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Mining activities are followed by mineral processing and wet beneficiation methods
which generate a significant amount of tailings. Slime fractions are discharged
to the tailing ponds with associated process water and this causes storage and
disposal difficulties and creates severe environmental problems. Therefore,
dewatering these tailings is necessary for both economic and environmental
aspects. In this study, the flocculation behaviors of the boron tailings from AJildere
and Hisarcik (Turkey) were studied in the presence of anionic, cationic, and non-
ionic flocculants. The results showed that the free settling condition was optimum
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geyw"t"}:_s: for the Agildere sample. On the contrary, the settling rate of the Hisarcik sample
oron faflings increased considerably by the use of flocculants with a significant decrease in

Flocculation . . . . LT

Settling rate the turbidity of the suspension. Flocculation experiments indicated that the effect

Turbidity of the flocculant type on the flocculation of the Hisarcik sample can be generally

Ultrasound ordered as anionic>cationic>non-ionic>no-flocculant. Furthermore, ultrasound

was used as a supporting application. The results indicated that although the
ultrasound application decreased the settling rate of both samples, lower sediment
bed heights were obtained for the Hisarcik sample with ultrasound because of the
formation of a more compact sediment bed in the presence of ultrasound.

1. Introduction tions between the flocculant and the particles, the wa-

ter content of the suspension, and the dosage of the

Dewatering of suspensions is carried out by the sepa-
ration of solids from a liquid by mechanical compres-
sion, air displacement under vacuum or pressure, and
drainage in a gravitational or centrifugal system. When
the products of these methods are considered, it can
be seen that the solid/liquid separation usually needs
a long time [1,2]. In order to accelerate and increase
the efficiency of solid/liquid separation, long-chain
polymers (flocculants) which adsorb to particle sur-
faces and form bridges between the finely dispersed
particles can be employed [3-5]. The flocculation rate
and efficiency dependent upon various parameters in-
cluding the surface properties of the solid, the interac-

flocculant. Therefore, many optimization experiments
should be carried out for these parameters including
the various flocculant types [6,7].

As of the end of 2020, Turkey has 73.6% of the to-
tal world reserves [8]. Turkey has the biggest boron
reserve in the world and a significant amount of the
production of boron minerals [9]. Some methods in-
cluding flotation [10,11], leaching [12], heat treatment
[13], gravity separation [9], electrostatic separation
[14] were tried for the beneficiation of boron minerals
at a laboratory scale. However, the most economic
and viable beneficiation method for boron minerals is
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known as the removal of clay content by washing af-
ter mechanical attrition at the industrial scale [11,15].
As a result of the beneficiation processes, a significant
amount of tailings are generated and the fine fractions
typically less than 3 mm are discharged to the tailing
ponds with associated process water, which causes
important storage, disposal, and environmental prob-
lems [16]. Therefore, the dewatering of these tailings
is very crucial in the economic and environmental
aspects. However, only a few researchers studied
the flocculation of boron ores and tailings. Cirak and
Hosten [2] emphasized that since the clay content of
the boron tailings decreases the sedimentation rate,
the sedimentation process in the tailing ponds can be
increased up to ten days. In addition, it is reported that
the treatment of borax tailings can be feasible if the
parameters of the solid/liquid separation process are
implemented properly [5].

The efficiency of mineral processing operations can be
enhanced by ultrasound (US) applications [17]. Ultra-
sound is a soundwave above the human perception
frequency limit (more than 20 kHz) [18]. The ultrasonic
application causes acoustic streaming in a liquid me-
dium [19]. In addition, ultrasound travels in a fluid as
three-dimensional pressure waves consisting of alter-
nating cycles of compression and rarefaction. If the
negative pressure generated during the rarefaction cy-
cle is sufficient to overcome the molecular forces bind-
ing the liquid, cavitation bubbles occurred [20]. These
bubbles are collapsed in the immediate compressing
phase with releasing a very large but localized burst of
energy. This process is known as cavitation and some
extremely high temperature (5000 K) and pressure
(1000 atm) conditions can be obtained in the liquid
medium via the cavitation process [21]. The level of
cavitation is higher in the presence of solid particulate
matter in the liquid. The cavitation bubbles formed at
the solid surfaces can help the separation of solid and
liquid via decreasing the surface energy.

Singh [22] used ultrasound in the solid/liquid separa-
tion of fine clean coal particles by vacuum filtration.
His results indicated that ultrasound pretreatment has
the potential for better cake moisture removal and en-
hanced filtration rate. Onal et al. [23] reported that the
flocculant consumption is reduced with the use of ul-
trasound in the clay flocculation, decrease the settling
time by half with an increased final pulp density. Burat
et al. [24] investigated the effects of ultrasound on the
dewatering of fine coal particles with a high frequency
vibrating screen and they obtained a lower moisture
content with ultrasound.

In this study, the flocculation behaviors of the tailings
of two boron processing plants located in Agildere
(Bandirma), and Hisarcik (Emet) were studied in the
presence of differently charged (anionic, cationic, and
non-ionic) flocculants and the effect of the use of ul-
trasound on the flocculation process was investigated.

2. Materials and Methods
2.1. Materials

Although boron is one of the rarest elements in the
earth's crust (10 ppm) [25], there are also places
where boron minerals are collected and economi-
cally exploited. These deposits are generally directly
related to hydrothermal spring activity, closed basins
and Cenozoic volcanism in arid climate conditions and
occurs in a limited number of Neogene to Holocene
non-marine evaporitic settings [26]. Hisarcik deposit
was formed in Miocene lake environments contributed
by volcanism [27].

The samples used in this study were obtained from
the tailing ponds of two different boron processing
plants, which produce various boron-containing com-
pounds including boric acid, borax pentahydrate, bo-
rax decahydrate, dehydrated borax, disodium octabo-
rate tetrahydrate, zinc borate, and amorphous boron
oxide [28,29]. The representative samples were taken
systematically from the different sites and depths of
the tailing ponds. The plants are located in Agildere/
Bandirma and Hisarcik/Emet regions in Turkey. The
samples were coded as “Agildere” and “Hisarcik”, re-
spectively related to the plants they were collected.

Although the composition of borate formations differs
related to the deposit, they are generally found to-
gether with sandstone, tuff, marl, clay, conglomerate,
and limestone [26]. The Hisarcik deposit is generally
composed of colemanite, ulexite, hydroboracite, and
meyerhofferite. Clays accompanying boron minerals
are mainly composed of montmorillonite. There are
also illite and chlorite present in the clay zone. In addi-
tion, there are plenty of zeolites in the tuffs [30]. Other
accompanied minerals are calcite, dolomite, gypsum,
celestine, realgar, orpiment, and sulfur [25].

The chemical analysis of the samples was carried out
by the volumetric titration method and the results are
given in Table 1.

The particle size analysis of the samples was carried
out with a laser diffraction particle size analyzer (Mas-
tersizer 3000, Malvern, UK) and the results are given

Table 1. Chemical analysis of the samples.

B203 Na20 SiO2 SrOo S04 MgO CaO Fe203 Al20s As203

(%) (%) (%) (%) (%) (%) (%) (%) (%) (%)
Agildere 8.16 4.91 17.6 0.824 1.308 13.6 15.5 0.245 1.02 0.0038
Hisarcik 2.45 0.03 8.68 1.62 37.07 1.83 30.5 0.87 1.72 0.88
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in Figure 1, in addition to the d,,, d,;,, and d,, sizes
seen in Table 2.
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Figure 1. The particle size distribution of the samples.

Table 2. d,, d,, and d , sizes of the samples.

d1o dso doo
Agildere (um) 0.3 20.6 256.0
Hisarcik (um) 2.8 10.1 325

It is seen in Figure 2 and Table 2 that the Adildere
sample shows a wide particle size distribution with a
d,, size of 256 um. On the contrary, the Hisarcik sam-
ple was comprised of finer particles (d,=32.5 pm).
Furthermore, although the tailings have consisted of
various minerals, the zeta potential was measured for
the characterization of the surface electrical properties
of the tailings. The measurements were done twice
with the electrophoresis method using a zeta meter
(Zeta Plus, Brookhaven, UK) without and with ultra-
sound, and the average of two measurements were
calculated.

It is seen in Figure 2 that since the samples have dif-
ferences in their chemical compositions as shown in
Table 1, they have different behaviors at various pH
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conditions. The changes in the zeta potential in the
presence of ultrasound should be originated from
the removal of clay particles from the surfaces. It is
also clear from Figure 2 that both of the tailings had
no point of zero charges (pzc) and the zeta potentials
were always negative.

The flocculants used in this study were obtained
from NCC Chemical Co. (Turkey) with the commer-
cial names of Newfloc-123 (anionic flocculant), New-
Floc-8243 (cationic flocculant), and Newfloc-101
(non-ionic flocculant). The flocculant solutions were
prepared using de-ionized (DI) water (18.2 MQ-cm at
25°C) (Millipore Milli-Q, Merck, Germany), freshly. All
experiments were performed at room temperature (23
+ 1°C).

2.2. Methods

First, the effect of the solid-in-pulp ratio on the settling
properties of the samples was investigated with free
settling experiments in the absence of flocculant. For
this purpose, suspensions at 3%, 5%, and 7% solid-in-
pulp ratios were prepared in a 1 dm? glass beaker and
stirred using a flocculator (jar test device) (Velp Scien-
tifica, Italy) at 200 rpm for 10 min. Since the success of
the flocculation process is dependent upon the stirring
speed and time [31,32] these values were kept con-
stant in further experimental studies to investigate the
effect of ultrasound on the flocculation process prop-
erly. In addition, in order to mimic the plant conditions,
the flocculation experiments were carried out at the
natural pH of the suspensions, which were 9.0 + 0.2
for the Agildere and 9.7 + 0.1 for the Hisarcik samples.

Then, the suspensions were transferred to a graduat-
ed cylinder, separately and the height of the sediment
bed was recorded as a function of time up to 240 min.
The sediment bed heights as a function of settling time
were used to obtain the settling rates.

Then, the effect of the flocculant type and dosage on
the flocculation was studied using anionic, cationic,

pH
0 2 4 6 8 10 12 14
0 :

- (b) Hisarcik

L
o

)
(=]

Zeta Potential (mV)
AW
o &

OHisarcik with US
I OHisarcik without US

o)
S

-60

Figure 2. Zeta potential of Adildere (a) and Hisarcik samples (b).
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and non-ionic flocculants, separately. The flocculant
solutions were prepared at 0.1% concentration by
weight and used in the flocculation experiments in the
volumes of 2 cm?® (67 g/t), 4 cm® (133 g/t), and 6 cm?®
(200 gtt).

The experiments with ultrasound were carried out us-
ing a cylindrical ultrasonic bath (Bandelin Sonorex RK
106, Germany) working at a constant frequency (35
kHz) and power (480 W). In order to investigate the
effect of ultrasound on the flocculation process and
to observe whether the ultrasound was causing floc
breakage, the ultrasonic application was performed
for 10 min before the settlement process starts. The
suspension was stirred with a glass bar gently during
the ultrasonic application to prevent the suspension
to settle. The mechanic stirring was not preferred to
avoid further floc breakage. The ultrasonic application
method is shown in Figure 3.

Ultrasonic Stirring bar
bath
Beaker @/g
ko
=
Transducers

Figure 3. The ultrasonic application method.

During the flocculation experiments, a 5 cm?® sample
was taken from the top of the suspension using a Pas-
teur pipette and the turbidity measurements were per-
formed with a turbid meter (Aquafast-Il, Thermo Scien-
tific, USA) with respect to settling time.
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3. Results and Discussion

The settling rate [33] and the turbidity of the residual
suspension [34,35] are important indicators of the suc-
cess of the flocculation process. The settling rate of
the Agildere and Hisarcik samples at various solid-in
pulp ratios is seen in Figure 4a and b, respectively
in the absence of flocculant. Figure 4 shows that the
Adildere sample settled in a shorter time than the
Hisarcik sample. While the maximum settling rate was
observed between 1-3 min with the Agdildere sample,
the settling rate of the Hisarcik sample was the highest
between 1-10 min. The maximum settling rate was ob-
tained as 17 cm/min at 1 min and 10 cm/min at 8 min
for Agildere and Hisarcik samples at 3% solid-in-pulp
ratio, respectively. Furthermore, it is obvious in Figure
4 that the flocculation process becomes more difficult
with an increase in the solid-in-pulp ratio and therefore
the settling rates decreased. This can be related to
the increase in the clay content of the suspension and
hence the change in its rheological properties [36]. It
is known from the literature that the adsorbed floccu-
lants per solid amount decreased with the increase in
the solid-in-pulp ratio. In addition, the particle-reagent
collision probability is low in crowded colloidal systems
[37]. Therefore, it has an important role in flocculation
efficiency [38,39]. However, it is also a fact that when
the solid content of the system decreased, the floccu-
lation capacity will also decrease. Therefore, no solid-
in-pulp ratios below 3% were used in this study consid-
ering the capacity of the flocculation process. It is also
seen in Figure 4 that the settling rate did not change
significantly after 60 min for both samples. Therefore,
it was decided to perform flocculation experiments for
up to 60 min for further studies.

The results of the flocculation experiments in the pres-
ence of flocculants along with the results of the turbid-
ity measurements for the Agildere sample are seen in
Figure 5. It is seen in Figure 5a-c that since the use of
flocculant caused the re-stabilization of the particles
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Figure 4. Settling rate of Agildere (a) and Hisarcik (b) samples at various solid-in-pulp ratios in the absence of flocculant.
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[40,41], flocculant addition decelerated the settling of
the Agildere sample. For instance, at 1 min settling
time, while the settling rate was 17 cm/min without
flocculant, it sharply decreased to 3 cm/min with an-
ionic flocculant at 67 g/t while the settlement process
did not begin in the presence of cationic and non-ionic

flocculants. Although the settling rate increased with

flocculant dosage, it is a fact that flocculants were
not useful for the settlement of the Agildere sample.
In parallel, the results of the turbidity measurements

ity measurements

time in the presence of flocculant. The difference in
the turbidity of the suspension increased with floccu-
lant dosage and reaches 617 NTU, 318 NTU, and 223
NTU, for anionic, non-ionic, and cationic flocculants at
200 g/t, respectively, while it was 171 NTU in the ab-
sence of flocculant.

The results of the flocculation experiments in the pres-
ence of flocculants along with the results of the turbid-
for the Hisarcik sample are given in

given in Figure 5(d-f) showed that more muddy sus-  Figure 6.
pensions were obtained at the end of 60 min settling
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Figure 5. Settling rate (a-c) and turbidity (d-f) of the Agildere sample related to flocculant type and dosage.
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Figure 6a-c indicates that contrary to the Agildere
sample, the settling rate increased significantly in the
presence of flocculant for the Hisarcik sample. While
the settling rate was 3 cm/min in the absence of floc-
culant, it increased to 52 cm/min, 62 cm/min, and 69
cm/min at 1 min in the presence of 67 g/t non-ionic,
cationic, and anionic flocculant, respectively. The max-
imum settling rate was obtained as 83 cm/min at 200
g/t anionic flocculant at 1 min. It is also clear in Figure
6d-f that the use of flocculant decreased the turbidity
of the suspension, considerably related to the floccu-
lant type [42,43].
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Figure 6. Settling rate (a-c) and turbidity (d-f) of the Hisarcik sample related to flocculant type and dosage.

It is seen from the results of the flocculation experi-
ments that the effect of the flocculant type on the floc-
culation of the Hisarcik sample can be generally writ-
ten as anionic > cationic > non-ionic > no-flocculant.
Considering that the tailings had negative zeta poten-
tials, it can be said that the interaction between the
particle surfaces and flocculant molecules was chemi-
cal rather than physical.

In the light of the flocculation experiments at various
dosages, the ultrasound application was applied at 67
g/t flocculant consideration considering the efficiency
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and cost factors. The effect of the ultrasound applica-
tion on the results of the settling rate and turbidity is
given in Figure 7 for the Agildere sample. It is seen
in Figure 7a-d that the use of ultrasound decreased
the settling rate of the AJildere sample, significantly
because of the floc breakage. For instance, while the
settling rate was 17% at 1 min settling time in the ab-
sence of flocculant without ultrasound, it decreased to
2% with ultrasound. This trend did not change in the
presence of flocculant. In several previous studies, it
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was also reported that ultrasound could be detrimental
to the flocculation process related to the application
conditions [44-46]. On the other hand, it is seen in Fig-
ure 7e-h that lower turbidity values were obtained with
ultrasound in most experiments because of the forma-
tion of a more compact sediment bed in the presence
of ultrasound.

The results of the settling rate and turbidity measure-
ments without and with ultrasound for the Hisarcik
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Figure 7. Settling rate (a-d) and turbidity (e-h) of the Agildere sample related to flocculant type without and with ultrasound.
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sample are given in Figure 8. Similar to the Agildere
sample, the results of the experiments for the Hisarcik
sample seen in Figure 8 show that lower settling rate
values were obtained with ultrasound at shorter set-
tling times. At longer settling times, the settling rates
became equal without and with ultrasound. However,
higher turbidity values were obtained with ultrasound.
Although the use of flocculant increased the settling
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rate, the trend between the samples without and with
ultrasound did not change. For instance, while the set-
tling rate was 69 cm/min without ultrasound, it was
only 14 cm/min with ultrasound in the presence of 67
g/t anionic flocculant.

Height of the sediment bed of Agdildere and Hisarcik
samples without and with ultrasound at 60 min is given
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Figure 8. Settling rate (a-d) and turbidity (e-h) of the Hisarcik sample related to flocculant type without and with ultrasound.
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in Figure 9. Figure 9a shows that while higher sediment
bed heights were obtained with ultrasound with the
Adildere sample, ultrasound decreased the sediment
bed heights of the Hisarcik sample as seen in Figure
9b. The positive effect of ultrasound on the sediment
bed height was mostly originated from allowing closer
packing of the particles [47]. Meanwhile, there are
some additional effects of ultrasound including the en-
hancement of emulsification and dispersion processes
[17,48], as well as increasing the polymer adsorption
onto clay particles [49], facilitation of the migration of
moisture through channels created by wave propaga-
tion [24]. Furthermore, the cavitation bubbles formed at
the solid surfaces can help the separation of solid and
liquid via forming gas/liquid interfaces with much lower
surface energy compared to solid/liquid surfaces [23].
Furthermore, Videla et al. [50] stated that ultrasound
can favor the effects of flocculants and increasing their
performance. They compared the longitudinal and
transverse ultrasonic radiation in flocculation. They
stated that acoustic longitudinal radiation served bet-
ter than transverse radiation to improve the sedimen-
tation rate. Furthermore, they investigate the effect of
frequency. Their results showed that the sedimenta-
tion rate improved as the frequency decreased, and
therefore, ultrasound at different frequencies could be
used in the flocculation process for optimization pur-
poses. On the other hand, the detrimental effects of ul-
trasound on the flocculation of boron tailings observed
in this study could be related to the floc breakage and
inefficient agglomeration process in the presence of
ultrasound in accordance with Riera-Franco de Sara-
bia et al. [51]. Moreover, it is also a fact that cavitation
bubbles collapse asymmetrically in the presence of
solid particles because of the asymmetric distribution
of the pressure around the bubble near a solid parti-
cle. The asymmetric collapse of the cavitation bubbles
causes the formation of micro-jets and shock waves

s
o
(=]

[21,52,53]. These shock waves could remove the clay
minerals on boron particles which are very fine and
very difficult to settle. These fine clay particles could
be responsible for the decrease in the settling rate and
increase in the turbidity of the suspension.

4. Conclusions

In this study, the effect of ultrasound on the flocculation
of the boron tailings from Agildere and Hisarcik regions
of Turkey in the presence of anionic, cationic, and
non-ionic flocculants was investigated in detail. The
results showed that the decrease in the solid-in-pulp
ratio increased the settling rate of both samples. It was
observed that the Agildere sample could be settled in
free settling conditions and flocculant addition harmed
the settling process. On the other hand, there was a
significant increase in the settling rate of the Hisarcik
sample in the presence of flocculants with a consider-
able decrease in the turbidity of the suspension. The
difference between the flocculation behaviors of the
two samples was originated from the differences in
their chemical compositions. The most effective floc-
culant types for the Hisarcik sample can be ordered
as anionic, cationic, and non-ionic, respectively. In this
study, ultrasound was also used as a supporting ap-
plication for flocculation. The results indicated that al-
though the use of ultrasound had a negative effect on
the settling rate of both samples mostly caused by the
floc breakage, since ultrasound allowed closer pack-
ing of the particles, lower sediment bed heights were
obtained for the Hisarcik sample in the presence of
ultrasound application.
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