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Abstract: Flotation reagents have a complex behaviour in the beneficiation of base minerals in clayey ores. Interaction
effects of reagents on the efficiency of copper flotation for a highly clayey low-grade sulphide ore were investigated
using a central composite design. Preliminary results showed that sodium-isopropyl-xanthate (SIPX) and
O-isopropyl-N-ethyl-thionocarbamate (IPETC) were found to be the most efficient collectors in the presence of lime as
the pH regulator. The effects of dosage of collectors (SIPX and IPETC) and the dosage of methyl-isobutyl-carbonyl
(MIBC) as frother on the separation efficiency were evaluated at different pH levels. Based on the analysis of variance
(ANOVA), the interaction effects of the collector—pH and collector—frother were significant for the separation efficiency.
At the low level of collector dosage, increasing pH from 9 to 11 enhanced copper separation efficiency from 81% to
86% for IPETC and from 77% to 86% for SIPX. Results of ANOVA showed that the maximum copper separation
efficiency (88.7%) was obtained at the dosages of 8.6 g/t SIPX, 7 g/t IPETC and 20 g/t MIBC at pH 11. Finally, it was

concluded that a mixture of SIPX and IPETC collectors was more suitable to treat highly clayey sulphide ores.
Key words: flotation; copper sulphide; reagent; interaction effect; reject ore

1 Introduction

Chalcopyrite as the most important copper
sulphide mineral, is usually separated from gangue
minerals such as pyrite by the froth flotation
process [1,2]. Clayey contamination may
significantly affect the beneficiation of copper
sulphide resources. They present cation exchange
interaction with many inorganic and organic ions in
solution, affecting the performance of additives
used to control the flotation systems [3]. Flotation is
a complex and multivariate physicochemical
separation method which might be influenced by
various chemical, physical and operational factors.

Sulfthydryl collectors such as xanthate,
dixanthogen, dithiophosphate and dithiocarbamate
are considered as the effective collectors for
treating copper sulphide and oxide ores [4,5]. The

xanthate collectors such as potassium amyl xanthate
(PAX) and sodium isopropyl xanthate (SIPX) are
industrially used due to their low cost and wide
application especially for copper sulphide [6]. Other
thiol collectors such as thionocarbamates (TC),
dithiophosphate (DTP) and dithiocarbamates (DTC)
are applied to improving the separation efficiency
and the frothing properties in the presence of
xanthates [6].

Several studies carried out to evaluate various
collectors on flotation efficiency have indicated that
xanthates and thionocarbamates could significantly
affect the copper recovery through the floatation
process [7,8]. PEREZ-GARIBAY et al [9] reported
that at high concentration of SIPX, different optimal
bubble size distributions could be reached,
enhancing copper recovery.

It has also been reported that using the mixture
of collectors might have synergistic effects, leading
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to a reduction in reagents consumption, as a result
of which the separation efficiency and recovery of
coarse particles could be enhanced [10—13]. FINCH
and SMITH [10] indicated that the surface tension
of mixed surfactants in the flotation process was
lower compared to the condition where each
surfactant was used individually. HELBIG et al [14]
investigated the synergistic effect between
potassium n-butyl xanthate (PNBX) and a
dithiocarbamate type collector for pyrite floatation.
The results showed that using a mixture of these
collectors could improve copper grade and recovery,
increasing bubble loadings and improving froth
characteristics. The mixture of thionocarbomate and
mercapto benzothiazole (MBT) in the presence of
SIPX presented the highest copper recovery.

The stability of bubbles is adjusted by using
different type of frothers including surface-active
and surface-inactive frothers [8,15]. The methyle-
isobutyl-carbonyl (MIBC) is considered as one
of the common aliphatic frothers with highly
branched chains which indicates a high frothing
ability and stability of the complexes [16]. Note that
some collectors such as IPETC have a frothing
capability [6].

Controlling pH is an essential key factor in
separating valuable minerals in the presence of
xanthates [11]. HUANG et al [12] stated that while
increasing pH (above 10), butyl xanthate and butyl
amine dithiophosphate could present a good
hydrophobic characteristic in the copper flotation.
The flotation rate and recovery of copper-bearing
sulphide minerals were decreased by increasing
pH [7,8]. Thionocarbomate and thiourea collectors
separated chalcopyrite from pyrite better than
xanthates at high pH values [13]. It was also stated
that increasing pH from 8 to 13 decreased pyrite
recovery in the presence of four different collectors
namely, SIPX, sodium isobutyl xanthate (SIBX),
sodium ethyl xanthate (NaEX) and potassium amyl
xanthate (KAX), whereas chalcopyrite recovery
was independent of pH level and xanthate collector
type [17].

The synergetic interactions among common
flotation reagents have been widely investigated
over the past several decades [9,11,13,18-20]. PH
and frother type are considered as the main key
parameters, affecting collector adsorption and
surface tension [21]. The mixture of amphipathic
agents can affect surface pressure, molecular

complex at the interface of monolayer film
on the surface, surface potential, viscosity and
rigidity [18,22].

The SAG mill reject of Sarcheshmeh copper
concentrator consists of a low-grade ore with a high
grindability index about 18—20 kW-h/t, obtained
from the overflow of the mill discharge screen.
Sometimes it is transferred to another copper
concentrator such as Bavanat copper processing
plant (Fars province, Iran) to produce a copper
flotation concentrate. In addition to hardness, such
an ore has a complex mineralogy, containing a
higher level of clayey minerals. By increasing the
mineralogical complexity of ores and decreasing
grade and grain size of the valuable minerals, there
is a continuous need for more selective and efficient
reagents such as collectors, frothers and pH
regulators. These reagents are applied to creating
favourable conditions for the separation of the
valuable minerals from gangues. Identifying the
main variables, and considering interactions among
various reagents are important in the optimization
of a froth flotation system. Despite the complicated
chemistry of various reagents applied in complex
sulphide flotation such as highly clayey ores, a few
researches have been evaluated the interaction
effects among them. Hence, this
conducted with the aim of improving the copper
grade and recovery from a highly clayey low-grade
copper sulphide ore obtained from Sarcheshmeh
grinding circuit reject (Kerman, Iran). In this regard,
the effects of three different collectors (including
O-isopropyl-N-ethyl-thionocarbamate (IPETC),
SIPX and PAX), pH (from 9 to 11) and frother
dosage on the copper separation efficiency were
investigated. The interaction among collectors, pH
and frother were statistically evaluated using a
central composite design.

work was

2 Experimental

2.1 Materials
2.1.1 Ore

The samples used in this study were obtained
from the rejected portion of the SAG Mill of
Sarcheshmeh  copper  concentrator (Kerman
Province, Iran). A representative sample was
obtained from the overflow of the SAG mill
discharge screen. It contained a low-grade ore with
a particle size of >5 mm. In order to characterize
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the ore, the representative sample was subjected to
different chemical and mineralogical analyses.
Chemical analysis by X-ray fluorescence (XRF)
(model: Varian 735) (Table 1) showed that the
sample contained 62.17% Si0O,, 12.88% Al,O;,
3.75% SO; and 0.41% Cu (determined by
inductively coupled plasma-optical emission
spectrometry (ICP-OES) (model: Varian 735)). The
contents of gold and silver, analyzed by the
fire assay method (SGS’s FAI313) and ICP-MS,
were 3.1x107° and 2.1x107°, respectively. These
precious metals were not considered economic and
were not investigated in this study. X-ray diffraction
analysis (XRD) (Philips model D6792) of the
sample showed that the sample contained
chalcopyrite as the main valuable mineral in
association with quartz and some gangue clayey
minerals such as chlorite, albite and muscovite
(Table 2 and Fig. 1). In order to determine the
liberation degree of chalcopyrite, the mineralogical
investigations on polished section prepared from a
mixture of sample and molding powder (with a
mass ratio of 1:10) were conducted by grain
counting method using an optical microscope
(model: Olympus BX53F). The results showed that
the size of the most of the chalcopyrite grains
(84%) was below 90 pm.
2.1.2 Reagents

SIPX (90% purity in the form of pellet),
IPETC (95% purity as liquid) and PAX (90% purity
in the form of pellet) were used as flotation
collectors. MIBC (99% purity as liquid) was used
as the frother. The chemical structure of the
used reagents in the flotation system is shown in
Fig. 2 [22—24]. The pH of the pulp was adjusted
using lime milk, sodium carbonate (Na,CO;)
(99.9% purity) and sodium hydroxide (NaOH) (98%
purity). In some tests, CMC (98% purity as a
powder) and A3-3 (Na,Si0;:Na,S,0s5:Alx(S0;)3)
were used as depressants of pyrite and clayey
minerals. Tap water was used throughout the

experiments. All reagents used in batch flotation
tests were of industrial grade.

2.2 Experimental and modelling procedures

The SAG mill reject sample was firstly
crushed to below 2 mm by laboratory roll and
gyradisc crushers. For each flotation test, 650 g was
ground to 80% passing 74 um in a laboratory
stainless steel ball mill with 9 mm steel balls at a
pulp density of 67% (w/v). The mill discharge was
then transferred to a 2.5 L Denver flotation cell at
the pulp density of 25% (w/v). After that, the
desired amounts of reagents were added to the
slurry while agitating at 1200 r/min and the slurry
was conditioned for 5 min. During this conditioning
step, collectors and the frother were added to
the pulp. After 2 min, air was fed and the froth
was collected for 8 min (32 min in one-factor
experiments). The concentrates were collected
after cumulative times of 0.5, 2, 4 and 8 min (and
16 and 32 min for one-factor experiments). The
concentrates and tailings were filtered, dried,
weighed, sampled and assayed for copper.
2.2.1 One-factor flotation experiments

The one-factor experiments were conducted to
determine the type of collectors and pH regulators.
Three types of collectors namely PAX, IPETC and
SIPX, and three types of pH regulators including
lime, Na,CO; and NaOH with MIBC as frother
were applied. pH was adjusted to be 11. These
experiments were performed at the collector dosage
of 10 and 5 g/t MIBC as frother. The froth was
collected by hand scraping after starting the air flow
injection.
2.2.2 Statistical design of flotation experiments

The effects of several parameters including the
dosage of SIPX and IPETC collectors, the dosage
of frother and pH level on the copper separation
efficiency were investigated. The experimental
range and levels of independent variables for the
separation efficiency are given in Table 3.

Table 1 Chemical composition of representative sample ore using X-ray fluorescence (XRF) (wt.%)

TiO, SO;  P,0s

Na,O MnO MgO K,O

Fe,0; CaO BaO  ALO; Si0, Cu*

0.51 375 0.14 1.67 0.13 2.35 2.27 11.14 1.65 0.04 12.88 62.17 041
" Determined by atomic adsorption spectroscopy
Table 2 Mineralogical composition of representative sample ore using XRD (wt.%)
Quartz Chlorite Albite Muscovite—illite Orthoclase Pyrite Chalcopyrite
56 14 10 9 4 4 1
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Fig. 1 XRD pattern of representative sample of copper
ore
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Fig. 2 Chemical structures of SIPX (a), IPETC (b),
PAX (c) and MIBC (d)

Table 3 Level of variables in center composite design
(CCD)

Coded level

—o -1 0 +1 o

Independent variable

Dosage of SIPX, X/(gt") 05 7 135 20 26.5
Dosage of IPETC, Xo/(g't") 0.5 7 13.5 20 26.5
Dosage of MIBC, X3/(g't") 5 20 35 50 65

pH, X, 8 9 10 11 12

Response surface methodology (RSM) and the
central composite design (CCD) were applied to
investigating the interaction and optimizing the
variables with a minimum number of experiments
without the need for studying all possible
combinations experimentally. The CCD method
allows estimating the second degree polynomial
relationships between the independent and
dependent variables and gives information about
interaction between them. To simplify the
calculations and to uniform the comparison,

variables were studied with their codified
values [25]. Each independent factor was coded at
five levels namely —a, —1, 0, +1 and a.

The independent parameters (Table 3) used for
the optimization were coded in accordance with the
following equation:

Xi — (ii _ﬂo)
AL

1

(1)

where X; is the dimensionless coded value of each
independent variable, /; is the corresponding actual
value, 4y is the value of 4; at the center point, and
AZ; is the step change value [20,26]. In order to
measure these values, five different levels were
defined as follows:

1: maximum dosage of reagent or pH;

—1: minimum dosage of reagent or pH;

0: average of minimum and maximum dosages
of reagent or pH;

—ao: the difference between 0 and 1 subtracted
from the minimum level,

a: the difference between 0 and 1 added to the
maximum level.

The experimental results were analyzed using
Design Expert (DX7), and a regression quadratic
polynomial equation was proposed as follows:

k k k-l k
Y=B+> BX,+D B X, +D. D B, XX, (2
i=1 i=1 i=1 j=2
where Y is the predicted response, X; and X; are the
input variables, f, is the intercept term, f; is the
linear effects, f; is the squared effect, and f; is the
interaction term [27]. The validity of the equation
was analyzed by using ANOVA (analysis-of-
variance), and the fitting quality of the equation was
judged from the coefficients of correlation and
P-value [28].

A set of 30 experimental runs, including
duplicates, were designed using CCD (Table 4). The
influence of the dosage of two collectors (SIPX and
IPETC) and a frother (MIBC) at different levels of
pulp pH were investigated in a batch mode. The
experimental data were fitted on linear, interactive,
quadratic and cubic models to predict the behaviour
of the investigated parameters and the separation
efficiency. The experimental conditions and their
responses were presented in Table 4. A quadratic
polynomial equation was determined to predict the
behaviour of the investigated parameters and the
separation efficiency. The coefficients of the model
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Table 4 Experimental design of flotation tests and obtained results

Variable Response
TestNo. X/(gth Xlgth Xlgth X, Copper recovery/% Copper grade/% Copper SE/%
1 20 7 20 9 76.88 4.1 77.51
2 13.5 13.5 35 10 78.28 2.8 82.83
3 13.5 13.5 35 10 71.14 2.8 82.85
4 20 20 20 11 78.33 3.8 82.2
5 20 20 50 9 83.43 4.6 77.28
6 13.5 13.5 35 10 77.29 2.9 84.97
7 13.5 13.5 35 12 83.7 2.5 87.46
8 13.5 13.5 65 10 81.69 3 78.2
9 7 7 50 9 74.21 4.3 79.72
10 26.5 13.5 35 10 86.45 3.1 87.06
11 20 20 50 11 85.67 3 89.29
12 20 7 50 9 82.32 4.2 82.05
13 7 7 20 11 85.32 3.7 86.77
14 13.5 13.5 35 10 83.2 2.9 80.54
15 0.5 13.5 35 10 82.78 2.6 83.04
16 13.5 13.5 35 8 74.33 2.9 80.54
17 7 20 50 11 83.53 2.8 85.03
18 20 7 50 11 84.68 3.1 87.05
19 7 20 20 11 59.77 2.3 87.61
20 7 20 50 85.3 3.9 77.57
21 7 7 20 75.85 5.5 57.99
22 13.5 0.5 35 10 72.25 2.5 87.5
23 7 7 50 11 87.16 2.7 91.6
24 13.5 13.5 35 10 76.91 2.9 82.75
25 20 20 20 9 71.26 3.2 86.97
26 13.5 26.5 35 10 82.53 2.8 82.83
27 13.5 13.5 35 10 70.53 2.8 82.83
28 20 7 20 11 67.04 3.3 82.46
29 7 20 20 9 80.85 4.3 79.72
30 13.5 13.5 5 10 78.56 4.3 86.57

were estimated by multiple regression analysis. The
fitting quality of the model was judged from their
coefficients of correlation and regression.

Separation efficiency (SE) which is usually
used to evaluate the flotation efficiency can be
estimated for copper flotation according to Eq. (3).
It is a combined index where both concentrate grade
and metal recovery are considered:

SE =100c € =/). 3)
f(m—f)

where C is the mass ratio of concentrate to feed, ¢

and f are the grades of copper in the concentrate and
the feed, respectively, and m is the metal content in
the pure mineral.

In order to evaluate the efficiency of the
one-factor flotation experiments and to identify the
effective variables, a classical first-order flotation
kinetic model was utilized which estimates the
infinite copper recovery and kinetics rate by the
following equation [14,29,30]:

R=R.[1—exp(1-K?)] 4)

where R is the copper recovery after time ¢, R, is
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the infinite copper recovery, K is the first order rate
constant, and ¢ is flotation time.

3 Results and discussion

3.1 One-factor experiments: Effect of collector

type and pH regulator

In order to investigate the influence of the type
of collector and pH regulator on the copper
flotation efficiency, some experiments were
performed using three collectors namely PAX,
SIPX and IPETC, and three pH regulators (pH
value of 11) namely lime, Na,CO; and NaOH. The
diagrams of time—recovery and grade—recovery are
plotted in Figs. 3 and 4, respectively. From Fig. 3(b)
and 4(b), it could be concluded that maximum
copper recovery occurs at minimum concentrate
grade. As can be seen in Fig. 3 and Table 5,
maximum copper recovery (94.2%) was obtained in
the presence of lime as pH regulator and SIPX as

100
80

S

§ 60

o

8

5 40

% = —Lime

S + —NaOH
20 L —NaZCO3

0 5 10 15 20 25 30
Time/min

797

collector where copper grade was 4.16%. However,
in the presence of sodium carbonate, maximum
flotation rate constant (1.22 min~') and minimum
recovery (64.2%), as well as maximum copper
grade (4.77%), were achieved. Considering the
related higher copper recovery and easier
accessibility of lime as well as its lower price, lime
was chosen as the more suitable pH regulator for
the next experiments.

Figure 4 shows that copper recovery, after
35 min, in the presence of SIPX, IPETC and PAX
reached 96%, 84% and 75%, respectively. The
copper grade in the presence of SIPX, IPETC and
PAX were also 4.2%, 6.0% and 3.6%, respectively.
Among the collectors, PAX presented the lowest
infinite recovery (72.5%) and kinetics rate
(0.21 min™"). As can be seen in Table 5, IPETC in
comparison with other collectors presented the
highest kinetics rate (0.75 min '), whereas SIPX
demonstrated the highest copper recovery (94.2%).

100

(b)

80
§
15 60 -
o
2
5 40+ .
& = — Lime
8 4 —NaOH

20+ L4 —N32CO3

0 . . L
2 4 6 8 10

Copper grade/%

Fig. 3 Effect of pH regulator type on recovery—time (a) and recovery—grade (b) of concentrate in the presence of SIPX

collector
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Fig. 4 Effect of collector type on recovery—time (a) and recovery—grade (b) of concentrate in the presence of lime as pH

regulator
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Table variables of

preliminary experiments using first-order kinetics model
SIPX- SIPX— SIPX- IPETC- PAX-
parameter lime NaOH Na,CO; lime lime

R/% 942  83.6 64.2 81.9 72.5
K/min" 042 032 1.22 0.75 0.21
R’ 0.996 0976 0973 0.998  0.992

5 Copper flotation kinetics

Kinetics

Thus, the mixture of SIPX and IPETC as collectors
and lime as pH regulator were utilized to evaluate
the interaction influence of effective variables on
the separation efficiency using a central composite
design. It has also been reported that IPETC led to
better results in water recovery and nickel grade
compared to PAX [6]. Furthermore, the infinite
copper recovery and kinetics rate of the
experiments are given in Table 5. Xanthates and
thionocarbamates are mainly considered as the
anionic collectors [31]. The IPETC collector
precipitates as copper—[PETC complex on the
mineral surface and increases selectivity against
pyrite according to the following equation [32]:

Cu+IPETC— Cu(IPETC')+H +e (5)

where IPETC' is IPETC without hydrogen [32]. The
adsorption of the anionic collector on the mineral
surface is related to the anionic part of the collector,
whereas the hydrophobic parts change the
hydrophobicity [23]. The main chelating agents in
the adsorption of xanthates and thionocarbamates
on the copper sulphide minerals are xanthogen and
thionocarbamate [6]. The ionic collectors are
utilized to increase selective hydrophobicity, and
nonionic collectors are developed to improve froth
stability and interaction with the ionic reagents at
the interface [33]. In the mixed collector systems,
the stronger collector can be adsorbed on the fragile
site of the mineral surface, which could make a
great opportunity to adsorb the second collector on
the appropriate sites [7,34].

3.2 Multi-factor experiments

A centeral composite design was used to
evaluate the interaction effects among four
chemical factors including SIPX dosage, IPETC
dosage, MIBC dosage and pH level.
3.2.1 Model analysis

Response surface methodology (RSM) was
used to optimize the investigated variables and
determine the best-fitted regression model for the

copper separation efficiency. The predicted model
was given by the following equations:

SE=0.82+0.011.X,-0.012X,+0.02 1.X;+0.017.X,~
0.0095X,X5-0.024X,.X;~0.027 Xo X3~
0.018X:X4+0.012 X, X>X3+0.014X,. XX+
0.021X X5X,+0.02 LXoX3X,+0.024.X X+
0.039X7X;+0.028X X, (6)

Considering the separation efficiency, the
results of the analysis of variance (ANOVA) are
tabulated in Table 6. The Fisher variation ratio
(F-value) is a statistical criterion of how well the
variables describe the variation in the mean of
data [35,36]. These results demonstrate that the
model is significant with a confidence level of more
than 99% at a calculated F-value of 16.59 with a
very low probability (P-value <0.0001). It needs to
be noted that the effect of the parameters and their
interactions are significant with the significance
level of 95% when their P-values are less than

Table 6 Significance of regression coefficients for
separation efficiency

Source Sum of dr Mean F-value P-value
squares square
Model 0.098 16 0.00614 16.59 <0.0001
X, 3.084x10° 1 3.08x10° 8.76 0.0111
X,  1.088x107° 1 1.088x107° 3.09 0.1024
X, 3.637x10° 1 3.637x107° 10.33 0.0068
X, 2400<10° 1 2.400x<10° 6.81 0.0216
X, X;  1.450x10° 1 1.450x10° 4.12 0.0635
XX, 9.352x10° 1 9.352x107° 26.55 0.0002
XX 0.012 1 0.012  32.72 <0.0001
XX, 4.925x10° 1 4.925x107° 14.06 0.0024
X7 1.628x10° 1 1.628x10° 0.46 0.5085
XXX, 2372x107° 1 2372x10° 6.73  0.0222
XXX, 3.252x107° 1 3.252x107° 923 0.0095
X XGX, 7.240x107° 1 7.240<107° 20.56 0.0006
XXX, 6.921x107° 1 6.921x107° 19.65 0.0007
XIX,  3.163x107° 1 3.163x10° 898 0.0103
X'X7  8.145x<107° 1 8.145x10° 23.12 0.0003
X'X; 4.244x<10° 1 4.244x10° 12.05 0.0041
Residual 0.00482 13 0.00370
L()‘}Cgt 3.577x10° 8 4.472x10* 223  0.1958
Total 0.1 29
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0.05 [37]. The P-value for lack of fit is 0.196 which
is not significant even with a confidence level of
90%.

The accuracy and quality parameters of the
fitted model are listed in Table 7. R* and adjusted R
were estimated to be 0.955 and 0.90 which
emphasizes the precision of the fitted model. This
coefficient indicates how much variability in the
observed response values can be explained by the
experimental factors and their interactions. The
small values of R* represent the less pertinence of
the dependent variables in the model [38]. The
adequate precision of the fitted model was 23.7
which needs to be more than 4 in the desirable
models.

The plots of the fitted-equation were used to
determine the individual effects and interactions of
the investigated parameters on the copper
separation efficiency. As can be seen in Eq. (5) and
Table 6, the interaction effects of IPETC—SIPX,
SIPX-MIBC and MIBC—pH were eliminated from
the fitted model to reach better description due to
their high P-values. Furthermore, Eq. (5) indicated
that SIPX and IPETC have a significant interaction
at the high values of SIPX (XlzXz), whereas there
is no significant interaction between IPETC and
SIPX at the lower dosage of SIPX. The results
demonstrated that the maximum copper recovery
(87.2%) and separation efficiency (91.6%) as well
as minimum copper grade (2.7%) were achieved at
SIPX and IPETC dosages of 7 g/t, MIBC dosage of
50 g/t and pH of 11 (Run No. 23 in Table 4).
Moreover, the minimum copper recovery (75.9%)
and separation efficiency (58%), as well as the
maximum copper grade (5.5%), were obtained at
SIPX and IPETC dosages of 7 g/t, MIBC dosage of
20 g/t and pH value of 9 (Run No. 21). Among the
main investigated parameters, MIBC dosage and
pH level are significant with the confidence level of
higher than 95%.

3.2.2 Interaction effect of collectors and frother

(1) Interaction of SIPX and MIBC

The results shown in Table 6 indicate a
significant interaction between SIPX collector and
MIBC frother with a confidence level of 90%
(P-value of 0.063). The response surface plot for

the copper separation efficiency (Fig. 5) was
obtained by varying SIPX dosage from 7 to 21 g/t
and MIBC dosage from 20 to 50 g/t at pH value of
10 and IPETC dosage of 13.5 g/t. The minimum
separation efficiency (80%) was obtained at low
dosages of SIPX and MIBC, which may be related
to the production of larger bubbles and lower
coating degree of particles by the collectors. At a
low dosage of SIPX (below 9 g/t), increasing MIBC
dosage from 20 to 50 g/t increased copper
separation efficiency from 80% to 84%, which
could be related to the generation of finer bubbles
and higher gas hold-up. At the high dosage of SIPX,
MIBC dosage had not a significant effect on the
separation efficiency; however, at the low dosage of
MIBC, increasing SIPX dosage from 7 to 19 g/t
enhanced separation efficiency from 80% to 84%.
Moreover, at the high amount of MIBC, the highest
separation efficiency was obtained at a high and
low dosage of SIPX. It can be concluded from
Eq. (5) that this interaction has a negative influence
on the copper separation efficiency. It has been
reported [18] that molecular interaction between
collector and frother has an important role in
attaching air bubbles to the particles coated by
collectors. The interaction effect between collector
and frother was interpreted by linear and lamellar
theories. The linear theory describes the particle
attachment by penetration through the air—bubble
film, while lamellar theory describes it without
penetration [15]. The linear theory would be more
appropriate due to high local concentration and
hydrophilic properties of the surface [18]. The
mutual adsorption of frother and collector on the
particle surface indicated better results in the metal
recovery, which could affect surface tension and
increase collector role in frothing [16]. Generally,
high dosage of frother produces highly mobile and
relatively deep froth beds which affect the flotation
performance [39]. Some researchers indicated that
certain frothers have the ability to compensate for
recovery deficiencies especially when xanthates are
used [7,40]. WIESE and HARRIS [41] resulted that
an increase in the frother dosage enhanced the
recovery of valuable minerals. It was also reported
that frother molecules accumulated at the mineral

Table 7 Accuracy parameters of fitted model using central composite design

R’ Adjusted R Predicted R’

Adeq precision

Std. dev. Mean C.V. PRESS

0.955 0.90 0.655

24 0.019 0.83 2.27

0.035
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efficiency at IPETC dosage of 13.5 g/t and pH of 10

surface and facilitated the mineral-bubble
attachment [14]. It has also been noted that
collector addition decreased gas hold-up even at
low dosage especially once the anionic frother was
utilised, whereas increasing frother dosage
enhanced it obviously [15]. It was reported that the
air dispersion depended greatly on the frother,
which caused the increase of gas hold-up and finer
bubble generation [15].

(2) Interaction of IPETC and MIBC

The statistical analysis of ANOVA for copper
separation efficiency (Table 6 and Eq. (5)) showed a
negative interaction effect between IPETC collector
and MIBC frother with a confidence level of 99%
(P-value <0.0001). Figure 6 shows a response
surface plot where the copper separation efficiency
was affected by varying MIBC dosage from 20 to
50 g/t and IPETC dosage from 7 to 21 g/t. The
highest copper separation efficiency (84%)
occurred at the high dosage of IPETC, and the low
dosage of MIBC, while the copper
separation efficiency (78%) was obtained at high
dosages of IPETC and MIBC. It can be found that
at the low dosage of IPETC (below 10 g/t),

lowest

increasing MIBC dosage from 20 to 50 g/t had no
significant influence on the copper separation
efficiency. At the high dosage of IPETC (higher
than 14 g/t), the separation efficiency was decreased
from 84% to 78% by increasing MIBC from 20 to
50 g/t. This phenomenon could be resulted from
enhancing the floatability of gangue minerals and
decreasing selectivity at high dosage of MIBC
which could decrease the grade of valuable
minerals. It has also been reported [6] that
thionocarbamates and dithiophosphate had a
frothing ability which might affect the size and
stability of air bubbles.
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Fig. 6 Contour (a) and 3D (b) diagrams of interaction
effect of MIBC and IPETC on copper separation
efficiency at SIPX dosage of 13.5 g/t and pH of 10

(3) Interaction of SIPX—IPETC and MIBC

As can be found in Table 6, the interaction
between the dosage of IPETC, SIPX and MIBC was
significant with a confidence level of higher than
95% (P-value of 0.022). Figure 7 shows a block
diagram which presents the influence of the dosage
of the collectors (SIPX and IPETC) and the frother
(MIBC) simultaneously on the copper separation
efficiency. It can be seen that the maximum copper
separation efficiency (87%) was reached at the high
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dosage of MIBC (50g/t) and low dosage of
collectors, whereas the minimum separation
efficiency (74%) was gained at the low dosages of
MIBC and collectors. It can also be noted that the
interaction between collectors and frother has a
positive effect on the separation efficiency (Eq. (5)).
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Fig. 7 Simultaneous mutual effect of IPETC, SIPX and
MIBC on separation efficiency of copper (underlined
values) at pH 10

3.2.3 Interaction effect of collectors and pH

(1) Interaction of SIPX and pH

The results of ANOVA analysis presented in
Table 6 show that the dosage of the SIPX collector
and the pH level had a significant negative effect on
the copper separation efficiency with a confidence
level of higher than 95% (P-value of 0.0002).
Figure 8 represented the effect of SIPX dosage and
pH on the separation efficiency. It can be seen that
at the low pH levels (below 9), the efficiency was
enhanced from 77% to 84% by increasing SIPX
dosage from 7 to 21 g/t. However, at the high level
of pH (above 10.5), the highest efficiency (86%)
was achieved at both the lowest and the highest
dosages of SIPX corresponding to about 7 and
21 g/L, respectively. At the low dosage of SIPX,
separation efficiency was enhanced from 77%
to 86% with increasing the pH level from 9 to 11.
The interaction between collector dosage and
pH has been previously investigated in several
studies [11,26,42]. It was found that the collector
hydrolysis was affected by alkaline pH which could
increase the hydrophobicity of some minerals such
as silicate [2]. The thionocarbamate collectors
presented better copper selectivity against pyrite
compared to the xanthates at alkaline pH
values [43]. The dissolution and frothing ability of
some frothers are improved at alkaline pH [16]. It
has also been reported that the stability of foam

bubbles was enhanced by increasing pH from 6 to
11, which could be affected by the hydration of
frother and electrostatic charge on bubbles [16]. It
was reported that pyrite flotation efficiency
decreased with increasing pH from 5 to 12 due to
the formation of hydrophilic metal hydroxides on
the sulfide mineral surface [8,11]. GOKTEPE [17]
also attributed the increasing effect of high pH
values on the copper separation efficiency to the
depression of pyrite mainly as a result of xanthate
decomposition and metal-hydroxides formation on
the mineral surface. It should be noted that the pulp
pH affects the hydration of solid surfaces, excess of
load density, the Zeta potential and the ionisation
or solubility of surface agents [44]. The level of
pH determines the proportion of xanthate and
dixanthogen in copper sulphide flotation [45].
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Fig. 8 Contour (a) and 3D (b) diagrams of interaction
effect of SIPX and pH on copper separation efficiency
in MIBC and IPETC dosages of 35 and 13.5 g/,
respectively

(2) Interaction of IPETC and pH

The dosage of IPETC collector and the pH
level presented an obvious interaction on the copper
separation efficiency with a confidence level of
99% (P-value of 0.0024) (Table 5 and Fig. 9). It can
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be seen that at the low level of IPETC dosage,
increasing pH from 9 to 11 led to enhancing the
copper separation efficiency from 81% to 86%.
Varying pH at the high dosage of IPETC had no
significant effect on the separation efficiency. The
results indicated that at high levels of pH (above
10.5), the separation efficiency was decreased
significantly from 86% to 81% by increasing
IPETC from 7 to 21 g/t. However, at low levels of
pH (below 9.5), increasing the IPETC dosage had
no obvious effect on the copper separation
efficiency. Thereby, high copper separation
efficiency at a lower dosage of IPETC could be
attributed to the selectivity improvement by
decreasing pyrite floatability at alkaline pH. It
was pointed out that at alkaline pH levels (above 8)
low dosage of IPETC had no significant effect on
the pyrite floatability, whereas chalcopyrite
flotation indicated better results due to its natural
floatability [46]. At higher pH values, chemical
adsorption of IPETC on pyrite was replaced by its
physical adsorption on the mineral surface, which
caused the decrease of pyrite floatability [46]. It

was also found that IPETC caused the lowest
copper recovery and foam half-life in contrast to the
other thionocarbamates [47]. Moreover, high
dosage of IPETC could increase pyrite floatability
as well as decrease foam half-life and height, which
might reduce the copper separation efficiency [47].

(3) Interaction of SIPX—IPETC and pH

The results of ANOVA (Table 6) indicated a
significant interaction between the collectors and
pH with a confidence level of 99% (P-value of
0.0095). The block diagram shown in Fig. 10 is
plotted to investigate the simultaneous effect of the
dosage of collectors (SIPX and IPETC) and pH on
the copper separation efficiency at MIBC dosage of
35 g/t. The results showed that the highest copper
separation efficiency (90%) was achieved at a low
dosage of collectors and the high level of pH (11),
while the lowest copper separation efficiency (70%)
was obtained at a low dosage of collectors and the
low level of pH (9). As can be seen from Eq. (5),
the interaction of these variables indicates a positive
effect on copper separation efficiency. Among these
variables, pH plays an important role in the
separation efficiency. It needs to be noted that low
levels of collector dosage and high level of pH can
enhance the selectivity of the valuable copper-
bearing minerals such as chalcopyrite and depress
the gangue minerals such as pyrite.

& 87
~20(g |
&

°
=y
& 90 1
°
/ | 9

SIPX dosage/(g-t™)
Fig. 10 Simultaneous mutual effect of IPETC, SIPX and
pH on separation efficiency of copper (underlined values)
at MIBC dosage of 35 g/t

3.2.4 Interaction of IPETC and SIPX

As can be seen in Table 6, IPETC and SIPX
had no significant interaction, whereas these
collectors indicated a significant interaction (XIZXZ)
at high values of SIPX with a confidence level of
99% (P-value of 0.0103). The interaction effect of
SIPX and IPETC dosage on the copper separation
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efficiency at pH value of 10 is shown in Fig. 11.
The results indicate that high separation efficiency
(85%) occurred at high dosage of SIPX and IPETC
(20 g/t) and lower dosage of MIBC (35 g/t). It has
also been reported that using a mixture of collectors
could increase surface adsorption, which increases
hydrophobicity and copper recovery [1]. The
composition of the monolayers formed from the
mixed collectors on the mineral surface depends on
the collector dosage [33]. In the single collector
system, the selectivity was generally decreased by
increasing the collector dosage, while it was
increased in the mixed collector systems without
decreasing recovery due to increasing the
hydrophobicity and alkyl chain interaction between
the collectors [33,48,49]. It was evident that long
hydrocarbon chains present in the collector
structure increased the time of flotation compared
to the collector with shorter hydrocarbon chain,
which could positively affect the solubility of the
collector [6]. The xanthogen and metal xanthate
formation are considered as the main problem of
utilisation of xanthate collectors, which caused in
instability and low selectivity [13]. It was also
reported that some additional reagents should be
utilised to increase the selectivity of xanthates [43].

Cu SE/%

Fig. 11 Simultaneous mutual effect of IPETC and SIPX
dosage on separation efficiency of copper at pH 10 and
MIBC dosage of 35 g/t

3.3 Optimization

The maximum copper separation efficiency in
a multiple-factor study occurs where all parameters
simultaneously meet the desirable criteria. This
could be determined and visualised graphically by
superimposing the contours of the response surfaces
in an overlay plot. Figure 12 presents the graphical
optimizations which display the area of feasible
response values in the factor. According to Figs. 12

and 13, in the multi-factor study, the maximum
copper separation efficiency (88.7%) was found to
be at SIPX dosage of 8.6 g/t, IPETC dosage of
7 g/t, MIBC dosage of 20 g/t and the solution pH of
11. Under this condition, the desirability and copper
grade reached 0.655 and 3.4%, respectively. On the
other hand, in one-factor experiments, a higher
copper recovery (96%) and grade (4.2%) were
achieved at the pH of 11 (with lime) and the MIBC
and SIPX dosages of 5 g/t and 10 g/t, respectively.
The main reason for this higher efficiency could be
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Fig. 12 Contour (a) and 3D (b) graphical optimization
for separation efficiency in MIBC dosage of 20 g/t at
pH 11
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Fig. 13 Desirability ramp for numerical optimization of
four independent parameters and responses
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related to the lower dosage of the frother (5 g/t in
one-factor experiments and 20—50 g/t for multiple-
factor experiments).

In order to verify the predicting of the model
for the output variable (separation efficiency), an
additional flotation experiment was carried out
under the optimum condition. Results showed an
acceptable repeatability, in which the separation
efficiency was 91.1%. The error between the

predicted and experimental values was less than 3%.

It can be concluded that the model can well predict
the output variable.

4 Conclusions

(1) Results of one-factor experiments showed
that IPETC compared with PAX and SIPX
collectors presented the highest kinetics rate
(0.75min™"), whereas SIPX demonstrated the
highest copper recovery (94.2%). Thus, the mixture
of SIPX and IPETC as collectors and lime as pH
regulator were utilised to evaluate the interaction of
the effective variables on the copper separation
efficiency using a central composite design.

(2) The results of ANOVA indicated that SIPX
dosage, MIBC dosage and pH were the most
effective parameters with a positive effect on the
copper separation efficiency.

(3) The interaction effect between the
collectors and the frother indicated that at the low
dosage of SIPX (7 g/t), increasing MIBC dosage
from 20 to 50 g/t enhanced the separation efficiency
from 80% to 83%; while, at the high dosage of
IPETC dosage (21 g/t) increasing the MIBC dosage
decreased separation efficiency from 84% to 78%.

(4) The interaction between collectors and pH
level showed that at the low level of IPETC dosage,
increasing pH from 9 to 11 led to enhancing the
copper separation efficiency from 81% to 86%.
Furthermore, at the low dosage of SIPX, separation
efficiency was enhanced from 77% to 86% with
increasing the pH level from 9 to 11.

(5) The optimal conditions of flotation for
copper efficiency, in the multi-factor experiments,
were determined to be at SIPX dosage of 8.6 g/t,
the IPETC dosage of 7 g/t, the MIBC dosage of
20 g/t and the pH of 11.
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OB FEAER L R YRR R E AT R SO A A R THERT R 2 7R AL
R BRI AR BRI A HAE - WIS AR M, TEARAE pH W AIMESL T, 57 A 23 IR R AN(SIPX)
A O-F N FE-N- 2 300 L 2L R s (IPETC) 2 e A I . FEARIR pHAE T, PR HUSGRI(SIPX AT IPETC)
F R AR A &R T EFEEMIBOH EX /- SRR . BT 77 20T (ANOVA)ZE R, W T EMENE,
WRFIHES pH E LA RFIHESREFIHEZ MM AR EE. EERMIGIHER, pH EM 9 #m3
11 AT IPETC FAI4 53 25 3023 M 81%3 =18 86%, SIPX I 73 5 2R M 77%48 =1 2l 86%. J7 =4 LKW, 78
pHE 11. 8.6 g/t SIPX. 7 g/t IPETC 120 g/t MIBC Ik T, 70 B 5 =i(88.7%). B%%, TWFHZER,
W35 SIPX A1 IPETC ¥ i& & T Ab B = B TR AL o
KHEIR: TRk Bk BRI S EAEH: ERT
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