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Synopsis

Response surface methodology (RSM), central composite design (CCD), and desirability functions were
used for modelling and optimization of the operating factors in chlorite and talc (collectively termed
‘mica’) flotation. The influence of pulp pH, cyanide (NaCN) consumption, and particle size was studied
with the aim of optimizing ssilicate flotation while minimizing recoveries of galena, chalcopyrite, and
sphalerite.

Flotation tests were carried out on a representative sample of a complex sulphide ore from Draa Sfar
mine (Morocco). The model predictions for the flotation of each of the minerals concerned were found
to be in good agreement with experimental values, with R? values of 0.91, 0.98, 0.99, and 0.90 for mica,
galena, chalcopyrite, and sphalerite recoveries, respectively. RSM combined with desirability functions
and CCD was successfully applied for the modelling of mica flotation, considering simultaneously the
four flotation responses to achieve the maximum recovery of mica and minimal loss of Pb, Cu, and Zn to
the flotation concentrate.

Keywords
chlorite, talc, flotation, response surface methodology, central composite design, optimization.

Introduction

The Mining Company of Guemassa (MCG), located 30 km southwest of Marrakech in Morocco, applies
a selective flotation process to produce 13.812 t of lead (galena) concentrate, 16.755 t of copper
(chalcopyrite) concentrate, and 72.970 t of zinc (sphalerite) concentrate per annum (Managem Group,
2014). The ore processed consists of sphalerite, galena, chalcopyrite, pyrite, pyrrhotite, chlorite, talc,
amphibole, calcite, dolomite, and ankerite (Hibti, 2001). The flotation circuit comprises three stages

- galena recovery, followed by chalcopyrite, and finally sphalerite recovery, using common processes
for sulphide flotation (Cao and Liu, 2006), but the presence of chlorite and talc, which have a natural
floatability, lowers the grade of the lead concentrate. An additional ‘mica’ flotation circuit, upstream of
the lead flotation circuit, is used from time to time to reduce the content of these silicate minerals in the
feed to lead flotation.

The statistical design of experiments (DOE) (Box, Hunter, and Hunter, 1978; Akhanazarova and
Kafarov 1982; Obeng, Morell, and Napier-Munn, 2005; Napier-Munn 2012; Ennaciri et al., 2014),
which has several advantages over the classical method of treating one variable at a time, is used for
optimization and modelling process parameters in mineral processing. These statistical techniques
have been used to study the flotation of minerals (Yalsin 1999; Rao and Mohanty 2002; Cilek and
Yilmazer 2003; Martinez et al., 2003; Martyn et al., 2008; Mehrabani et al., 2010; Vazifeh, Jorjani, and
Bagherian, 2010; Boujounoui et al., 2015, 2018) as well as in predicting performance in several plants
using multivariable statistical modelling (Lind, Yalcin, and Butcher, 2003).

This study is a part of an overall project to improve the performance of the MCG flotation plant by
optimizing the mica flotation, as well the recycling of process water. (Abidi et al., 2014, 2016, 2019;
Boujounoui et al., 2015, 2017, 2018, 2019). Since the MGC plant is located in a semi-arid climate,
improving the rate of process water recycling is still a serious target, despite the possible modification in
the flotation conditions.

The aim of the present work is to apply DOE techniques for the optimization, at batch scale, of
mica flotation (‘natural flotation’). The study targeted the three most influential factors in flotation;

i.e. the pulp pH, the consumption of cyanide (NaCN), and the particle size (d,,). The main effects and
interactions of these factors on the flotation responses will be determined and modelled to find the
optimum operating conditions, with the aim of selectively removing the mica minerals from galena,
sphalerite, and chalcopyrite.
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To achieve this goal, the response surface methodology
(RSM) and the desirability functions were applied. RSM is a
collection of statistical and mathematical techniques useful for
the modelling and analysis of problems in which a response of
interest is influenced by several variables and the objective is to
optimize this response (Anderson and Whitcomb, 2000).

In this study the central composite design (CCD) was
used extensively in building the second-order response
surface models. CCD has been successfully used to design an
experimental programme to provide data to model the effects
of operating factors and cyclone geometry on the operational
performance of a three-product cyclone (Obeng, Morrell, and
Napier-Munn, 2005).

Experimental

Material and methods

Bench-scale flotation tests were carried out on a representative
sample of the complex sulphide ore from MCG’s Draa Sfar mine
(Marrakech, Morocco). The ore used was the same as that used
by Abidi et al. (2014) and Boujounoui et al. (2015, 2018, 2019).
It was composed of sphalerite, galena, chalcopyrite, pyrrhotite,
and gangue minerals consisting mainly of quartz, talc, chlorite,
calcite, siderite, and ankerite.

A representative sample of 150 kg was taken from the feed
belt of the primary ball mill at the flotation plant and crushed
to 2 mm using laboratory roll crushers. The crushed sample
was stored in vacuum-sealed bags to prevent oxidation of the
sulphide minerals.

Prior to the flotation tests, samples of 500 g were milled in
250 ml of Marrakech drinking water using a Denver carbon-steel
ball mill. The size fractions studied in this work were d;, = 60,
120, and 180 pm.

Flotation experiments

Flotation tests were carried out on 500 g samples of milled ore
using tap water in a Denver flotation cell with a capacity of 1.5
liters. The initial solid concentration was approximately 27%
by weight. The impeller rotation speed was fixed at 1000 r/min.
NaOH: was used as a pH regulator, with NaCN: as a depressant
for sphalerite, chalcopyrite, and, pyrrhotite, and methyl isobutyl
carbinol (MIBC) as frother (40 g/t).

The flotation time was 9 minutes for each test and the
concentrates were recovered by automatic scraping every 30
seconds. The level of the pulp was constantly adjusted by
water addition. The concentrate and tails were filtered, dried,
weighed, and analysed by atomic absorption spectroscopy for
Cu, Pb, Zn, Fe, Si0,, AL,0,, and MgO. Elemental recoveries to the
concentrates were calculated according to the following equation:

Ct,
At

R=100

[1]
s
where R (%) is the recovery, ¢, (%) is the concentrate element
grade, ¢; (%) is the feed metal grade; C'is the concentrate weight,
and A is the feed weight.

Talc and chlorites (‘mica minerals’) recovery was calculated
as:

R’]:[]jcas’ = RSiOz + RMg0+ RA1203 [2]
In this equation mica recovery could be overestimated due

to the recovery of quartz by entrainment. However, this will not
affect the target of the separation, i e. removal of all the gangue.
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Design of experiments

In order to determine the optimum operating conditions
concerning mica flotation, and the corresponding metal losses
(Pb, Cu, and Zn) in this step, the response surface methodology
(MRE) (Bagaoui et al., 2002; Ennaciti et al., 2014; Boujounoui
et al., 2018) was applied. This method allows the search
for the optimum settings of the factors to achieve a desired
response. Central composite design (CCD) was used to assess
the relationship between the three more influential factors (X,
X,, and X;) in mica flotation (i.e. pH, NaCN, and particle size)
and the studied responses - the recoveries of micas (Y1, R yg)
galena (Y2, RPb), chalcopyrite (Y3, RCu), and sphalerite (Y4,
RZn). It consists of the following parts:

(1) A full factorial or fractional factorial design

(2) An additional design, often a star design in which

experimental points are at a distance from the centre

(3) A central point (Mehrabani et al., 2010).

The number of experiments (N) for CCD is established
according to the following relationship:

N =2K+2*K +n [3]

with N the number of tests, K the number of factors, and n
the centre tests.

In this study, the three factors and five center tests
correspond to 19 tests to be performed.

A second-order polynomial model was used, which contains
only the terms (bi) and (bij) that will reflect the different effects
(main and interactions) of factor on the four studied responses
(Y1, Y2, Y3, and Y4).

The model can be written following Equation [4]:

Y =bo + b1X1 + b2aXo + b3 X3 +
b1iXi? + baXo*+ b33 Xa? + biaXaXa + [4]
b13X1X3 + b23X2X3

where

Y: studied response

X investigated factor (7 varies from 1 to 3)

b,: a constant

b,: main effect of the factor 7

b;: interaction coefficients between factors / and j

The CCD was processed by Nemrodw Software (Mathieu et
al., 2000), in which the experimental sequence was randomized
in order to minimize the effects of the uncontrolled factors.

The CCD and the corresponding experimental conditions and
responses are given in Tables I and II.

Results and discussion

The results in Table I show that mica recovery vary between 37%
and 78% and the metals losses between 26% and 67% for lead,
16% and 55% for copper, and 13% and 27% for zinc.

The estimation coefficients of the postulated model (Equation
[4]) were determined by the least-squares method. The
interpretation of the coefficients, main effects of factors (b,), and
interaction effects (b;) was done using statistical tests on the
coefficients by using the estimated variance from replicates and
Student’s test (to/2,d) (Boujounoui et al., 2015, 2018). Factors
considered statistically significant are those with a significance
level higher than 95% (p-value < 0.05). Positive coefficients (b,
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Table Il
Experimental design and results of flotation tests
No. exp X, pH X, NaCN, mg/L X; dgy, um Y1 Y2 Y3 Y4
1 7.5 0 60 59.6 57.29 55.29 24.07
2 125 0 60 51.2 67.03 32.64 19.29
3 75 350 60 47.05 35.76 17.73 16.47
4 125 350 60 47.38 66.18 2158 1757
5 7.5 0 180 37.09 26.42 33.7 18.38
6 125 0 180 38.16 57.78 418 27.32
7 7.5 350 180 50.2 37.11 22.28 13.41
8 125 350 180 45.32 51.33 18.86 16.4
9 7.5 175 120 63.24 35.37 23.3 23.64
10 125 175 120 48.79 52,67 21.41 18.44
11 100 0 120 58.84 4322 43.36 27.07
12 10.0 350 120 75.16 45.9 25.25 20.33
13 100 175 60 78.44 54.88 26.81 23
14 10.0 175 180 66.41 36.12 20.77 19.21
15 100 175 120 45.06 41.65 16.51 14.09
16 10.0 175 120 61.65 35.27 1853 17.66
17 10.0 175 120 51.14 37.32 16.43 13.58
18 10.0 175 120 56.8 43.94 17.32 1478
19 100 175 120 47.42 46.56 19.36 16.87
Table | Table Ill
Variables, factors, and experimental domains chosen Estimated coefficients for Y responses
for the CCD Response |Coefficient | Coefficient estimation|F. Inflation| Significance (%)
Variable Factor Domains V1 b 55.290 _ <0.01"
X . .
X1 pH 7.5-12.5 b, —2.633 1.00 1.3
X2 NaCN, mg/L 0-350 b, 0.487 1.00 77.0
X3 dso, ym 60-180 b, -4.649 1.00 1.55*
b, 0.725 2.88 85.1
by, -26.150 5.61 0.192*
bys 17.135 2.88 0.326"
or b;) indicate that the variables increase the studied response b, 0.348 1.00 83.2
(Yi), and negative coefficients a decrease. E‘a 2'225 1'88 ;‘Z;
The considered mathematical models were validated using vo bza 24,076 - 001
analysis of variance (ANOVA), F-test, and also checked by the b, 7107 133 0.0202"*
correlation coefficient (R?) (Haider and Pakshirajan, 2007). When b, 1.651 1.33 8.1
the values of R2 are close to unity, the model offers an appropriate ;’s ‘18332 1:3 <(9)5?1
explanation of the variability of experimental values with respect o 0.465 150 26
. . . 22 - : g
to the predicted values (Liu and Wang, 2007). An adjusted by, 1.405 152 314
determination coefficient (R?,;) was used as a measurement b, 4.438 1.40 0.326™
of the proportion of the total observed variability described by E*s ‘3222 1:8 . 0‘313
the model. After validation, the different models were used to va b” 17'845 : ' 001
. . . o . - <0.
graphlcauy represent the response surfaces in the domain gf ' b, 5043 150 0.0365 ***
interest (iso-response curves) to interpret the results (Boujounoui b, -5.895 1.50 0.0471 **
et al., 2018). b, -5.192 1.37 0.0527 **
by, -1.323 2.79 427
; by 12.764 2.79 0.0282 **
Analysis of Y responses o 677 206 0566
Factor effects and coefficients estimation by -2.538 144 232"
, . . . b 7.346 1.44 0.0226 ***
The coefficients estimated from the results obtained are displayed b: 0628 14 203"
in Table III.
Y4 by 14.830 - <0.01
For Y1: The analysis of the different effects shows that b, 1.031 1.00 226
the particle size (b, =-4.649) has a significant effect on the b, -3.195 1.00 0.379 ™
mica flotation (with a significance level of 95% (p-value 0.05). é’a _;ggg? ;gg 045‘23 -
Furthermore, the more significant interaction effect (with a by 8.870 281 0.356 **
significance level of 95% (p-value < 0.05) is NaCN/particle size bss 6.275 2.81 157
(b,; = 4.580). From these results, the mica recovery can be by, —0.009 1.00 9.8
. . ) by 1.951 1.00 431+
described by the following model (Equation [5]): b _0.821 1,00 57
s . . :
Y1 = 55290 -4.649 X3+ 4.580 ***: Statistically significant at the 99.9% level (p value < 0.001)
2 2 [5] **: Statistically significant at the 99% level (p-value < 0.01)
X2X3-26.150 X%+ 17.135 X3 *: Statistically significant at the 95% level (p-value < 0.05)
The Journal of the Southern African Institute of Mining and Metallurgy VOLUME 120 DECEMBER 2020 695 «
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The mica recovery model presents a high determination
coefficient Rz = 0.91, explaining 91% of the variability in the
response. The adjusted determination coefficient (R?,; = 0.80)
and F-test = 7.97 were also satisfactory and confirmed the
significance of the model.

For Y2: The pH (b, = 7.107) and particle size (d,,) (b; =
-10.435) have a significant direct effect (with a significance
level of 99.9%, p-value < 0.001) on the galena recovery. The pH
favours losses of galena (Pb); on the other hand, the particle
size (d,,) reduces the losses of Pb at the mica flotation stage. As
regards the interactions between factors, the more significant
interaction effect is NaCN/particle size (dy,) (b,; = 7.323) followed
by the pH/NaCN (b,, = 4.438), and finally the interaction pH/
dy, (b,; =-3.318). The galena recovery (response Y2) can be
described by the following model (Equation [6]):

Y2 =44.076 +7.107 X1 —-10.435 X3 + [6]
4.438 X1X2-3.318 X1X3+ 7.323X2X3

The correlation between the theoretical and experimental
responses, calculated according this model, is satisfactory (R2 =
0.98, R?,; = 0.97, and F-test = 50.28) (Sayyad et ., 2007).

For Y3: All factors (X,, X, and X;) are involved in different
interactions. The most significant interactions are pH/dj, (b,; =
7.346), pH/NaCN (b,, = -2.5381) and NaCN/d,, (b,; = -2.628).
The mathematical model describing the response R ¢, (Y3) as
a function of the significant factors can be written as follows
(Equation [7]):

Y3 =17.845-6.243 X1—5.895 X»-5.192
X3+12.764 X% + 5.677 X*3-2.538 X1 Xo+

7.346 X1X3-2.628 XoXs.

The correlation between the theoretical and experimental
responses, calculated by the model, according to R* = 0.99, R?,; =
0.97, and F-test = 6.42, is satisfactory.

For Y4: The factor NaCN (b, = -3.195) has a significant effect
on the sphalerite recovery (Zn), with a significance level of 99%
(p-value < 0.01. Furthermore, the more significant interaction
effect, with a significance level of 95% (p-value < 0.05), is pH/
particle size (b,; = 1.951).

From these results, the sphalerite recovery can be described
by the following model (Equation [8]):

Y4 = 14.830-3.195 Xo— 10.861X;*+ 8.870
X%+ 6.275 X235+ 1.951 XiX3

[7]

(8]

The sphalerite recovery model presents a high determination
coefficient R2 = 0.90, explaining 90% of the variability in the
response. The adjusted determination coefficient (R, = 0.76)
and F-test -4.48 were also satisfactory and confirmed the
significance of the model.

Three dimensional (3D) responses surfaces and
isoresponse curves

In order to visualize the relationship between the response and
experimental levels of each variable, and the type of interactions
between the variables, in order to deduce the operating
conditions leading to optimal response (Tanyildizi, Ozer, and
Elibol, 2005; Vazifeh, Jorjani, and Bagherian, 2010; Ebadnejad,
Karimi, and Dehghani, 2013; Boujounoui et al., 2018), three-
dimensional (3D) response surface and isoresponse curves were
used. The objective is to maximize the selectivity of mica flotation
over metallic elements such as Pb, Cu, and Zn.

Figure 1 represents the variation in mica flotation according
to the interaction NaCN (X,) and particle size (d,) (X;), and
shows that the effect of particle size on mica flotation depends on
NaCN consumption. Indeed, the increase in cyanide consumption
with a small particle size (dy, = 60 pm) allows a maximum
recovery of mica (Y1 > 65%). On the other hand, at a particle size
of 180 pm the response is Y1 < 65%.

Figures (2a) and (2a’) show that low galena recovery (Y2
< 36%) can be obtained when the consumption of NaCN (X,)
is maximal (220-350 g/t) and the pH value (X,) a minimum
(7.5-8). Increasing the pH to 12.5 with maximum cyanide
consumption increases lead recovery (Y2 > 51%). This suggests
that the alkaline pH favours lead flotation (Fornasiero and
Ralston, 2006; Chandra and Gerson, 2009). On the other hand,
cyanide has no action on the lead depression (Seke, 2005).

Figures 2b and 2b’ show that the minimum lead recovery is
obtained for a d;, (X;) between 150 and 180 pym and pH (X,)
between 7.5 and 9. The pH increase with decreasing particle size
(dy,) gives a maximum lead recovery, because the basic pH and
the fragility of galena favour its flotation even in the absence
of the collector (Seke, 2005). Figures 2c and 2¢’ also show that
the lead recovery is minimal when the particle size (d,,0) (X;) is
between 150 and 180 pm and consumption of NaCN (X,) is low.

Thus, to minimize the loss of Pb in the mica circuit, it is
necessary to work at a dg, of 150-180 pm, a moderately alkaline
pH value (7.5-9), and low consumption of cyanide.

Figures 3a and 3a’ show the 3D response surface curve for
chalcopyrite (Cu) recovery (Y3) versus the interactions X, X
(pH/d,,), XX, (PH/NaCN). It is obvious that a low chalcopyrite

Granulo x3

180 T ERaast 53@

120 —

B0 —

Réponse

. 78.4

186

Granuld ’ %3

1 .
i

Figure 1—Mica recovery (Y1, %) versus the interaction between NaCN and particle size
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Figure 2—Lead recovery (Y2) versus the interactions between (a, a”) pH and NaCN, (b, b’) pH and d,, and (c, ¢’) NaCN and particle size

recovery could be achieved with an increase in particle size
(dy) and pH. Figures 3b and 3b’ show that the low chalcopyrite
recovery is obtained the higher levels of NaCN consumption
(175-350 g/t) and pH between 11 and 12.5.

Generally, sodium cyanide is a depressant of chalcopyrite
(Coetzer, du Preez, and Bredenhann, 2003; Seke, 2005;

Lefévre and Fédoroff, 2006; Ikumapayi, Johansson, and
HanumanthaRao, et al. 2010, and this effect is more apparent at
average concentrations.

Figure 4 shows the response surface curve of Zn recovery
(Y4) as a function of interaction X,X; (pH/ dj,). It is found that
the effect of particle size (d,,) on sphalerite flotation depends on
pH. Indeed, the minimal recovery of Zn (< 13%) is reached at the
extreme ranges of pH (X,) and particle size (X;).

Multi-criteria optimization using desirability function
To reach the targeted mica flotation and selectivity with respect

The Journal of the Southern African Institute of Mining and Metallurgy

to lead, copper, and zinc in the mica circuit, (Y) responses were
simultaneously optimized by using the desirability functions
approach to determine an acceptable compromise zone (Derringer
and Suich, 1980). This method first converts each estimated
response Y, into an individual scale-free desirability function d,
that varies over the range of zero outside of the desired limits
(If Y;(x) = Y; min.) to unity -the target (desired) value (if Y,(x)
= Y; max.) where Y; min. and Y; max. are the lower and upper
acceptability bounds for response Z, respectively (Boujounoui et
al., 2018). Once the function d; (partial desirability of response
Y,) is defined for each response of interest, an overall objective
function (D), representing the global desirability function, is
calculated by determining the geometric mean of the individual
desirabilities. Therefore, the function D over the experimental
domain is calculated using Equation [9] as follows (Bruns,
Scarminio, and de Barros Neto,. 2006):

D =(dl, d2, d3, d4)1/4 [9]

VOLUME 120 DECEMBER 2020 697 «
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The maximum of the function D gives the best global
compromise in the studied domain and corresponds to optimal
experimental conditions.

The low and target values assigned to each goal and the
partial desirability associated to the four responses are shown in
Table IV. The targeted value of mica recovery is 100%, and zero
for galena, chalcopyrite, and sphalerite. The minimal acceptable
value for mica recovery is 50%, and 25% is the maximal
acceptable value for galena, chalcopyrite, and sphalerite recovery.

The global desirability function D was calculated using the
Software NemrodWe, yielding a global degree of satisfaction for
the four responses of 22%. The response surface corresponding
to the global desirability function D is presented as contour and

» 698 DECEMBER 2020 VOLUME 120

three-dimensional plots. It can be seen from Figure 5 that the
acceptable compromise domain for better recovery of mica and
low recoveries of galena chalcopyrite, and sphalerite was where
pH values vary between 7.5 and 8.5, with average consumption
of NaCN and a high particle size dy, of 160-180 pm.

The maximum recovery of mica (53%) and low recoveries of
galena (28%), chalcopyrite (16%), and sphalerite (11%) were
obtained with the optimal experimental conditions of pH 8,
consumption of NaCN 180 g/t, and particle size d, of 180 pm.

To validate these results and to check the proposed model,
three additional flotation tests were carried out under the
predicted optimal operating conditions (pH = 8; NaCN: 180 g/t;
dy,: 180 pm; test duration: 9 minutes; impeller rotation speed:

The Journal of the Southern Afiican Institute of Mining and Metallurgy
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Table IV
Lower limits and target value and the partial desirabilities associated with the four responses
Response Lower limit % Target value % Weight d; % Calc. values % Exp. values %
Y1, (Ryess) 50 100 1 6.51 53.26 45.53
Y2, (Rpy) 25 0 1 4.83 28.55 25.90
Y3, (R(Cu)) 25 0 1 34.38 16.40 15.56
Y4, (Rgzy) 25 0 1 56.52 10.87 10.69
Réponzse
NaCN 2 a
3 @ |lHoe ()

o

175 =

] -

Réponse
Granuo
xa © || B oo ()

120

120

&0

180

120

&0

350
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Figure 5—Desirability function versus (a, b) pH and NaCN,; (c, d) pH and particle size, and (e, f) NaCN and particle size

1000 1/min). The results, as well as the corresponding values
calculated by the proposed model, are reported in Table IV. It can
be seen that the deviation between the experimental and the
predicted values is lower than 5%, indicating the good accuracy
of the model.

Conclusions

Central composite design, response surface methodology, and
multi-criteria optimization using desirability functions were used
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to optimize the flotation of chlorite and talc (‘mica’) and minimize
the loss of valuable metals (Pb, Cu, Zn) when there is a need to
float the micas prior to the current process at CMG. The modelling
and optimizing study, which concerned particle size, pH, and the
amount of NaCN, indicated the following;

> Better recovery of micas and low recoveries of galena,
chalcopyrite, and sphalerite were obtained at a moderately
alkaline pH, average consumption of NaCN, and a high
particle size (d80)
VOLUME 120

DECEMBER 2020 699 «



Optimization of chlorite and talc flotation using experimental design methodology

» Optimal operating conditions in this stage were: pH 8, 180
g/t NaCN consumption, and particle size d, of 180 pm. At
these conditions, mica recovery was 53%, and valuable
metals losses were Pb 28%, Cu 16 %, and Zn 11%.

» Flotation tests carried out with the optimal predicted
operating conditions resulted in responses close to those
calculated by the proposed model.

Recommendations

According to this study, the losses of Pb, Zn, and Cu in the mica
circuit are high (especially for Pb), probably due to entrainment
and not to true flotation.

Further studies should be undertaken to reduce these losses
by (1) treating the mica concentrate to minimize Pb, Zn, and
Cu losses in the final tailings, (2) focusing on the grinding-
classification circuit in order to reduce the production of ultrafine
particles, and (3) optimizing the hydrodynamic parameters within
the flotation cells (agitation, air flow, and pulp density).
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