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ABSTRACT 

In the scope of this dissertation, a methodology was proposed where methods of desenho of experiments were 

used and its correct analysis was made. The methodology created can easily be adapted to any laboratory 

experimentation. For the test of the proposed methodology, a study was carried out on the flotation of chalcopyrite 

with the preferential depression of the pyrite in a sulphide ore from the Neves-Corvo Mine. 

For the methodology proposed, the Taguchi method and a full factorial plan for the design of the experiments were 

used. The first one makes use of fractional factorial plan, so it was used to make a selection of the input variables. 

In this case, eight variables were used: particle size, dosage of depressor in grinding, impeller speed, air flow rate, 

aeration, dosage of depressant in the cell; chalcopyrite collector dosage and pH. After the analysis of the results 

through the mean of means, it was concluded that the two variables that most affected the flotation were the airflow 

and the dosage of the collector. Then, it was carried out the desing of a full factorial plan with these two variables 

at three levels, which determined where the tests were to be carried out in order to obtain a model that optimized 

the flotation. An ANOVA was performed and a 2FI model of the Cu / Fe selectivity response was obtained. The 

optimum levels for flotation were 4 l/min of air flow and 15 g/ton/% of collector dosage. 
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INTRODUCTION 

As Napier-Munn (2010) said in mineral processing the experiments are usually carried out to determine if there is 

any benefit in introducing changes in the process conditions or to identify or quantify if any of the process variables 

have more influence than the others. So, for froth flotation some studies use a full factorial plan to design the 

experiments, but this produces a considerable amount of teste needed to make. So as it is used in biochemistry for 

optimization and evaluate the process (Pant & Rai, 2018), the Taguchi method uses fractional factorial plans to 

design the experiments, which results into smaller amount of tests needed to be done. Therefore, when we have a 

system with many variables that can affect the response of the system this method is beneficial, although it does 

not evaluate any interactions between variables.  

This test savings is only possible due to the use of fractionated factor plans in order to suppress the study of most 

of the redundant information, Taguchi further argues that the relevant information is concentrated in a limited 

number of experiments (Castro, 2001). On the other hand full factorial  plan is an experiment design tool whose 

design consists of the use one or more factors, in this case input variables, which are described in levels and whose 

experimentation takes into account all combinations of levels of input variables (https://www.saylor.org/site/wp-

content/uploads/2011/08/PSYCH202B-3.1.4-Factorial-Experiment.pdf)). The full factorial plan is defined by a 

structured test plan using statistical criteria oriented to determine the effect of the variables and their interactions 

on the results of a given system or process (Fisher, 1935).  

Next it is necessary to learn about the variables that can affect the responses in froth floatation of ores. As Arbiter 

& Colin (1962) described that there are many factors that can affect the flotation process and can be divided into 

four categories such as the properties of raw material like: nature of valuable mineral, secondary valuable minerals, 

associated gangue, degree of oxidation during mining etc; grinding and classification like oxidation during 

grinding, chemicals added during grinding, pulp density during grinding, degree of hardness minerals and gangue 

etc; conditioning like chemicals added, order and form of adding chemicals and temperature etc; and the last 

category flotation: particle density, particle size, pulp density, temperature, pH value, impeller speed, degree and 

type of aeration and height of froth etc. In the industry is usually analysed responses such as grade, recovery and 

selectivity between two mineral species.  
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As in this study a complex sulphide ore was used in whose problem was having a lot of pyrite in it. Due to the 

undesired flotation of this mineral it is necessary to introduce depressors in the flotation system so that one of these 

three mechanisms occurs: the collector is desorbed from the surface of the pyrite; deactivate the ions present in 

the pulp; or make the surface of the pyrite hydrophilic (Mu, Peng, & Lauten, 2016). For the mechanisms listed 

above there are various things that can be used. They can be inorganic depressor such as pH modifiers, oxidants, 

cyanide, organic depressants such as polysaccharide polymers, lignosulfonate base biopolymers, EDTA or use of 

inorganic bases, such as lime. 

The main objective of this study was to elaborate a methodology that could create a correct plan of experiments 

and could be adapted to any experiences that have a great member of variables and the resources to perform the 

experiences are reduced, but we did not want to lose the rigor that laboratory environmental needs to validate the 

results of the experiments. As these flotation tests were performed in a complex sulphide ore where it was also 

explored mechanisms to depress the pyrite in the final concentrate. 

2. ORE CHARACTERIZATION AND EXPERIMENTAL PROCEDURE 

2.1 Ore Characterization 

The sample used in this study is provident from Neves-Corvo Mine, in Alentejo. The sample was collected on the 

rod mill feed. The samples collected had a D80 of 15 133 µm, so it was necessary to crush the sample before doing 

the flotation tests. The sample was crushed firstly on a jaw crusher and then the sample was conducted to a gyratory 

crusher until its sizes was above  

2 000 µm. Then the sample was divided in 1 kg units in  a Jones divisor and it was put in the fridge, as it is a 

sulphurous sample its oxidation should be avoided, so Greet et al. (2005), said that the sample should be kept in 

an inert atmosphere, and they should be grinded immediately before flotation test be performed. In terms of its 

chemistry the sample was analysed with the FRX method and the chemistry of the sample is presented in the figure 

1. In the labels of the chart NSG means non-sulphide-gange.  

2.2 Experimental Procedure 

Prior to the flotation tests, the sample was grinded in a batch rod mill, the grinding was performed with 1 kg 

samples, 500 ml of water from the industrial water treatment plant, and 0,5 g of lime. If the test required the use 

of a depressor, it should be added at this stage  

After the grinding its necessary to put the pulp in a Denver flotation cell, with the capacity of 2,3l. If is define in 

the test that was going to use depressor, it’s in this phase that it´s going to be added and conditioned for 3 minutes. 

Then the colector was added and conditioned for 1 minute, pH was adjusted to the desired level. A flotation time 

of 14 minutes was performed. The concentrates were removed at predefined time intervals of 3, 7 and 14 minutes. 

After the test was done the concentrates were filtered and dried in the oven. A chemistry analysys was performed 

by the FRX method. 

3. PROPOSED METHODOLOGY 

The methodology proposed has seven distinct stages, which are: the identification of the problem to be solved, 

selection of the output variables, selection of the variables to be manipulated (input variables), selection of the 

levels to be tested, performance of the tests according to the Taguchi method, a full factorial plan and then finally 

the performance of tests in the optimal conditions for confirmation.  

2,30% 0,33% 1,19%

26,42%

28,83%

40,93%

Cu Pb Zn S Fe NSG

Figure 1 - Chemistry of the sample used to perform the flotation tests. 
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3.1  Identification of the problem to be solved 

In the case of study the problem solved was the optimization of the results of the process, by increasing the recovery 

of the chalcopyrite and reducing the recovery of the pyrite in the final concentrate by manipulating the operational 

variables in the presence of a new pyrite depressor. 

 

3.2 Selection of output variables (responses) 

The process output variables may be mineral, material or metal recoveries, selectivity, rate constants or others 

suitable for the particular case study. 

In the case of the study, the responses studied were those commonly used in the copper plant of the Neves-Corvo 

mine: copper recovery (Rec (Cu)), iron recovery (Rec (Fe)) and Cu/Fe selectivity Cu / Fe)). For the copper 

recovery is given by the equation 1: 

𝑅𝑒𝑐𝐶𝑢,1  =
  𝑀1∗𝑇(𝐶𝑢,1)

 𝑀𝑎∗𝑇𝐶𝑢,𝑎
                                                       (1) 

Where 𝑅𝑒𝑐𝐶𝑢,1, represents copper recovery in concentrate 1, where   𝑀1 refers to the total weight of concentrate 

1, 𝑇(𝐶𝑢,1) the grade in copper in concentrate 1, M a is total mass of the sum of the concentrates and tailings, and 

𝑇𝐶𝑢,𝑎 the grade in copper in feed. The formula of the selectivity is given by equation 2: 

𝑆𝑒𝑙𝑐 𝐶𝑢/𝐹𝑒 =   
𝑅𝑒𝑐 𝐶𝑢𝑓

𝑅𝑒𝑐 𝐹𝑒𝑓
                                                        (2) 

Where 𝑆𝑒𝑙𝑐 𝐶𝑢/𝐹𝑒  was the selectivity of copper for iron, 𝑅𝑒𝑐 𝐶𝑢𝑓 was the recovery in copper in the final 

concentrate and 𝑅𝑒𝑐 𝐹𝑒𝑓  was recovery in iron in the final concentrate. 

 

3.3 Select the input variables (factors) 

This selection is usually based on bibliographic research, practical knowledge, supplier consultation, etc. Salerno 

et al. (2017) disclose that characteristics such as surface chemistry, particle size or shape may affect the flotation 

process responses. 

After bibliographic research, reading of internal reports and know the process conditions the following variables 

were selected for modification: particle size; dosage of depressor in grinding, impeller speed; air flow rate; 

aeration; dosage of depressor in the cell; dosage of collector and pH. 

 

3.4 Selection of test levels for each input variable 

The selection of the number of levels considers the type of experiment plan to be carried out later, usually two or 

three.  

In the table1 it is presented the levels of the input variables considered for this case study. 

Table 1 -Input variables with the respective levels. 

Factors Units Levels 

 Lower  Upper 

Particle size µm 35 60 

Dosage of depressor in grinding g/ton 0 50 

Impeller speed r.p.m 1 200 1 400 

Airflow rate l/mim 4 6 

Areation min 0 1:30 

Dosage of depressor in cell g/ton 0 50 

Colector dosage g/ton/% 15 20 

pH  9,5 10,5 
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3.5  Conduct of tests planned according to the Taguchi method 

The Taguchi method design is proposed to reduce the input variables to be studied with the full factorial plan.  

For this study it was used a L12(2^8) which means a design of 8 factors with 2 levels which and a total of 12 tests. 

In figure 2 are presented all the factores with the levels.  

 

 

Figure 2 - Experiments needed to be done with Taguchi method. 

In the Taguchi design it was analysed the effects of the main factors calculate by the mean of means, because it 

were not done any replications of the trials. It was also done a ANOVA for the response Cu/Fe selectivity. 

Table 2 presents the responses evaluated during the study. The tests were performed according to the experiential 

procedure exposed in section 2.2.  

Figure 3 presents the mean of means chart. It is important to note that the input variables that most affect the 

process of flotation were the ones that showed a bigger slopes. 

 

Table 2 -Responses for the experiments carried out by the Taguchi method. 
 

Recovery (%) Selectivity  

  Copper Iron Cu/Fe 

F.T 1 94,66 38,81 1,71 

F.T 2 95,73 49,25 1,50 

F.T 3 95,33 34,13 2,09 

F.T 4 95,02 40,13 1,84 

F.T 5 95,47 49,52 1,66 

F.T 6 96,52 50,70 1,39 

F.T 7 96,26 50,68 1,64 

F.T 8 96,31 54,50 1,46 

F.T 9 87,01 51,48 1,18 

F.T 10 95,26 48,62 1,65 

F.T 11 97,80 52,17 1,54 

F.T 12 95,49 43,10 1,54 

Mean 95,48 49,38   

Standard deviation 2,56 6,05   
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As it was seen the airflow and colector dosage were the ones whit a bigger slope, so we assume that these two 

input variables are the ones most influence flotation the most. The correlation between the factors and the response 

is negative.  

After it was done a ANOVA that is showed in table 3. 

Table 3 - ANOVA for response Cu/Fe selectivity. 

Source Sum of Squares df Mean Square F-value p-value 

 

Model 0,4315 8 0,0539 1,13 0,5113 not significant 

A-Airflow 0,1160 1 0,1160 2,43 0,2169 

 

B- Impeller speed 0,0001 1 0,0001 0,0028 0,9612 

 

C-Depressor in grinding 0,0280 1 0,0280 0,5870 0,4993 

 

D-pH 0,0021 1 0,0021 0,0447 0,8462 

 

E-Depressor in cell 0,0096 1 0,0096 0,2017 0,6838 

 

F-Dosage of collector 0,2523 1 0,2523 5,28 0,1051 

 

G-Aeration 0,0176 1 0,0176 0,3692 0,5863 

 

H-Particle size 0,0056 1 0,0056 0,1180 0,7539 

 

Residual 0,1433 3 0,0478 

   

Cor Total 0,5748 11 

    

 

As it is seen the data does not have any statistical significance because the p-value are above 0.05. Although the 

airflow and dosage of collector have the smallest p-value which we can conclude that these two are the ones that 

had a bigger effect in the response.  

3.6  A full factorial plan was performed  

It was performed a full factorial design of experiments for the two main factores that affect the flotation. So, as we 

known the full factorial plan is given by a X^k where the X is the number of levels of the factors and k represents 

the number of factores tested. In this method it is possible to evaluate the possible interactions between variables.  

Figure 3 -Chart of the main effects in the response Cu/Fe selectivity 

Airflow rate Depresor in Grinding pH Depressor in Cell

 

Impeller speed Collector dosage Areation Particule size 
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In this case study was used a full factorial plan given by a 3^2 that represents a total of nine tests done. It was also 

done replication of one of the tests to calculate the error that is associate doing the same test in the same conditions. 

After the tests were done and it was necessary to analyse the results. A was done ANOVA. In the table 4 is shown 

the test performed according to the design, and also shows the results obtained.  

Table 4 – Combinations of variables and results of the test design following the full factorial plan. 

Flotation Test Airflow 

(l/min) 

Dosage 527 E 

(g/ton) 

Recovery Cu 

(%) 

Recovery Fe 

(%) 

Selectivity 

Cu/Fe 

1 4 15 96,90 46,43 2,09 

2 4 20 95,33 51,58 1,85 

3 4 25 97,26 59,68 1,63 

4 5 15 94,87 49,78 1,91 

5 5 20 96,33 54,22 1,78 

6 5 25 96,35 58,79 1,64 

7 6 15 95,81 52,71 1,82 

8 6 20 96,30 54,58 1,76 

9 6 25 97,59 61,38 1,59 

 

So, the first step was to seen which model best fits the data and the model was 2FI that is a linear model but with 

the interaction between factores. In table 5. For doing the ANOVA it was used a free trial of the Design-Expert 11 

software.  

Table 5 – Test model with the analysys of de coefficient of determination. 

Source Std. Dev. R² Adjusted R² Predicted R² PRESS 

 

Linear 0,0591 0,8825 0,8532 0,7365 0,0626 

 

2FI 0,0458 0,9382 0,9117 0,8760 0,0295 Suggested 

Quadratic 0,0528 0,9413 0,8826 0,8124 0,0446 

 

Cubic 0,0627 0,9504 0,8347 0,6793 0,0762 Aliased 

 

As it is desirable that R², coefficient of determination, is close to 1 as possible and the difference between the 

R²ajusted and predicted should be minimum as possible. So, it i1s because of those criteria that the response 

selectivity was modeled by a 2FI model. In table 6 is shown ANOVA for the response. 

Table 6 – ANOVA for the response selectivity of Cu/Fe. 

Source Sum of Squares df Mean Square F-value p-value 

 

Model 0,2229 3 0,0743 35,41 0,0001 significant 

A-Ar 0,1536 1 0,1536 73,20 < 0.0001 

 

B-Conc 0,0561 1 0,0561 26,74 0,0013 

 

AB 0,0132 1 0,0132 6,30 0,0404 

 

Residual 0,0147 7 0,0021 

   

Lack of Fit 0,0032 5 0,0006 0,1124 0,9775 not significant 

Pure Error 0,0115 2 0,0057 

   

Cor Total 0,2376 10 

    

 

The table 6 shows that both variables and it´s interaction is statistical significant, because p-value are above 0,05. 

So it was possible to use this model to estimate the effect os the input variables in the response. The equation 3 

shows the response in terns of values of the input variables 



Summary of dissertation for Master degree, Instituto Superior Técnico, Lisboa, October 2018 7 

 

𝑺𝒆𝒍𝒆𝒄 𝑪𝒖/𝑭𝒆 =  𝟒, 𝟎𝟕 − 𝟎, 𝟑𝟗 ∗ 𝑪. 𝑨𝒓 − 𝟎, 𝟎𝟕 ∗ 𝑪. 𝟓𝟐𝟕𝑬 + 𝟎, 𝟎𝟏 ∗ 𝑪. 𝑨𝒓 ∗ 𝑪 − 𝟓𝟐𝟕𝑬            (3) 

Where 𝐶. 𝐴𝑟 is the airflow in l/min and C.527E is the concentration of collector in g/ton/%. 

In figure 4 it was observed that when the air flow rate was lower, the concentration of 527E had a greater effect 

on Cu / Fe selectivity response. It is also observed that when the air flow increases the concentration of 527E have 

less effect in the response, this is due to the drag mechanism of undifferentiated particles for the concentrate. In 

figure 5 the model presents a vertex with a tail because of the interaction of the input variables. 

 

 

In ANOVA it was also possible to obtain the optimum values for the response and that were 4 l/min for the airflow 

and 15 g/ton/% for the dosage of collector. So, we should conclude that for higher values of selectivity the levels 

should be kept in the inferior level.  

 

3.7  Carrying out the tests in the optimal conditions of the process to confirm the results 

obtained by simulation 

This is the last stage of the proposed methodology, it is in this stage that after obtaining the mathematical model 

of the process, experiments are done in order to confirm all the previous work. 

In the case of study it was not possible to perform the confirmatory. 

4. CONCUSION 

In the first round of tests, the Taguchi method was used, after the tests and the analysis of the mean of means, it 

was concluded that the air flow and the dosage of 527E were the ones that would have a greater influence on the 

response: Cu / Fe selectivity. This was the factors that had greater weight in the decisions of choosing the best test. 

Next, the design of a factorial plane was carried out with the two variables that most influenced the flotation. 

ANOVA was performed to evaluate the results of the tests. A 2FI model was used to model the selectivity factors, 

which best evaluates the relationship between copper recovery and iron recovery. It was intended that the 

selectivity should be maximized and when optimizing the model in the experimental space it was observed that 

the levels of the responses should be kept at their lowest level: the air flow should be maintained at 4 l/mim and 

the dosage and 527E should be maintained at 15g / ton/%.  

 

4.1 Future works 

As future work would be interesting to apply the methodology elaborated during this study to other laboratory 

experiments, such as the test of new reagents or the influence of certain parameters that have not yet been studied. 

Figure 5 - Model surface for 2FI Figure 4 -Interactions of input variables on the 

response 
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It would also be interesting that further experiments were carried out in which the experimental space was extended 

to lower levels in order to continue the study of the influence of these two variables on the Cu / Fe selectivity 

response. 
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