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Abstract

This study aimed to investigate the effect of controllable operating parameters, including pH, solid content,
collector, modifier, and depressant dose, and conditioning time, on apatite flotation kinetics. Four first order
flotation, kinetic models are tested on batch flotation time-recovery profiles. Model with fast and slow -
floating components and classical model gave the best and the worst fit for experimental data respectively.
Similarly, rectangular distribution of floatabilities and gamma distribution of floatabilities fitted the
experimental data well. In this study, the model with rectangular distribution of floatabilities associated with
fractional factorial experimental design was employed to evaluate the effect of operating parameters on

kinetic parameters (R_ , K). The result indicated that linear effects of depressant dose, conditioning time,
and the interaction effects of solid concentration and pH were statistically important on ultimate recovery but

the significant parameters for flotation rate constant were linear effects of solids content, depressant dosage
and the interaction effect between pH and conditioning time.
Keywords: phosphate flotation, experimental design, kinetic models.

1. Introduction

Phosphate rock is a vital nonrenewable resource
[1-2]. Phosphates are used in numerous
applications ranging from toothpaste, detergents,
matches, and fertilizers to food additives [3-5].
The major use of phosphate is as a fertilizer since
it is one of the three major plant nutrients -
nitrogen, phosphorus, and potassium [4-5].
Phosphate deposits may be divided into three
groups according to their origin: (i) deposits from
sea sediments; (ii) igneous deposits; (iii)
biogenetic  deposits [6]. Beneficiation of
phosphate ores by flotation has been an
important part of the concentration process since
the 1920's, when it became possible to recover
fine particles of apatite. Today, more than half of
the world’s marketable phosphate is upgraded by
the flotation method [6]. Flotation is one of the
most complex mineral processing operations; and
it is affected by a very large number of variables.
Many of these are beyond the control of the

mineral engineer and some cannot be even
measured guantitatively ~ with available
instruments. The relationship between measured
and controlled variables is intricately related.
Sometimes simultaneously changing various
component settings will reinforce one particular
attribute. In addition, various component settings
can cancel or counteract each other if changes are
not chosen wisely [7].

Flotation of apatite is complicated, owing to its
physicochemical similarity to other minerals in
the phosphate ores [8]. Many studies have been
undertaken to increase understanding of the
principles of apatite flotation and its separation
from other minerals [9], comparatively few
studies have been conducted on the effect of
operating parameters on the kinetics of apatite
flotation [10-11].

This research was carried out on Esfordi
phosphate ore. The Esfordi mine, located in
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central Iran, is the main phosphate producer in
Iran. The Esfordi deposit is of the igneous type
and includes three apatite-bearing zones, namely,

an apatite-iron zone (12% P,0O;); a main apatite
zone (16.3% P,0;); and, a tremolite-actinolite

zone (14.4% P,O,) [12].

In the present work, firstly the influences of
flotation operation parameters were studied on the
iron and phosphate recoveries under fixed
operating conditions. Secondly, first order
flotation kinetic models were investigated on the
phosphate recovery. Furthermore, model with
rectangular distribution of floatabilities was
applied to data from tests and experimental design
was employed to relate flotation kinetics and
operation parameters.

Kinetic models are often used to analyze batch
flotation data and to evaluate various parameters
such as flotation chemical and equipment
operating conditions for flotation process [13]. On
important aspect of the kinetics models is that the
model parameters should in some way be
characteristic of a flotation process [14]. They can
be effectively used to evaluate variables affecting
flotation process [15]. Understanding and
interpreting changes in the values of ultimate

recovery (R_) and rate constant (K) are very

important and can often be misleading [16]. In
many laboratory studies, changing one condition

leads to a change in both R and K values. This
can make it difficult to compare flotation rate data
between tests or to establish a trend for R and k
values under different conditions [17].

2. Experimental and modeling procedure

2.1. The Design of Experiments (DOE)

More recently, the statistical techniques have been
widely used to study the flotation of minerals [18-
22]. DOE provides a statistical means for
analyzing how numerous variables interact. The
tool is a planned approach for determining cause
and effect relationships [23]. The statistical design
of the experiments has several advantages over
the classical method of treating one variable at a
time [24].

Fractional factorial designs are experimental
designs consisting of a carefully chosen subset
(fraction) of the experimental runs of a full
factorial design. The subset is chosen so as to
exploit the sparsity-of-effects principle to expose
information about the most important features of
the problem studied, while using a fraction of the
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effort of a full factorial design in terms of
experimental runs and resources [24].The full
factorial experiment is a method of design of
experiments in which a statistical analysis is
performed to evaluate the significance of the main
and interaction effects as evaluated from the
experimental results. In particular, they are used
when several factors have to be studied in order to
determine their main effects and interaction effect.
The experiments can be conducted in an
organized manner and can be analyzed
systematically to obtain much needed information.
The information can be utilized for optimization
purpose [22].

In statistics, fractional designs are expressed using
the notation L"", where L is the number of levels
of each factor investigated, n denotes the number
of factors investigated, and p describes the size of
the fraction of the full factorial used. Formally, p
represents the number of generators, assignments
as to which effects or interactions are confounded,
i.e., cannot be estimated independently of each

other. A design with p such generators is a (%)

fraction of the full factorial design [24].

2.2. Flotation experiments
Representative samples from the rougher flotation
feed were prepared. These samples contained 16%

P,O; and 23% Fe. Flotation experiments were

carried out with a Denver D12 laboratory flotation
cell using 500 g of ore sample based on a
fractional factorial design, while first order
flotation kinetic models were used to assess the
influence of these parameters on the flotation
kinetics. Starch, NaOH, FLO-Y-S20, and
Procol3496 were used as the depressant, pH
regulator, collector, and modifier respectively. In
each experiment, the froth was collected at three
time intervals of 0.5, 1 and 1.5 minutes, and the

recoveries of P,O, and Fe in the concentrate

were calculated [1-2]. The P,O; recovery was
calculated by Equation 1.

R=—CC 100 (1)
(C+T)xF

where, R is % recovery of iron or phosphate, C
represents dry weight of concentrate, ¢ denotes %
grade of concentrate, T is dry weight of tailing,
and f is % grade feed.

The studied operating parameters were: pH, solids
content, the collector, modifier, and depressant


http://en.wikipedia.org/wiki/Experimental_design
http://en.wikipedia.org/wiki/Experimental_design
http://en.wikipedia.org/wiki/Factorial_design
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concentrations, and the conditioning time. Each
factor was varied over five levels while the other
operational parameters including impeller speed,
air flow rate, and temperature were kept constant.
The levels of the parameters are shown in Table 1.

A fractional factorial design of experiment (2™
) comprising 32 tests were employed to evaluate
the effects of the operational parameters on the
phosphate ore flotation. In addition, three extra
tests were carried out to determine total square
error at the central points of parameters. Table 2
shows the results of a fractional factorial design of
flotation tests on the phosphate ore samples and ' ' T ' ' !
responses measured for each experiment. In Table 42 0 1 2 3

2, R, R,, Ry, Kand R, represent, first stage Parameters Value (coded units)

H : I —m—pH —&— solid content |
recovery, second stage cumulative recovery, third | depressant e colloctar |

stage_cumulative recovery, uItimate_* recovery and :____"__Eiﬂ_'i‘ﬁ&_" _____ —+— conditioning time
flotation rate constant of model with rectangular
distribution of floatabilities, respectively.

Phosphate Recoy ery (%)

Figure 1. The effect of the operational parameters
on phosphate recovery; fixed operating conditions

3. Results and Discussion

3.1. Influence of operating parameters on the

iron and phosphate recoveries

An initial review was performed by investigating

the effects of pH, solids content, the depressant,

collector, and modifier concentrations, and

conditioning time on the recovery of iron and

phosphate, i.e.; all parameters were held constant

except one, which was changed at three levels.

The results are presented in Figures land 2.

According to Figures land 2, the following

observations can be made:

1. To raise pH, the phosphate recovery increased ' ' '

(Figure 1) and the amount of iron in the S22 10 1 2 3

concentrate first decreased and so enhanced, Parameters Value (coded units)
e !

rapidly (Figure 2). This affects the quality of the | —*— conditioning time ~ —#— pH
concentrate | —i— solid content —#— depressant
. | _—#— collector —— modifier ]

20
18 4
16

Iron Recoy ery (™)

[==T0 = N

Figure 2. The effect of the operational parameters
on iron recovery; fixed operating conditions

Table 1. Selected parameters and their actual and coded levels

High Low

High axial . Medium . Low axial
factorial factorial

Factor Symbol level level level | level

(+2) eve ©) Leve -2)
(+1) (1)

pH A 10.5 10 9.5 9 85

Solid content (%) B 325 30 275 25 225

Depressant dosage (g/t) C 480 440 400 360 320

Collector dosage (g/t) D 680 640 600 560 520

Modifier (g/t) E 100 90 80 70 60

Conditioning time (min) F 11 10 9 8 7
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Table 2. Fractional factorial design of experiment to evaluate apatite flotation kinetics models

Rm A B C D E F R, R, R, K R,
1 1 -1 1 1 -1 -1 56509 76.3117 8g.5261 438 9353
2 1 11 -1 -1 1 534592 745215 85.6345 4.11 91.54
3 1 1 1 1 -1 1 657509 79.9178 88.2096 6.84 90.97
4 111 1 1 -1 626656 82.9368 91.9913 514 97.13
5 11 1 -1 1 -1 523676 74.2002 903086 343 97.05
6 1 11 1 1 -1 61733 81.3924 89.6332 5.28 94.64
7 11 1 1 1 1 675223 81.3518 87.7214 7.5 90.69
8 11 1 -1 -1 650561 80.4837 892185 6.3 92.39
9 1 -1 1 -1 1 583284 77.9771 89.9268 49 94.79
10 11 1 -1 -1 -1 62119 81.5422 911769 ~ °16 95.92
11 11 1 1 1 -1 5gas 79.6707 91.1281 4.4 96.74
12 1 -1 1 -1 -1 55931 78.0069 89.7948 409 95.99
13 1 11 -1 1 -1 4073 79.7015 88.9914  ©°18 93.63
14 11 1 1 1 583639 75.8736 852504 924 89.37
15 1 -1 1 -1 1 1 674009 83.8206 905797 667 94.41
16 11 1 1 -1 1 649635 84.1992 91.1143 58 96.03
17 1 -1 1 -1 1 -1 685498 84.815 93.0935 652 96.59
18 1 -1 1 1 -1 1 588289 76.5682 885539 487 9251
19 11 1 -1 -1 -1 541748 77.436 874382 402 94.36
20 1 11 1 1 1 560117 77.8421 88.7166 4.22 94.8
21 -1 111 1 -1 555203 78.6046 91.2865 3.86 98.04
22 11 1 1 1 1 57828 78.6609 88.607 4.59 94.15
23 1 1 1 -1 -1 1 577209 77.5389 89.406 4.49 94.39
24 1 11 1 1 -1 575521 77.0741 86.8152 4.79 91.8
25 1 11 -1 1 -1 636635 80.0382 91.6679 5.54 94.85
26 1 11 1 1 1 575335 77.7275 8s.4687 496 93.69
27 1 1 1 1 -1 586185 78.1679 90.1174 458 94.91
28 -1 11 1 1 1 513233 74.3248 87.7852 3.51 95.02
29 1 11 1 1 -1 576878 79.4639 89.8931 4.39 95.85
30 1 11 1 -1 1 579708 77.0495 878031 476 92.49
31 11 1 1 1 1 626167 81.3447 88.7775 o84 93.48
32 1 11 1 1 1 608882 81.1282 89.259 514 94.55
33 0 6 0 0 0 0 583416 78,514 89.3801 4.61 94.54
34 0 0 0 0 0 0 585163 78.539 88452 476 93.6
35 0 0 0 0 0 0 544769 75.4239 86.6287 419 92.4

2. Solids concentration has an important effect on
the capacity and the flotation mechanism of the
flotation cells. The results indicate that increasing

the solids levels have a positive effect on

48

phosphate recovery but it increases the amount of
iron in the concentrate as well.

3. The collector dose is a critical flotation
parameter in the flotation experiments. Adjusting
the collector dose can change the surface
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characteristics of the particles and thereby
influence recovery efficiency. Collector types, and
its concentration, are also important parameters in
flotation. Phosphate recovery increases with
increasing amount of collector (Figure 1) but at
the upper limit iron minerals also begin to float
(Figure 2).

4. Modifiers are used to reduce the sensitivity of
the process to fines and disturbing ions, and to
increase the power for floating the desired
minerals. Procol4396 was used as a modifier in
the tests. The results show that phosphate
recovery increased with increasing Procol4396
concentration. lron recovery decreased first and
then increased. Therefore, recovery of phosphate
and iron are very sensitive to co—collector
concentration.

5. Starch was used as a depressant in the tests. The
influence of starch on the recovery of phosphate
and iron indicated that phosphate recovery
increased with increasing starch concentration
and, iron recovery reduced.

6. In flotation cells or columns, which will carry
out separation process, slurry must be properly
conditioned with the reagents (depressant, frother,
activator, collector, pH regulator) in conditioning
tanks agitated by a propeller, during one to several
ten or so minutes. This period time is called the
conditioning time. By prolonging conditioning
time, phosphate recovery reached in maximum
peak level and so drop down in gentle gradient,
presumably because of the separation of the
collector layer from the particle surface.

3.2. Influence of operating parameters on
kinetic parameters

3.2. 1. Calculating the Kkinetics parameters (R
and K)

Based on (2®™®) fraction factorial design, thirty —
two flotation tests associated with three center
point tests (to estimate error and standard
deviation) were carried out on the phosphate
sample of rougher flotation feed to investigate the
kinetic models and the effects of operating
parameters on the flotation kinetics. Many studies
have been carried out in the past to investigate
kinetics models in flotation process. These studies
indicated that flotation process generally follows a
first order kinetics model. Furthermore, studies
showed that first order kinetic models could
represent the time—recovery curves of flotation
tests very well [8 and 17]. Therefore, four first
order flotation kinetic models were fitted the tests
data. These models are summarized in Table 3. In
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Table 3, R is recovery, t denotes flotation time,
R, represents ultimate recovery, K is referred to

00

flotation rate constant, Z stands for recovery of
the slow floating component, R is rate constant

for slow floating component, and K, is rate

constant for fast floating component.
Two parameters, including R_, ultimate

recovery, and K, first order rate constant, are
obtained from the model fit to an experimental
recovery-time curve [17].

In this study, the fractional recoveries were fitted
to the models after 0.5, 1, 1.5 minutes of flotation
time. Ultimate recovery and first order rate
constant are obtained from the model fit to
experimental data using MATHEMATICA
software [25-26] by the following code (For
example, the code for test 19 is):
<<Statistics"NonlinearFit’
data={{.5,0.541747639},{1.5,0.774360172},{3,0.
874382146}};
NonlinearFit[data,r*(1-Exp[-k*t]),{t}.{r.k}]
0.854259* (1 —'9%°%)

Best Fit Parameters/.Nonlinear Regress [data,r*(1-

Exp[-k*t]),{t}.{r.k}, Regression
Report[ | BestFitParameters]

{r=0.854259, k=1.92902}

Nonlinear Regress [data, r*(1-Exp[-
k*t]),{t}.{r.K}]

In this program, r and k are ultimate recovery and
rate constant, respectively (Table 4). Table 4
shows Kinetic parameters that were derived from
first order kinetic flotation models for two tests
No.1 and No.19.

3.2.2. Evaluation of first order kinetics models
Four various kinetics models were fitted to the
experimental data. Comparison of the results
shows that except for classical model, all kinetic
models fit well to the experimental data (Tables 5
and 6 and Figures 3and 4).

Tables 5 and 6 introduced recoveries that
calculated from tests and kinetic models for the
test No. 1 and test No0.19. It was observed that the
importance weight of models fitting is fast and
slow - floating components, rectangular
distribution of floatabilities, gamma distribution
of floatabilities and classical model to the data,
respectively. Figures 3 and 4 approved these
results. These figures compare first order Kinetic
models fitted to the test data. In these figures,
vertical axis is recovery in each stage and
horizontal axis is time of froth collection.
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3.2.3. Effect of operating parameters on
ultimate recovery and rate constant

The main purpose of the flotation Kinetics is
studying the rule of flotation rate constant, and
analyzing the effects of various parameters such
as the properties of ores, the system of flotation
reagent and the Characteristics of flotation
machine and so on [27]. As expressed literature,
under- standing and interpreting changes in the

values of R and K are very important and can

often be misleading [16].

As mentioned earlier, Model with rectangular
distribution of floatabilities gave good fit for
experimental data; therefore, this model and its
kinetic parameters was employed to investigate
the influence of flotation operation parameters on

kinetic parameters (R_ , K). Furthermore, in order

to find the relationship between operating
parameters and kinetic parameters, the regression
equations with interactive terms can be written as
[28]:
n n

Y = (,Bo +‘9) +Zi=1ﬂixi +Zl<i(jﬁijxixj (2)
Where n , Sy, B;, X, B; and & represent,
respectively, the number of variables, the constant
term, the coefficients of the linear parameters, the
variables, the coefficients of the interaction
parameters, and residual error associated with the
experiments.

The effect of the selected operating parameters on
kinetic parameters (R, , K) were analyzed using

Design Expert statistical software as shown in
Tables 7 and 8 and in Figures 5 and 6.

Table 3. First order kinetic models of flotation

Model

Equation

Model 1: Classical model

Model 2: Model with rectangular distribution of
floatabilities

Model 3: Model with fast and slow - floating

R=R, x(1—[

R=R, x@—exp[-K xt])

1
Kxt

Dx@-exp(=K xt])

R=(R, —Z)x(1-exp[-K, xt])+

components Zx(l-exp[-K, xt])
Model 4: Model with gamma distribution of R=R, x( K+t )
floatabilities 714 Kxt

Table 4. Kinetic parameters obtained from fitting of first order kinetic models

Model Test number R K
1 1 85.0906 2.0682
19 85.4259 1.92902
2 1 93.526 4.3805
19 94.3575 4.02042
3 50.6298 (Ry) 470474 (Ky)
! 48.8244 (Ry) 0.498964 (K)
30.9701 (Ry) 8.17039 (Ky)
19 59.2116 (Ry) 1.02395 (K,)
4 1 98.2652 0.380817
19 99.4808 0.420106
Table 5. Recovery obtained from kinetic models fitted for testl
Time Calculated recovery from Obtained recoveries from kinetic models (Ryoger)
test no.1
R RModell RModeIZ RModel3 RMndeM
0.5 56.5929 54.837 55.6027 56.5929 55.7807
15 76.3117 81.2661 79.3123 76.3117 78.369
3 88.5261 84.9187 86.4092 88.5261 87.1965
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Table 6. Recovery obtained from kinetic models fitted for test19
Calculated recovery from

Time Obtained recoveries from kinetic models (Ryoger)

test no.19
R RModell RModeIZ RModel3 RModel4
0.5 54,1748 52.8641 53.7064 54.1746 54.0594
15 77.436 80.695 78.7487 77.4359 77.7151
3 87.4382 85.1639 86.5344 87.4381 87.2611
> >
s 3
o o
E —=—R1 2 —=—R1
—— R Modell @ —a— R Model3
—&— R Model2 —¥— R Model4
Time(min) Time(min)
Figure 3. Comparison of different kinetic models fitted to the data for test No.1.
<Y >
3 —8—R19 8
3 8 —8—R19
¥ —o— R Modell o

—&— R Model3

—a&— R Model2 R Model4

Time(min) Time(min)

Figure 4. Comparison of different kinetic models fitted to the data for test No.19.

Table 7. Analyses of variance for P.0s ultimate recovery

Source of variation Sum of Squares df Mean Square F Value P-value
Prob> F
Model 0.0061 5 0.0012 4.986 0.0022
A 0.0006 1 0.0006 2.3652 0.1353
B 0.0003 1 0.0003 1.3067 0.2627
c 0.0012 1 0.0012 4.807 0.0368
F 0.0029 1 0.0029 11.844 0.0018
AxB 0.0011 1 0.0011 4.6069 0.0407
Curvature 0.0002 1 0.0002 0.625 0.4359
Residual 0.0069 28 0.0002
Lack of Fit 0.0067 26 0.0003 2.2276 0.3568
Pure Error 0.0002 2 0.0001
Cor Total 0.0132 34
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Table 8. Analyses of variance for phosphate flotation rate constant (K)

Source of variation Sum of Squares Df Mean Square F Value P-value
Prob> F
Model 13.216 5 2.6432 4.4196 0.0043
A 0.1918 1 0.1918 0.3206 0.5757
B 6.9328 1 6.9328 11.592 0.0020
C 2.5921 1 2.5921 4.3341 0.0466
F 0.9225 1 0.9225 1.5424 0.2246
AxF 2.5769 1 2.5769 4.3088 0.0472
Curvature 0.6079 1 0.6079 1.0164 0.3220
Residual 16.746 28 0.5981
Lack of Fit 16.569 26 0.6373 7.1901 0.1292
Pure Error 0.1773 2 0.0886
Cor Total 30.57 34
Perturhtion Perturhtion
) 0.96 — 5.8
1 .
= g B
2 093525 g 54—
g 092 g g
& £ o
: | 5
= 0945 — g 5 A
- F
E N C
0.9375 4.6 —
0.93 42 A
T T T T T T T T T T
-1.000 -0.500 0.000 0.500 1.000 -L.000 -0.500 0.000 0.500 1.000

Deviation from Reference Point (Codede Units)

Figure 5. Perturbation plot of the main parameters on

P,O; ultimate recovery

Table 7 shows an analysis of variance for the
ultimate recovery. As it is seen, the model F-value
and the corresponding p value is 4.99, indicating
that the model is statistically significant, i.e.; there
is only a 0.22% chance that this “Model F-Value”
could occur due to noise. The “Curvature F-value”
of 0.62 implies that the curvature, which is
obtained by the difference between the average of
the center points and the average of the factorial
points in the design space, is not statistically
significant. There is a 43.59% chance that this
“Curvature F-value” could occur due to noise. In
addition, the “Lack of Fit F-value” of 2.23
indicates that the Lack of Fit is not significant
compared with the pure error. There is a 35.68%
chance that this “Lack of Fit F-value” could occur
due to noise. It is noteworthy that the “Lack of
Fit” value to be non-significant for a proper fitted
model.
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Deviation from Reference Point (Codede Units)

Figure 6. Perturbation plot of the main parameters on

flotation rate constant (K)

Furthermore, the results of Table 7 reveal that the
linear effects of depressant dosage (C),
conditioning time (F), and the interaction effects
of solid concentration and pH (AxB) were
statistically significant at the 95% confidence
level (p-value < 0.05), as well as demonstrate that
conditioning time (F) give the most effect to
ultimate recovery. Figure 5 approved these result.
Hence, the proposed regression model (Equation
3) including these parameters is:

R, =0.94-0.0043x A+0.0032x B (3)

—0.0061xC —0.0095x F —0.006 x Ax B

The flotation rate constant analysis of variance is
shown in Table 8 and Figure 6.

The Model F-value of 4.42 implies the model is
significant. Moreover, the “Lack of Fit F-value”
of 7.19 indicates that the “Lack of Fit” is not
significant compared with the pure error. There is
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a 12.92% chance that a this “Lack of Fit F-value”
could occur due to noise. Thus
regression model is statisticallﬁsiﬁ
The results show that the linear effects of solids
content (B) and depressant (C) as well as the
interaction effect between pH and conditioning
time (AxF) are all statistically significant at the
95% confidence level. The lack of fit of the
proposed model (Equation 4) was not significant
indicating that this model can be used to explain
the variation in the data. The results also show
that solid content was the most important factor
over the investigation range. An increase in solid
content decreases flotation rate constant. But
longer conditioning time and higher depressant
dose increase it. Therefore, the proposed
regression model is:

K =4.99-0.077x A—0.47xB (4)

+0.28xC+0.17xF -0.28x AxF

Eate constant (E)

00
25 J a
o0 - o

80 5
0 4
30 4
30 4
20 4
10 = o

3 o

Nomal % Probability

14"

T T T T T
-2.83 -1.51 -0.40 072 1.34

Internally Stdentized Fesiduals

’nz,ffﬁgrf’—t@?(??% A—0A7xB+0.28xC+017xF —0.28x Ax F

Normal probability plot of residuals is used to
check proposed regression models shown in
Figure 7.

Figure 7 indicates Normal probability plots of the
residuals for both models (Equations 3 and 4).
The most important diagnosis of the statistical
properties of the model is the normal probability
plot of the residuals. The data points should be
approximately linear. A non-linear pattern
indicates non-normality in the error term, which
may be corrected by a transformation. It was
observed that Normal probability plots of the
residuals of models reveal no unusual data;
therefore, regression equations fitted to the data
correctl

Ultimate recovery (Finf)

Jgm D
= =
1 L

- ]

MNormal %% Probability

T T
-223 -1.07 0.11

Intemally Studentized Fesiduals

Figure 7. Normal probability plot of model residuals: flotation rate constant (K) (left); P,O ultimate recovery (

Rinf) (right)

4.Conclusions
This study was carried out to assess the influence
of operating parameters on the flotation kinetics (

R, , K). The conclusions obtained from the study

are as follows:

i) The results indicate that when pH increased
from 8.5 to 10.5, the phosphate recovery
increased. For a pH range of 8.5 to 9.5, iron
recovery decreased gradually but it increased
sharply when pH changed from 9.5 to 10.5. A
similar behavior can be seen for both
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phosphate and iron recoveries while modifier
varies from 60 to 100 gr/L.

ii) Solid content has a positive effect on
phosphate recovery. However, it increased the
amount of iron in the concentrate as well. By
consuming more collectors, both phosphate
and iron minerals flotation recovery
increased. Increasing depressant dosage
shows a positive effect on phosphate flotation
system; and by prolonging conditioning time,
phosphate recovery reached the maximum
peak level and then drop down with gentle
gradient.
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iii) Four first order kinetic models of apatite
flotation were investigated in batch tests.
Evaluation of the kinetic models shows that
the significance of these models in this
experiments can be ordered as a model with
fast and slow - floating components, a model
with rectangular distribution of floatabilities,
a model with gamma distribution of
floatabilities and classical model respectively.

The model with rectangular distribution of
floatabilities together with fractional factorial
experimental design was employed to evaluate the
influence of the flotation parameters on the
kinetics parameters. The results indicate that the
linear effects of depressant dosage, conditioning
time, and the interaction effects between solid
content and pH statistically affected the ultimate
recovery of apatite. The significant parameters of
flotation rate constant were linear effects of solids
content and depressant as well as the interaction
effect between pH and conditioning time. In
addition, conditioning time and solids content in
turn are the most dominant parameters affecting
the ultimate recovery of apatite. The results
further indicate that a nonlinear regression
equation presented above can well describe the
flotation Kinetic parameters.

The results obtained from this investigation

provide useful guidance for modification of the

Esfordi apatite processing circuit.
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