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Abstract: This paper investigates the effect of sodium hexametaphosphate (SHMP) depressant/dispersant
in the presence of methyl isobutyl carbinol (MIBC) frother and soluble starch (SS) depressant on the
flotation kinetics of talc ore. Emphasis is on a comparison between the evaluation of a custom design of
experiment (DoE) using the multilinear regression analysis (MRA) and response surface methodology
(RSM) approach. Although analysis of variance (ANOVA) is a good first step in the evaluation of the
effect of factors on froth flotation processing, it nonetheless only reveals the effects that are the same
under all conditions. In the case of SHMP, its effect on separation efficiency is positive; however, if it
is used along with SS, the effect is negative. Moreover, if a higher frother dosage is used, the effect of
SHMP on separation efficiency is negligible.

Keywords: froth flotation; flotation kinetics; separation efficiency; multilinear regression analysis;
response surface

1. Introduction

Froth flotation is the most widely used mineral processing method in the mining industry. It is
a complex process incorporating many factors and, despite being introduced over a century ago,
froth flotation is not yet fully understood [1].

Flotation as a separation method uses the difference in surface properties of valuable and gangue
minerals. In a three-phase environment, of a flotation pulp, air bubbles are used to capture particles
based on the difference in their surface hydrophobicity. Hydrophobic particles will more likely attach
to the bubble interface due to a strong adhesion force compared to hydrophilic particles [2]. For an
efficient separation, it is necessary to achieve such a state, where the grains of valuable mineral stabilize
at the surface of the phase interface and grains of the gangue minerals stay inside the volume of the
phase. Most of the flotation plants use a range of chemical reagents to selectively render the surfaces of
the minerals hydrophobic or hydrophilic [3]. However, the mineralogical composition of some ores
allows their processing using only a frother, without affecting mineral surfaces. An example is a native
flotation of talc ore [4-7] or the collectorless flotation of sulfide minerals [8,9] and coal [10,11].

Nonetheless, even without using any additional flotation reagents, other physical, chemical,
and engineering aspects of flotation must be considered [12]. The use of modeling based on first-order
kinetics is, therefore, a reasonable practice used to describe practical flotation behavior in plants.
This allows the effects of several variables to be lumped into two or three parameters, depending on
the chosen model [13]. In general, the kinetics of flotation is a time-recovery curve, where the recovery
of mineral rises with time up to an asymptotic value of infinite recovery, which is generally less than
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100%. The rate at which the mineral particles are recovered (slope of the time-recovery curve) is given
by the kinetic constant [14].

Determination of the flotation kinetics is also recommended in modern practice as a standard
laboratory flotation test procedure when enough sample is available [15]. There are two main
advantages of determining the time-dependent recovery over flotation tests with defined flotation time
or tests running till all the generated froth is skimmed. On the one hand, the estimated parameters can
be used in the modeling and simulation of flotation circuits [16,17]. On the other hand, the effects of
various variables can be studied in terms of their effects on flotation kinetics rather than just a single
achieved value [18-20].

In our recent paper [21], we investigated the effect of sodium hexametaphosphate (SHMP)
alone and in the presence of soluble starch (SS) on the flotation kinetics of talc ore and compared it
to a native flotation using only methyl isobutyl carbinol (MIBC) frother. Earlier studies found that
SHMP acts as a selective depressant/dispersant of carbonates [6,22] and silicates [23], which are mineral
groups commonly associated with talc, and described some phenomena behind it. Our intention was
to determine whether SHMP improves the results of froth flotation processing by affecting the rate of
flotation or the fraction of recoverable particles. We evaluated the time-based flotation experiments
using the analysis of variance (ANOVA) test. Although the null hypothesis was rejected for various
investigated dependent variables and we were able to draw conclusions about the effect of the factors
on flotation kinetics of both talc and gangue particles, concentrate grade, and yield, we were unable to
statistically confirm the effect of SHMP on the efficiency of separation.

While many of the studies mainly focus on the achieved recoveries or the grade of the concentrate,
we believe that it is necessary to also evaluate the efficiency of the separation. In many cases, attempts to
maximize the recovery of the valuable mineral (e.g., by using higher collector dosages, finer grinding,
etc.) may lead to a significant drop in concentrate grade (i.e., the recovery of the gangue minerals is also
increased) and vice versa (e.g., in the case of using depressants). Separation efficiency combines the
measured or calculated variables into a single figure and may, therefore, represent a better estimation
of the performance of the studied factors [24-27]. Another advantage of using separation efficiency for
the evaluation of the results is also the fact that it considers variations in the feed grade. It was shown
that there is a link between froth grade and flotation feed grade [28] and, while it is a common practice
to homogenize the material prior to testing, some variation in the composition between individual test
runs must still be expected.

Talc is usually a problematic mineral in flotation, and depression of talc is more important than
collection. In this paper, we discuss the importance of more in-depth analysis of the froth flotation
results in order not to overlook the effects of the factors on the outcomes of the separation. This was
the case of our previous interpretation of the results using only the ANOVA test. We also provide some
insight into reasons why the response surface methodology (RSM) also revealed statistically important
effects that were not detected by the ANOVA test.

2. Materials and Methods

2.1. Materials

Talc ore from a local supplier in Slovakia (Gemerska Poloma) was used. The main gangue
mineral groups in the ore sample were silicate minerals (laminated phyllites with various chemical
composition), oxide (quartz), carbonates (mainly dolomite), and sulfide minerals (mainly pyrite).
Individual samples were crushed in a crucible and analyzed. The results of the chemical analysis are
shown in Table 1. A homogenized sample was crushed in two stages and ground in a dry ball mill.
The laboratory ball mill used had a volume of 30 dm® and was filled with steel balls with diameters
ranging from 2 to 10 cm. The material formed 40% of the mill volume and the revolution was adjusted
to 90 per minute. Screening or sieving was used prior to each comminution stage to avoid overgrinding
of the ore. In all, 98% of the ground ore passed through the 225 um sieve with a d80 value of 150 pm.
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Table 1. Chemical analysis of minerals identified in the sample of the ore. Note: Loss on ignition (LOI)

at 1000 °C.

Talc Silicate I Silicate II Quartz Dolomite Pyrite
LOI (%) 4.54 1.97 3.55 2.09 47.54 32.75

SiO, (%) 61.32 58.1 64.82 85.32 3.44 -

MgO (%) 30.84 10.45 11.61 7.74 19.75 -

CaO (%) 0.52 2.15 3.23 2.15 27.46 -
Fe;O3 (%) 0.87 2.96 3.45 0.69 0.99 63.74

AL, O3 (%) 0.42 17.58 12.64 1.27 0.19 0.59

Mn (%) 0.202 0.234 0.245 0.169 0.215 0.312
Cu (%) 0.074 0.08 0.095 0.064 0.054 0.115
Zn (%) 0.006 0.01 0.012 0.008 0.009 0.006
Pb (%) 0.007 0.012 0.022 0.015 0.028 0.021
Y (%) 98.799 93.546 99.674 99.516 99.676 97.534

2.2. Flotation Test

Flotation experiments were carried out in an automated laboratory froth flotation machine using
a 3-L Denver type flotation cell [29]. The slurry contained 300 g.L~! solids and the temperature was
kept at 20 °C during all the experiments. After the weighed material was transferred to the agitated
cell (1600 rpm), reagents were added, and 5 to 25 min of conditioning were allowed depending
on the number and character of the reagents used in individual flotation tests. After the end of
the conditioning period, air was introduced into the cell with airflow electronically regulated to
5L min~!. Three froth products were collected in each flotation tests, i.e., skimmed for 2, 3, and 5 min,
resulting in a cumulative flotation time of 10 min. Four products (the three froth products and a cell
product) were then filtered, dried, and weighed and a representative sample was taken for analysis.
Each laboratory froth flotation test was repeated twice.

Custom design of experiment (DoE) was used in order to evaluate the effect of SHMP alone and
in the presence of SS on flotation kinetics of the ore. Methyl isobutyl carbinol (MIBC) was used as a
frother in every flotation test. The DoE summarized in Table 2 contained also two test runs aimed at
native flotation of the ore (# 100 and # 200), which were used as a reference in the evaluation of the
effect of the reagents against native flotation of the ore.

Table 2. Design of experiment (DoE) used in this study showing dosages of reagents (g.t™!) in individual
flotation tests.

# 100 110 111 112 120 121 200 210 211 220 221 222
MIBC 50 50 50 50 50 50 80 80 80 80 80 80
SHMP 0 500 500 500 1500 1500 0 500 500 1500 1500 1500

SS 0 0 250 500 0 250 0 0 250 0 250 500

Note: The # notation based on 1, 2, and 0 digits represents low, high, and null factor values of the three
investigated factors.

2.3. Separation Efficiency

From the measured weight of the four obtained products, first individual and then cumulative
yields (y) were calculated. Results of the grade analyses and calculated yields were then used to
calculate the cumulative product grade (c) in terms of talc content [21]. Cumulative yields of the froth
product, the content of talc in the cumulative froth product at the three different flotation times (7),
and content of talc in the feed () were then used to calculate the recovery of talc (R; using Equation (1))
and gangue minerals (R, using Equation (2)) to the froth product (talc concentrate) as follows:

T

= L, M
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100 - 74 ,
T 100-a @)

Separation efficiency (7,) at the time T was then calculated as a difference between the achieved
recovery of talc and gangue minerals using Equation (3) [24] as follows:

TRg

Ty = TR, — TR, 3)

2.4. Statistical Analysis and RSM

The main effects of the factors on the test results were calculated in MATLAB software, version 9.4
(R2018a) using the anovan function (N-way analysis of variance). Covariance was calculated for each
statistically significant pair of an independent and dependent variable (p < 0.05) in order to determine
the tendency in the linear relationship between the variables. Response surfaces were calculated using
the MATLAB function regstats which performs a multilinear regression of the responses. Constant,
linear, and interaction terms were used in calculations. In the case of three factors, this resulted in the
calculation of seven coefficients based on Equation (4) as follows:

Y = bO + b1X1 + b2X2 + b3X3 + b12X1X2 + b13X1X3 + b23X2X3 (4)

When also the fourth factor was considered, namely flotation time, eleven coefficients were
calculated based on Equation (5) as follows:

Y = bo + b1X1 + b2X2 + b3X3 + b4X4 + b12X1X2 + b13X1X3

5
+ b14X1X4 + b23X2X3 + b24X2X4 + b34X3X4 ( )

In Equations (4) and (5), Y is the predicted value of the response variable, b represents the
calculated coefficients, X represents the investigated factors, i.e., dosage of the three reagents (MIBC,
SHMP, and SS) and common logarithm of flotation time (log10 7). The coefficient of determination (R?)
was used as a measure of how well the experimental results are replicated by the model.

3. Results and Discussion

It has been previously shown that the presence of very fine particles has a negative effect on the
concentrate grade due to the entrainment effect [4,30,31] and possibly also because of the formation of
slime mineral coatings on surfaces of talc particles [22,23]. To minimize the influence of the entrainment
effect on the results of the flotation tests, two approaches were used as follows: rather extensive use
of screening or sieving during the comminution stage and froth washing during flotation tests [21].
Removal of fine particles prior to the next comminution stage is a common practice used to prevent
overgrinding of the ore. We were thus able to achieve d80 = 150 um with only about 20% of particles
below 25 pm, which are most likely to be recovered by the entrainment effect [30]. Froth washing was
used instead of a simple water addition to keep the pulp—froth interface stable during the tests and to
further reduce the entrainment effect [31]. The results summarized in Table 3 therefore mainly reflect
the real effects of the addition of investigated reagents with a focus on the effect of SHMP.

Back-calculation of the talc content in the feed from the yields and grades listed in Table 3 results
in a mean « = 71.1% * 1.7%. The calculated standard deviation of 1.7 %is a result of measurement
errors during weighing and grade analysis of the individual products and certain heterogeneity of the
feed composition, although much effort was made to minimize it by thoroughly homogenizing the
feed prior to flotation tests.

Some conclusions can be drawn directly from the measured results, e.g., that the product with the
highest grade was prepared using both of the additional reagents (#112), that the highest talc recovery
is achieved by native flotation using only frother (#100 and #200) or that the highest efficiency was
obtained with the addition of SHMP (#210 and #220). Nevertheless, statistical evaluation of the results
provides a better understanding of the effect and significance of the investigated reagents.
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Table 3. Results of the laboratory froth flotation tests.

Froth Yield Froth Grade Talc Recovery Gangue Recovery Efficiency
# (%) (%) (%) (%) (%)

2y 5y 10, 2 5 1o ¢ 2F SR 10g, 2E, g, WE, 2y Sy 10y
100 542 667 705 892 89.8 899 349 656 814 8.0 223 258 271 433 556 589
110 49.0 57.7 622 933 934 934 432 614 723 781 128 149 16.0 487 575 621
111 340 457 524 955 952 951 434 461 617 707 5.2 7.5 87 409 542 620
112 288 414 487 961 959 955 440 401 574 673 3.6 5.5 72 365 519 60.1
120 48.0 572 613 932 934 935 391 618 738 791 11.8 137 145 500 60.1 64.6
121 378 478 538 952 947 944 443 505 63.6 713 6.3 8.8 10.5 442 547 6038
200 574 678 712 903 904 902 209 738 872 914 186 219 235 551 653 679
210 508 601 641 93.0 931 931 293 673 796 850 120 140 148 553 65.6 702
211 454 552 606 945 94r 937 328 616 744 815 8.3 108 126 533 63.6 68.9
220 53.0 616 657 929 928 927 30.1 69.1 802 855 131 154  16.6 559 648 68.9
221 463 562 60.6 932 923 924 404 602 724 778 111 15.3 171 491 570 60.7
222 326 441 511 938 931 927 446 442 592 685 6.6 9.9 121 376 493 564

Note: The left superscript is a cumulative flotation time in minutes and the ¢ marks the cell product after 10 min
of flotation. The # notation based on 1, 2, and 0 digits represents low, high, and null factor values of the three
investigated factors.

The kinetics of the two tests focused on the native flotation of talc from the ore (#100 and #200),
which will be used as a comparison for the results measured in the presence of the other reagents, as is
shown in Figure 1.

#100
100 - - 100 .#Zoq
g 80 ;\; 80"
o 60 > 60
2 )
3 407 8 40
) P R S 4 3
X 20 e X 20" P i g
0 ‘ ' 0 a ‘ | ‘ ‘
0 2 4 6 8 10 0 9 4 6 8 10
7 (min) 7 (min)
@ (b)

Figure 1. (a) (#100) (b) (#200). Native flotation kinetics of talc ore using methyl isobutyl carbinol (MIBC)
frother. The (x) and (o) mark the recovery of talc and gangue minerals, respectively.

Table 4. Results of the analysis of variance (ANOVA) test (p-values).

Froth Yield Froth Grade Talc Recovery Gangue Recovery Efficiency
2y 5y 10, 2 5¢ 0. 2 SR g 2E, 5Eg 10g, 2y 5 10,
MIBC 0.009 0.013 0.012 0.174 0.082 0.045 0.002 0.002 0.001 0.394 0.323 0.272 0.004 0.017 0.046
SHMP 0.097 0.019 0.012 0.005 0.008 0.006 0.195 0.022 0.016 0.010 0.012 0.010 0.383 0.405 0.220
SS  0.000 0.000 0.001 0.042 0.175 0.341 0.000 0.000 0.000 0.011 0.042 0.083 0.002 0.012 0.062
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In both cases, the cumulative recovery of talc and gangue minerals increases with flotation time,
even though most of the final recovery is achieved in the first five minutes of flotation. This is also
the case of other tests with 91.3% + 3.4% of the recoverable talc reporting to froth product within five
minutes of the flotation separation. Therefore, the emphasis during the interpretation is put on the
results achieved after five minutes of flotation.

3.1. Analysis of Variance and Covariance

Running the ANOVA test resulted in the calculation of the p-values summarized in Table 4.
A significance level of 0.05 was chosen for the interpretation of the results.

Calculated covariance of the statistically significant factor-response variable pairs achieved after
five minutes of flotation is summarized in Table 5. Only the sign of the calculated value is shown as no
conclusions can usually be drawn from magnitudes of the values.

Table 5. Covariance of the statistically significant factor—response variable pairs (T = 5 min).

S5y 5¢ 5E, SEq 5

MIBC + NA + NA +

SHMP - + - - NA
SS - NA - - -

Note: Not Affected (NA).

From the combination of the ANOVA test (Table 4) and covariance (Table 5), the following
conclusions can be drawn:

e MIBC increases froth yield by increasing the recovery of talc. This has a positive effect on
separation efficiency.

e  SHMP lowers the yield of the froth product by lowering the recovery of both talc and gangue
minerals. However, the drop in gangue minerals recovery is relatively higher, which positively
affects froth grade. Effect of SHMP on separation efficiency cannot be statistically proven by the
ANOVA test.

e 5SS negatively affects froth yield by lowering the recovery of both talc and gangue minerals,
like SHMP. However, the use of SS results in unambiguously lower separation efficiency.

While the conclusions noted above are correct, such an evaluation did not provide an answer
on the effect of SHMP on separation efficiency. It was already noted that SHMP was used in the two
flotation tests with the highest calculated separation efficiency and we expected this to bounce back.
Therefore, such an evaluation may be insufficient.

3.2. Response Surface Methodology

A more robust statistical approach was employed in order to more deeply understand the effects
of the investigated factors, mainly the effect of SHMP on separation efficiency. Seeing that several
previous papers aimed at optimization of froth flotation performance have successfully used the
response surface methodology [25,32-34], we opted for the same approach.

Calculated coefficients of the response surface (Equation (4)) are summarized in Table 6.
Only models with R? > 0.9 between the experimental and model values are shown.
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Table 6. Calculated coefficients (based on Equation (4), using the coded values) of the response surfaces

with R? > 0.9.
Froth Yield Talc Recovery Separation Efficiency
(%) (%) (%)
2y 5y 10, 2E 5 10 2y 5y 10,
R? 0.9332 0.9046 0.9005 0.9511 0.9248 0.9289 0.9631 0.9896 0.9546
by 44.9773 58.8772 63.9344 47.5381 64.4784 70.7007 24.2172 37.6106 42.8651

by 1.312x 1070 8302x1072  6552x1072  3.077x 107! 2589x 1071 2393x 107! 3.941x1071  3546x 107! 3.298 x 107!
by —4137x107% -7963x 107 -7.758x107% 1528 x107%  -2.632x107% -2.161x 1073 1.366x 1072  1.142x 1072  1.245x 1072
by  -5.818x1072 -5237x1072 —4433x1072 -5487x1072 -4201x1072 -2977x1072 -1532x1072 1220x1073  1.354 x 1072
by 3.023x107°  6560x107° 6407 x107° -4588x107° -1150x107° -1576x107° -1.672x107* -1.542x107* -1.576x 107*
bz 1.974x107* 1311x107*  1.162x107*  1.608x107*  2884x107°  6233x107° 9357x107°> —4.262x10° -7.875x107°
bys  3585x107° 6964x107°  6208x107° -2345x107° 8731x1077 -1.039x10°® -1.753x107° -1.842x107° -2.134x 107>

Using the response surface methodology, we were able to model the yield of the froth product,
talc recovery, and separation efficiency with a satisfactory goodness of fit. A quick comparison of the
R? values displayed in Table 6 while also considering the omitted ones (with R? < 0.9) suggests that
the goodness of fit between the experimental data and model values declines in the following order:
n > Et >y > Eg > c. Separation efficiency is thus the response variable best resembled by the chosen
response surface equation. At all three flotation times, the fitted function reaches R? > 0.95, and after
T = 5 min the R? = 0.9896 suggesting a very strong relationship between the predicted and experimental
values. Moreover, residuals of 5y and 5Et are as high as 4% in absolute terms, while in the case of 5n
they only reach about 1% (see Figures 2c, 3c, and 4c).

Il > 60
Il <57
I <52
[ <47
<42
M <37
I <32

(a)

Figure 2. Cont.
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Il > 60
[ <56
Il <51
Il <46

(b)

70

60

Model data 50

40

R%=0.9046

3
% 40 50 60 70
Experimental data

(©)

Figure 2. (a) (50 g.’c‘1 MIBCQ), (b) (80 g.’c_1 MIBC), (c) Response surfaces representing the effect of SHMP
and SS on the yield of the froth product at different dosages of MIBC frother. The thick black lines
represent the recovery of talc achieved using frother as the only reagent.
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I >70
[ <64
I <54

I >80
M <62

90

80

Model data 70

60

’=09248

60 70 80 90

50

Experimental data

(©

Figure 3. (a) (50 g.t™! MIBC), (b) (80 g.t™! MIBC), (c): Response surfaces representing the effect of
SHMP and SS on the recovery of talc to froth product at different dosages of MIBC frother. The thick
black lines represent the recovery of talc achieved using frother as the only reagent.
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Although the DoE contained two test runs with MIBC as the only reagent, i.e., native flotation of
talc, which was also included in the calculation of the response surfaces, these are only displayed in
the graphical interpretation of the results as a quasi-plane circumscribed by thick black lines. From the
resulting Figure 2a,b, it can be concluded that the effect of SS on the yield of the froth product is much
stronger when compared to the effect of SHMP. Moreover, there is almost no decrease in T caused by
SHMP in the presence of the highest doses of SS coupled with a higher dose of MIBC (see Figure 2b).
In contrast, the dosage of 500 g.t~! SS causes a significant drop in the T of over 20%, regardless of the
MIBC dosage. Although the decrease in the froth yield does not automatically mean a negative effect,
if the drop was caused mainly by the decreased recovery of the gangue minerals rather than recovery
of talc, the overall effect would be positive.

However, a quick look at the effect of the reagents on the recovery of talc shown in Figure 3a,b
reveals that this is not the case. The drop in the yield of the froth product in the presence of SS is mostly
caused by the declined recovery of talc. Although the addition of SHMP also causes a decrease in
achieved recovery of talc, the effect is not dramatic as in the case of SS.

All the above-discussed effects are in concurrence with the conclusions drawn from the results of
the ANOVA test. However, the goodness of fit between the model and experimental values of separation
efficiency encouraged us to evaluate the results based mainly on this figure. Response surfaces showing
the changes in achieved separation efficiency with varying dosage of SHMP and SS reagents are shown
in Figure 4a,b.

70

60

(%)

50

Q
Ry
%
d:’\/ 20 Z o A
Ce. o )
)/ AR —
<
6_,00 \76‘0 0 S\(\N\ <56
B <54
Il <52

(a)

Figure 4. Cont.
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I > 60
I <52

70

60
Model data

50

R%=0.9896

40 50 60 70

Experimental data

(©)

Figure 4. (a) (50 g.’t‘1 MIBC), (b) (80 g.’c‘1 MIBC), (c): Response surfaces representing the effect of
SHMP and SS on separation efficiency at different dosages of MIBC frother. The thick black lines
represent the recovery of talc achieved using frother as the only reagent.

Again, we observe the strong effect of SS dosage. In all cases, the use of SS results in a gradual
decrease in separation efficiency. On the contrary, SHMP alone increases the efficiency over native
flotation although the effect is only noticeable at a lower dosage of the MIBC frother (see Figure 4a).
When 80 g.t~! of MIBC is used (see Figure 4b), SHMP does not seem to significantly affect separation
efficiency. Lower achieved recoveries of the valuable mineral are compensated by other parameters
considered in Equation (3), i.e., yield and grade of the froth product. However, in the presence of
SS, SHMP further decreases the efficiency already lowered using SS. It is therefore not advisable to
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use a combination of SHMP and SS reagents in any case other than in the production of high-grade
concentrate using the least number of technological operations (i.e., cleaner flotations), where the low
recovery of the valuable mineral is not a concern.

As a next step, we also tried adding log T as a fourth parameter and fitting the extended
Equation (5). This gives more coefficients with which to calculate, and the results of predicted value
are more appropriate. We were able to model three of the investigated response variables with the
goodness of fit defined by the coefficient of determination R? > 0.9. The results of these calculations
are summarized in Table 7.

Table 7. Calculated coefficients (based on Equation (5)) of the response surfaces with RZ > 0.9.

Y E¢ n

R2 0.9419 0.9235 0.9769

bo 39.1267 39.8691 14.7392

by 1.3586 3.3401 x 1071 4.4712 x 1071
by —5.4260 x 1073 9.5193 x 10 1.4026 x 1072
by —6.2395 x 1072 —5.8103 x 1072 -1.3931 x 102
by 2.5204 x 101 3.1809 x 101 3.0238 x 101
byp 5.3303 x 107> —-2.5306 x 107> -1.5965 x 10~*
bi3 1.4821 x 10~* 6.6291 x 107> —-9.2658 x 107°
b1 —-6.3902 x 1072 —-9.8966 x 1072 -1.3145 x 1071
bys 5.5854 x 107° -8.6916 x 1077 -1.9094 x 107>
N -1.7899 x 1073 -2.9662 x 1073 —-2.4739 x 1073
N 1.6149 x 1072 2.4385 x 1072 2.0616 x 1072

These are the same three response variables as in the case of the non-time dependent model, i.e.,
froth yield, talc recovery, and separation efficiency. Considering the goodness of fit of Equation (4)
between the experimental and predicted T, values at all three flotation times (R? > 0.95), however,
the order based on R? is different, with y better resembled by the time-dependent model than E;.
Separation efficiency is again the best performing response variable with R? = 0.9769 based on the 36
experimental values. This indicates the creation of a robust and accurate model for the estimation of
separation efficiency at any flotation time. The differences between measured and predicted values are
shown in Figure 5, with the exception of one value within 2% in absolute terms as can be seen in the
residuals plot.

80

70

60
Model data

50

40

39, 40 50 60 70 80
Experimental data

Figure 5. Goodness of fit between experimental and model data for separation efficiency.
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Such a model could be used in the modeling and simulation for predicting the outcomes of
froth flotation processing. This approach could also be helpful in maintaining the process outcomes
(by adjusting the dosage of the reagents) based on the actual feed composition.

Another possible utilization is for process optimization, i.e., the determination of the reagent
dosage and flotation time necessary for the preparation of concentrate with desired properties, or for
optimization of the process economics. Nevertheless, it also acknowledges our belief that separation
efficiency is a valuable metric for the evaluation of froth flotation results.

4. Conclusions

While ANOVA is good as the first step in the statistical evaluation of the effect of factors on
response variables in froth flotation processing, it proves insufficient in some cases. The main drawback
is that it may not reveal all of the effects of the studied factors. ANOVA only reveals the effects that are
the same under all conditions (i.e., the decrease in talc recovery caused by SS regardless of the MIBC or
SHMP dosage). In such a case, the conclusions drawn from ANOVA and RSM are consistent.

However, if the effects oppose each other under different conditions, ANOVA evaluates the effect
as statistically not significant. This was also the reason we were not able to prove the effect of SHMP
on separation efficiency for froth flotation processing of the investigated talc ore. The two opposing
effects (mainly noticeable when the lower dosage of MIBC frother was used), i.e., the positive effect of
SHMP alone and the negative effect of SHMP in the presence of SS, were responsible for the inability
of ANOVA to detect the effect.

The effect of SHMP on separation efficiency was only revealed when the results of the flotation
experiments were evaluated using the RSM. This approach allowed us to also comment on the
significance of the factors in terms of their effects on the values of the response variables.

The following conclusions can be drawn regarding the effect of SHMP in froth flotation of talc ore:

e  SHMP lowers the yield of the froth product by lowering the recovery of both talc and gangue
minerals. However, the drop in gangue minerals recovery is relatively higher. SHMP can thus be
used to improve froth grade.

e  SHMP positively affects separation efficiency, but the effect is more noticeable at lower dosages
of the frother. When higher frother dosage is used, there is only a minor increase in separation
efficiency caused by SHMP.

e Itis not recommended to use SHMP along with SS as it further decreases separation efficiency
and only has a minor positive effect on the froth grade.

Another advantage of the RSM is the calculation of the models that can be used in the modeling
and simulation of the separation process. Froth yield, talc recovery, and separation efficiency were
modeled with a satisfactory goodness of fit (R? > 0.9) at the three studied flotation times when the
dosages of the three reagents were considered factors. Separation efficiency was best resembled by the
model (R? > 0.95 in all three cases), followed by talc recovery and froth yield. The kinetics of three
response variables were also modeled adding the common logarithm of the flotation time as a fourth
parameter. This resulted in the calculation of the models with a high coefficient of determination
between the experimental and model values of 0.924, 0.942, and 0.977 for talc recovery, froth yield,
and separation efficiency, respectively. Separation efficiency can thus be regarded as a valuable metric
in the evaluation of the results of froth flotation processing.

We believe that our findings may encourage more researchers to use the separation efficiency
metric in the evaluation of the froth flotation process and also to consider more in-depth statistical
analysis of the results in order not to overlook possible effects.
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