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Nanoparticles (NPs) can promote the column flotation process in mining industry. Nanoparticles’ effects
on column flotation process (copper recovery, grade and flotation rate constant) are assessed in
Sarcheshmeh Copper Complex, Iran, through response surface methodology (RSM) optimization tech-
nique. The c-Al2O3, a-Fe2O3, SiO2, and TiO2 nanoparticles are selected for these experiments. A flotation
rate constant is chosen as a response to assess the effect of nanoparticles on flotation in its kinetic sense.
The process pH and nanoparticle dosage are selected as the influential parameters. Results obtained from
RSM indicated that the maximum percentage of Cu recovery and grade is obtained at pH of 12 and
nanoparticle dosage of 6 kg/t, through a-Fe2O3 and c-Al2O3 nanoparticles, respectively. Applying
nanoparticles in particular c-Al2O3 and a-Fe2O3 increases the Cu recovery by 8–10% together with the
grade by 3–6% in a significant manner. It is revealed that nanoparticles could effectively be applied in
enhancing the flotation performance.
� 2019 Published by Elsevier B.V. on behalf of China University of Mining & Technology This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Flotation is one of the most effective techniques applied widely
in separating copper ore based on their differences in physical and
chemical properties. In this process, after preparing the pulp with
chemical reagents, named collectors, it is revealed that some of
them are hydrophobic and some hydrophilic. In the selected sepa-
ration processes, copper minerals attach to air bubbles and move
to the surface of the flotation cell and form a stable froth layer con-
taining 20–30% copper. The column flotation is one of the latest
flotation methods with a high focus in mineral processing. In gen-
eral, due to its simpler structure, higher selectivity, low cost, better
product recovery and higher grade, it is more efficient than the
conventional flotation cells [1–6].

It is found that the flotation performance (i.e. recovery and
grade) strongly depends on the froth stability, bubble distribution,
bubble mobility and froth properties on which there exit many
studies, e.g. [7–10]. If the froth is too stable, then detachment of
affixed material from the froth is difficult, otherwise, the floated
material is lost due to the bubble coalescence in the froth. The
run assessments indicate that in addition to the type and concen-
tration of the frother, the hydrophobicity, particle size, type and
concentration of present particles affect the froth stability and
cause an increase in the hydrophobic particles, leading to an
increase in froth stability [11–17].

To improve the froth stability in mineral products in the related
industries, it is necessary to apply new technologies. Nanotechnol-
ogy is one of these growing and important technologies with wide-
spread applications in mineral processing worldwide. Because of
nanoparticles’ distinct properties and their high surface to volume
ratio, they are able to promote the froth stability, and enhance the
flotation performance. In addition, nanoparticles (NPs) are demon-
strated to play an important role as the effective collector in flota-
tion process [18–22]. Nanoparticles are of great potential
applications in flotation field and are applied as a stabilising agent,
like surfactant to enhance the froth stability by retarding bubble
coalescence. The ability of the nanoparticles to stabilize froth on
its own and without any other surfactant is the subject of many
studies not related to flotation processing. These studies indicate
that the nanoparticles increase the froth stability by forming a bar-
rier to coalescence and decelerating the process of thinning the
film though preventing the water flow at the bubble surface
[19,23]. Nanoparticles are recyclable, thus profitable [24–26].

Despite some studies run on nanoparticle-stabilized froth, stud-
ies on nanoparticles in the three-phase column flotation with an
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industrial feed are limited and yet the nanotechnology can be
applied in the mineral separation which is a new challenge
[27,28]. The simultaneous effects of different parameters including
process environment pH and NP dosage on copper recovery, grade
and flotation rate constant are not assessed enough. Reviews run
by the authors here indicate that only a single mineral in the flota-
tion process has been subject of study. To study the simultaneous
effects of important parameters, one of the statistical techniques,
response surface methodology (RSM), is usually applied [29,30].

The RSM is applied for analyzing experiments where one or
more independent variables–as responses–are affected by many
variables with the objective to optimize the responses [31,32].
One of the advantages of applying RSM in the Design Expert soft-
ware environment, in addition to reducing the number of experi-
ments, is the possibility of devising equations for independent
and dependent variables. The RSM includes different design mod-
els like Box-Behnken (BB), factorial, D-optimal, and central com-
posite design (CCD) [30,33,34]. This method is successfully
applied in optimizing different processes to reduce the cost of anal-
ysis methods like computational fluid dynamics (CFD) and their
related numerical uncertainties [35–38].

Here, the usability of nanoparticle stabilized froth is assessed
through RSM technique based on CCD approach in a flotation pro-
cess. To materialize this objective here, the simultaneous effects of
critical parameters like the process pH and NP dosage on the flota-
tion performance responses are assessed. In this study, assessing
the flotation rate constant (k) is the main subject of the flotation
kinetics because it is presented as a function of the flotation
dynamics and the properties of minerals. In addition to the recov-
ery and grade, assessing the flotation rate constant is of essence
[39]. Assessing the effect of these nanoparticles on the recovery,
grade and flotation rate constant for an industrial feed is new. To
assure the size of selected nanoparticles, the dynamic light scatter-
ing (DLS) is applied.
2. Materials and methods

The method adopted in this study is experimental. The flotation
column is devised in the Sarcheshmeh Copper Complex laboratory.
Efforts are made to assess the possibility of applying nanoparticles
as a platform for the progress of column flotation both in their
quantitative (recovery) and qualitative (grade) sense in real ore
flotation.
2.1. Experimental system

Batch flotation experiments are designed through RSM to assess
the effects of critical factors on the flotation performance. The
Fig. 1. Schematic of the laboratory flotation column of the Sarcheshmeh Copper
Complex.
experiments are run on a laboratory-scale flotation column setup
(Fig. 1).

Based on the aspect ratios of the pilot plant and industrial flota-
tion columns, a 0.007 m3 flotation column is designed and built.
This column is cylindrical and to see the pulp level easily, and is
made of transparent Plexiglass. The dimensions of the column
are 10 cm diameter and 100 cm height. Water is added to maintain
the level of the pulp in the column and the tests are run to reduce
the froth depth. A porous polyethylene cylinder is installed at the
bottom of the column to distribute air over the column cross-
section in a uniform manner with a filter cloth sparger.

The subject copper ore samples are processed in the flotation
column with constantly adding reagent at any process. Here, first,
the nanoparticle is dispersed by the agitator into 7.5% constant
solid pulp. Next, the collector dosages (sodium isopropyl xanthate
and butyl sodium dithiphosphate) are added into the pulp to
enhance the hydrophobicity of copper particles and to allow
2 min for conditioning. Then, the frother dosages (MIBC and Nas-
froth) are added and conditioned for a further 1 min. These flota-
tion conditions are determined by applying the results of the
preliminary flotation tests performed without the nanoparticles.
Finally, air is injected through the flowmeter with the superficial
gas velocity of 1.5 cm/s at the bottom of the column and the con-
centrates’ collection is accomplished at 0.5, 1.5, 4 and 8 min cumu-
lative times into separate containers with tailings that are filtered,
dried and weighed. Here the process pH of tests is adjusted by add-
ing CaO. The Laser Particle Sizer (FRITSCH ANALYSETTE 22 Nano-
Tec) is applied to measure the mineral particle size. In this study,
the froth depth is kept constant at 4 cm in all runs.

The flotation rate constant (k) as the indicator of flotation per-
formance, is subject to both the dynamics of flotation columns
and the chemical properties of the minerals, which are determined
by fitting the following first-order rate equation to the recovery-
time curves obtained for each particle size fraction [40]:

R ¼ Rmaxð1� expð�ktÞÞ ð1Þ
where Rmax is the predicted maximum recovery.

The four nanoparticles types of c-Al2O3, a-Fe2O3, SiO2, and TiO2

were purchased from US Research Nanoparticles, Inc., USA and
applied in the designed flotation experiments. Their properties
are tabulated in Table 1.

2.2. Experiment design

In this experiment, the flotation experiments are optimized
through a three-level (�1, 0, +1) and two-parameter CCD approach
in Design Expert V 10.0.3 S/W. Selected parameters and their levels
are determined from the obtained results of preliminary tests. The
parameters considered here consist of the process pH (X1) and NP
dosage (X2) as the independent parameters, being the most influ-
enced on the flotation process. The available results indicate that
the copper recoveries remain relatively high in the alkaline pH
range and the highest recovery and grade are yielded with pH in
the range of 10–12 [2]; thus, this range was selected for flotation
experiments. The applied industrial samples are of pyrite minerals
that are naturally depressed at alkaline pH > 10, indicating that
selective separation of copper from samples can be achieved at
Table 1
Nanoparticles applied in this study.

Nanoparticle Particle size (nm) Purity (%)

c-Al2O3 20 >99
a-Fe2O3 20–40 >98
SiO2 11–13 >99
TiO2 10–25 >99
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pH > 10, thus causing an increase in the grade. In our experiment
design, the changes in NP dosage are assessed within the range
of 0.5–10 kg/t. The results (Fig. 2) showed that recovery variations
from dosage of 0.5–2 kg/t are negligible. An increase in NP dosage
(with the range of 4–10 kg/t) increases the recovery percentage,
but in the range of 6–10 kg/t these percentages are close to each
other; therefore here, a 4–6 kg/t range is selected for the four
applied NPs.

The copper recovery (Y1), copper grade (Y2) and flotation rate
constant (Y3) are applied as the response variables. The levels of
the independent and dependent selected variables are tabulated
in Tables 2 and 3, respectively. For each NP, a total of 17 experi-
ments consisting of five replicates at the centre points, one axial
point and two full factorial points with three responses are
designed and implemented in one block in a random manner.

The reliable approach in evaluating the accuracy of the fitted
model is assessed by the coefficient of determination (p-value
and R2), the lack of fit tests and the Fisher test value (F value)
obtained from ANOVA. The graphical analysis is run to illustrate
the optimum condition for column flotation performance. The
objective of this design is to assess the optimal pH and NP dosage
for improving the column flotation performance.
3. Results and discussion

3.1. Dynamic light scattering (DLS)

The hydrodynamic diameter distribution of the four NP types in
water at 90� fixed scattering angle and 25 �C constant temperature
prepared by the dynamic light scattering (DLS-HORIBA L-550)
technique is applied to confirm the hydrodynamic NPs size. The
size distributions for the subject NPs are nano-sized, Fig. 3, where,
Table 3
Selected dependent variables in the CCD experimental
design.

Dependent variables (response) Code units

Cu recovery (%) Y1
Cu grade (%) Y2
Cu flotation rate constant (1/min) Y3

Fig. 2. Effect of NP dosage on recovery.

Table 2
Levels of independent variables in the CCD experimental design.

Independent variables Code units Coded levels

�1 0 1

Process pH X1 10 11 12
NP dosage (kg/t) X2 4 5 6
as observed it is confirmed that the distribution range of the
subject NPs in Table 1 is narrow.

3.2. Design of experiment

The experiments are run according to CCD approach of the RSM
to optimize the nanoparticles’ conditions in obtaining maximum
column flotation performance through nanoparticles in 17 batch
runs for every nanoparticle. Details of the nanoparticles in the
design of experiment are tabulated in Tables 4–7.

The obtained results through Design Expert software are repre-
sented as ten quadratic polynomial and two linear equations of Y3
model for c-Al2O3 and TiO2 for predicting all three responses:

For c-Al2O3 NPs:

Y1 ¼ 59:93þ 5:48X1 þ 1:77X2 þ 0:95X1X2 þ 0:78X1
2 þ 0:43X2

2

ð2Þ

Y2 ¼ 23:18þ 5:05X1 þ 1:37X2 þ 0:45X1X2 � 0:37X1
2 þ 0:13X2

2

ð3Þ

Y3 ¼ 1:25� 0:50X1 þ 0:18X2 ð4Þ
For a-Fe2O3 NPs:

Y1 ¼ 62:53þ 5:75X1 þ 0:75X2 þ 3:20X1X2 � 2:47X1
2 þ 1:53X2

2

ð5Þ

Y2 ¼ 22:66þ 2:70X1 � 0:34X2 þ 0:23X1X2 þ 1:11X1
2 þ 0:71X2

2

ð6Þ

Y3 ¼ 1:01� 0:37X1 þ 0:16X2 þ 0:023X1X2 þ 0:021X1
2 þ 0:12X2

2

ð7Þ
For SiO2 NPs:

Y1 ¼ 62:69þ 5:90X1 þ 1:32X2 � 0:05X1X2 � 4:13X1
2 � 0:03X2

2

ð8Þ

Y2 ¼ 21:30þ 4:40X1 þ 0:89X2 þ 0:12X1X2 � 0:92X1
2 þ 0:33X2

2

ð9Þ

Y3 ¼ 0:84� 0:32X1 � 0:12X2 þ 0:056X1X2 þ 0:13X1
2 þ 0:012X2

2

ð10Þ
And for TiO2 NPs:

Y1 ¼ 64:80þ 0:72X1 þ 1:80X2 � 0:15X1X2 � 11:11X1
2 � 0:51X2

2

ð11Þ

Y2 ¼ 23:03þ 3:28X1 þ 1:16X2 þ 0:52X1X2 � 0:59X1
2 þ 0:11X2

2

ð12Þ

Y3 ¼ 0:87� 0:36X1 � 0:08X2 ð13Þ
where X1 is the process pH; X2 the NP dosage; and X1X2 the interac-
tion of these two parameters.

The X1X2 is the response changes when two independent vari-
ables (X1 and X2) are changed simultaneously. The positive and
negative signs of coefficient indicate the positive and negative
effect on Y1, Y2 and Y3. An increase in the pH with the range of
10–12 decreases the flotation rate constant in the chalcopyrite
samples; X1 has negative impacts on the response Y3, for every
nanoparticle. This may be due to the factors like nanoparticle
aggregation, changing the pulp viscosity or longer bubble resis-
tance time.
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Fig. 3. DLS graphs of the four NPs.

Table 4
Experimental design of the column flotation and obtained results for c-Al2O3.

Run X1 X2 (kg/t) Y1 (%) Y2 (%) Y3 (1/min)

Coded Actual Coded Actual

1 0 11 0 5 59.0 22.0 1.40
2 �1 10 �1 4 55.0 15.8 1.62
3 0 11 0 5 60.0 23.0 1.33
4 +1 12 0 5 65.0 27.0 0.71
5 +1 12 +1 6 69.2 26.0 0.87
6 +1 12 �1 4 64.5 25.8 0.55
7 0 11 0 5 60.0 22.5 1.30
8 �1 10 �1 4 54.5 16.5 1.60
9 �1 10 +1 6 55.6 17.8 1.89
10 +1 12 �1 4 64.0 24.5 0.58
11 0 11 0 5 60.3 22.0 1.24
12 0 11 0 5 61.0 23.0 1.20
13 �1 10 0 5 55.8 17.5 1.70
14 0 11 �1 4 58.1 20.0 0.93
15 +1 12 +1 6 70.0 30.0 0.91
16 0 11 +1 6 62.0 24.0 1.52
17 �1 10 +1 6 57.0 17.0 1.85

Table 5
Experimental design of the column flotation and obtained results for a-Fe2O3.

Run X1 X2 (kg/t) Y1 (%) Y2 (%) Y3 (1/min)

Coded Actual Coded Actual

1 0 11 +1 6 64.0 24.69 1.30
2 0 11 �1 4 62.5 23.67 0.88
3 +1 12 �1 4 63.0 27.26 0.55
4 0 11 0 5 62.7 22.17 1.01
5 0 11 0 5 63.0 23.00 1.09
6 0 11 0 5 62.0 22.00 1.11
7 �1 10 �1 4 60.0 22.422.41 1.45
8 �1 10 �1 4 58.0 22.30 1.40
9 �1 10 0 5 51.5 21.91 1.25
10 +1 12 +1 6 72.0 26.30 0.93
11 �1 10 +1 6 54.2 21.58 1.65
12 +1 12 �1 4 63.2 27.36 0.60
13 0 11 0 5 64.0 22.60 0.90
14 0 11 0 5 62.6 21.90 0.99
15 +1 12 +1 6 70.0 27.00 0.92
16 +1 12 0 5 67.0 27.26 0.74
17 �1 10 +1 6 54.0 20.00 1.72
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Table 6
Experimental design of the column flotation and obtained results for SiO2.

Run X1 X2 (kg/t) Y1 (%) Y2 (%) Y3 (1/min)

Coded Actual Coded Actual

1 0 11 +1 6 63.2 23.7 0.78
2 0 11 �1 4 62.0 22.3 0.99
3 +1 12 �1 4 63.0 24.2 0.71
4 0 11 0 5 62.0 22.8 0.80
5 0 11 0 5 63.0 23.0 0.84
6 0 11 0 5 62.0 23.1 0.79
7 �1 10 �1 4 52.0 18.4 1.50
8 �1 10 �1 4 50.0 18.7 1.42
9 �1 10 0 5 53.0 19.0 1.35
10 +1 12 +1 6 65.0 27.5 0.58
11 �1 10 +1 6 54.2 20.3 1.06
12 +1 12 �1 4 63.2 23.9 0.73
13 0 11 0 5 64.0 23.0 0.82
14 0 11 0 5 62.6 23.5 0.85
15 +1 12 +1 6 67.0 27.8 0.60
16 +1 12 0 5 64.0 25.6 0.66
17 �1 10 +1 6 54.0 19.8 1.15

Table 7
Experimental design of the column flotation and obtained results for TiO2.

Run X1 X2 (kg/t) Y1 (%) Y2 (%) Y3 (1/min)

Coded Actual Coded Actual

1 0 11 +1 6 68.2 23.50 0.72
2 0 11 �1 4 60.0 20.00 0.97
3 +1 12 �1 4 53.0 24.50 0.55
4 0 11 0 5 65.0 20.77 0.80
5 0 11 0 5 64.5 21.00 0.88
6 0 11 0 5 64.8 20.81 0.85
7 �1 10 �1 4 51.2 16.00 1.20
8 �1 10 �1 4 51.0 15.50 1.35
9 �1 10 0 5 52.9 16.00 1.29
10 +1 12 +1 6 55.1 26.00 0.43
11 �1 10 +1 6 54.0 16.70 1.20
12 +1 12 �1 4 52.8 24.00 0.62
13 0 11 0 5 64.9 22.17 0.90
14 0 11 0 5 65.2 21.50 0.88
15 +1 12 +1 6 55.0 25.70 0.43
16 +1 12 0 5 54.1 25.00 0.55
17 �1 10 +1 6 53.7 17.00 1.11
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To evaluate the accuracy of these models for each nanoparticle,
the criteria of R2 and adjusted R2 coefficient, SD, CV and AP values
are applied. The results reveal that these models can estimate
the recovery, grade and flotation rate constant of copper, in a suf-
ficient manner.

3.3. ANOVA analysis

Results of the fitted models of responses obtained through
ANOVA analysis are tabulated in Tables 8–11 for c-Al2O3, a-
Fe2O3, SiO2, and TiO2 NPs, respectively, where, these suggested
models are significant at 95% confidence level (p-value < 0.05) in
predicting copper recovery, grade and flotation rate constant.

As shown in Tables 8–11, all model F-values’ amounts for cop-
per recovery, copper grade and flotation rate constant parameters
are high for all subject NPs, indicating that the models are highly
significant and there is only a 0.01% chance for the model F-value
distribution, which is due to noise. The Prob > F values less than
0.05 indicate that the model terms are significant for all NPs, and
the highly significant models are observed at the 95% confidence
level.

The low amounts of lack of fit of suggested models, that
describe the variation of the data around the presented models,
are not significant, indicating the fitness of the models. The results
indicate that R2 > 0.9 for all suggested models of the four NPs is of
appropriate fit to the models to the experimental data. The
adjusted R2 values for all response models are higher than 0.9,
except Y2 for a-Fe2O3 which is about 0.88. These findings confirm
that these models are appropriate for predicting the responses in
all four NPs.

The AP values measure the signal to noise ratio, where AP > 4 is
appropriate, and here, the AP > 4 holds true in all presented models
for all NPs. This value suggests that these models can be applied in
navigating the design space. For these models to be reproduced the
CV values must not exceed 10% [41]. Accordingly, the CV values of
these three responses are within the range of 1.06–6.11% for c-
Al2O3, 2.16–7.81% for a-Fe2O3, 1.46–4.63% for SiO2 and 1.42–
5.92% for TiO2 NPs, indicating a reliable precision and reliability
of these models.
3.4. Response surface analysis

To assess the interaction and the simultaneous effects of differ-
ent independent parameters on the responses, the 3D response
surface graphs are plotted in Fig. 4a–d, Fig. 5a–d and Fig. 6a–d
for Cu recovery, Cu grade and Cu flotation rate constant, with dif-
ferent NPs, respectively.



Table 8
ANOVA results for Cu recovery (Y1), grade (Y2) and flotation rate constant (Y3) for c-Al2O3.

Y1 (%) Y2 (%) Y3 (1/min)

Mean square F value p-value, Prob > F Mean square F value p-value, Prob > F Mean square F value p-value, Prob > F

Model 68.71 122.60 <0.0001 55.17 929.37 <0.0001 1.42 245.58 <0.0001
X1 300.30 535.80 <0.0001 255.03 4296.10 <0.0001 2.54 437.78 <0.0001
X2 (kg/t) 31.33 55.90 <0.0001 18.77 316.18 <0.0001 0.31 53.39 <0.0001
X1X2 (kg/t) 7.22 12.88 0.0042 1.62 27.29 0.0003
X1
2 1.85 3.30 0.0967 0.42 7.01 0.0227

X2
2 (kg/t) 0.56 1 0.3378 0.051 0.85 0.3757

Lack of fit 0.85 1.87 0.2126 0.097 2.14 0.1729 9.110E�3 2.74 0.0941
Pure error 0.45 0.045 3.321E�3
SD 0.75 0.24 0.076
Mean 60.65 23.04 1.25
CV (%) 1.23 1.06 6.11
AP 32.602 88.707 42.501
R2 0.9824 0.9976 0.9723
Adjusted R2 0.9744 0.9966 0.9683

Table 9
ANOVA results for Cu recovery (Y1), grade (Y2) and flotation rate constant (Y3) for a-Fe2O3.

Y1 (%) Y2 (%) Y3 (1/min)

Mean square F value p-value, Prob > F Mean square F value p-value, Prob > F Mean square F value p-value, Prob > F

Model 87.38 48.76 <0.0001 16.97 24.34 <0.0001 0.35 48.07 <0.0001
X1 330.63 184.49 <0.0001 72.79 104.40 <0.0001 1.39 193.04 <0.0001
X2 (kg/t) 5.63 3.14 0.1041 1.18 1.69 0.2205 0.27 37.32 <0.0001
X1X2 (kg/t) 81.92 45.71 <0.0001 0.41 0.59 0.4596 4.050E�3 0.56 0.4692
X1
2 18.46 10.30 0.0083 3.75 5.38 0.0407 1.365E�3 0.19 0.6719

X2
2 (kg/t) 7.10 3.96 0.0720 1.52 2.18 0.1683 0.041 5.68 0.0363

Lack of fit 4.51 5.82 0.0207 1.77 6.05 0.0187 0.015 3.66 0.0630
Pure error 0.77 0.29 4.175E�3
SD 1.34 0.84 0.085
Mean 61.98 23.73 1.09
CV (%) 2.16 3.52 7.81
AP 22.507 12.539 21.295
R2 0.9568 0.9171 0.9562
Adjusted R2 0.9372 0.8794 0.9363

Table 10
ANOVA results for Cu recovery (Y1), grade (Y2) and flotation rate constant (Y3) for SiO2.

Y1 (%) Y2 (%) Y3 (1/min)

Mean square F value p-value, Prob > F Mean square F value p-value, Prob > F Mean square F value p-value, Prob > F

Model 87.26 112.59 <0.0001 40.86 121.84 <0.0001 0.25 139.53 <0.0001
X1 348.10 449.12 <0.0001 193.60 577.27 <0.0001 1.02 563.99 <0.0001
X2 (kg/t) 17.42 22.48 0.0006 7.92 23.62 0.0005 0.14 76.69 <0.0001
X1X2 (kg/t) 0.020 0.026 0.8753 0.13 0.37 0.5539 0.025 13.94 0.0033
X1
2 51.66 66.66 <0.0001 2.57 7.67 0.0182 0.052 28.85 0.0002

X2
2 (kg/t) 2.760E�3 3.561E�3 0.9535 0.33 0.97 0.3451 4.012E�4 0.22 0.6475

Lack of fit 0.57 0.67 0.5924 0.65 3.00 0.0950 3.241E�3 2.53 0.1308
Pure error 0.85 0.22 1.281E�3
SD 0.88 0.58 0.043
Mean 60.25 20.95 0.92
CV (%) 1.46 2.76 4.63
AP 27.609 30.752 34.605
R2 0.9808 0.9823 0.9845
Adjusted R2 0.9721 0.9742 0.9774
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3.4.1. Effect of pH and NP dosage on the Cu recovery
As to Cu recovery, the 3D simultaneous effects of process pH

and NP dosage for c-Al2O3, a-Fe2O3, SiO2 and TiO2 NPs are shown
in Fig. 4a–d, respectively, whereas observed, this recovery depends
more on the pH than the NP dosage, thus making pH the most
effective parameter. Recovery increases by an increase in both
the parameters for all NPs (except for TiO2). This dependency on
pH can be attributed to its performance on NPs. Because NPs stabi-
lize the froth with their large surface area; an increase in the NPs
concentration produce smaller bubble and bigger surface area, thus
causing an increase in recovery. Accordingly, any amount of NP
dosage indicates a positive effect on recovery for all NPs. As
observed in Fig. 4d, as to TiO2 the effect of pH and NP dosage on
the Cu recovery are positive until the pH pulp reaches 11, after
which a decreasing trend is followed as the pulp pH increase. This
phenomenon indicates that by increasing pH (with the range of
11–12) the bubble coalescence in the froth on the surface decrease
in presence of TiO2 which is directly related to drainage of the



(a) γ-Al2O3 (b) α-Fe2O3 (c) SiO2 (d) TiO2

Fig. 4. Response surface plots showing the effects of pH and NP dosage on Cu recovery for different NPs.

(a) γ-Al2O3 (b) α-Fe2O3 (c) SiO2 (d) TiO2

Fig. 5. Response surface plots showing the effects of pH and NP dosage on Cu grade for different NPs.

Table 11
ANOVA results for Cu recovery (Y1), grade (Y2) and flotation rate constant (Y3) for TiO2.

Y1 (%) Y2 (%) Y3 (1/min)

Mean square F value p-value, Prob > F Mean square F value p-value, Prob > F Mean square F value p-value, Prob > F

Model 114.31 91.04 <0.0001 24.89 237.47 <0.0001 0.67 253.93 <0.0001
X1 5.18 4.13 0.0670 107.58 1026.29 <0.0001 1.27 483.57 <0.0001
X2 (kg/t) 32.40 25.80 0.0004 13.46 128.36 <0.0001 0.064 24.28 0.0002
X1X2 (kg/t) 0.18 0.14 0.7122 2.20 21.03 0.0008
X1
2 374.04 297.90 <0.0001 1.06 10.14 0.0087

X2
2 (kg/t) 0.80 0.64 0.4423 0.035 0.33 0.5749

Lack of fit 4.48 100.21 0.0289 0.21 3.16 0.0860 2.178E�3 0.73 0.6386
Pure error 0.045 0.066 2.979E�3
SD 1.12 0.32 0.051
Mean 57.96 22.74 0.87
CV (%) 1.93 1.42 5.92
AP 23.409 46.166 40.526
R2 0.9764 0.9908 0.9732
Adjusted R2 0.9657 0.9866 0.9693

(a) γ-Al2O3 (b) α-Fe2O3 (c) SiO2 (d) TiO2 

Fig. 6. Response surface plots showing the effects of pH and NP dosage on Cu flotation rate constant for different NPs.
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liquid available in the bubbles which ultimately reduce recovery.
As observed in Fig. 4d, the presence of TiO2 has a positive effect
and by an increase in NP dosage increases recovery.

3.4.2. Effect of pH and NP dosage on the Cu grade
The 3D surface plots of the two parameters’ effects on the Cu

grade for c-Al2O3, a-Fe2O3, SiO2 and TiO2 NPs are shown in
Fig. 5a–d, respectively. Fig. 5a–d reveal the synergistic effect for both
the parameters while pH has the greatest influence on Cu grade and
a slight effect of theNP dosage is observed on thea-Fe2O3 grade. The
copper grade gradually increases with an increase in the pH for all
NPs. The percentage grade increases with an increase in c-Al2O3,
SiO2 and TiO2 NP dosage. This finding is in agreement with the
p-values in Tables 8–11 obtained from ANOVA analysis.
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3.4.3. Effect of pH and NP dosage on flotation rate constant
The combined effects of the two independent parameters on

flotation rate constant for c-Al2O3, a-Fe2O3, SiO2 and TiO2 NPs
are presented in Fig. 6a–d, respectively. The drown plots reveal
that pH has a greater influence on flotation rate constant than
dosage. Both the parameters exhibit a similar impact on the flota-
tion rate constant for SiO2 (Fig. 6c) and TiO2 (Fig. 6d) where a linear
decrease in flotation rate constant is apparent with an increase in
pH and NP dosage. This can be related to the reduction of selectiv-
ity with increasing NP dosage. A similar result for the influence of
pH on flotation rate constant for c-Al2O3 (Fig. 6a) and a-Fe2O3

(Fig. 6b) is observed, while by increasing the amount of NPs, the
flotation rate constant increases for c-Al2O3, a-Fe2O3 NPs as well.
This increase can be attributed to high surface area and accessibil-
ity of attachment sites by increasing NPs amount. The reduction in
flotation rate constant is linear in the Eqs. (4) and (13) and the
same holds true in Fig. 6a and d.
3.5. Optimizing of RSM results

To study the flotation kinetic behaviour, the effects of different
pHs and NP dosages, on the flotation rate constant were assessed,
while Cu recovery (Y1) and Cu grade (Y2) remain most important
objectives in optimization studies; therefore, only Y1 and Y2 are
of concern. It should be noted that the optimized values of flotation
rate constant for the NPs are approximately within the range of
0.82–1.05, such that the maximum value is obtained 1.05 for c-
Al2O3 NP. In our study, because the optimal value of the flotation
rate constant is not the required response (the maximum recovery
and grade values are the most important), and because with con-
sidering the optimal value, the desirability function value
decreases; therefore, the effect of flotation rate constant was not
considered.

The objective of RSM is to optimize the Y1 and Y2 values for both
the independent parameters at different selected ranges in a simul-
taneous manner. Here, the pH and NP dosage values are main-
tained within the selected range of experimental condition. The
optimal responses are obtained through the desirability function
method, most widely applied in optimization of multiple response
process in Design Expert software environment [42,43]. The opti-
mum pHs and NP dosages in finding the maximum copper recov-
ery and grade with the highest efficiency for these four NPs are
tabulated in Table 12.

The confirmatory experiments are run through the recom-
mended optimum conditions for all the NPs to check the model
validity. The obtained results indicate that the copper recovery
and grade are the highest for a-Fe2O3 and c-Al2O3 NPs subject to
optimum conditions pH = 12 and NP dosage = 6 kg/t, respectively.
Because recovery is of high importance and also the grade is close
to maximum value for a-Fe2O3 NP; therefore, this NP is recom-
mended as having the best ability to improve column flotation
performance.

Finally, it is important in this case to highlight that nanoparti-
cles can greatly affect the froth phase. The experimental observa-
tions indicate that applying nanoparticles in the mineral flotation
Table 12
Most effective independent parameters applied in finding the optimum responses Y1
and Y2 for NPs.

Nanoparticle X1 X2 (kg/t) Y1 (%) Y2 (%) Desirability

c-Al2O3 12.00 6 69.35 29.81 0.969
a-Fe2O3 12.00 6 71.30 27.06 0.963
SiO2 11.96 6 65.80 26.00 0.964
TiO2 11.33 6 65.06 25.49 0.785
Without NPs N/A N/A 62.00 24.78 N/A
lead to generation of many small bubbles in the froth phase and
by preventing bubbles coalescence or burst, the froth is become
more stable. It can be deduced that nanoparticles are highly con-
tributive in having uniform bubble diameter and the recovery
and flotation performance strongly depend on froth stability
[27,28].

4. Conclusions

Here, the laboratory column flotation cell located at Sarchesh-
meh Copper Complex is applied in assessing the effect of nanopar-
ticles on the flotation performance through RSM technique. For
this purpose, c-Al2O3, a-Fe2O3, SiO2 and TiO2 nanoparticles due
to their large possessing surface to volume ratio are selected as
the froth stabilizers. The a-Fe2O3 NPs have the higher copper
recovery, 71.30% at optimum experimental conditions, obtained
through CCD method among its counterparts. The pH is a more
effective parameter on all three responses, copper recovery, grade
and flotation rate constant than NP dosage. For copper grade at
optimum conditions, c-Al2O3 NPs reveal optimal value of 29.81.
However, a-Fe2O3 nanoparticle is recommended as having the best
ability to improve column flotation performance. Assessing the
flotation rate constant is run for evaluating the nanoparticle
impact on flotation kinetic. The agreement between the actual
and predicted values are acceptable, that is, their applicability in
the mining industry. The results obtained here at optimum condi-
tions indicate that these nanoparticles can be applied efficiently for
mineral separation in industrial samples in general, but here, in
specific, could increase copper recovery and grade.
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