
Introduction
Turkey has the world’s largest boron deposits,
with 72% of the global resources (Uslu, 2007).
The commercially most important boron
minerals are borax (Na2B4O7.10H2O),
colemanite (Ca2B6O11.5H2O), and ulexite
(NaCaB5O9.8H2O) (Christogerou et al., 2009).
Colemanite is the most abundant boron
mineral in the Turkish deposits (Koca,          ,
and Koca, 2003; Yıldız, 2004). The major
gangue minerals associated with colemanite
ores are clays, carbonate minerals, and, to a
less extent, arsenic minerals (Koca and           ,
2004). Colemanite ores are concentrated by
attrition scrubbing followed by screening and
classification to remove clay minerals (Koca
and 2004; Uslu and Arol, 2004;
Acarkan et al., 2005; Gül, Kaytaz, and Önal,
2006).

Colemanite deposits in Turkey are
exploited by two sub-units of Eti Mine Works
(Emet Boron Works, Bigadiç Boron Works). In
the two concentrators of Emet Boron Works,
approximately 1.5 Mt/a = of ore containing
25–28% B2O3 is processed to produce 700 kt
of concentrate containing up to 36–42% B2O3.
However, 70 kt/a of concentrate is stockpiled
since it cannot be marketed or used in the

production of boric acid due to its low grade.
Approximately 600 kt of low-grade
concentrate have already been accumulated in
the stockpiles (EBW, 2014). Stockpiling of this
concentrate brings about potential problems,
including the occupation of large areas of land
and the environmental pollution due to its
exposure to atmospheric effects. Figure 1
shows a stockpile of low-grade colemanite
concentrate in the area of Espey Mine.
Treatment of this low-grade concentrate by a
suitable method is important for resource
efficiency and elimination of the problems
associated with stockpiling. 

The Knelson Concentrator is essentially a
hindered settling device, related to the
hydrosizer, with centrifugal force substituting
for the force of gravity. It consists of a rotating
ribbed cone (bowl) with fluidized concentrate
retention zones between the ribs. Feed slurry
enters through a central feed tube at the
bottom of the cone and is thrown outwards by
centrifugal force. Heavy (or large) particles are
trapped in the retention zone between the ribs,
while the light particles (or fine particles) are
carried upward into the tailings stream by the
slurry stream. Injection of water through small
holes located in the retention zones promotes
the formation of a fluidized and permeable
concentrate bed consisting of heavier particles
(Uslu, Sahinoglu, and Yavuz, 2012). Despite
its wide range of applications, the utilization of
the Knelson Concentrator for enrichment of
boron minerals has not been previously
reported. In the case of colemanite enrichment
by the Knelson Concentrator, clay and other
light or low specific gravity particles that are
generally dispersed finely in the slurry would
be removed from the bowl as overflow, while
colemanite particles would remain in the bowl
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(Figure 2). Preliminary tests (Uslu, Celep, and 2012)
demonstrated that the Knelson Concentrator can be used for
enrichment of the low-grade colemanite concentrate. In this
study, effects of various factors including particle size, bowl
speed, and fluidizing water velocity on the enrichment
process are investigated. 

Materials and method

Materials
A sample of low-grade colemanite concentrate (-3 mm) was
obtained from the Espey colemanite concentrator of Emet
Boron Works. The Espey concentrator and sampling point are
illustrated in Figure 3. The chemical analysis and particle size
analysis of the sample are given in Table I and Figure 4,
respectively.

As seen from Figure 4, 80% of the low-grade concentrate
is <1.5 mm. The B2O3 grade is higher in coarse particle
fractions due to greater amount of fine clay particles in the
fine fractions. 

Method
The sample was ground to three different size fractions 
(-1 mm, -0.5 mm, and -0.15 mm) in a rod mill. Each fraction
was subjected to the enrichment process in a laboratory
batch-type Knelson Concentrator (KC-MD3) (Figure 5). The
effects of bowl speed [500 r/min (11.2 G-force), 1000 r/min,
(45 G-force), 1500 r/min, (100 G-force), and 2000 r/min
(179 G-force)] and fluidizing water velocity (1 L/min, 
3 L/min, 5 L/min, and 7 L/min) were investigated. Feed pulp
at approximately 10% solids by weight was prepared in a
volume of 500 mL in a 1000 mL beaker. The beaker contents
were agitated for 15 minutes using an IKA RW-20 type
overhead stirrer equipped with a 45° pitched blade turbine
(four blade, 50 mm in diameter). The dispersed slurry was
fed to the Knelson Concentrator at a rate of 25 g/min.
Overflow (tailings) was collected in a bucket while underflow
(colemanite concentrate) remained in the bowl. The bowl
contents (concentrate) were washed into beakers. After
dewatering by using a vacuum filter, the products were dried,
weighed, and analysed for boron oxide (B2O3), iron (Fe), and
arsenic (As). Analyses were conducted in the laboratory of
Emet Boron Works. The B2O3 recovery and Fe and As
removal were calculated by using the following equations:

�
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Table I

Chemical analysis of the -3 mm low-grade
colemanite concentrate (%)

B2O3 SiO2 Fe2O3 Al2O3 CaO MgO SrO SO4 Fe As (g/t)

33.96 15.38 1.26 4.02 18.42 4.15 1.44 0.06 0.88 1360

Figure 1—Stockpiles of low-grade colemanite concentrate (-3 mm)
Figure 2—Schematic illustration of colemanite enrichment in a Knelson
Concentrator (Modified by authors from Kawatra and Eisele, 2001)

Figure 3—Espey Colemanite Concentrator and sampling point 

Figure 4—Particle size distribution of the low-grade colemanite
concentrate (-3 mm)
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where C is amount of concentrate (g), c the grade of
concentrate (%), T the amount of tailings (g), and t the grade
of the tailings (%).

Results and discussion
In three of the total of 36 tests, no concentrate was produced
and all of the feed reported to the tailings due to the
interactive combination of fine particle size, low bowl speed,
and high fluidizing water velocities. The remaining 33 tests
were used for the evaluation of the results.

The B2O3 recovery increased generally with increasing the
bowl speed or decreasing fluidizing water velocity (Figure 6).
The increase in B2O3 recovery results from increasing
centrifugal forces at high bowl speeds. Decreasing the
velocity of fluidizing water resulted in lower B2O3 grades at
the same bowl speeds due to particles being rejected by
fluidizing water. At the lowest particle size (-0.15 mm),
fluidizing water flow had little effect on the concentrate
grade, and grades were in general higher than those at
coarser particle sizes. This is probably due to more complete
liberation of colemanite at a finer grind, resulting in a purer
concentrate, and more evenly-sized concentrate at finer grind
with lesser susceptibility to changes in the fluidizing water
flow rate.

The adverse effect of increasing bowl speed and
decreasing water velocity on iron removal (Figure 7) can be
explained in the same manner. The increased centrifugal
force at high bowl speeds caused clay particles to be retained
between the ribs, despite their fine sizes, i.e., fine and light
particles were also affected by the centrifugal force. Higher
fluidizing flow assists in removing clay but also adversely
affects colemanite recovery. Since iron is associated with the
clay minerals, iron removal is linked with the rejection of clay
minerals in the tailings. Arsenic removal generally increased
with decreasing bowl speed and increasing water velocity
(Figure 8), following a similar trend as clay/iron.

Although a lower particle size affected the B2O3 recovery
adversely, it had a positive effect on iron and arsenic removal
(Figures 6–8). Size reduction generated considerable
amounts of colemanite fines, together with liberated clay
particles. In the enrichment process, fine colemanite particles,
as well as the clays, were lost in the overflow as tailings. The
enhancement of iron removal by size reduction is attributed
to the improved liberation of iron-bearing clay minerals. 
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Figure 5—Photograph and schematic of Knelson Concentrator (Celep 
et al., 2008)

Figure 6—Effect of bowl speed and fluidizing water velocity on B2O3

recovery and grade
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The minimum B2O3 content for -3 mm concentrate in the
boron market is 36%. On the other hand, only concentrates
with a B2O3 content of >40% are used to produce boric acid
in Emet Boron Works. In terms of resource efficiency, a B2O3
recovery exceeding 70% is considered to be acceptable in the
plant. Test results and conditions that provided acceptable
B2O3 recoveries (≥70%) and B2O3 grades (≥36%) are
summarized in Table II. Although concentrates containing up
to 45.52% B2O3 were produced after grinding to -0.5 mm, at
the expense of high losses from the -3 mm concentrate, a
B2O3 content of 40.2% could be produced at a recovery of
86.48%.

While up to 91.41% of the arsenic and up to 97.85% of
the iron could be removed, arsenic removals of 1.36–22.66%
and iron removals of 13.80–62.97% were achieved in tests
that yielded acceptable B2O3 recoveries and grades. Iron and
arsenic removals at optimum grade-recovery combination of
B2O3 were 57.95% and 15.39%, respectively. The minimum
arsenic and iron grades of the concentrates were 765 g/t and
0.33%, respectively.

High levels of arsenic removal were accompanied by a
decrease in B2O3 recovery. This can be attributed to the finely

disseminated nature of the arsenic, mainly as realgar in the
colemanite concentrate. It is therefore extremely difficult to
liberate arsenic minerals by size reduction, and the behaviour
of arsenic was similar to that of boron in the concentration
process. Size reduction to -0.15 mm allowed considerable
arsenic removal at the expense of a sharp decrease in B2O3
recovery due to high boron losses as fines.

When the results of this study were compared to those of
the preliminary study (Uslu, Celep, and 2012), in
which low-grade concentrate (-3 mm) was processed directly
in the Knelson Concentrator, without prior size reduction, it
was found that size reduction of low-grade concentrate 
(-3 mm) did not result in a concentrate with higher B2O3
grade, due to the high of B2O3 losses to the tailings. 

Only one study has been reported previously that resulted
in enrichment of -3 mm low-grade colemenite concentrate of
Emet Boron Works. The B2O3 grade was increased up to 49%,
with recoveries over 80%, by grinding to -0.25 mm followed
by ultrasonic pre-treatment and flotation (Ozkan and
Gungoren, 2012).

�

232 MARCH  2015                                VOLUME 115     The Journal of The Southern African Institute of Mining and Metallurgy

Figure 8—Effect of bowl speed and fluidizing water velocity on arsenic
removal and grade

Figure 7—Effect of bowl speed and fluidizing water velocity on iron
removal and grade
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Conclusions
The Knelson Concentrator was applied for the beneficiation of
a low-grade colemanite concentrate. The B2O3 grade was
increased from 33.96% to a maximum of 45.52%. However,
optimum concentration was carried out by increasing the
B2O3 grade to 40.2% at a recovery of 86.48%. A B2O3 grade
of 41.88% at 78.85% recovery is another remarkable result.
With the optimum concentration process, the iron content
was reduced from 0.88% to 0.68%, and arsenic content from
1360 g/t to 1240 g/t. Reduction of low-grade colemanite (-3
mm) to finer sizes (-0.15 mm) did not enhance the
enrichment process. The separation performance depended on
the bowl speed and fluidizing water velocity, with a close
interaction between these two parameters. The results show
that the Knelson Concentrator is a promising candidate for
producing marketable concentrates from low-grade
colemanite concentrate.

The current study is the first to use a Knelson
Concentrator for processing boron minerals. A large-scale
Knelson Concentrator, such as Knelson KC-CVD, should be
used in further studies due to its suitability for industrial
mineral applications. 
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Table II

Test conditions providing acceptable B2O3 recovery-grade combinations 

Particle Bowl speed, Water flow, Concentrate Tailings B2O3 grade of B2O3 grade of B2O3 recovery, 
size, mm r/min L/min. amount, g amount, g tailings,% concentrate % %

-1 500 1 46.86 7.03 9.00 36.34 96.34

1500 1 47.92 3.20 3.48 36.06 99.36

500 3 38.00 13.70 12.74 39.86 89.67

1000 3 45.20 6.77 6.16 36.38 97.53

1500 3 50.05 6.16 1.04 36.27 99.65

2000 3 46.97 4.52 3.28 36.12 99.13

1000 5 39.63 7.61 6.09 36.4 96.89

1000 7 41.46 12.53 9.44 39.26 93.23

1500 7 44.80 7.60 4.39 36.21 97.98

-0.5 500 1 40.40 11.18 16.14 36.49 89.09

500 3 32.21 20.39 17.75 41.88 78.85

1000 3 42.88 10.52 11.00 37.54 93.29

1000 5 37.75 12.48 11.22 38.15 91.14

1500 5 44.79 8.89 7.35 36.33 96.14

2000 5 46.17 7.56 5.38 35.17 97.62

1000 7 33.71 16.89 12.54 40.2 86.48

1500 7 41.43 10.56 7.42 37.67 95.22

2000 7 44.55 8.6 6.16 36.79 96.87

-0.15 1500 1 40.03 22.19 24.14 37.04 73.46
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