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Effects of particle size and particle interactions on scheelite flotation
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Abstract: Effects of size distribution (particle size and content of fine fraction (<10 pum)) on scheelite flotation were studied using
flotation tests and theoretical calculations. The results show that particle size influences the scheelite recovery and the performance of
combined reagents. The scheelite recovery is lowered by adding fine particles (<10 pum) into the pulp containing coarse particles.
Extended DLVO (EDLVO) theory confirms that the fine fractions (<10 pum) could interface with the coarse fractions. The
interaction energy and fluid forces are relative to the particle size, which might explain why the fine fractions influence the scheelite
flotation. The highest recovery of scheelite using combined reagents as collector and optimum ratio of combined reagents were
determined by scheelite particle size and reagent performance. However, the optimum adding order was only determined by reagent

performance, which has nothing to do with particle size.
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1 Introduction

Scheelite is a calcium tungstate mineral (CaWOy),
and it is one of the most important tungsten-bearing
minerals. A scheelite concentrate is recovered from
scheelite ore using a froth flotation process which
involves grinding the ore sufficiently to liberate scheelite
grains. Flotation is based on the surface-chemistry. In
order to understand the surface properties of commonly
exposed surface of scheelite, some theoretical and
experimental studies have been conducted on surface
broken bonds property of mineral crystal [1-3]. These
researches showed that the broken bonding density and
wettability of scheelite crystals exhibited anisotropy.
Scheelite is often associated with other calcium-bearing
minerals such as calcite, fluorite and apatite. The
flotation separation of scheelite from calcium-bearing
minerals is difficult because of similar surface properties
of calcium minerals and high reactivity with their
conventional reagents [4,5], and the investigate focus of
scheelite flotation is collector and depressant with
good selectivity.

Reagents, including collector and regulator, are key
factors that determine the flotation. The most widely
used collector in scheelite flotation is carboxylic acid

collector [6]. The opinion is that
chemisorptions occurred by the interaction between
—COO— and Ca’" on the surface of scheelite. In recent
years, hydroxamate has obtained more and more
attention [7], and the extensive research has been carried
out in a variety of mineral flotations such as monazite,
bastnaesite [8], malachite, azurite [9], cassiterite [10],
and wolfram [11]. Recently, benzohydroxamic acid
(BHA), a kind of hydroxamates, has been applied to
scheelite flotation [12]. It was worth mentioning that
BHA was usually combined with carboxylic acid
collector in scheelite flotation. To our knowledge,
however, few studies were conducted on the factors that
determine the performance of combined reagents of BHA
and carboxylic acid collector. These findings will be
helpful to improve the scheelite separation.

Flotation studies showed that the formation of
slime coating, caused by the fine fractions, was related
to the surface potential, which decreases mineral
recovery [13—15]. The research focus of scheelite
flotation is the separation of scheelite from calcium-
bearing minerals. To our knowledge, however, few
studies have examined the effect of scheelite particle size
and particle interactions on the scheelite recovery. These
findings will be helpful to the research of floation
scheelite.
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2 Experimental

2.1 Materials and reagents

The minerals used in this study containing scheelite
(CaW0O,) were obtained from Malipo in Yunnan
province, China. Hand-selected scheelite crystals were
crushed and ground in a laboratory porcelain ball-mill to
<10 pum, 10-38.5 pm, 38.5-74 pum, 74-106 pum, and
106—125 um, respectively. The scheelite purity was
95.98%. The X-ray powder diffraction
confirmed that the scheelite sample was of high purity
(Fig. 1).

Analytical pure sodium oleate and BHA were used
as collectors for scheelite. Dilute solution of
hydrochloric acid (HCI) and sodium hydroxide (NaOH)
were employed as pH adjustment agents. The distilled
water produced by automatic adsorption-type ultrapure
water systems was used.

analysis
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Fig. 1 XRD pattern of scheelite

2.2 Methods
2.2.1 Micro-flotation tests

Single mineral flotation tests were carried out on a
mechanical agitation flotation machine. The impeller
speed was fixed at 2000 r/min. The micro-flotation tests
involved the following procedures: 1) wetting the single
minerals (2.0 g) with 40 mL deionized water for 1.0 min;
2) adding the pH regulator for required pH and agitating
for 3.0 min; 3) adding the collectors and agitating for 5.0
min; 4) collecting the floated materials for 5.0 min;
5) filtering the collected materials, drying and weighing
them for recovery. The recovery rate (¢) was calculated
as follows:

e=my [(m; +m,)*x100% (1)

where m; is the mass of floated products (including the
coarse scheelite and fine scheelite); m, is the mass of
tailing products (including the coarse scheelite and fine
scheelite).

In order to study the influence of fine fractions on

the flotation of coarse particles, a theoretical recovery (et)
was defined and it was calculated as follows:

gT:(7’151+}’252)/(71+}/2)><100% )

where ¢, and y; are recovery and mass fraction of fine
fractions in the absence of coarse fractions, respectively;
& and y, are recovery and mass fraction of coarse
fractions in the absence of fine fractions, respectively.
2.2.2 Zeta potential measurements

Isoelectric point (IEP) values of scheelite samples
were determined by measuring the electrophoretic
mobility of aqueous dispersions as a function of pH
using a zeta potentiometer. For these measurements,
30 mg of scheelite sample was added to desire 1 mmol/L
KNO; solution and ultrasonicated for 30 min, and
magnetically stirred for 10 min; finally, the pH was
adjusted using HC1 or KOH.

3 Results and discussion

3.1 Effect of pH on scheelite flotation

The pulp pH value has strong effects on the
water—scheelite interface and reagent performance. In
order to determine the optimum pH of scheelite
flotation, floatation tests were carried out at different pH
and the results are shown in Fig. 2.
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Fig. 2 Effect of pH on scheelite flotation with sodium oleate or
BHA

As shown in Fig. 2, the recovery of scheelite using
sodium oleate increases with increasing pH from 2 to the
maximum at about 4, then nearly levels off in a wide pH
range (4—10), and decreases slightly with further pH
increasing to 12. The flotation results indicate that the
preferable pH for recovery of scheelite with BHA is
8—10. From Fig. 2, it can also be seen that both sodium
oleate and BHA collect scheelite well at pH 8—10. In
order to research the effects of particle size on the
performance of combined reagent of sodium oleate and
BHA, pH of 9.0 was used in this study.
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3.2 Effect of particle size and fine fractions on

scheelite flotation

Reagent concentration and pH are two main factors
determining mineral recovery. In our opinion, particle
size is also responsible for scheelite flotation. To support
this hypothesis, we studied the effects of particle size and
fine particle (<10 pm) percent on scheelite flotation
recovery at pH 11.0 (Figs. 3 and 4).
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Fig. 3 Effect of fine fractions (<10 pum) on coarse scheelite
recovery at sodium oleate concentration of 0.1 mmol/L
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Fig. 4 Effect of fine scheelite (<10 pwm) on 10-125 pm

scheelite recovery at sodium oleate concentration of 0.1mmol/L

The grey histogram in Fig. 3 and dashed lines in
Fig. 4 represent the theoretical recovery (er). In Fig. 3, it
can be seen that the floatability of coarse scheelite is
better than that of fine particles (<10 pm). Therefore, it is
reasonable to conclude that the recovery of scheelite
decreases with adding fine fractions (<10 pum) if the
recovery is lower than ér.

As shown in Fig. 3, particle size markedly affects
scheelite recovery. Scheelite recovery increases from
4771% to 95.77% as the maximum particle size
increases from 10 to 106 um, and then decreases slightly
as particle size increases further. The recovery of sample
containing coarse scheelite (¢>38.5 pm) decreases when

fine particles (<10 um) is added into pulp. However, the
recovery of 10—38.5 um scheelite is almost uninfluenced
by fine particles (<10 um) (Fig. 3). In Fig. 4, it can be
seen that the recovery of coarse scheelite (@>38.5 pum)
steadily decreases as the percentage of fine particles
(<10 pm) increases from 0 to 10%, then changes slightly
as percentage of fine particles (<10 pm) increases further.
However, the recovery of 10—38.5 pm scheelite is almost
uninfluenced by fine particles (<10 pm) when the
percentage of fine particles (<10 um) increases from 0 to
60% (Fig. 4). The highest recovery of scheelite for each
particle size in Fig. 4 is determined by particle size and
percent of fine particles (<10 um), which is in agreement
with earlier observation [16].

3.3 Effect of particle size on scheelite flotation with

combined reagents

Reagent concentration, pH, and order of addition
are important factors determining the properties of the
combined reagents. As particle size and fine fractions
influence scheelite flotation, we explore the effects of
reagent concentration and adding order of combined
reagents on scheelite flotation (Fig. 5 and Table 1).
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Fig. 5 Effect of BHA concentration on scheelite flotation at
sodium oleate concentration of 0.2 mmol/L: (a) BHA firstly;
(b) Sodium oleate firstly
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Table 1 Correlation between particle size and properties of
combined reagents

Particle size/ Optimum  Optimum order  Synergistic
pum ratio of addition effect
0-38.5 2:2 BHA firstly Positive
38.5-74.0 3:2 BHA firstly Positive
74-106 2:2 BHA firstly Positive

Optimum ratio is the concentration ratio of BHA to NaOL.

Figure 5 shows that the combined reagents of
sodium oleate (NaOL) and BHA recover more scheelite
than sodium oleate. More importantly, it is obvious that
the scheelite is determined by reagent concentration,
adding order and particle size. Table 1 shows that the
highest recovery of scheelite and optimum ratio of
combined reagents are determined by scheelite particle
size and reagent performance, while the preferable order
of addition is only determined by reagent performance.
This gives insight into how to regulate the performance
of combined reagents.

3.4 Discussion
3.4.1 Calculation of interactions between scheelite
particles
Flotation tests showed that fine fraction content
influenced scheelite flotation. This might be caused by
scheelite particle interactions, which resulted in the fine
particles adhering to coarse particles. Based on the
EDLVO theory [16,17], the total energy between
scheelite particles can be described as

Ve =V +Vg +Viga 3)

where Vy and Vg are Vander Waals energy and

electrostatic  energy, respectively; Vya represents
hydrophobic energy. And Vy, is calculated as
AR R
W e )
6H (R, +R,)
where
2
A:(\/All _\/Azz) (%)
where the Hamaker constant 4;; of scheelite is 10x10 2 J;

Ay, of sodium oleate is 4.70x102°J; R, and R, represent

the radii of fine particle and coarse particle, respectively;

H is the separation distance. Vg can be calculated as

RR
¥ 1+ exp(—KH)] (6)

1718

Vp =4ne,

where x is the thickness of the electric double-layer,
x=0.180 nm'; ¢, is the relative dielectric constant of the
continuous phase; y, is the surface potential (when
contact time between the particles is short, the

assumption of constant surface charge is appropriate).
Via is calculated as

RR H,-H
Vigp = 2n——2h V) exp(—L—— 7
HA R1+R20H p( o ) (7
where V;’ is the energy constant between two polar
surfaces; Ay is the attenuation length. And Vil s
calculated as

Vi =4 7ae —NVu?s) (8)

where y;, and y, represent electron donor and recipient
component of the surface free energy of water,
respectively; y; is electron recipient component of the
surface free energy of scheelite surface. In addition, y,
is calculated as follows:

(1+cosO)y,, =277 +\rs7) )

where 6 is the contact angle between the solid surface
and the liquid, ;/fv and }/Sd are dispersive components
of the surface free energy of water and scheelite,
respectively. And

73 = 4/24nH}) (10)

The components of the surface free energy of water
are listed in Table 2.

Table 2 Component of surface free energy of water

pmIm?)  y/mIlm?) i mIm?) oy, (mIm )

72.8 21.8 25.5 25.5

Figure 6 shows the curves of total energy (V1) vs
distance (H) at pH 11.0 on the basis of Egs. (3)—(10). All
the curves were carried out in sodium oleate solution at
the surface potential y,of —49.12 mV, and 6, in sodium
oleate solution is 80°.

The scheelite recovery was lowered by adding fine
particles (<10 pum) into the pulp containing coarse

3
2F
] -
0
o
T o-lr
=
S 2t
a
-3t ===+ <10um
------ 10-38.5 pm
e L B 38.5-74.0 ym
— 74.0-126 pm
_5_
-6 . . . . . .
0 4 12 16 20 24 28

H/nm
Fig. 6 Total energy between fine scheelite particles and coarse
particles at pH 11.0
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particles (see Figs. 3 and 4). The flotation speed of the
hydrophobic and fine particles is usually slow [18], and
the recovery of fine scheelite (<10 um) is lower than that
of coarse particles (see Fig. 3). In addition, fine scheelite
(<10 um) particles that are dispersed in solution greatly
reduce the collector concentration in solution. Hence, the
recovery is lowered by adding fine particles into the
coarse particles if they do not interface with the coarse
particles, and it is also reasonable to conclude that
coarse particles, used as the carrier, have interfaced with
fine particles if the recovery is higher than the theoretical
recovery.

In Fig. 6, it can be seen that the fine scheelite
particles (<10 pm) could interface with the coarse
particles when the value of H is less than 10 nm. As
mentioned previously, the adhesion of fine particles to
coarse particles would increase the recovery of fine
particles, as a result, the recovery of sample containing
40% particles (<10 pm) and 60% particles (10—38.5 um)
is almost equal to that of 100% particles (10—38.5 pm)
(see Fig. 3), and the recovery of samples containing
10—38.5 um particles and <10 pm particles is higher than
theoretical recovery (see Fig. 4). In Fig. 6, it also can be
seen that the value of Vr increases as particle size
increases from 10 to 125 pm when the value of H is
more than 10 nm, which indicates that the adhesion of
fine fractions to 38.5—125 pm particles is less obvious
than that to 10-38.5 um particles. In addition, the
shear force increases as particle size increases [16].
Therefore, the strength of particle interaction becomes
weak as coarse particle size increases. This is why the
samples containing 10—38.5 pm particles and <10 um
particles have the highest recovery in Fig. 3 and the
samples containing 38.5—74 um particles and <10 pm
particles have the highest recovery in the percent range
of 40%—100% of fine particles when the coarse particle
size is more than 38.5 um in Fig. 4.

3.4.2 Correlation between performance of combined
reagents and activity of reagents

The contact angle 8 between the solid surface and
liquid is directly determined by the activity of reagent.
Mulliken net charge and group electronegativity (y,) can
be used to evaluate the activity of flotation agents.
Mulliken net charge could be calculated by Gaussian 03
software. The formula for y, is

2y =031 (N-P)+

2m. —S. +S..,
Z( o i'“)l il 111405 (11)
27 + Xiv1)
where r and N represent the covalent radius and valence
electron number of bonding atom, respectively; P
represents the valence electron number of atom adjacent

to the bonding atom; m; and S; are numbers of chemical
bonds containing two electrons and non-bonding
electrons of atoms that are separated by i bonds from
bonding atoms.

The calculated Mulliken net charge, y,, and
solubility product are listed in Table 3.

Table 3 Structure-activity parameters of sodium oleate and
BHA

Mulliken net charge Solubility
Reagent Xe
=0 —(Q product constant
Sodium oleate  4.45 -0.640  —0.630 107154
BHA 436  —0.602  —0.486 107240

As shown in Table 3, the Mulliken net charge and y,
of sodium oleate are greater than those of BHA,
indicating that sodium oleate has a stronger collecting
ability, in accordance with the solubility product constant
listed in Table 3.

The specific surface area of the cleaved surface,
floatability and flotation speed of scheelite are related to
the particle size. Therefore, the highest recovery of
scheelite using combined reagents as collector is related
to the scheelite particle size.

The broken bonding density and wettability of
scheelite crystals exhibited anisotropy [2]. Since the
activities of adsorption sites on the surface of scheelite
are different, the first reagent added would react with the
adsorption sites that have the highest activity. If sodium
oleate is added first, the number of adsorption sites that
have higher activity for BHA would be decreased. This
results in a reduction of the adsorption of BHA on the
surface of scheelite. If BHA is added firstly, although the
number of adsorption sites that have higher activity for
sodium oleate is decreased, the adsorption of sodium
oleate on the scheelite surface is less affected because of
its strong collecting ability. So, the optimal order of
addition is to add BHA first, which is in accordance with
the flotation tests. Optimal order of addition is directly
the related to reagent activity and has nothing to do with
the particle size.

In addition, it is worth noticing that the optical order
of addition is also related to the reagent concentration.
Too much BHA would decrease the adsorption sites for
sodium oleate. In this case, the addition of BHA first
might decrease the scheelite recovery, which needs to be
further studied.

4 Conclusions
1) Particle size and fine fractions are significant

factors that determine the scheelite flotation quality. The
recovery of coarse scheelite (d>38.5 pm) steadily
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decreases as the percent of fine particles (<10 pm)
increases from 0 to 10%, and then changes slightly as the
percent of fine particles (<10 um) increases further. The
highest recovery of simples containing coarse scheelite
(10—126 pm) and fine scheelite (<10 pm) increases as
coarse particle size decreases when the fine particles
(<10 pm) content is equal to or above 10%.

2) EDLVO calculation confirms that fine scheelite
particles (<10 pm) could interface with the coarse
particles. The total energy, shear forces and collision
strength increase as particle size increases. The recovery
is lowered by adding fine particles (<10 pm) into the
coarse particles if fine particles do not interface with the
coarse particles. These are the reasons why the sample
containing 10-38.5 pum particles and fine particles
(<10 pm) has a higher recovery than that containing
38.5-126 pm particles and fine particles (<10 pm), and
the sample containing 38.5—74 pm particles and fine
particles (<10 pm) has the highest recovery in the
percent range of 10%—100% of fine particle when the
coarse particle size is 38.5—-126 um.

3) The highest recovery of scheelite and optimum
ratio of combined reagents of sodium oleate and BHA
are determined by scheelite particle size and reagent
performance, while the preferable order of addition is
only determined by the reagent performance.
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