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Abstract: The number of published studies related to the optimization of lithium extraction from low-grade ores has increased as the demand
for lithium has grown. However, no study related to the kinetics of the concentration stage of lithium-containing minerals by froth flotation
has yet been reported. To establish a factorial design of batch flotation experiments, we conducted a set of kinetic tests to determine the most
selective alternative collector, define a range of pulp pH values, and estimate a near-optimum flotation time. Both collectors (Aeromine
3000C and Armeen 12D) provided the required flotation selectivity, although this selectivity was lost in the case of pulp pH values outside
the range between 2 and 4. Cumulative mineral recovery curves were used to adjust a classical kinetic model that was modified with a
non-negative parameter representing a delay time. The computation of the near-optimum flotation time as the maximizer of a separation effi-
ciency (SE) function must be performed with caution. We instead propose to define the near-optimum flotation time as the time interval re-
quired to achieve 95%-99% of the maximum value of the SE function.
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1. Introduction

Flotation, specifically froth flotation, represents an im-
portant mineral concentration process. It has attracted much
attention from researchers, with flotation models being used
since the early 1930s. However, because of the complexity
of the flotation process and technological limitations, most
of the existing models have not been perfected. Nonetheless,
the quantification of kinetic parameters has resulted in im-
provements in the industrial flotation process by providing
information about the process rate [1]. One of the main ad-
vantages of the use of modeling and simulation techniques
in the development of flotation circuits is cost reductions.
Furthermore, several contributions have been directed to the
development of models to describe ore floatability [2].

Lithium was discovered in 1817, and its major applica-
tions are in the manufacture of glass, ceramics, and lubri-
cating greases. Currently, it is mainly used in the pharma-
ceutical and high-tech industries because of its numerous
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applications, which include rechargeable batteries and elec-
tronic components [3]. Moreover, since 1990, when lith-
fum-ion rechargeable batteries were first commercialized by
Sony, lithium has become essential for modern industry. It is
regarded as a strategic metal, widely employed in various
portable electronic devices because of its high energy den-
sity and long cycle life. Lithium extraction has thus become
a high priority [4].

Lithium is generally extracted from minerals found in
igneous rocks and from lithium chloride salts found in brine
pools. Other resources containing this metal, including
low-grade ores, are ignored [5]. Although lithium is present
in approximately 145 mineral species, only spodumene,
lepidolite, petalite, amblygonite, and eucryptite are the ob-
ject of commercial exploration of lithium [6]. The demand
for this metal has increased, as has research focused on op-
timizing its extraction from low-grade ores; however, stud-
ies on the kinetics of the lithium mineral concentration stage
by flotation have not yet been reported in the literature.
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Producing high-grade lithium concentrates for metallur-
gical processing requires exploitation of the physical prop-
erties that differentiate lithium minerals from the gangue
mineral associated with them. An analysis of the technology
employed in large mining plants reveals that froth flotation
remains a critical process in the production of high-purity
lithium mineral concentrates [7].

Portugal occupies an important position in the ranking of
lithium production, mainly because of the exploitation of
pegmatite aplite veins, from which lithium is extracted,
predominantly as lepidolite. The area of Gongalo-Vela
(Guarda District) contains the largest lepidolite reserves in
Portugal [8]. The estimated total volume of the minimum
gross geological reserves of lithium ore in the Gon-
calo—Seixo Amarelo area is larger than 544100 m?®; given
that the specific gravity of the lithium ore is 2.6, this volume
corresponds to more than 1400000 t [9]. Portuguese lepi-
dolites also contain, in addition to lithium, substantial
amounts of rubidium, another valuable metal that should not
be disregarded.

In Portugal, lithium has been used mainly in the glass and
ceramics industries, where its usefulness has been recog-
nized for several years, especially in the reduction of the
melting point of ceramic pastes [10]. However, despite the
existence of large reserves of lithium ores, lithium concen-
trates are not produced in Portugal. As a starting point for a
full optimization study of the flotation operating conditions,
we here present the results of a set of experimental tests
whose main objectives were to evaluate and compare the
selectivity of alternative cationic flotation collectors, define
a range of suitable pulp pH values, and estimate the
near-optimum flotation time of a lepidolite ore. A kinetics
approach is used to achieve these objectives.

2. Kinetic models applied to batch flotation

Flotation kinetics can be described macroscopically by a
first-order rate equation [11], although a second-order rate
model is also often considered. Thus, by analogy to the dif-
ferential equation of the kinetics of chemical reactions, the
general equation of the kinetic model for flotation can be
written as

40 oy, 1)
dt
where m(f) represents the mass of floatable mineral at time
instant ¢ and n is an exponent defining the order of the ki-
netic equation, typically ranging from 0 to 2.
Several models have been developed and, according to
Lynch et al. [12] and Yuan et al. [13], they can be classified
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into three categories: empirical models, probabilistic models,
and kinetic models. The empirical models are too specific,
considering only data in the range of conditions where they
were applied and usually involving a trial-and-error ap-
proach, whereas probability models, with certain constraints,
can be reduced to kinetic models.

For mono-sized particles of a given mineral group with a
well-defined flotation rate constant & and first-order kinetics,
the time change of the mass, m(f), of such particles in a
semi-batch flotation system is given by

dm(t)
Cdr
where mj is the initial mass of mineral particles and R, m,
is the initial mass of the floatable mineral particles. The so-
lution function of m(?) is given by
m(t) = m(0)exp (—kt)

=R, my exp(—kt).

= —km(t), with initial condition m(0) = R, m, (2)

(€)

The recovery in the floated product is, by definition, com-
puted as

R —m(t
R(t): oomO m()
my
R, my — R, mgyexp(—kt)

0

= Q)

my

=R, — R, exp(—k?)

=R, [1 —exp (—kt)]
The model parameter, R, can be interpreted as the ul-
timate/limit recovery; it refers to the mineral recovery after a

very long flotation time. For cases with a rate-constant dis-
tribution, the general model can be written as

R(t)=R, - j: f(k)exp(—kt)dk} ()

if k is a continuous parameter and as

R(t)=R,|[1-D f(k) exp(—kit)} (©6)

if k is a discrete parameter. Some well-known model variants
have been proposed in the literature [12—16]. A recent re-
view of first-order flotation kinetic models has also been
published [17].

3. Experimental

3.1. Materials and reagents

The material used in this work, lepidolite ore, originated
from Gongalo—Seixo Amarelo, situated in Guarda District,
Portugal, and was kindly provided by Felmica Minerais In-
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dustriais, S.A. (MOTA® Ceramic Solutions). Samples for
flotation tests were prepared through successive stages of
screening and fine crushing in a roll crusher (Sturtevant).
The objective was to obtain a flotation feed with a minimum
amount of very fine particles and a maximum particle size
of 500 um. This maximum size of 500 pm is, indeed, the
upper limit of application of the froth flotation operation for
materials with a specific gravity of approximately 2.6-2.7
(the upper limit is commonly stated as 300 pm) [18]. The
fine crushed material was then submitted to division with a
riffle sample splitter, which provided samples of approxi-
mately 750 g. This sample mass was considered taking into
account the minimal representative mass of ore required.

Fig. 1.

Two flotation collectors were tested in this study, an
Aeromine 3000C and an Armeen 12D, which were kindly
supplied by Cytec and Akzo Nobel, respectively. The
Aeromine 3000C was tested as a non-diluted solution
(5vol% in water), as proposed in the Mining Chemicals
Handbook [19], whereas the collector Armeen 12D was
added as a solution (5vo0l%) in ethanol because it is not
soluble in water. We also tested two collector dosages (350
and 500 gt ") based on the recommendations for these flota-
tion collectors.

The pulp pH value was controlled by the addition of di-
luted solutions of sulfuric acid (H,SO,) and sodium hydrox-
ide (NaOH) (10vol% in both cases). The reagents used were
of analytical grade (Merck), and the solutions were prepared
using demineralized water.

4-methyl-2-pentanol (MIBC, 98%) from Sigma-Aldrich
was used as a frother agent. According to Ref. [20], this
frother produces a more open froth, which allows good
drainage of the entrained gangue minerals, improving the
selectivity of the process. Moreover, being an alcohol, it
tends to form a thin film on the bubbles, thus carrying less
water and reducing slime entrainment (ultrafine particles).

Particle size analysis was performed by the dry sieving
method. The mineralogical characterization was conducted
by X-ray powder diffraction (XRPD, PANanalytical
X’PERT-PRO diffractometer) to identify the main mineral
phases present in the sample. XRPD analysis was carried
out using Cu K, radiation and a scan step size of 0.050° (26),
a step time of 150 s, and generator settings of 35 mA and 40
kV. The X’PERT HIGHSCORE PLUS software, in con-
junction with the PDF4 database, was used to analyze the
data.

Photographs of the original sample and of the fine
crushed sample (—500 pum) used in the flotation tests are
shown in Fig. 1.

(b)

Original sample (a) and fine crushed sample (b) employed in the flotation tests.

3.2. Methodology

3.2.1. Desliming step

A desliming (slimes removal) step was performed in
some tests, before the flotation operation, because of the
high consumption of reagents by very fine particles and be-
cause of their high surface area. This operation was carried
out through the “beaker decantation” procedure, as de-
scribed by Wills and Munn [21], as a sedimentation method
for particle size analysis. By combining solid particle sedi-
mentation in a diluted pulp and siphoning off the decanted
(supernatant water and solids), a removal efficiency of at
least 75% of the particles with a size finer than 30 pm (cor-
responding to one-half of the separation diameter of 60 um)
is possible using three decantation cycles. The choice of the
separation diameter was supported by the results of both the
particle size analysis and the XRPD analysis. The height of
the immersed siphon tube and the sedimentation time were
estimated using the settling velocity equations for spherical
particles, as presented in Refs. [22-23].
3.2.2. Flotation tests

The flotation tests were performed using a Leeds labora-
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tory flotation cell with a volume of 3.0 L. An air compressor
was used to inject air into the pulp in the flotation cell. The
impeller rotation speed and the air flow rate were kept con-
stant at 750 r-min" and 200 L-h™", respectively. A stopwatch
was used to monitor the time. The conditioning time was
fixed at 10 min. The pulp density was set at S0wt% of solids.
During the flotation tests, the pulp density was adjusted to
25wt% of solids, which is considered a suitable value ac-
cording to Ref. [24]. The pulp—froth interface and the pulp
pH value were kept constant during the tests by the addition
of a sufficient volume of water whose pH value was regu-
lated according to the pulp pH value of the flotation test
when required. Concentrates were collected at different spe-
cific flotation time to provide the required data to support
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the study of the flotation kinetics and the adjustment of the
parameters of the kinetic model. The conditioning time after
addition of the collector ranged from 5 to 8 min.

The pulp pH values were tested on the basis of the rec-
ommendations for the evaluated collectors. According to
Ref. [19], the Aeromine 3000C can be used for the flotation
of mica in either acid or alkaline media. Given this wide
range of application, we also investigated flotation in neutral
pH values because operations in this pH range could be in-
teresting given the associated safety and environmental
benefits. The pulp pH value was measured using a previ-
ously calibrated pH meter (Eutech Instruments, Ion 510).
The experimental conditions of the four flotation tests per-
formed are summarized in Fig. 2.

TEST 1 TEST 2 TEST 3 TEST 4

Desliming
(ZD Time: 5 min Time: 8.5 min
Z Collector: Armeen 12D Collector: Aeromine 3000C
= Dosage: 350 g-t! Dosage: 500 gt
£ Appilcation: ethyl alchool solution Appilcation: neat
% Frother: no Frother: no
8 Pulp density: 50% Pulp density: 50%
Z
© Frother: yes Frother: yes
; pH value : 3 pH value : 3
F
é Pulp density: 50% Pulp density: 25%

Desliming Desliming

Time: 8 min
Collector: Aeromine 3000C
Dosage: 350 g-t™!
Appilcation: solution in water

Time: 5 min
Collector: Aeromine 3000C
Dosage: 350 gt
Apbpilcation: solution in water
Frother: yes Frother: yes
Pulp density: 50% Pulp density: 50%

4 4

Frother: yes
pH value : 7-8

Frother: yes
pH value : 3

Time of sampling: 1, 2, 4, and 8 min Time of sampling: 2, 4, and 8 min Time of sampling: 1, 4, and 8 min Time of sampling: 1,2, 4, 8, and 16 min

Pulp density: 25% Pulp density: 25%

Fig. 2. Experimental operating conditions of the flotation tests.

3.3. Chemical analysis and recovery determination

Products obtained during the tests were filtered
(Whatman, ¢125 mm, ashless), dried in an oven with air
circulation (Memmert) for 24 h at 80°C, and further sam-
pled for chemical analysis, which was performed by acid
digestion in a microwave oven (CEM MDS-2000). The
measurement of lithium and rubidium contents was carried
out by atomic absorption (AA) spectrometry (SOLAR 969
AA spectrometer, Thermo Elemental).

The recovery, as a function of the flotation time, of the
lepidolite in the floated product was determined by measur-
ing the lithium content and assuming that lepidolite has a
lithium content of 3wt%. For the recovery of the gangue
minerals in the floated product, the content was taken as the
complement to 100% of the lepidolite content.

4. Flotation kinetics modeling

The test results were used to adjust the first-order kinetics

equation modified by Wills and Munn [21] and by Agar
[25]. These authors proposed the incorporation of a correc-
tion parameter for the flotation time because, in batch flota-
tion tests, some hydrophobic solids may be attached to air
bubbles formed during the conditioning time, thereby re-
sulting in a faster flotation than would naturally occur. This
faster flotation, in turn, causes a positive correction to time
zero because flotation starts before the introduction of the
air flow. However, when the air flow starts, several seconds
pass before a full depth of loaded froth is formed in the cell,
giving a negative correction to time zero. The proposed
modified rate equation for batch flotation tests is as follows:

R(t)=R, {1—exp[—k(t+b)]} (7)

where R(?) is the cumulative recovery after the flotation time
t, t is the cumulative flotation time, R_ is the maximum
theoretical flotation recovery, b is the parameter for the cor-
rection of the flotation starting time, and % is the first-order
rate constant (min') [21]. However, in the tests performed,
the delay effect of flotation was quite pronounced; conse-
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quently, we decided to slightly modify the model proposed
by Agar [25], reflecting the interpretation of the time correc-
tion, b, as a non-negative delay time. The kinetic model with
a non-negative delay time, b, can be rewritten as

Ry (t)=max(0,R, , {1-exp[k,(t-b)]}) =

0, t<b (8)
R, {1-exp[-k,(t-D)]}, >b

where X = M (mineral of interest) or G (gangue) and b > 0.

The mineral composition of the lithium ore consists
mainly of lepidolite (lithium-bearing mineral), quartz, and
feldspar minerals. Because the flotation behaviors of these
last two minerals are similar, they can be combined into a
single mineral group referred to hereafter as gangue. These
two mineral groups (lepidolite and gangue) are essentially
liberated from each other, in the case of a maximum particle
size of 500 um.

For each mineral group, the three parameters of the ki-
netic flotation model were adjusted by solving a non-linear
parameter estimation problem consisting of the minimiza-
tion of the sum of squares of residues (SQR) subject to sim-
ple bound constraints. The residues are the differences be-
tween the recoveries measured in the flotation tests for the
mineral of interest, lepidolite (Ry), or for the associated
gangue minerals (Rg), and the corresponding recoveries
predicted by the model. The non-linear bound constrained
optimization problem posed by the parameter estimation
problem was solved by a robust and efficient generalized re-
duced gradient (GRG) algorithm provided as an add-in called
Solver for the EXCEL" application.

Notably, because the flotation of both groups of minerals
occurs together, we should ensure that both are subject to the
same delay time. In this way, when the obtained delay time
differed between the mineral groups, parameter b was ad-
justed to become a common value.

The constrained optimization problem is summarized as

min. SQR =3[Ry (¢, R, v ky. by )~ R™(1,)]

(Rox Ky by} =
subject to:
0<R,, <100 )
b..<b,<b__
K, 20

n

where n is the number of collected floated increments,

R, (t AR,y ky by ) is the recovery predicted by the kinetic

model for flotation time £ and by given values of model pa-

rameters, and R"bs(t.) is the corresponding measured re-
b'e J

covery.

Using the adjusted parameters of the kinetic model, we can
estimate the optimum flotation time, f,,, which is the time that
maximizes the separation efficiency function, SE(¢), defined in
Eq. (10) as the difference of the cumulative recoveries be-
tween lepidolite and the gangue minerals:

SE(#) = Ry (1)~ R, () (10)

A closed-form solution to compute the optimum flotation
time can be obtained by finding the zero of the first-order de-
rivative of the separation efficiency function with respect to
time ¢ (i.e., the first-order necessary condition of the uncon-
strained optimization).

Solving the first-order necessary condition for an uncon-
strained maximum of function SE(f) with respect to %, gives

Eq. (11):
R ..k
In| ==MEM gk + bk
dSE(7) R, ks
== 0>t = :
dt t=t, i (kM _kG)

(11)

The solution of Eq. (11) must always be checked because
the optimum flotation time value is not necessarily
non-negative (i.e., ky may be less than kg) and is not neces-
sarily the maximizer. The application of Eq. (11) also as-
sumes that the separation efficiency function (curve)
achieves a unique well-defined maximum value, which is
generally not true because the time range tested is not suffi-
ciently long or because the recovery curves become almost
parallel. In the latter case, if the values for the ultimate/limit
recoveries are assumed to be significantly different, the
maximum separation efficiency is equal to R, —R,
which is an asymptotic value that is achieved theoretically
for a very long flotation time. A better approximation to the
near-optimum flotation time can then be defined as the in-
terval of the flotation time required to achieve a value of
95% to 99% of the maximum separation efficiency; that is,
95% to 99% of R,y — R, . The flotation times, o5 and o,
required to achieve 95% and 99% of the maximum separa-
tion efficiency, respectively, are the solutions of the follow-
ing non-linear Eq. (12), with =95 or 99:
Ry ()~ Ry~ D(R,\ ~R, ) =0 (12)
100

In case of equal or very similar ultimate/limit recoveries,
the aforementioned flotation times, #y5 and fy, can still be
estimated using Eq. (13):
R,(t)-R, (t)—%SE(topt)z 0 (13)
where the difference R, — R, is replaced by the opti-
mal value of the separation efficiency function obtained for
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the flotation time equal to 7, .
5. Results and discussion

The results of the particle size analyses, as well as the
lithium and rubidium contents in each size fraction, are
summarized in Table 1. As patent in Table 1, the highest
lithium and rubidium contents were observed for the particle
size range —125 pm+90 pm (1.53wt% and 0.32wt%, respec-
tively) and the lowest ones were observed for size fraction —32
pum (0.89wt% and 0.20wt%, respectively).

The lithium and rubidium contents are greater in the
coarser size fractions (—250 pm+63 um), as shown in the
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characterization results presented in Table 1. The authors of
previous studies [26-28] reported a higher content in the
coarser size fraction. According to Nogueira [28], the
coarser size range is richer in lithium because of the lamellar
structure of micas, where lithium occurs. The comminution
of the lamellar structures is very difficult; thus, lepidolite
distributes predominantly in this particle size fraction. The
different results obtained in this study could be related to the
presence of mixed (non-liberated) particles in the coarser
size fraction. The lowest value of lithium in the case of the
finer fraction could be due to the preferential concentration
of clay and Na feldspar particles, in the last case, in close
relation to its perfect cleavage.

Table 1. Particle size distribution and contents of rubidium and lithium
Particle size / um Corrected / Cumu.lative under Li content” / Li distribution / Rb content” / Rb distribution /
wt% size / % wt% % wt% %
—500+355 22.79 100.00 1.14 19.60 0.31 16.58
—355+250 16.07 7721 1.31 15.78 0.35 15.25
—250+180 19.87 61.13 1.41 21.01 0.39 21.86
—180+125 13.03 41.26 1.52 14.89 043 16.75
—125+90 10.29 28.23 1.53 11.85 0.32 13.43
—90+63 7.19 17.94 1.46 7.88 0.29 8.50
—63+45 3.97 10.75 1.31 3.90 0.27 3.78
—45+32 2.28 6.78 1.22 2.08 0.23 1.87
=32 4.50 4.50 0.89 3.01 0.20 1.98
T"Zf;v/v ’?::;;’ge 100.00 1.33 100.00 034 100.00

Note: *Corrected values.

Lepidolite, quartz, and Na feldspar (albite) are the main
mineral phases, as evident from the XRPD patterns (Fig. 3).

70000
60000 - L—Lepidolite L
. Q—~Quartz
£ 50000 - A—Albite L
2
S 40000 -
z L
2 30000 - L
E 20000 L L L
A A A
10000 F Q | /}2% Q LQ
. L KR
5 10 15 20 25 30 35 40 45 50 55 60

20/ (°)

Fig. 3. XRPD pattern of the lepidolite raw feed ore. Only
major reflections are shown.

The main results of the flotation tests are shown in Table
2, along with the ratio between the lithium and rubidium
contents. The observed cumulative recoveries are plotted

against the flotation time for the lepidolite and the gangue
minerals in Figs. 4 and 5, along with the corresponding re-
coveries predicted through the kinetic model.

As manifest in Fig. 4(a), the flotation in Test 1 was very
selective, resulting in substantial differences between the
recoveries of lepidolite and gangue minerals. As shown in
Table 2, the non-floated material contained only 0.38wt% Li.
We also verified that the flotation time of Test 1 could be
increased to 10 or 12 min because the lithium content of
2.36wt% of the incremental concentrate collected after 8
min of flotation was much higher than the lithium content of
the feed. Moreover, with respect to the average content of
lithium and rubidium in the floated fractions, a concentrate
with lithium and rubidium contents 1.73 and 1.58 times
richer than those of the feed, respectively, was obtained in
Test 1, along with a non-floated product with 0.38wt% Li
and 0.11wt% Rb (corresponding to lithium and rubidium
recoveries of 79.47% and 74.24%, respectively).
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Table 2. Main results of the flotation tests

Test No. Product Mass/%  Licontent/wt%  Lirecovery/%  Rbcontent/wt% Rbrecovery /% Li/Rb mass ratio
(Raw) feed 100.00 1.33 100.00 0.34 100.00 3.90
Floated 1 min 5.02 2.29 8.66 0.50 7.36 4.60
Floated 2 min 15.61 1.91 2243 0.54 24.51 3.57
1 Floated 4 min 11.45 2.63 22.65 0.59 19.95 443
Floated 8 min 14.52 2.36 25.72 0.53 2242 4.48
Non-floated 47.48 0.38 1347 0.11 15.38 342
Losses 5.90
(Raw) feed 100.00 1.33 100.00 0.34 100.00 3.90
Desliming 10.13 1.05 8.03 0.29 8.58 3.65
(Flotation) feed 89.87 1.36 91.97 0.35 91.42 3.93
Floated 2 min 3.93 2.63 7.78 0.58 6.71 4.53
Floated 4 min 833 2.74 17.17 0.62 15.21 4.40
Floated 8 min 21.57 2.52 40.85 0.54 3436 4.64
Non-floated 53.33 0.71 28.60 0.21 3344 3.34
Losses 272
(Raw) feed 100.00 1.33 100.00 0.34 100.00 3.90
Desliming 10.54 1.09 8.65 0.31 9.54 3.54
(Flotation) feed 89.46 1.36 91.35 0.34 90.46 3.94
Floated 1 min 23.94 1.62 29.22 0.49 34.28 3.33
Floated 4 min 34.99 1.43 37.68 0.44 45.00 3.27
Floated 8 min 8.85 1.23 8.17 0.40 10.32 3.09
Non-floated 18.70 091 12.84 0.25 13.89 3.61
Losses 2.99
(Raw) feed 100.00 1.33 100.00 0.34 100.00 3.90
Desliming 9.74 0.55 4.05 0.12 3.52 4.49
(Flotation) feed 90.26 1.41 95.95 0.36 96.48 3.88
Floated 1 min 1091 2.54 20.86 0.52 16.70 4.87
4 Floated 2 min 10.87 2.82 23.08 0.57 18.30 4.92
Floated 4 min 13.66 2.65 2722 0.68 27.27 3.90
Floated 8 min 4.52 2.49 8.48 0.55 7.25 4.56
Floated 16 min 1.09 2.10 1.72 0.48 1.53 4.38
Non-floated 47.65 0.37 13.37 0.08 11.24 4.64
Losses 1.56

Notably, although a selective flotation using the collector
Armeen 12D was observed, its application encounters some
limitations because it is not soluble in water and is therefore
added as a solution in ethyl alcohol. Alcohols have frother
properties, and although these properties may lead to a re-
duction of reagent consumption, they may also introduce
difficulties with respect to controlling the froth during the
process. The results obtained through the kinetic model ap-
pear to fit the experimental data well, both for lepidolite and
for the gangue minerals (Fig. 4(a)). Notably, losses during
Test 1 were not substantial, as shown in Table 2.

Although a different collector was used in Test 2 and was
applied non-diluted, Fig. 4(b) reveals that the conditions in
this test enhanced the selective flotation; a difference in re-
coveries between lepidolite and gangue minerals is evident.
Like in the first test (Test 1), the flotation time in the second
test (Test 2) could be increased to 12 min because the lith-
um content in the incremental concentrate at 8 min of flota-
tion (2.52wt%) is still higher than that in the feed (1.33wt%),
as shown in Table 2. However, with respect to the average
content of lithium and rubidium in the floated fractions of
Test 2, concentrates 1.93 and 1.68 times richer than the feed
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were obtained. The cumulative recovery in the floated frac-
tion was 71.54% for lithium and 56.28% for rubidium. The
non-floated fraction contained 0.71wt% Li and 0.21wt% Rb.

The introduction of the desliming step removed 10% to
10.5% of the initial sample mass, with lithium losses total-
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ing 8% to 8.5% (Table 2). The test losses of approximately
3% are considered acceptable. The results obtained through
the kinetic model appear to better fit the experimental values
of the gangue recovery than the experimental values of the
lepidolite recovery, as shown in Fig. 4(b).
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Flotation time / min

Fig. 4. Cumulative recovery experimentally observed and predicted by the model versus flotation time: (a) Test 1; (b) Test 2.

In the case of Test 3 (Fig. 5(a)), the flotation separation
was weakly selective. We verified this result by comparing
the recovery curves of lepidolite and gangue minerals,
which are similar and almost parallel. This result may indi-
cate that selectivity depends on the pH value of the pulp; in
this case, a neutral value (the natural water pH value) ap-
pears to adversely influence the process.

According to the electrostatic model of flotation [29-32],
which is the most commonly used model to explain the ad-
sorption of the cationic collector molecules on oxides and
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Flotation time / min

Fig. 5.

silicate mineral surfaces, these species are adsorbed through
physical interaction and act as counter-ions in the Stern
layer of the electric double layer at the interface min-
eral/aqueous solution. The physical interaction is controlled
by the electrical nature (sign) of the mineral surface, which
is strongly related to the pH value. The pH value at which
the surface charge is zero is called the point of zero charge
(PZC) of the mineral, and the pH value where the zeta po-
tential, defined as the potential at the shear plane of the
Stern layer, is zero is known as the isoelectric point (IEP).
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Cumulative recovery experimentally observed and predicted by the model versus flotation time: (a) Test 3; (b) Test 4.
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At pH values less than the PZC/IEP, the surface
charge/potential zeta is positive. The PZC/IEP values for
several minerals, especially quartz (ranging from 2 to 3.7),
have been reported in Ref. [29]. No values have been re-
ported for lepidolite; however, to ensure selective adsorption
of cationic collector molecules, we expect that, in this spe-
cific case, its PZC/IEP is sufficiently low on the basis of the
values of quartz.

Given the average content of lithium and rubidium in the
floated fractions, concentrates only 1.05 and 1.28 times
richer than the feed were obtained (cumulative recoveries of
71.54% for lithium and 89.59% for rubidium), which, in
combination with the low lithium and rubidium contents,
demonstrates weak selectivity. The non-floated fraction
contained 0.91wt% Li and 0.25wt% Rb. Recoveries esti-
mated through the kinetic model appear to perfectly fit the
results obtained experimentally for both mineral groups, as
shown in Fig. 5(a).

Test 4 is considered the most complete because incre-
mental concentrates were collected for a larger number of
time intervals. This test is characterized by high selectivity,
as patent in Fig. 5(b). The selectivity was evaluated by the
separation efficiency function, which reached its maximum
value for a flotation time of approximately 9-10 min.
Moreover, for a flotation time of 8 min, the lepidolite re-
covery already exceeded 80%. With respect to the average
contents of lithium and rubidium in the floated fractions,
concentrates 1.78 and 1.54 times richer than the feed were
obtained. The cumulative recovery in the floated fraction
was 81.29% for lithium and 71.05% for rubidium. The
non-floated fraction contained 0.37wt% Li and 0.08wt% Rb.

According to data presented in Table 2, the desliming
operation removed 9.5wt% of material, with lithium losses
totaling 4%. The lithium content of the final rejected frac-
tion was less than 0.4wt%, and the total losses were less
than 2%, which is considered acceptable. As apparent in Fig.
5, the adjusted kinetic model well fit the experimental re-
covery values.

5.1. Results of the adjusted parameters of the kinetic
model

Results of the adjusted parameters of the kinetic models
for all the tests performed are shown in Table 3. The opti-
mum flotation time (%), the times required to reach 95%
and 99% of the maximum separation efficiency function (fs
and ty9, respectively), the optimum value of the separation
efficiency function (SE(Z,)), when applicable, and the dif-
ference of the ultimate/limit recoveries (Rom — Rwg) are
summarized in Table 4.

Table 3. Results of the adjusted parameters of the kinetic
model

Mineral k/ b/ Sum of squares of
Test No. R,/° v :
estNo group /% min"'  min residues (SQR)

Lepidolite ~ 100.00 020 020 38.46

1
Gangue ) 032 020 15.65
minerals
Lepidolite 10000  0.12  0.20 32422

2
Gangue 0000 001 020 524
minerals
Lepidolite 8254 059  0.19 0.92

3
Gangue ) 0 046 019 0
minerals
Lepidolite 8629 044 020 35.68

4
Gangue 035 040 020 0.69
minerals

Table 4. Optimum flotation time, 7, time o5 and 99, SE(Zyp),
and Ry — R

TestNO. fyy/min  fos/min  fsg/ min  SE(tyy) / % R(f:)“”/;)
1 -8.8" 162 24.4 — 77.8
2 214 15.1 19.0 73.1 0
3 36 1.8 1.9 127 109
4 58.9 6.9 10.5 75.9 75.9

Note: “The negative value is the result of the inequality ky < kg.

The separation efficiency curves obtained for all flotation
tests performed are shown in Figs. 6(a)-6(d). To highlight the
main features of the separation efficiency curves, we ex-
panded the investigated flotation time range to 30 min. The
Lopts tos, and tog are also presented. The #,y is not presented in
the case of Test 1 (Fig. 6(a)) because the computed value is
negative; it is not presented in the case of Test 4 (Fig. 6(d))
because the optimal value is much greater than 30 min.

As evident from Fig. 6, the alternative flotation time, #os
and ty, are more reasonable estimations of the near-optimum
flotation time, except in the case of Test 3 (Fig. 6(c)). On the
basis of the maximum values of SE(Z,) and/or R.ym — R,
Test 3 (Fig. 6(c)) is the least selective concentration test, as
expected on the basis of the recovery curves for lepidolite
mineral and gangue groups. Flotation Test 4 (Fig. 6(d)) was
the most successful test performed, with the best value of
efficiency function achieved for a
near-optimum flotation time between 6.9 and 10.5 min (av-

the separation

erage value of 9 min).
5.2. Results of the lithium and rubidium contents

According to Refs. [33-34], the occurrence of rubidium
and cesium in lepidolite can be explained through the
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Fig. 6. Separation efficiency as a function of flotation time: (a) Test 1; (b) Test 2; (c) Test 3; (d) Test 4.

isomorphous replacement of potassium. Consequently, Rb is
a common byproduct of the processing of lepidolite, which
is found in just a few zoned pegmatites around the world
[35-36]. Moreover, a small quantity of rubidium is always
associated with potassium in this primary crystalline rock
[37]. The isomorphic substitution of K by Rb is also an im-
portant issue in the ore treatment process. According to Ref.
[24], the flotation properties of lepidolite that contains ru-
bidium are different from that of pure lepidolite and the
maximum recovery of rubidium from lepidolite is achieved
at pH 2.5 using acetate amine (Armac T).

The rubidium and lithium recoveries obtained in the flo-
tation tests are shown in Figs. 7(a)-7(d). In general, the dis-
tributions of lithium and rubidium during the flotation and in
the non-floated fraction, in all tests, appear to exhibit the
same pattern. This result is in accordance with the fact that
the bearing mineral of both elements is the same — in this
case, lepidolite — because the raw feed ore does not contain
K feldspars.

The Li and Rb contents and Li/Rb ratio were relatively
constant in all tests performed. Better concentrate results
were obtained in the flotation tests for Li (2.50wt%—
2.82wt%), Rb (0.52wt%—0.68wt%), and the Li/Rb ratio
(4.40-4.92). These values could be considered a geo-
chemical signature of Gongalo-Seixo Amarelo’s lepidolites.
The variations associated to the measured values are attrib-
uted to analytical limitations and to different proportions of
lepidolite versus gangue minerals (quartz and albite).

A similar rubidium content in lepidolite has been re-
ported by Kennard and Rambo [33], who studied the occur-

rence of rubidium, gallium, and thallium in lepidolite from
Pala, California; they reported a rubidium content of 0.67%.
Nevertheless, because isomorphous substitutions can vary,
the rubidium content is also variable. The contents of rubid-
ium and lithium in a lepidolite concentrate obtained from the
BOAM mine (Gyeongsangbuk-do, Korea) and used in a
study by Luong et al. [37] were 1.43% Rb and 2.55% Li.
The same authors studied lepidolite ore from this mine,
which they concentrated by hand picking [38]; its rubidium
and lithium contents were 0.74% and 1.79%, respectively.
Lepidolite from Jiangxi Province (China) was studied and
was observed to contain 1.79% Li and 1.21% Rb [39-40].

6. Conclusions

The kinetics of the froth flotation of a lepidolite ore was
studied; the following main conclusions are herein reported.

(1) A modified kinetic model for lepidolite flotation
process was employed, including a non-negative correction
factor for the delay time; in general, a good-to-excellent fit-
ting to the experimental data was obtained.

(2) Two new more reasonable and robust estimations of
the near-optimum flotation time are proposed: the flotation
time, fos and t9, required to reach 95% and 99% of the
maximum separation efficiency function, respectively.
These estimations were observed to be much more satisfac-
tory than the usually employed optimum flotation time
based on the maximum selectivity difference, which may be
sensitive to small uncertainties in the estimated rate con-
stants.



N. Vieceli et al., Kinetic approach to the study of froth flotation applied to a lepidolite ore 741

1 4 8
Time of flotation / min

Non-floated

(a) [0 Li recovery / % I Rb recovery / % (b) CLirecovery /%  [ERb recovery / %
7 & 5
R &9 g g
A 8% []a =3 %
] ) [ @ ©
- ~ o . & [
<+
o = H -
© ‘
O O c
o« N
Hﬂ -
1 2 4 8 Non-floated 8 Non-floated
Time of flotation / min Time of flotation / min
(© O Lirecovery/% [ Rbrecovery / % @ OLirecovery / % E1Rb recovery / %
(=
s N
N [l R Ned < e
N < sl 0 5] :
N o S O
&l oE '
NS ~
. et . o <
e o g . o o
- ~ 3 = : : %\ =
: o ~a @ : : AR
. = s — — : : R
6

4 8 16 Non-floated

Time of flotation / min

Fig. 7. Results of the rubidium and lithium recoveries obtained in the flotation tests: (a) Test 1; (b) Test 2; (c) Test 3; (d) Test 4.

(3) In the case of the most succeeded flotation test, Test 4,
a near-optimum flotation time is a value between 6.9 and
10.5 min. The (adjustable) operating conditions are a pulp
pH value equal to 3, a collector dosage of 350 g't ', and a
flotation time of about 9 min. By contrast, the least selective
flotation test was Test 3, with a pulp pH value of approxi-
mately 7-8.

(4) The high selectivity in the flotation of lepidolite ob-
tained using both collectors at pH 3 was in agreement with
the performance of cationic collectors in acidic media. The
use of the collector Armeen 12D presented some limitations
in this study because it is not soluble in water. Moreover, its
application as an ethyl alcohol solution may be detrimental
to froth control.

(5) The distributions of lithium and rubidium during the
flotation time and in the non-floated fraction appear to ex-
hibit the same patterns in the different tests, indicating the
presence of both elements in the mineral structure.
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