosage
in the Cu—Mo rougher flotation operation.

Figure 5
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3.2.4 Effects of frother dosage

Under the fixed flotation conditions: feed particle
size distribution of 68% passing 74 pum, transformer oil
of 35 g/t and rougher pH value of 8.5, the effects of
frother dosage on the recoveries and grades of Mo and
Cu in the Cu—Mo

rougher concentrates were
investigated. The results are shown in Fig. 6.
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Fig. 6 Effects of frother dosage on recoveries and grades of Mo
(a) and Cu (b) in Cu—Mo rougher concentrates

As shown in Fig. 6, when the dosage of pine oil is
over 14 g/t, the Mo recoveries increase slowly and the
Cu recoveries rise significantly; meanwhile, the grades
of Mo and Cu in the rougher concentrates turn to
decrease gradually. Apparently, the higher Mo recovery
and lower Cu recovery in the Cu—Mo rougher
concentrate are beneficial to simplifying the subsequent
separation process of Mo/Cu minerals. Therefore, an
appropriate dosage of pine oil is 14 g/t, corresponding to
the Mo recovery of 91.31% and Cu recovery of 75.17%.

3.3 Enhancing flotation of Cu

At the IFF stage, the recoveries of Cu in the Cu—Mo
rougher concentrates cannot reach 80%, indicating that a
Cu recovery rate of above 20% is lost in the IFF tailings.
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Therefore, the enhancing flotation of residual copper
minerals is necessary. Because of the weak floatability of
copper-bearing minerals in the tailings, sodium butyl
xanthate (SBX) and ammonium dibutyl dithiophosphate
(ABDTP) mixed with the mass ratio of 3:1 were used as
the collectors of copper minerals. Under the conditions
of collector dosage of 80 g/t and regrinding fineness of
<45 um reaching 96%, the closed-circuit test of
enhancing flotation of Cu was conducted as the
flowsheet given in Fig. 1. The test results are listed in
Table 5. The results indicate that a copper concentrate
containing 15.88% Cu with 9.77% Cu recovery is
achieved, and the Cu content of final tailing is reduced to
0.066%. Therefore, through enhancing flotation recovery
of copper minerals from the IFF tailings, the residual
copper minerals can be effectively retrieved, and the total
recovery of copper from the feed reaches over 86%.

Table 5 Closed-circuit test results for enhancing flotation of Cu

. Grade/% Recovery/%
Product Yield/%
Mo Cu Mo Cu
Cu—Mo cleaner
1.313 0.80 28.77 90.77 176.99
concentrate
Cu concentrate 2 0.302 0.22 15.88 5.75 9.77
Tailing 98.385 0.00041 0.066 3.48 13.24
Feed 100.000 0.0115 0.491 100.00 100.00

3.4 Mo/Cu flotation separation

The Cu—Mo cleaner concentrates were obtained by
three blank cleaner flotations of Cu—Mo rougher
concentrates. The selected Cu—Mo cleaner concentrates
with 0.80% Mo and 28.77% Cu, collected from the
closed-circuit test of IFF and enhancing flotation of Cu,
were used as the feed of Mo/Cu separation process. To
acquire a satisfied Mo concentrate and an excellent Cu
product, valuable minerals in the Cu—Mo cleaner
concentrates were needed to be liberated fully, thus the
approach of regrinding cleaner concentrates followed by
Mo/Cu flotation separation was adopted.
3.4.1 Effects of Na,S dosage

Under the flotation conditions of regrinding
fineness of cleaner concentrate of <45 pm reaching 98%,
overall sodium hexametaphosphate (SHMP) of 250 g/t
and transformer oil of 75 g/t, the effects of Na,S dosage
on the flotation separation of Mo/Cu minerals were
carried out as closed-circuit flowsheet given in Fig. 1.
The results are plotted in Fig. 7. It is clear that with the
increase of Na,S amount, the Cu grades and recoveries
decrease significantly, while the Mo grades increase
markedly and the Mo recoveries rise slightly. When the
dosage of Na,S used in rougher flotation separation is
over 500 g/t, the recovery and grade of Mo in the Mo
concentrate turn to decrease gradually, but the recovery
and grade of Cu do not change reasonably. Consequently,

the suitable dosage of Na,S used in the rougher flotation
of Mo/Cu separation is chosen to be 500 g/t.
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Fig. 7 Effects of dosage of Na,S used in rougher flotation

separation on recoveries and grades of Mo (a) and Cu (b) in Mo
concentrates

3.4.2 Effects of sodium hexametaphosphate dosage

Under the fixed flotation conditions: regrinding
fineness of cleaner concentrate of <45 pum reaching 98%,
overall Na,S dosage of 1 kg/t and transformer oil of
75 g/t, the influence of SHMP dosage on the recoveries
and grades of Mo and Cu in the Mo concentrates was
investigated. The results are shown in Fig. 8.

Figure 8 indicates that the use of SHMP as the
slurry dispersant can significantly improve the cleaner
operation and increase the Mo grades of molybdenum
concentrates. With adding SHMP from 0 to 250 g/t, the
Mo grades and recoveries increase by 34.16% and
6.17%, respectively. At the same time, the Cu grades
decrease markedly from 2.66% to 0.82% and the Cu
recoveries decrease slightly from 0.29% to 0.03%.
However, when the dosage of SHMP exceeds 250 g/t, the
Mo grades start to drop while the Cu grades increase
slowly. Therefore, in consideration of minimizing the Cu
content and maximizing the Mo grade in the Mo
concentrates, the optimal SHMP dosage should be
250 g/t.
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3.5 Closed-circuit tests

Based on the recommended flotation conditions, the
locked cycle tests of Cu—Mo IFF followed by separation
and enhancing flotation of copper were conducted using
the flowchart and reagent scheme given in Fig. 1.
Moreover, the contrast tests of bulk flotation followed by

separation were also carried out. The experimental
conditions were as follows: 80 g/t SBX, 20 g/t kerosene
and 10 g/t pine oil were used in the rougher circuit, about
11 of pulp pH was maintained by lime in the Cu/Fe
separation, and 10 kg/t Na,S and 150 g/t kerosene were
used in the Mo/Cu separation. The results of close circuit
tests are displayed in Tables 6 and 7.

As given in Table 6, a high Mo recovery of 92% and
Mo grade of 0.33% in the rougher concentrate are
achieved by the IFF approach, and the Mo recovery and
grade in the cleaner concentrate are 90.77% and 0.80%,
respectively. In comparison with the IFF approach, bulk
flotation only obtains 75.89% Mo recovery with 0.55%
Mo grade in the cleaner concentrate (after Cu/Fe
separation). The differences of the recovery and grade of
Mo in the cleaner concentrate for two flotation
approaches are 14.88% and 0.25%, respectively. This
may be due to the fact that the floatability of
molybdenite is significantly impaired in the Cu/Fe
separation of bulk flotation approach and lime may play
a crucial role in depression of pyrite and molybdenite [2].
Moreover, Table 6 also indicates that the Cu recovery
and grade in the Cu concentrates produced by the two
flotation approaches are similar, but the differences of
Mo recovery and grade in the Mo concentrates increase
to 18.91% and 5.22%, respectively. These results mean
that compared with bulk flotation approach, the IFF
approach has a significant advantage in improving the
Mo grade and recovery of molybdenum concentrate.

As seen from Table 7, the cleaner concentrate
produced by bulk flotation is treated by Mo/Cu
separation under the high dosage of reagents such as
10 kg/t Na,S and 150 g/t kerosene, while an inferior Mo
concentrate containing 45.78% Mo with 84.1% Mo
operation recovery is returned. By contrast, the IFF
approach can obtain a relatively high grade of
molybdenum in the Cu—Mo cleaner concentrate
uncontaminated with thiol collectors, thus it is easier to

Table 6 Results of close circuit tests for two different flotation approaches

Approach Product Yield/% Grade/% Recoverye
Mo Cu Mo Cu

Rougher concentrate 7.024 0.14 6.23 85.51 89.12
Bulk flotation followed Cleaner concentrate 1.592 0.55 26.86 75.89 87.07
by separation Mo concentrate 0.016 45.78 2.77 63.69 0.09
Cu concentrate 1.576 0.089 27.10 12.20 86.98
Rougher concentrate 3.029 0.33 12.22 92.0 78.72
IFF followed by Cleaner concentrate 1.313 0.80 28.77 90.77 76.99
separation and Mo concentrate 0.019 51.0 0.73 82.6 0.03
Enhancing Cu concentrate 1 1.294 0.073 29.18 8.17 76.96
flotation of Cu Cu concentrate 2 0.302 0.22 15.88 5.75 9.77
Cu concentrate 1 + 2 1.596 0.101 26.66 13.92 86.73
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Reagent conditions of ) Grade/% Operation recovery/%
Mo/Cu separation Product Yield/% Mo Cu Mo Cu
10 kg/t Na,S, Mo concentrate 1.01 45.78 2.77 84.1 0.1
150 g/t kerosene Cu concentrate 98.99 0.089 27.10 15.9 99.9
(Bulk flotation) Cleaner concentrate 100.00 0.55 26.85 100.0 100.0
1 kg/t Na,S, Mo concentrate 1.43 51.0 0.73 91.0 0.04
75 g/t transformer oil Cu concentrate 1 98.57 0.073 29.18 9.0 99.96
(IFF approach) Cleaner concentrate 100.00 0.80 28.77 100.0 100.00
Table 8 Flotation results of pilot-scale testing
Product Vield % Grade/% : : Recovery/%
Mo Cu Au Ag Mo Cu Au Ag
Mo concentrate 0.021 51.22 0.78 79.18 0.04
Cu concentrate 1 1.355 0.09 27.12 8.98 81.73
Cu—Mo cleaner concentrate 1.376 0.87 26.72 88.16 81.77
Cu concentrate 2 0.370 0.302 12.33 8.23 10.15
Cu concentrate 1+2 1.725 0.135 23.95 10.38 120.52 17.20 91.88 74.61 61.69
Tailing 98.254 0.0005 0.037 3.62 8.08
Feed 100 0.0136 0.45 0.24 3.37 100 100 100 100

" Unit is g/t.

separate molybdenite from copper sulfide minerals under
low consumption of Na,S. As given in Table 7, the IFF
approach achieves the Mo grade of 51% and operation
recovery of 91% in the Mo concentrate, and the Mo/Cu
flotation separation only consumes 1 kg/t Na,S and
75 g/t transformer oil.

From these results, it can be concluded that
compared to bulk flotation approach, the IFF approach
using transformer oil as the molybdenum collector can
obtain superior Mo grade and recovery not only in the
Cu-Mo recovery stage, but also in the Mo/Cu separation
stage, can increase the Mo recovery by 18.91%, and can
save about 90% Na,S consumption as well as 50% oily
collector dosage.

3.6 Pilot-scale testing of IFF approach

Pilot-scale testing of processing 1000 t/d porphyry
Cu-Mo ores was conducted as the flowchart and reagent
scheme given in Fig. 1. In the pilot-scale test, the grades
of Cu, Mo, Au and Ag in the crude ores were 0.45%,
0.0136%, 0.24 g/t and 3.37 g/t, respectively. The
statistical results of the continuous operation 9 shifts are
listed in Table 8.

The results of pilot-scale testing are consistent to
those of laboratory closed-circuit test. The Mo grade and
recovery in the Mo concentrate are 51.22% and 79.18%,
respectively, and the Cu grade is only 0.78%. Moreover,
the attained Cu concentrates (Cu concentrate 1 + 2) have
a high Cu recovery of 91.88%. As shown in Table 8, both

molybdenite and copper minerals in crude ore are
concentrated effectively; meanwhile, 74.61% Au and
61.69% Ag as co-present metal values are also
recovered.

4 Conclusions

1) The recovery of molybdenum and copper from
Duobaoshan porphyry Cu—Mo ores was investigated by
a novel process of copper—molybdenum iso-flotability
flotation followed by separation and enhancing flotation
of copper. The effects of flotation approach, type of
collector, feed particle size distribution, rougher pH
value and reagent dosage on the molybdenite recovery
were evaluated systematically.

2) Based on the interfacial interaction free energy
between minerals, collectors and water, the dispersion
capability and flotation selectivity of three collectors in
water media follow the order: transformer oil > diesel
oil > kerosene, which plays a more important role in the
flotation recovery of molybdenite compared with its
adsorption abilities on the molybdenite surface.
Moreover, compared with kerosene and diesel oil,
transformer oil provides superior flotation indexes under
low reagent dosage.

3) The closed-circuit bench tests demonstrate that
compared to bulk flotation approach, the IFF approach
using transformer oil as the molybdenum collector can
obtain superior Mo recovery (90.77%) and grade (0.80%)
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in the cleaner concentrate, and increase the Mo recovery
and grade over 18% and 5% in the final Mo concentrate,
respectively. Because of using transformer oil instead of
thiol collector and kerosene in the Mo circuit, the IFF
approach can easily perform the Mo/Cu flotation
separation, which returns a superior Mo concentrate with
Mo grade of 51% and operation recovery of 91% and
saves about 90% Na,S consumption as well as 50% oily
collector dosage. Pilot-scale testing further indicates that
the IFF approach is a rational and effective route to
beneficiate the porphyry Cu—Mo ores.
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