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Abstract

This study aimed to determine the effects of three different high molecular weight (HMW) flocculants (anionic, cationic and non-ionic
flocculants) on the fine particles removal from natural stone (foid-bearing rock) processing plant wastewater at alkaline pH conditions.
The test results were investigated in terms of turbidity values depending on pH of the medium, flocculant concentration and time (0-60
min). According to the results obtained, the turbidity values of the wastewater in the absence of the flocculants were pH dependent and
decreased as the pH increased, resulted in the minimum turbidity values at pH 12. In the presence of the flocculants, the pH depended
turbidity removal efficiencies varied with flocculant type, flocculant concentration and time. The best results were obtained at highly
alkaline pH values (pH 12) with the turbidity removal efficiency of <99% in the presence of non-ionic flocculant. In the case of anionic
and cationic flocculants, the minimum turbidity values were also obtained at pH 12 with turbidity removal efficiencies over 90%.

Keywords: natural stone processing plant wastewater, turbidity removal, flocculant addition, flocculant concentration, pH, time

Introduction

Water has vital importance in almost every step of the
mining industry, starting from the pre-mining operations to
an obtaining salable concentrate after the ore preparation/
mineral processing operations.

In general, it is used for machine cooling (cutting parts),
removing the ore bodies from the surface of the excavation/
cutting processes in open pit mining, underground mining
and natural stone processing (sizing of natural stones such as
marble and granite) and applied as water sprays for suppress-
ing dust (Ediz vd. 2001; Mavis, 2003; Agirtmis, 2017). The
wastewater can have 2-10% solid content (by Wt) which ap-
proximately contain 25-40% (by Wt) of the products formed
during mining operations (Wright et al., 1976; Ashton et al.,
2001; Thomashausen et al., 2018). Thus, the water used in the
mining/processing plants for different purposes contains sol-
id (mostly mineral particles) having with a wide size distribu-
tion, from milimeter to microns, depending on the method
applied.

In the case of the wastewater is recirculated to the sys-
tem without solid/liquid separation, it will negatively affect
the life and cutting performance of the cutting units as well as
causing clogging of water transfer pumps and pipes etc. (Acar,
2001; Celik et al., 2008). As there is a high density difference
between mineral particles and water in the wastewater of the
natural stone processing plants, the solid/liquid separation
processes are usually applied by sedimentation method (Ip-
ekoglu, 1997; Svarovsky, 2000). In the sedimentation process,
the settling rate of the mineral particles is mostly affected by
the density and size of the particles. The bigger the size and
the higher the density of the mineral particles the faster the
settling velocity (Bradby, 1993; Table 1). The solid particles

in the size range of 1 nm-0.1 nm, which are called colloids,
cannot be removed by classical physical treatment methods
because they cannot settle easily by themselves (Oztiirk et al.
2005). The other factors affecting the settling velocity are the
shape, the charge of the particles and pH of the medium etc.
(Leschonski, 1993; Ersoy, 2005; Tripathy et al., 2006; Tasdemir
et al., 2012; Watanabe, 2017) and can be increased by the use
of natural/synthetic flocculants. In addition, the hardness of
the process and recycle water, the presence of high-valence
cations like Ca** and Mg?*, may aid coagulation by reducing
the magnitude of potential and/or neutralizing the surface
charge of the mineral particles. Therefore, their presence may
promote flocculation efficiency with the use of lower floccu-
lant concentrations (Hosten et al., 2013; Wang et al., 2009).
The most of the researches on the removal of fines in natu-
ral stone processing plant wastewaters have been done on the
effluents of processing plants which only contain marble or
travertine fines (Ersoy, 2005; Tasdemir et al., 2012; Bayraktar
et al., 1996; Sabah et al., 2012; Arslan et al., 2005). In this re-
gard, this study aimed to determine the effect of the presence
and the concentration of three different flocculants with dif-
ferent charging mechanisms (anionic, cationic and non-ionic
flocculants) depending on pH and time on flocculation behav-
ior of foid-bearing rock fines; containing silicates, clays and
iron-bearing minerals etc., in processing plant wastewater.

Materials and methods

The wastewater sample was obtained and collected in
sealed pet bottles from a wastewater pond of a foid-bearing
rock processing plant (FRPP) located near Isparta, Turkey.
The schematic presentation of the processing plant and the
particle size distribution of the sample are given in Fig. 1.

Inzynieria Mineralna — Styczei — Czerwiec 2020 January - June — Journal of the Polish Mineral Engineering Society 157



Tab. 1. Classification of particle sizes (Bratby, 1993) [*mineral particles having specific gravity of 2.65]
Tab. 1. Klasyfikacja wielkosci czastek (Bratby, 1993) [* czastki mineralne o cigzarze wlasciwym 2,65]

Particle size . . Time required
(mm) Classification Examples to settle 100 mm*
10 Gravel, coarse sand, mineral 0.1s
1 Coarse dispursion (visible | substances, precipitated and s
to naked eye) flocculated particles, silt,
10°! macroplankton 13s
2 .
10 Fine particulate dispersion Mineral substances, precipitated 11 min
103 (visibrie under P and flocculated particles, silt, 20 hours
microscope) bacteria, plankton and other
104 organisms 80 days
107 Colloidal dispersion Mineral substances, hydrolysis and 1 years
(submicroscop ic) precipitated products,
10° P macromolecules, biopolymers, 20 years
(a) 1007 (b)
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Fig. 1. (a) Schematic presentation of the FRPP and (b) particle size distribution of the sample

Rys. 1. (a) Schematyczne przedstawienie FRPP i (b) rozklad wielkosci czastek w probee

Tab. 2. XRF analysis of particles in wastewater
Tab. 2. Analiza XRF czgstek w $ciekach

Content %

SiO2 58.14
ALO3 18.38
Na:0 6.32
KO 6.02

Content %
Fe203 4.54
CaO 3.99
MgO 0.78
SOs 0.19

According to the results given in Figure 1(b), the wastewater
contains mineral particles having sizes -3 mm (d80: -0.040
mm) with a pulp density of 1.25 + 0.15% (by Wt).

According to the results of the mineralogical analysis,
the sample contains approximately 45% nepheline, 25% or-
thoclase, 15% oligoclase, 8% amphibole, 2% pyroxene, 5%
opaque minerals mostly composed of magnetite and ilmen-
ite. The rock also has illite and kaolin clay formations, which
are formed by the alteration of nepheline and orthoclase. The
chemical analysis of the minerals in wastewater is given in
Table 2.

The HMW-flocculants having high bridging ability; an-
ionic (Cyfloc A-150) and non-ionic (N-100) flocculants were
obtained from Cytec Inc., and cationic flocculant (425Ca) was
obtained from ECS Chemicals. The stock solutions (0.1 g/100
ml) of each flocculant were diluted to desired flocculant con-
centrations with appropriate amounts of distilled water before
the experimental analysis. After the dilute flocculant addition,
the pulp (wastewater) was conditioned in previously deter-
mined optimum parameters: 5 min at a stirring speed of 500
rpm. Then the sample was transferred in the 500-ml graduat-
ed cylinder, shaken 10 times gently to prevent breaking of the
flocs, and then left to stand still. The turbidity measurements
of the wastewater were carried out by Hanna HI 93703 por-

table turbidity meter with a sensitivity of £0.5 FTU between
0.00 and 1000 NTU (Nephelometric Turbidity Unit).

Results and discussion
Turbidity of foid-bearing rock processing plant wastewater

In this research study it was aimed to determine the ef-
fect of different flocculants on turbidity removal from FRPP
wastewater at three different alkaline pH conditions. Even so,
the turbidity values of wastewater were also determined de-
pending on pH (pH 8-12) and time (0-120 min) in order to
make the results more comparable and the results are given
in Figure 2.

In Figure 2, the results show that the initial turbidity value
of as-received wastewater at natural pH value (pH 8.5 + 0.5)
was about 760 NTU after the mixing process. However, as the
high settling velocity of the coarse particles in the wastewater
a turbulent flow conditions created leading higher turbidity
value of 1000 NTU a min after mixing process. The turbidity
values remained constant at 1000 NTU between 1 and 20 min
due to slow settling rate of very fine particles and then gradu-
ally decreased to 445 NTU after 60 min and 120 NTU with a
turbidity removal efficiency of 88% after 120 min. The turbid-
ity values at pH 8 displayed similarities with the results of the
as-received wastewater sample at the original pH condition.
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Fig. 2. Turbidity vs time profiles of FRPP wastewater
Rys. 2. Profile zmetnienia w funkcji czasu FRPP
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Fig. 3. Turbidity vs time profiles of wastewater with anionic flocculant at; (a) pH 8, (b) pH 10 and (¢) pH 12
Rys. 3. Profile zmetnienia w funkcji czasu, dodatek flokulanta anionowego; (a) pH = 8, (b) pH =101 (c) pH =12
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Fig. 4. Turbidity vs time profiles of wastewater with cationic flocculant at; (a) pH 8, (b) pH 10 and (c) pH 12
Rys. 4. Profile zmetnienia w funkgji czasu, dodatek flokulanta kationowego; (a) pH= 8, (b) pH =101 (c) pH= 12
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Fig. 5. Turbidity vs time profiles of wastewater with non-ionic flocculant at; (a) pH 8, (b) pH 10 and (c) pH 12
Rys. 5. Profile zmetnienia w funkcji czasu, dodatek flokulanta niejonowego; (a) pH= 8, (b) pH =101 (c) pH= 12

As the pH increased to higher alkaline pH conditions, at
pH 10, the turbidity values decreased rapidly from initial tur-
bidity of over 900 NTU to below 250 NTU after 10 min and
decreased gradually to about 60 NTU at the end of 40 min.
When the zeta potential values of the minerals in wastewater
are taken into account, as they have been reported to have
highly negative values at alkaline pH conditions (Kolarik and
Priestly, 1995; Nduwa-Mushidi et al., 2017; Ozun et al., 2019,
2019a), it is expected that the mineral particles will repel each
other, leading higher turbidity values. However, the mineral

particles aggregated and settled rapidly over pH 9 due to the
increasing effectiveness of the polyvalent ions (Ca?* and Mg*)

in wastewater on turbidity removal (Clark et al., 1968; Ozkan
et al., 2009).

Turbidity of foid-bearing rock processing plant wastewater
with flocculants

In Figure 3-5, the effects of HMW flocculants (anionic,
cationic, non-ionic) on turbidity removal from the FRPP
wastewater were given as graphical presentation depending
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on the flocculant concentration (0.25-1.50 mg/L) and time
(0-60 min) at three alkaline pH values (pH 8-12). According
to the results obtained in the presence of each flocculant, the
turbidity values varied depending on concentration, pH value
and time.

In Figure 3, the results show that the effectiveness of an-
ionic flocculant on turbidity removal from wastewater in-
creased with increasing flocculant concentration up to 0.50
mg/L. In the presence of 0.25 mg/L flocculant concentration,
compared to those without flocculant, the turbidity values at
pH 8 decreased rapidly from initial turbidity value of 1000
NTU to about 550 NTU with a turbidity removal efficiency of
459% after 5 min, and decreased to 50 NTU after 60 min. With
increasing flocculant concentration (0.50 mg/L), the turbidity
of the supernatant decreased more resulting in lower turbid-
ity values of <150 NTU with a turbidity removal efficiency of
>85% after 5 min and about 50 NTU after 10 min.

The similar trend with pH 8 was obtained at pH 10 with
each flocculant concentration. The test results with 1.50 mg/L
flocculant concentration exhibited much higher turbidity
values than those with lower flocculant concentrations (0.25-
0.50 mg/L). In the case of turbidity removal at pH 12, as the
mineral particles in wastewater displayed a stable behavior in
the pulp because of they had highly negative () zeta potential
values at alkaline pH values, a strong electrostatic repulsion
between the anionic flocculant and the mineral particles was
expected. However, a rapid settlement of the mineral particles
was observed resulting in the minimum turbidity values <100
NTU after 5 min of flocculation. The reason might be inter-
action of the oppositely charged high-valence ions (Ca** and
Mg*) with mineral particles in the plant wastewater causing
charge neutralization on their surfaces (Ozun et al., 2019a).

In the presence of cationic flocculant (Figure 4), consider-
ing that all mineral particles had negative zeta potential values
for the given pH value, the turbidity values at pH 8 decreased
because of an electrostatic attraction occurred between min-
eral particles and oppositely charged flocculant species.

The results also show that the turbidity values in the pres-
ence of 0.25 mg/L and 0.50 exhibited higher turbidity values
compared to those in the presence of 1.50 mg/L flocculant con-
centration having 92% turbidity removal efficiency after 5 min.
However, with increasing pH, the turbidity removal efficiencies
at pH 10 and pH 12 were much lower contrary to expectations
even though mineral particles and flocculant had oppositely
charged. Because of the charge neutralization effect of mono
and polyvalent ions present in the wastewater, the mineral par-
ticles exhibited unstable behavior leading insufficient interac-
tion with the oppositely charged flocculant species.

In the case of turbidity removal with non-ionic floc-
culant, the results given in Figure 5 show that the effect of

non-ionic flocculant on turbidity removal from wastewater
especially at pH 8, which is the closest pH value to the nat-
ural pH of the wastewater, was superior compared to those
with ionic flocculants. The results also showed that at any pH
values tested, the turbidity values obtained with 0.25 mg/L
and 0.50 mg/L of non-ionic flocculant concentrations dis-
played similarities with each other. The turbidity values for
the given flocculant concentrations decreased from the initial
turbidity of 1000 NTU to >180 NTU after 20 min of floccu-
lation. However, the best turbidity removal efficiencies were
obtained with 1.50 mg/L non-ionic flocculant concentration
at any pH conditions tested. After 1 min of flocculation, the
initial turbidity value of <400 NTU decreased down to <100
NTU at pH 8 and decreased down to 40 NTU at pH 10. The
turbidity values then decreased less than to 25 NTU after 5
min of flocculation for both pH conditions. In the case of
flocculation at pH 12, the turbidity values obtained with each
flocculant concentration were lower than the turbidity values
of the original sample.

The turbidity values started to decrease from the initial
turbidity value of about 1000 NTU to < 100 NTU after 1 min,
decreased to <5 NTU with a turbidity removal efficiency of
<99% after 60 min.

Conclusion

According to the results obtained with experimental
analyses, the settling velocities of mineral particles in FRPP
wastewater varied depending on pH conditions, flocculant
type, flocculant concentration and time. The settling veloc-
ities increased with increasing flocculant concentration, re-
sulting in the minimum turbidity values at certain circum-
stances.

The turbidity values obtained with non-ionic flocculant at
any pH values tested were found to be superior compared to
those with anionic and cationic flocculants. The best results
with each flocculant were obtained at highly alkaline pH con-
ditions (pH 12) due to the effect of the polyvalent Ca?* and
Mg?** ions present in wastewater and the high concentration of
sodium hydroxide used to adjust pH conditions. Their pres-
ence might be one of the reasons which promoted the floc-
culation behaviour of mineral particles at certain pH values
(>pH 9) by reducing the magnitude of potential and/or neu-
tralizing the surface charge of the mineral particles, resulted
in £99% turbidity removal efficiency at pH 12.
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Badanie usuwania zmetnienia ze sciekéw z zaktadu przerobki kamienia naturalnego
w procesie

flokulacji
Badania mialy na celu okreslenie wplywu trzech réznych flokulantéw o wysokiej masie czgsteczkowej (HMW) (flokulanty anionowe,
kationowe i niejonowe) na usuwanie drobnych czgstek (pylu kamiennego) ze sSciekéw z zakladow przerdbki kamienia naturalnego
w alkalicznym pH.
Zbadaneo zmetnienie w zaleznosci od pH, stezenia flokulantu i czasu (0-6 min). Zgodnie z uzyskanymi wynikami, wartosci zmetnie-
nia Sciekow przy braku flokulantow zalezy od pH i zmniejszaly si¢ wraz ze wzrostem pH, co skutkowato minimalnymi wartosciami
zmetnienia przy pH 12. W obecnosci flokulantow wydajnosé klarowania zalezy od rodzaju flokulantu, stezenia flokulantu i czasu.
Najlepsze wyniki uzyskano przy wysokich alkalicznych wartosciach pH (pH 12) ze skutecznoscig usuwania zmetnienia <99% w obec-
nosci flokulanta niejonowego. W przypadku anionéw i flokulantéw kationowych minimalne wartosci zmetnienia uzyskano rowniez
przy pH 12 przy skutecznosci usuwania zmetnienia powyzej 90%.

Stowa kluczowe: icieki z zaktadow przerdbki kamienia naturalnego, usuwanie zmetnienia, dodawanie flokulantu, stezenie flokulantu,
PpH, czas
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