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Abstract: The role of several parameters on gangue recovery in froth was investigated. Effects of frother type and collector dosage
on flotation performance were tested at pH 10. The results were evaluated statistically by two-way analysis of variance without
replicates, sample range and sample standard deviation. Hydrophilic mineral was recovered mainly by entrainment through
hydrophobization of Ca'?-activated quartz from tap-water in the presence of Na-oleate as collector; entrapment and slime coating
were also proposed as recovery mechanisms in minority. Degree of gangue-entrainment in froth product increases by reduction in
liberation size. The experimental results state that selectivity would be improved by increasing collector concentration and reducing

the flotation time.
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1 Introduction

Froth flotation is a separation technique applied to
various types of ores using differences in the interfacial
properties of mineral surfaces constituting ore. Although
the degree of hydrophobicity is the major criterion on
flotation performance, separation efficiency is also
related with particle size. So, liberation size should be
taken into consideration to reduce fine gangue recovery
in froth.

Entrainment is the primary mechanism in gangue
recovery in froth product. Finely sized liberated particles
are carried out in thin water layer surrounding air bubble,
and recovered in concentrate launder regardless of the
degree of hydrophobicity of particles [1—3]. The mass of
particles decreases at lower liberation size, and hence the
effect of gravity becomes negligible, resulting in
tenddency to behave more and more as part of the liquid
phase. Therefore, degree of entrainment is directly
related with water recovery, and decreases at coarser
sizes. On the other hand, coarse grinding (lower degree
of liberation) means that unliberated locked particles are
attached to air bubbles by their hydrophobic parts, and
transferred to concentrate launder, causing lower
separation efficiency [2, 4-6].

Naturally hydrophobic minerals can be floated

without the addition of surfactant. However, in most
applications, collector is required to render valuable part
of ore hydrophobic. On the other hand, frother is used to
obtain stable froth to carry the hydrophobic mineral
particles into the concentrate launder. Type and amount
of collector and frother are strongly related with
entrainment of gangue in froth and recovery of valuable
minerals. SRIPRIYA et al [7] stated that the degree of
entrainment and flotation rate of coal is increased by
increasing collector concentration at higher frother
dosage. However, they also proposed that the net
recovery of solid decreased with increasing the collector
consumption in the presence of lower frother dosage due
to froth overloading. GULER et al [8] studied the role of
type and amount of frother on the flotation of
celestite—calcite ore, and observed an increase in
celestite recovery at higher frother dosages. Concentrate
grade did almost not change up to a certain frother
concentration, whereas it decreased sharply at higher
dosages due to entrainment. The work of
SUBRAHMANYAM and FORSSBERG [9] indicated
that a better grade was obtained in the increasing order
pine oil, polypropylene glycol, triethoxybuthane and
MIBC in copper ore flotation and these frothers
influenced gangue and water recovery considerably.

The two-way analysis of variance (two-way
ANOVA) is an important statistical test in the evaluation
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of experimental results. It is applied to studying the
effects of independent variables on dependent factor by
comparing the means of populations to determine
whether variation in the independent variable affects the
means of dependent factor. Experimental results may
also be evaluated by descriptive statistical data such as
sample range and sample standard deviation. Increase in
the value of these data indicates the increase in
separation of experimental results from each other. These
data direct at basic statistical results [10].

This work was performed to understand the role of
particle size, collector and frother on the entrainment of
fine gangue and recovery of valuable minerals. Celestite
(SrSO,), sulfate of strontium, was employed as
hydrophobic mineral. It is the chief commercial source of
the element strontium and its compounds. It is
traditionally concentrated using Na-salt of oleic acid.
Quartz (Si0O,) was studied as hydrophilic gangue mineral,
which is generally encountered in most of the flotation
applications as gangue.

2 Experimental

2.1 Materials

High purity quartz (99.2% SiO,) supplied from
Camis Mining Co. (Kurucasile, Turkey), and a celestite
concentrate having 96.3% SrSO, grade from Barit
Maden Co. (Sivas, Turkey), were used throughout the
experimental works. Quartz samples with different sizes
(d<38 um and 38—63 pm), and celestite samples (38—63
um) were prepared by screening after crushing and
grinding. The tests were carried out using 100 g solid in
a laboratory type flotation cell of 1.2 L capacity.

Na-oleate was employed as collector when it was
necessary. The frothers tested were pine-oil, MIBC,
Flotanol F (alkyl polypropylene glycol ether, a
commercial product of Clariant, Co.) and Aerofroth—65
(polypropylene glycol, a commercial product of Cytec,
Co.). An impeller speed of 1 100 r/min was applied to all
flotation tests. Conditioning time for Na-oleate and
frothers are 3 min and 1 min, respectively.

2.2 Flotation tests

Flotation experiments were conducted on a Denver
laboratory type flotation machine. Tap water was used in
experimental work. Chemical analysis of tap water was
given elsewhere [11]. Pulp pH was adjusted to 10 by
NaOH. Flotation tests of single quartz (100 g), single
celestite (100 g) and, artificial ore of quartz (<38 pm)
and celestite (38—63 pm) mixtures one to one by mass
(50 g celestite + 50 g quartz) were performed under
certain experimental conditions. The SrSO, grade of
froth product of artificial ore was determined by sieving

this material (>38 pm) on a sieve with sieve size of 38
pum. The mass of materials to the total mass of froth
product gives the grade of celestite in froth. The
recoveries of both materials were also calculated from
the same mass.

2.3 Entrainment factor
The entrainment factor for hydrophilic quartz was
calculated using Kirjavainen’s equation as [2]:

R; =1—exp(-=FRy) (1)

where R; and R, are quartz and water recoveries,
respectively, and P; is entrainment factor.

2.4 Statistical analysis

The experimental results were analyzed using
two-way analysis of variance (two-way ANOVA) test
without replicates. Two-way ANOVA test was used to
investigate the effects of two independent variables
(column factor and row factor) on one dependent factor
by comparing the means of populations. Columns and
rows represent various values or levels of independent
factors, respectively. This test was applied to elucidating
whether variation in the column (or row) variable
affected the column (or row) means. To test these
hypotheses, the experimental results given in Table 1
were used to construct Table 2 [10].

The sum of squares of factor A (Sa), factor B (Sg),
error (Sg) and total (St) were calculated by using
equations (2)—(5). The calculated F values (F,.) were
compared with the critical F values (Fi)) obtained from
F-tables for (1—a) confidence (or for significance level of
o): If the calculated value is greater than the critical one,
then the independent variable has significant influence
on the dependent variable at a level of 100x(1-a)%
confidence. Two-way ANOVA tests were performed
using MS Excel 2003 software program. The probability
(p) values of independent variables were also obtained
using this software. If the calculated “p” value is lower
than the significance level o, then the influence of
independent variable on the dependent variable is
statistically significant, and vice-versa.

Table 1 Data arrangement for two-factor experiment

Level of factor  Level of factor B (Column factor)

A (Row Mean
(Row factor) 1 b j
1 X11 X12 X1; X
2 X1 X0 Xj X,
i Xi1 Xi2 Xij X;
Mean X X, X; X
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Table 2 ANOVA table for two independent factors

Source of variation Degree of freedom Sum of squares Mean square Fae Fiaple
, 5 - Sa S
Factor A i-1 Sa AT oA Fo -0z =061
Sg
' - Sy Sg
Factor B ]71 SB B — 1 ~1 i Fa; G-1); G=1)-G-1)
Error (Residual ~1)(-1 S Sp =
rror (Residual) G- E E (-1)-(-1)
Total i1 St
S, = jz (%, _)—C)z ) Table 3 Flotation of celestite and quartz at various Na-oleate
i concentrations in single mineral system, and statistical
evaluation
S (-2
Sp = zZ(xj X) 3) >y
Jj=1 p(Na-oleate)/ )
5 (g~t") Quartz Quartz Celestite
Sg =22 (6 =% =X, +X) ) (<38um) (3863 pm) (3863 pm)
=A 0 15.480 9.430 18.630
S1=Sa+Spt+Se ®) 200 17.370 12.550 30.330
The experimental data were also evaluated by 500 21.830 11.020 59.150
computing the sample range, Sz (Eq. (6)) and sample 1000 19.260 14.300 69.800
standard deviation, s (Eq (7)) Mean 18.485 11.825 44.478
S 6.350 4.870 51.170
SR = Xmax ~ ¥min (6) N
s 2.712 2.084 23.977

s S R ™)

where xpi, and xp. are the minimum and maximum
experimental results in the group, respectively; s is the
sample standard deviation; x; is the ith variable of the
sample; # is the number of data in the group; x is the
arithmetic mean.

3 Results and discussions

The results of flotation experiments carried out with
quartz (38 pm), quartz (38—63 pm) and celestite (38—63
pm) at various Na-oleate concentrations in a single
mineral flotation system are given in Table 3 and Fig. 1.
The collector improved the celestite recovery, resulting
in a significant sample range, Sz (51.170) and sample
standard deviation, s (23.977). The increase in recovery
became sharper up to 500 g/t Na-oleate, and then a
gradual increase was observed. So, the governing
mechanism for celestite recovery is obviously the
hydrophobicity. On the other hand, a certain amount of
celestite was also recovered in the absence of collector,
which would be attributed to entrainment [1, 6].

Quartz demonstrates different flotation behavior.
Na-oleate did almost not affect quartz recovery in the
flotation of sample (38—63 pm), causing considerably
smaller statistical results (Sg=4.870; 5=2.084). Only
about 10% quartz, as an average, was recovered in the

Frother: 80 g/t pine-oil; Flotation time: 5 min
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.
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p(Na-oleate)/(g-t™")
Fig. 1 Flotation of celestite and quartz at various Na-oleate

Recovery/%

concentrations in single mineral system (Frother pine-oil: 80 g/t;
Flotation time: 5 min)

froth phase. On the other hand, a slight improvement
occurred in the processing of finely sized fraction, which
resulted in a certain increase in “Sg” and “s” values.
Quartz recovery reached approximately 22% in the
flotation with 500 g/t Na-oleate. These results would be
explained with entrainment: entrainment of hydrophilic
particles increases with decreasing size [3]. An enhanced
recovery of finely-sized hydrophilic particles in the froth
phase would be related with the frothing ability of
Na-oleate in addition to collecting action, and therefore,
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with the formation of more stable froth entraining the
fine hydrophilic particles in aqueous phase present
between bubbles [12].

The experimental works were conducted using hard
tap water (p(Ca™)=200 mg/L~5x10" mol/L; p(Na")=
30 mg/L~1.33x10"° mol/L) in the laboratories of
Cumbhuriyet University [11]. Therefore, entrainment
might not be the sole mechanism. Especially, fine quartz
particles might also be accidentally activated in minority
with dissolved Ca*-ions in the tap water [13, 14].
TRAHAR [15] proposed that only a low hydrophobicity
was necessary for fine particles to be captured by the true
flotation process as compared with coarser ones.
COOKE and DIGRE [13] proposed that the
concentration of calcium ion should be greater than
p(Na")x10™* mol/L for Ca™-activation of quartz. Indeed,
increase in the recovery up to 500 g/t oleate addition
might result from the adsorption of Ca™-ions on quartz
particles, which promotes the interaction of
activated-quartz with oleate ions inducing the formation
of hydrophobic surface [16]. Calcium ion adsorption on
quartz decreases to some extent in the presence of
relatively high oleate concentration possibly due to
Ca'’-oleate interaction, which would affect the
simultaneous Ca+2-quartz attraction [14].

Entrainment occurs without a direct attachment of
particle to the bubble. The mechanism of particle
entrainment in the launder is related with the water
recovery and flotation time. Therefore, the relationship
between gangue and water recovery was also
investigated as a function of flotation time (Table 4,
Fig. 2). Nearly linear relationship between water and
quartz recoveries is a well-known indicator of
entrainment for quartz [5, 17—19]. As stated in definition
of the term “entrainment”, increase in the water recovery
promotes gangue entrainment in froth product. On the
other hand, statistical values given in Table 4 indicate
that increase in recoveries of quartz and water with
respect to flotation time is not so proportional; change in
Sr and s values with flotation time states that there is a
strong correlation between quartz and water recoveries
up to 3 min froth scrapping. Similarly, entrainment factor
increased almost linearly. However, with longer flotation
time (5 min), Sg (17.430) and s (12.325) became
significantly larger, and P; value decreased from 0.629
for 3 min to 0.511 for 5 min. Finer particles tend to
behave as part of liquid phase with decreasing the size.
So, the particles with smaller sizes, and hence lower
particle masses, will be recovered initially in water
constituting the froth phase with flotation gas. In
conclusion, the capturing possibility of left heavy-large
hydrophilic gangue particles in froth phase reduces, and
hydrophilic gangue recovery rate decreases with the time
[3, 19]. Entrainment factor for quartz (<38 pum) was

Table 4 Recoveries of quartz (<38 um) and water depending
on flotation time in single mineral system, and statistical

evaluation
. uartz Water
Eiﬁ:}gﬁﬁ re?:(zvery/ recovery/ Mean/%  Sp s P;
% %
1 4.27 10.72 7.495 6.45 4.561 0.407
2 9.13 19.35 14.24 10.22 7.227 0.495
3 13.56 23.16 18.36  9.60 6.788 0.629
5 15.48 32.91 24.195 17.43 12.3250.511
Mean 10.61 21.535
Sk 11.21 22.190
s 4.994 9.197

No collector; Frother pine-oil: 80 g/t

40

*—Quartz
=— Water ]

Recovery/%

0 I |
1 2 3 4 5

Flotation time/min

Fig. 2 Recoveries of quartz (<38 um) and water depending on
flotation time in single mineral system (No collector; Frother
pine-oil: 80 g/t)

calculated as 0.511 for 5 min flotation, whereas it was
only 0.340 for particles of 38—63 um.

ANOVA table was also prepared for quartz and
water recoveries as a function of flotation time (Table 5).
Two-way ANOVA test proposed that the recovery
responses of components (quartz and water) were
statistically different from each other:
Foac=22.174>F,e=10.128  and  p=0.0118<0=0.05.
Similar result was also proposed above according to Sg
(Srwater=22.190>Srquar=11.210) and s (Swaer=9.197>
Squartz—4.994) values (Table 4). However, p value (0.051)
for the flotation time factor is negligibly higher than
significance level (a=0.05), while the calculated F value
(9.174) is slightly lower than the critical one (9.277).
Such values resulted possibly from the difference of
recovery values with longer flotation time. Therefore,
flotation time would also be suggested to have important
influence on recovery.

The flotation and entrainment data for fine quartz
(<38 pum) with four types of frothers are given in Table 6.
A survey of the data in the table indicated that frother



Taki GULER, et al/Trans. Nonferrous Met. Soc. China 22(2012) 199205 203

Table S ANOVA table for effect of flotation time on recoveries
of quartz (<38 pm) and water recovery in single mineral system
(0=0.05)

Source of Flotation Recovery of
variation time/min component/% Error
f 3 1 3
K 296.278 238.711 32.297
S 98.759 238.711 10.766
Feac 9.174 22.174
Flabie 9.277 10.128
p-value 0.051 0.018

Table 6 Effect of frother type on recoveries of quartz (<38 um)
and water in single mineral system, and statistical evaluation

Frother rec(?)lxlfzit}fz/% rec\())\:/aet:;/% Sk s P
Pine-Oil 15.48 32.91 17.43 12.325 0.511
MIBC 19.93 37.78 17.85 12.622 0.588
Aerofroth-65  16.14 31.64 15.50 10.960 0.556
Flotanol-F 13.27 34.25 20.98 14.835 0.416

No collector; Frother: 80 g/t; Flotation time: 5 min

type was effective to some extent on both water and
quartz recoveries and entrainment factors. The lowest
quartz recovery (13.270% SiO,) and entrainment factor
(0.416) were obtained with Flotanol-F, while these
values became as 19.930% SiO, and 0.588 with MIBC,
respectively. In other words, better gangue recovery and
entrainment factor values were obtained by Flotanol F,
while Aerofroth-65 gave a minimum water recovery with
considerably bad entrainment factor (0.556). AKDEMIR
et al [5] investigated the role of frothers on gangue
entrainment in talc-calcite separation, and obtained the
minimum entrainment with Flotanol F. They pointed out
that the optimum frother type would obviously differ for
every particular system. ANOVA test was also made to
clarify statistically the effect of frother type on the
recoveries of components given in Table 6. However,
statistically significant difference would not be obtained

at a level of 95% confidence possibly due to the
considerably closer Sz and s values to each other.
Therefore, ANOVA table is not presented here.

Further studies were carried out with an artificial
ore at various Na-oleate concentrations (Table 7, Fig. 3).
Ore was prepared from mixing quartz (<38 um, gangue
mineral) and celestite (38—63 pum) (valuable mineral) one
to one by mass. Maximum Sgp and s values were
calculated for the recovery of hydrophobic mineral;
meanwhile these values were lower for quartz and water.
Since the main mechanism for celestite flotation is
hydrophobicity imparted by collector addition. Oleate
addition increased celestite recovery, much beyond
quartz recovery, resulting in the higher grade of
concentrate. A sharp increase in recovery up to 500 g/t
Na-oleate, and then a gradual increase was observed.
However, collectorless flotation of valuable mineral at a
recovery level of 18.280% should be considered the
presence of different recovery mechanisms, such as
entrainment, other than hydrophobization [17, 18]. The
use of collector at over-dosage (1000 g/t) did almost not
cause any significant results in the recovery of
components and celestite grade.

100 80
+—Quartz recovery
4—Water recovery

80+ ]
70
% 60 S
Q
% 60§
é 40
50
20

= —Celestite recovery
v —Celestite grade

|
0 200 400 600

L 40
800 1000
p(Na-oleate)/(g't™")
Fig. 3 Flotation results of an artificial ore of celestite (38—63
um) and quartz (<38 um) (1:1) at various Na-oleate
concentrations (Frother pine-oil: 80 g/t; Flotation time: 5 min)

Table 7 Flotation results of an artificial ore of celestite (38—63 pm) and quartz (<38 um) (1:1) at various Na-oleate concentrations,
and statistical evaluation (Frother: 80 g/t pine-oil; Flotation time: 5 min)

Statistics for 1 and 2

Statistics for 1 and 3

1, 2, 3, 4, Statistics for 3 and 4
Na-oleate  celestite  celestite quartz water Mean/%  Sa S Mean/% Se S Mean/%  Sa S
recovery/% grade/% recovery/% recovery/%
0 18.28 46.3 21.14 30.18 3229 28.02 19.813 19.71 2.86 2.022 25.66  9.04 6.392
200 32.66 52.7 29.34 40.33 42.68  20.04 14.170  31.00 3.32 2.348 34.835 10.99 7.771
500 68.20 71.2 27.58 35.75 69.70 3.00 2.121 4789  40.62  28.723  31.665 8.17 5.777
1000 80.12 72.5 30.46 39.96 76.31 7.62  5.388 5529  49.66 35115 35210 9.50 6.718
Mean 49.815 60.675 27.130 36.555 55.245 38.473 31.843
Sk 61.840 26.200 9.320 10.150
s 29.127 13.176 4.166 4.731
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Data in Table 7 signify that the effect of collector
concentration on the recovery of quartz and water is
restricted to a few percentages, and might not be taken
into consideration in the processing of artificial ore. On
the other hand, one can observe from the comparison of
Fig. 1 and Fig. 3 that quartz recovery of artificial ore of
quartz-celestite mixture is higher than that of single
quartz system. Recovery of 15%—20% for single mineral
system rises to 20%—30% for mixture system. So, it can
be concluded from the experimental results that quartz
would mainly be recovered by entrainment even though
hydrophobization of Ca-activated quartz by oleate,
entrapment and slime coating might also be effective on
recovery in minority [13, 14, 17, 19, 20].

Final experimental works were conducted with
artificial celestite-quartz ore mixing one to one by mass
to investigate the combined effects of flotation time and
collector concentration on the recovery and selectivity of
separation. The results presented in Table 8 show that
more selective products could be obtained at 1000 g/t
level by reducing flotation time. While a celestite
concentrate of 71.21% SrSO4 was obtained by
combination of 500 g/t collector dosage and 5 min
flotation time; a high-grade (76.65% SrSO,) product was
obtained at nearly 70% celestite recovery level by
reducing flotation time and increasing collector
concentration. This is probably due to the increased
difference between the flotation rates of hydrophobic
celestite and hydrophilic quartz [17]. Increasing the
flotation rate of hydrophobic mineral by raising collector
concentration at a shorter flotation time may be a useful
way of increasing selectivity of separation. This finding
is consistent with the work of AKDEMIR et al [5].

Table 8 Recoveries and grades of froth product of artificial ore
of celestite (38—63 um) and quartz (<38 um) one to one by
mass at various conditions (Frother pine-oil: 80 g/t)

Quartz Celestite Froth

p(Na-oleate)/ Flotation

(gt™h time/min recovery/% recovery/% grade/%
500 5 27.58 68.20 71.21
1000 5 30.46 80.12 72.45
1000 3 21.72 71.28 76.65

4 Conclusions

1) The primary governing recovery mechanisms for
valuable-hydrophobic and gangue-hydrophilic minerals
were hydrophobicity and entrainment, respectively.
Degree of entrainment increases at finer liberation sizes.
It is also influenced by the type of frother.

2) Flotation time affects gangue entrainment and
water recovery: gangue recovery rate decreases with the
time due to skimming-off the finer particles first. As a
whole, a shorter froth skimming period by increasing the

collector concentration would be effective to increase
selectivity of separation due to the difference between
the flotation rates of minerals constituting ore.

3) In the processing of an ore, entrainment would
not be the sole mechanism in the recovery of hydrophilic
gangue in froth. Other mechanisms, like accidental
activation, slime coating and entrapment, would also be
effective. Accidental activation due to chemical
composition of process water might adversely affect
selectivity.
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