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ABSTRACT

The solvent extraction process combined with tools of experimental design assists in developing procedures for separa-
tion and purification of elements or mineral compounds with high purity. In this work the technique was used to replace
the traditional methods for the collection of basic information required for the development of a circuit of solvent ex-
traction. According to the literature, several factors may influence the extraction of divalent metals by D2EHPA in sul-
fate media, among which the concentration of metals in solution. The objective was to study the variables affecting the
separation process Mn/Ni/Co/Cu, such as the aqueous/organic (A/O), contact time, concentrations of the divalent metals
in sulfuric medium, pH and solvent concentration. An investigation into the variables that control the process was done
using a “cube + star” experimental design, with central point. The results demonstrate it is possible to obtain of a satis-

factory mathematical model that describes the process.
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1. Introduction

Since the 1950s, the solvent extraction (SX) has been
increasingly used in the minerals processing industry.
Today, solvent extraction has become an important eco-
nomical, practical and clean hydrometallurgical process
and the technique is one of the most versatile methods
used for the extraction, separation and recovery of metal-
lic species from aqueous media [1,2].

Various solvent extraction reagents and processes have
been proposed for the recovery and separation of metal
ions in aqueous solution. Di-(2-ethylhexyl) phosphoric
acid (abbreviated as D2EHPA or simply HA) has been
used successfully to extract many divalent metal ions
from sulphate media as has been reported elsewhere,
with varying studies focused, determination of parame-
ters such as rate constant, pH, distribution coefficients,
equilibrium constant and composition of extracted spe-
cies in different conditions. These parameters can be de-
termined via graphical or numerical analysis of experi-
mental data. Nathasarma and Devi (2006) reported the
order of extraction of eight metal ions from a sulphate
solution using D2EHPA, which is reported as Fe*" > Zn*"
> Cu*" > Co*" > Ni*" > Mn*" > Mg”*" > Ca** [3-7].
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On account of the dimerization of acid phosphoorganic
extractants, it is reported that in the formation of com-
plexes with divalent metals ions, these extractants take
part as a monomer rather than dimmer, in isoparaffin
[8,9]. The reaction of a divalent metal extraction with
D2EHPA can be written as Equation (1), when M to be
the divalent metal [5]:

2+ +
M +(1+x)H,A, < MH, A J+2HL (D)

Solutions of sulfuric acid have been frequently used as
a leaching agent for manganese, cobalt, nickel and cop-
per ore. However, the dissociation of bisulfate ion into
hydrogen and sulfate ion is incomplete and a thermody-
namic analysis of the acid solution is not trivial [10-20].
Thus, within the process of divalent metals extraction by
D2EHPA the aim was to evaluate the influence of four
variables as: concentrations of metals (Mn, Co, Ni, and
Cu) in the synthetic leach liquor, concentration of ex-
tractant D2EHPA, the A/O ratio and the final equilibrium
pH upon the percentage of extraction of the metals stud-
ied, leading to defining the optimum ranges for operation
of the process of solvent extraction systems as studied.
The metal concentrations in the synthetic leach liquor
were based on the composition of a liquor generated
from the leaching of the manganese ore from Mina Azul,
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Paré state, Brazil [20].

2. Theoretical

The class of experimental design most often used to ad-
just models to investigate interaction effects of first order
(linear) and second order (quadratic) is the central com-
posite design. This experimental design has a configura-
tion “star + cube”, which consists of a factorial classic
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experiment of three levels (—1, 0 and +1) a distance of £1
of the central point, plus 2k axial points (star) at a dis-
tance £1 a of the center point and nc point central [21].

To assess the influence of independent variables on the
dependent variable, we conducted a factorial design ex-
perimental plan with three levels (-1, 0 and +1) plus a
star configuration, third order model, in a total of 40
laboratory experiments, using a factorial design matrix
shown in Table 1 [22].

Table 1. Experimental design, ratio A/O and pH equilibrium.

Independent variables

Test

[Mn] (mol/L) [Co] (mol/L)  [Ni] (mol/L) [Cu] (mol/L)  [D2EHPA] (mol/L) A/O pHeq

1 0.14 5.60E—05 1.40E—04 1.40E—04 0.15 2.00 3.86

2 0.14 5.60E-05 1.40E—04 6.00E-05 0.35 1.00 3.53
3 0.14 5.60E—05 1.40E—04 1.40E—04 0.15 2.00 2.59

4 0.14 5.60E—05 6.00E-05 6.00E—05 0.35 2.00 2.53
5 0.14 2.40E—05 1.40E—04 1.40E—04 0.35 1.00 3.06

6 0.06 5.60E—05 6.00E-05 1.40E-04 0.15 1.00 3.54

7 0.14 2.40E-05 1.40E-04 6.00E—05 0.15 2.00 2.50

8 0.06 5.60E-05 1.40E-04 6.00E—05 0.35 2.00 2.50

9 0.14 5.60E-05 6.00E-05 1.40E-04 0.35 1.00 3.54

10 0.14 2.40E-05 6.00E-05 1.40E-04 0.15 1.00 2.50
11 0.06 2.40E-05 1.40E-04 6.00E—05 0.15 2.00 3.51
12 0.06 5.60E—05 1.40E—04 6.00E—05 0.35 1.00 2.56
13 0.14 5.60E—05 6.00E-05 1.40E-04 0.15 2.00 2.67
14 0.14 2.40E-05 6.00E-05 6.00E—05 0.35 1.00 251
15 0.06 2.40E-05 1.40E—04 1.40E—04 0.15 1.00 2.52
16 0.06 5.60E—05 6.00E—05 6.00E—05 0.15 1.00 3.50
17 0.14 2.40E-05 1.40E—04 6.00E—-05 0.15 1.00 251
18 0.06 5.60E-05 6.00E-05 6.00E—05 0.15 2.00 3.50
19 0.14 2.40E-05 6.00E—05 6.00E—05 0.35 2.00 3.51
20 0.06 2.40E-05 6.00E—05 1.40E—04 0.35 2.00 3.53
21 0.06 2.40E-05 6.00E—05 1.40E—-04 0.35 2.00 2.60
22 0.06 2.40E-05 1.40E—04 1.40E—04 0.35 2.00 3.54
23 0.06 5.60E—-05 1.40E—04 1.40E—04 0.35 1.00 2.51
24 0.06 2.40E-05 6.00E—05 6.00E—-05 0.15 1.00 2.50
25 0.01 4.00E—05 1.00E—04 1.00E—04 0.25 1.50 451
26 0.19 4.00E—05 1.00E—04 1.00E—04 0.25 1.50 3.01
27 0.10 4.59E-06 1.00E-04 1.00E—-04 0.25 1.50 3.04
28 0.10 7.54E—-05 1.00E—04 1.00E—04 0.25 1.50 3.00
29 0.10 4.00E-05 1.15E-05 1.00E—04 0.25 1.50 3.07
30 0.10 4.00E—05 1.89E—04 1.00E—04 0.25 1.50 3.08
31 0.10 4.00E—05 1.00E—04 1.15E-05 0.25 1.50 3.00
32 0.10 4.00E-05 1.00E—-04 1.89E—04 0.25 1.50 3.06
33 0.10 4.00E—05 1.00E—04 1.00E—04 0.03 1.50 3.07
34 0.10 4.00E—05 1.00E—04 1.00E-04 0.47 1.50 3.00
35 0.10 4.00E—05 1.00E—04 1.00E—04 0.25 0.39 3.00
36 0.10 4.00E—05 1.00E-04 1.00E-04 0.25 2.61 3.02
37 0.10 4.00E—05 1.00E—04 1.00E—04 0.25 1.50 1.90
38 0.10 4.00E—05 1.00E-04 1.00E-04 0.25 1.50 4.11
39 0.10 4.00E—05 1.00E—04 1.00E—04 0.25 1.50 3.01
40 0.10 4.00E-05 1.00E-04 1.00E-04 0.25 1.50 3.14

Copyright © 2012 SciRes.
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The proposed model for the nonlinear regression is
that of Equation (2) where f;’s are the estimated parame-
ters obtained in this model with the second order with
central point. It is typically used when one is interested in
detecting curvature in a response function, since the re-
gression model is given by:

k k k
Y:Bo +ZBiXi+ZBiX?+ZZBinin+8 (2)

i=1 i=1 i<l
According to the F test and their calculated probabili-
ties, if p calculated is less than 0.05 (95% confidence) the
effect of that variable or interaction is considered sig-
nificant. Then, parameters can be ruled out where p val-
ues were larger than 0.05 (see Table 2). Statistical analy-
sis will be performed later using the software STATIS-

TICA® for comparison also for the developed model.

Table 2. Percentage of extraction in the design experimental.

% extraction

Test -
Co Cu Mn Ni
1 6.10 37.44 11.69 6.18
2 36.73 93.83 87.23 30.81
3 6.33 16.41 16.69 3.95
4 7.71 38.17 49.97 —4.80
5 27.65 83.19 87.57 5.80
6 31.68 80.80 88.85 13.02
7 5.30 20.34 2.53 3.60
8 16.14 56.60 31.68 8.69
9 24.71 82.72 71.67 7.61
10 14.39 30.73 27.08 0.17
11 22.18 64.64 37.95 16.83
12 4425 85.06 99.38 25.13
13 5.44 10.65 21.44 20.90
14 15.20 60.66 22.90 10.46
15 26.03 50.93 46.80 9.59
16 51.90 95.48 93.96 32.00
17 14.11 55.41 36.14 4.89
18 37.86 86.85 80.73 25.53
19 17.41 70.36 41.54 9.01
20 60.64 94.55 92.92 37.82
21 22.06 62.68 71.85 17.54
22 55.01 92.97 99.41 31.60
23 16.39 60.82 79.67 13.15
24 7.83 24.51 17.14 2.51
25 9.97 55.23 99.97 6.79
26 5.24 34.27 21.32 5.69
27 19.05 58.04 49.50 4.86
28 11.42 46.80 33.59 -0.47
29 12.43 49.88 43.91 0.41
30 -0.35 27.24 -13.33 -1.74
31 6.33 47.13 24.97 7.81
32 12.02 86.34 27.90 2.11
33 5.38 96.52 6.83 16.10
34 14.47 53.51 64.20 12.40
35 70.91 96.59 99.72 43.58
36 10.10 33.48 42.02 9.46
37 -10.28 95.57 0.99 -3.21
38 3391 86.33 70.14 21.92
39 17.03 52.43 48.68 10.59
40 17.33 59.17 27.46 9.31

Copyright © 2012 SciRes.

3. Experimental

The similar solutions of synthetic leach liquor were pre-
pared by dissolution of MnSO, CoSO,-7H,0, NiSO4-6H,0
and CuSO,4 ' 5H,0 (VETEC) in deionised water. The ini-
tial pH of the aqueous solutions was controlled by the
addition of diluted H,SO,. The solution of Di-(2-ethyl-
hexyl) phosphoric acid (Sigma Aldrich) was prepared by
dissolution in Isoparaffin 17/21 (UNIPAR) without any
prior purification.

Equal aliquots (25 mL) of aqueous (V,q) and organic
(Vorg) solutions were contacted in a 100 mL glass reactor
by a magnetic stirrer (IKA) for 10 min at 298.15 K. After
assessment of the balance of the solution was added with
the aid of a burette, a solution NaOH 0.5 M, with con-
stant stirring, until reaching the pH determined by ex-
perimental design.

Upon reaching a steady pH (unchanging for a period
of 5 minutes) the aqueous and organic solutions were
decanted into a separating funnel, and the aqueous phase
taken for analysis, after the set time of contact, the aque-
ous and organic phases (Sousa Junior et al., 2010).

The variables considered with the potential to influ-
ence the divalent metal extraction (dependent variable)
was the concentration of the metals themselves, the
volume ratio A/O, the concentration of organic extractant
and pH balance (independent variables).

Concentrations of divalent metal in the aqueous phases

Mz*} } were determined by atomic absorption
spectropa}ql’(f) ometer (Varian, model 50B), and the concen-
trations ([MH,A,,, ]) in the were organic phase de-
termined using the mass balance for manganese. The pH
was measured by a pH meter (DIGIMED).

4. Results

The results observed in the dependent variable the per-
centage extraction of Co, Mn, Cu and Ni were represen-
tative. The model was based on linear and quadratic ef-
fects of all independent variables, according to Table 2
and Figure 1 at 8.

Table 3 lists all the values of effects of the variables
and coefficients regression for iterations linear and quad-
ratic in model extraction of divalent metals present in the
synthetic bleach.

According to the Pareto chart, shown in Figure 1,
considering the linear and quadratic interactions of ex-
traction of cobalt present in a synthetic leach liquor is
observed that in addition to the A/O (linear) and pH
equilibrium (linear), the relationship A/O quadratic and
the concentration of manganese (linear) are important
variables in the extraction of the metal that present in
synthetic leach liquor.

Figure 2 shows the residual values observed versus
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Pareto Chart of Standardized Effects; Variable* %co
7 factors, 1 Blocks, 40 Runs; MS Residual=176,5228
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Figure 1. Linear and quadratic effects of the variables tested for Cobalt.

Table 3. Results of the effects of the variables and coefficients regression model.
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Effect % Ext. Co % Ext. Mn % Ext. Cu % Ext. Ni
e P Coeff. p Coeff. P Coeff. P Coeff.
Mean/Interc. 0.2637 12.66 0.0875 31.88 0.0027 55.90 0.2871 7.38
[Mn] (L) 0.8940 -1.19 0.3455 —-13.04 0.8304 1.66 0.7712 1.61
[Mn] (Q) 0.6879 2.02 0.3330 7.49 0.4252 -3.60 0.8089 0.75
[Co] (L) 0.4295 —4.36 0.3862 -7.02 0.2081 —6.46 0.5289 -2.11
[Co] (Q) 0.5040 2.02 0.3484 4.25 0.7653 -0.76 0.9285 -0.16
[Ni] (L) 0.2672 —6.14 0.0957 —-15.04 0.1508 -7.33 0.3823 —2.89
[Ni] (Q) 0.9585 0.15 0.7856 -1.16 0.2321 -3.35 0.6733 -0.77
[Cu] (L) 0.5265 -3.23 0.9744 0.23 0.1661 6.83 0.1385 -5.32
[Cu] (Q) 0.7334 1.01 0.7534 1.35 0.4161 2.18 0.7543 0.57
[D2EHPA] (L) 0.6835 248 0.1700 13.74 0.0756 -11.69 0.7201 -1.34
[D2EHPA] (Q) 0.7017 1.13 0.4754 3.13 0.1708 3.97 0.2421 233
A/O (L) 0.1834 -8.29 0.1368 -13.91 0.0872 -10.08 0.2828 -3.95
A/O (Q) 0.0570 7.31 0.0603 10.40 0.4413 2.04 0.0462 4.86
pH eq.(L) 0.1478 22.96 0.1744 30.71 0.2383 15.38 0.1025 16.69
pH eq.(Q) 0.8107 4.96 0.6985 11.73 0.0372 51.65 0.5564 7.68
[Mn] (L) by [Co] (L) 0.9324 -1.15 0.8490 -3.75 0.6182 —5.94 0.6514 3.83
[Mn] (L) by [Ni] (L) 0.6591 4.26 0.1914 20.43 0.3951 7.38 0.6375 —2.81
[Mn] (L) by [Cu] (L) 0.3584 -9.14 0.8703 223 0.8525 1.51 0.1460 —9.81
[Mn] (L) by [D2EHPA] (L) 0.8053 -2.27 0.2450 -17.09 0.6148 4.08 0.9920 -0.04
[Mn] (L) by A/O (L) 0.7449 3.58 0.4418 -12.73 0.0490 —24.90 0.4543 5.25
[Mn] (L) by pH eq.(L) 0.3762 17.52 0.5863 15.12 0.2413 20.98 0.3917 10.43
[Co] (L) by [Ni] (L) 0.4477 -7.90 0.1331 —25.66 0.3208 -9.21 0.9142 —0.66
[Co] (L) by [Cu] (L) 0.1283 -14.84 0.7864 -3.26 0.3956 -6.39 0.1222 -9.37
[Co] (L) by [D2EHPA] (L) 0.5970 —4.69 0.3926 11.38 0.7945 1.97 0.1917 -7.93
[Co] (L) by A/O (L) 0.6582 5.59 0.4696 —13.58 0.0818 —23.47 0.3843 7.06
[Co] (L) by pH eq.(L) 0.2423 -31.18 0.4182 —29.78 0.1296 -37.52 0.3457 —-14.99
[Ni] (L) by [Cu] (L) 0.5547 -7.95 0.4430 15.25 0.2603 14.01 0.2380 -10.56
[Ni] (L) by [D2EHPA] (L) 0.7623 -3.01 0.9797 —-0.36 0.8808 -1.29 0.6890 247
[Ni] (L) by A/O (L) 0.2554 11.42 0.8220 -3.00 0.5015 =551 0.2495 7.16
[Ni] (L) by pH eq.(L) 0.8073 -7.16 0.9978 —0.11 0.6682 —-10.99 0.5557 —-10.89
[Cu] (L) by [D2EHPA] (L) 0.8707 2.11 0.3060 -20.68 0.3178 -11.99 0.4025 7.01
[Cu] (L) by A/O (L) 0.5757 3.99 0.7410 3.37 0.3513 5.98 0.3664 4.11
[Cu] (L) by pH eq.(L) 0.5663 -9.17 0.6697 -9.80 0.2118 18.88 0.2943 -10.93
[D2EHPA] (L) by A/O (L) 0.3368 —6.87 0.5165 —6.50 0.7318 —2.00 0.1872 —6.18
[D2EHPA] (L) by pH eq.(L) 0.8338 4.99 0.9983 0.07 0.6625 -9.08 0.8655 —2.48
A/O (L) by pH eq.(L) 0.3819 16.78 0.9180 2.72 0.9234 -1.52 0.4278 9.30

(L) Linear iteration; (Q) Quadratic iteration.

Copyright © 2012 SciRes.
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Observed vs. Predicted Values
7 factors, 1 Blocks, 40 Runs; MS Residual = 251.9011
DV: % Ext Co

80

Predicted Values

-20 -10 0 10 20
Observed Values

30 40 50 60 70 80

Figure 2. Comparative results between the values predicted by the model and experimental for Cobalt.

residual calculated values. Note that the points are mostly
on the baseline and the 95% confidence level. From the
values generated, it can get the value of the correlation
coefficient (R?) significant, with a value of 0.9145.

Using the model generated for the extraction of cobalt,
considering the interactions with linear and quadratic, it
is possible to obtain Equation (3), which represents the
extraction of divalent metal, present in synthetic leach
liquor.

In examining Figure 3, with the interactions linear and
quadratic, the variables that are directly related to the
extraction of manganese present in the synthetic leach

liquor are: the concentrations of D2EHPA and manga-
nese, pH balance, and A/O (linear and quadratic). The
other variables do not interfere directly and the model
showed a correlation coefficient (R?) with a significant
value of 0.9477, in Figure 4.

From the model generated it is possible to obtain the
general equation for the percentage of extraction of
manganese present in synthetic bleach. The suggested
equation (Equation (4)) takes into consideration the model
generated with the linear and quadratic interactions, as
there are more significant variables for extraction in this
model.

%Co =12.64-1.14[Mn]+1.95[Mn]" - 4.36[Co] + 2.04[Co]’ — 6.14[Ni]+0.16[Ni] —3.22[Cu]+1.02[Cu]
+2.48[ D2EHPA]+1.16[ D2EHPA] - 8.24A/0 + 7.30A/O° +23.04pH + 5.16pH? - 1.07[Mn] - [Co]
+4.19[Mn]-[Ni]-9.14[Mn]-[Cu] - 2.22[Mn]-[ D2EHPA] +3.62[Mn]- A/O +17.32[Mn]-pH 3)
~7.82[Co]-[Ni]-14.84[Co]-[Cu] - 4.69[Co]-[D2EHPA]+5.60[Co] - A/O —30.98[Co] - pH
—7.98[Ni]-[Cu]-2.93[Ni]-[D2EHPA]+11.39[Ni]- A/O —7.39[Ni]-pH +2.16[Cu] - [ D2EHPA]
+4.00[Cu]- A/O -9.15[Cu]-pH - 6.84 D2EHPA]- A/O + 4.84[D2EHPA] - pH +16.80 A/O - pH

% Mn =31.30—-12.88]Mn]+7.27[Mn]* - 7.03[Co] +4.29[Co]* ~15.07[Ni] - 1.13[Ni]* +0.21 [Cu] +1.39[Cu]’
+12.76[D2EHPA] +3.21[D2EHPA]* ~13.77 A/O +10.39 A/O? +30.75pH +12.05pH? —3.57[Mn]

[C0]+20.36[Mn]-[Ni]+2.11[Mn]-[Cu] - 16.94[Mn]-[ D2EHPA] - 12.58[Mn]- A/O +15.06[Mn]

“)

-pH-25.60[Co]-[Ni]-3.34[Co]-[Cu]+11.33[Co]-[ D2EHPA]-13.45[Co]- A/O—29.66[Co]-pH
+15.04[Ni]-[Cu]-0.18[Ni]-[ D2EHPA]-2.86[Ni]- A/O—0.72[Ni]-pH - 20.50[Cu]- [ D2EHPA]
+3.42[Cu]-A/O-10.01[Cu]-pH - 6.46[ D2EHPA]- A/O —0.36[ D2EHPA]-pH +3.14 A/O - pH

Copyright © 2012 SciRes.
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Pareto Chart of Standardized Effects; Variable: %Mn
7 factors, 1 Blocks, 40 Runs; MS Residual=402.621
DV: %Mn
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Figure 3. Linear and quadratic effects of the variables tested for Manganese.

Observed vs. Predicted Values
7 factors, 1 Blocks, 40 Runs; MS Residual = 531.2949
DV: % Ext Mn

140

120

100

80

60

40

Predicted Values

20

-40 -20 0 20 40 60 80 100 120
Observed Values

Figure 4. Comparative results between the values predicted by the model and experimental for Manganese.

The Pareto chart for the model considering the linear relation (R?) of 0.9701.
and quadratic interactions (Figure 5) shows the variables Using the model generated for the extraction of copper,
that influence the extraction of copper, only the ratio A/ considering the interactions with linear and quadratic, it
O and the pH balance, with the confidence level of 95%. is possible to obtain Equation (5), which represents the
The residual values observed versus residual value cal- extraction of divalent metal, present in synthetic leach
culated, is shown in Figure 6, with a coefficient of cor- liquor.

Copyright © 2012 SciRes. ENG
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% Cu = 55.98+1.53[Mn]-3.50[Mn] - 6.44[Co] - 0.79[Co]” —7.28[Ni]-3.38[Ni]* +6.88[Cu] +2.14[Cu]’

~17.75[D2EHPA]+3.98[ D2EHPA]* —10.13 A/O +2.01 A/O? +15.43pH +51.53pH? —5.99[Mn]-[C

+7.33[Mn]-[Ni]+1.63[Mn]-[Cu]+4.03[Mn]-[ D2EHPA]-24.99[Mn]- A/O +20.7244[Mn]-pH

—9.13[Co]-[Ni]-6.31[Co]-[Cu]+2.03 [Co]-[ D2EHPA]-23.59[Co]- A/O -37.34[Co]-pH

+14.18[Ni]-[Cu]-1.33[Ni]-[D2EHPA]-5.68[Ni]- A/O—10.80[Ni]-pH —12.07[Cu]-[ D2EHPA]

+5.95[Cu]-A/O+1.91[Cu]-pH —1.98[ D2EHPA]- A/O —8.94[ D2EHPA]-pH —1.89 A/O - pH
Pareto Chart of Standardized Effects; Variable: %Cu

7 factors, 1 Blocks, 40 Runs; MS Residual=511.852
DV: %Cu

(6)A/O(L) E I
MPHO) f !
Mn@Q) f I—1.7479|9
(5)D2EHPA(L) | 16187 !
(WMNL) E |1.45543
Ni(QQ) |-1.35587
D2EHPA(Q)
Co(@Q) f
(3Ni(L) |

|-2.49727 1
|2.331656

|0.6589306
|0.54816
|-0.370206

Cu@Q)
(2)Co(L)
PHQ)
AIO(QQ)
(4)Cu(L)

3 p.2111121
t Jo-2o73s
] 0.2005778
] 0.1352116

-~ Jo.oomsa

p=0.05
Standardized Effect Estimate (Absolute Value)

Figure 5. Linear and quadratic effects of the variables tested for Copper.
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Figure 6. Comparative results between the values predicted by the model and experimental for Copper.
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In Figure 7, Pareto chart is shown for extraction of
nickel assuming linear and quadratic interactions, and it
showed that only the ratio A/O (quadratic), is the vari-
able that influences positively on the extraction of nickel,
with the 95% confidence, this means that if the ratio A/O
is increased, there will be a greater extraction of nickel
present in synthetic leach liquor. The residual values ob-
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served versus residual values calculated, is shown in
Figure 8, and the correlation coefficient (R?), to present
a significant value is 0.9266.

Using the model generated for the extraction of nickel,
whereas with linear and quadratic interactions, it is pos-
sible to obtain Equation 6, which represents the extrac-
tion of divalent metal present in synthetic leach liquor.

% Ni =7.37+1.61[Mn]+0.71[Mn]* = 2.11[Co] - 0.16[Co]’ —2.84[Ni]-0.77[Ni]* - 5.30[Cu] +0.58[Cu]’

~1.36[D2EHPA]+2.34[D2EHPA] ~3.93 A/

—2.87[Mn]-[Ni]-9.78[Mn]-[Cu]-0.04[Mn]-[D2EHPA]+5.25[Mn]- A/O +10.28[ Mn]-pH

O+4.85A/0 +16.74pH +7.76pH* +3.86[Mn]-[ Co]

(6)
—0.61[{Co]-[Ni]-9.35[Co]-[Cu]-7.29[Co]-[ D2EHPA]+7.04[Co]- A/O —14.85[Co]-pH
—10.54[Ni] . [Cu] + 2.50[Ni]~[D2EHPA] + 7.10[Ni] . A/O —10.97[Ni]~pH + 7.03[Cu] . [DZEHPA]
+4.1 1[Cu] . A/O - 10.86[Cu] -pH - 6.16[D2EHPA] . A/O - 2.53[D2EHPA] -pH+9.23 A/O -pH
Pareto Chart of Standardized Effects; Variable: %Ni
7 factors, 1 Blocks, 40 Runs; MS Residual=103.1727
DV: %Ni
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Figure 7. Linear and quadratic effects of the variables tested for Nickel.
Observed vs. Predicted Values
7 factors, 1 Blocks, 40 Runs; MS Residual = 95.9742
DV: % Ext Ni
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Figure 8. Comparative results between the values predicted by the model and experimental for Nickel.
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5. Conclusion

The design of the experiment proved to be an effective
technique for modeling systems for solvent extraction.
The mathematical models presented for the four metals
were good fits as shown by the R? values (0.9145 for
cobalt; 0.9477 for manganese; 0.9701 for copper and
0.9266 for nickel) and the graphs of residual values ob-
served versus calculated residual, in all cases had proper
values. Through Pareto chart generated from the model,
it can be seen that the ratio A/O (linear or quadratic),
followed by pH equilibrium (linear) are the variables that
have most influence on the extraction of divalent metals,
using D2EHPA in isoparaffins in sulfate media.
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