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 The thickening of the iron ore tailings allows process water to be 
partially recovered and recirculated, also it reduces the fresh water 
consumption, which results in lower operating costs and less 
environmental impacts. The settling characteristics of the mineral 
components of an iron ore tailing in the thickening process may be 
different under various pulp conditions. Hence, the study of the 
characteristics of the mineral components of the iron ore tailings 
separately can provide very useful information about the thickening of 
an iron ore tailing. In this research, the settling behavior of the main 
mineral components of iron ore tailings including quartz and magnetite 
have been investigated under various operational conditions. The quartz 
and magnetite showed different settling behaviors, so as the maximum 
settling rate of quartz was achieved under different pulp conditions than 
that of magnetite was. There was a big difference between the maximum 
settling rates of quartz and magnetite, as the maximum settling rates of 
quartz and magnetite were 197 and 873 m/h respectively. In the 
thickening of an iron ore tailing, the pulp conditions must be set based 
on the settling behavior of the mineral component with the lowest 
settling rate. 
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1. Introduction 
The water consumption in mineral processing 
plants is more than twice of the feed ore 
tonnage [1]. Hence, assessing the availability 
of the adequate and reliable water supply for a 
mineral processing plant to work effectively is 
essential, especially in areas with water 

shortage due to the unfavorable climate [2]. In 
the mineral processing plants, the valuable 
minerals are separated from the non-valuable 
minerals (i.e., gangue minerals) by physical 
separation methods such as the gravity 
separation, magnetic separation, etc. [3]. The 
tailings of a mineral processing plant are 
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mostly discharged as concentrated pulps or 
slurries, so dewatering plays an important role 
in reducing the fresh water consumption [4]. 
The first and main step of dewatering tailings 
in the mineral processing plants is thickening 
by using a thickener. The use of thickeners 
near the mineral processing plant allows to 
partially recover and recirculate process water 
at relatively low costs, also helps reduce the 
fresh water consumption, which lowers 
operating costs and reduces the ground water 
pollution [5]. In the thickening process, the 
settling rate of the flocculated particles is the 
most significant parameter to evaluate the 
settling characteristics since it directly affects 
the capacity of the thickeners [6]. 
   Eswaraiah et al. showed that the settling rate 
of ultrafine iron slimes increases several times 
by using flocculants [7]. Shi et al. also 
observed that the settling velocity of iron 
tailings is lower during the natural 
sedimentation and the settling velocity is 
obviously improved by adding polyacrylamide 
flocculant in the pulp material pretreatment 
[8]. 
   Various parameters affect the flocculation 
process. The dosage of the flocculant has a 
great influence on the flocculation process. 
The settling rate usually increases by 
increasing the dosage of the flocculant up to a 
certain value which is the optimum dosage [9, 
10]. At this dosage of the flocculant which is 
the maximum amount of the flocculant, half 
the area of the mineral is covered with the 
flocculant and the mineral can be utilized for 
flocculation [9, 10]. At the dosages of the 
flocculant more than the optimum one, some 
layers of polymer will cover the surface of the 
particle. It makes the suspension very stable 
which makes the separation difficult [9, 10]. 
The agitation of the flocculant suspension also 
affects the flocculation process in a way that 

some flocs may break due to the excessive 
agitation. It is clear that the settling rate 
reduces as the smaller flocs form [11, 12]. The 
floc breakage produces new particle surfaces 
in the solution which increase the capacity of 
flocculation by the adsorption of the flocculant 
onto the mineral surface, but the efficiency of 
flocculation decreases due to repulsion as a 
result of the excess adsorption [11, 12]. The 
flocculant molecular weight also affects the 
flocculation process. The flocculants with 
higher molecular weights usually show better 
performance in the flocculation process since 
after the adsorption of the flocculants with 
high molecular weights, they can be far from 
the mineral surface and it takes them more time 
to reach equilibrium [13-15]. Flocculants with 
similar molecular weights may show different 
flocculation performances depending on the 
properties of the flocculant and pulp. Hence, 
the molecular weight is not the sole 
requirement for a good flocculation [13-15]. 
The mineral particle size has also a great 
influence on the flocculation process that the 
degree of flocculation increases by decreasing 
the mineral particle size [16]. Minerals with 
particle sizes of more than 100 µm usually do 
not agglomerate well unless high molecular 
weight flocculants being applied. Minerals 
with particle sizes of less than 50 µm normally 
show a good flocculation behavior [16]. The 
pH of the solution can also affect the 
flocculation process. The type and amount of 
the mineral surface charge are dependent on 
the pH of the solution [17]. Furthermore, the 
degree of the ionization of the flocculants and 
the polymer chain charge are also dependent 
on the pH of the solution [17]. 
   Sadangi et al. studied the effect of the 
concentration of the solid, dosage of the 
flocculant, and pH of the solution on the 
flocculation and settling rate of a low grade 
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goethetic-hematite iron ore with the particle 
size of less than 45 µm [18]. They observed 
that at the 10 % concentration of the solid, the 
minimum required dosage of the flocculant to 
achieve a 2 m/hr settling rate was 10 g/t. They 
also observed that with the increase in the 
percentage of the solid, the settling rate of 
particles decreased. At the 30 % concentration 
of the solid, the required dose of the flocculant 
was around 60 g/t. Once, the concentration  of 
solid particles increases more than 30 %, the 
settling rate becomes very low even after 
adding the flocculant [18]. 
   Arjmand et al. studied the effect of various 
parameters of the process including the dosage 
of the anionic flocculant (5-20 g/t solid), 
concentration of the slurry solid (3-12 %) and 
pH (4-12) on the settling rate of the tailing of 
an iron ore processing plant [19]. The results 
revealed that the settling rate increased by 
increasing the pH value of the pulp. 
Furthermore, the settling rate increased by 
decreasing the concentration of the slurry 
solid. The dosage of the flocculant had a 
considerable effect on the flocculation 
performance and a significant improvement in 
the settling rate was observed by increasing the 
dosage of the polymer [19]. 
   Yang et al studied the process of the 
flocculation of the iron ore fine tailings in an 
alkaline environment. They reported that in the 
alkaline environment, the surface of tailings 
particles was negatively charged, which led to 
the anionic flocculant having been combined 
with tailings particles only by bridging. The 
adsorption of Ca2+ ions on tailings particles 
caused a strong electric double layer 
compression and promoted the aggregation of 
tailings particles [20]. 
   Findings about the flocculation behavior of 
the iron ore tailings have been the subject of 
several researches [18-20], but the study of the 

flocculation behavior of the mineral 
components of the iron ore tailings separately 
has not attracted any attention up to now. The 
iron ore tailings are usually composed of 
various minerals such as iron ore minerals 
(magnetite and hematite), quartz, calcite, etc. 
[18, 19]. These minerals have different settling 
rates since they have different specific 
gravities, surface chemistries, chemical 
compositions, and mineral lattices. The focus 
of this research is on studying the flocculation 
behavior of quartz and magnetite as the main 
mineral components of the iron ore tailings. By 
finding the optimum conditions for  the settling 
of the mineral components of the iron ore 
tailings, it will be possible to improve the 
dewatering process of the iron ore tailings. 

2. Materials and methods 
2.1. Materials 
Analytical grade reagents of calcium nitrate 
tetrahydrate, sodium hydroxide and 
hydrochloric acid were obtained from Merck 
Company. The anionic Polyacrylamide 
flocculant with the trade name of A26 was 
obtained from Akhtar Shimi Co., Yazd, Iran. It 
has the molecular weight of 18 × 106 g/mol. 
Another anionic flocculant with the molecular 
weight of 800 × 106 was obtained from Anhui 
Tianrun Chemicals Co., Ltd, China. The 
Sodium Silicate solution with the Na2O/SiO2 
ratio of 2.5 and the concentration of 45 % was 
obtained from Silicate Gostar Co., Esfahan, 
Iran. 
   The high purity quartz was obtained from a 
quartz mine in Nehbandan, east of Iran. The 
sample was crushed, by a laboratory jaw 
crusher, to particles sized less than 2 mm and 
then the milling of the sample was performed 
by a ceramic ball mill. Afterwards, the sample 
was washed with distilled water several times, 
dried and used in the experiments. The high 
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purity magnetite sample was obtained from 
Sangan Iron Ore Complex (SIOC), Iran. 

2.2. Experimental methodology 
The mineralogical composition of the quartz 
sample was determined through X-Ray 
Diffraction (XRD) tests by the Philips-Xpert 
Pro. X-ray Diffractometer. In order to 
determine the total content of iron in the 
magnetite sample, an exact amount of the 
sample was dissolved in concentrated 
hydrochloric acid at elevated temperatures, 
and then Fe(III) was reduced to Fe(II) by tin 
chloride [21, 22]. The solution volume reached 
the mark by adding distilled water and sulfuric 
acid. The extra amount of tin chloride was 
neutralized by mercury chloride. After adding 
phosphoric acid, the entire iron of the solution 
was measured by titration using potassium 
dichromate as the titrant and sodium diphenyl 
sulfonate as the indicator [21, 22]. For 
analysing FeO, a similar method of the total 
iron analysis was applied, with the difference 
that tin chloride was not added to the leach 
solution [23, 24]. The grade of sulfur in the 
magnetite sample was determined by the 
LECO CS-400 Carbon Sulfur Analyzer, 
ROMQUEST TECHNOLOGIES CORP., 
Canada. The particle size distribution of the 
quartz and magnetite samples was determined 
by the Malvern Instruments Mastersizer 3000 
Particle Size Analyzer. 
   The settling experiments were performed in 
the 50 mL graduated cylinder with the height 
of 17.5 cm and diameter of 2.2 cm. An accurate 
amount of the magnetite or quartz sample was 
added to the graduated cylinder and a pulp was 
prepared by the addition of distilled water until 
reaching near the mark. The pH of the pulp was 
adjusted at a predetermined value by the 
addition of a 1 M sodium hydroxide or 
hydrochloric acid solution. The concentration 

of Ca2+ ion was adjusted at a predetermined 
amount by adding a specific volume of a 
calcium nitrate solution. The calcium nitrate 
solution was previously prepared by adding an 
exact amount of calcium nitrate tetrahydrate 
into the 100 ml volumetric flask and raising its 
volume to the mark with distilled water. An 
exact volume of sodium silicate was added to 
the graduated cylinder and mixed thoroughly 
by inverting the cylinder four times. A 
flocculant solution with the concentration of 
52 mg/L was prepared by adding an accurate 
amount of the flocculant into the beaker 
containing 200 mL of distilled water and 
agitating the solution for one hour by a 
mechanical stirrer at the constant rotation 
speed of 200 rpm. An accurate volume of the 
flocculant solution was added to the cylinder 
and mixing was performed by gently inverting 
the cylinder ten times and the cylinder 
immediately was placed on the table and the 
settling time was recorded. The settling time is 
the time between the beginning and when the 
mud line is fixed for the first time. The settling 
rate can be calculated with the determination 
of the settling time and sedimentation height. 
   The effects of the molecular weight and 
concentration of the flocculant, pH, the 
percentage of the solid, the concentrations of 
the Ca2+ ion and sodium silicate on the settling 
rate of quartz and magnetite were investigated. 
Table 1 shows the factors and their levels for 
the study of the settling rates of quartz and 
magnetite. 

2.3. Statistical analysis 
In statistics, fractional factorial designs are 
experimental designs consisting of a carefully 
chosen fraction (subset) of the experimental 
runs of a full factorial design [11]. Fractional 
designs are expressed using the notation Lk-p, 
where L is the number of levels of each factor 
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investigated, k is the number of factors 
investigated, and p describes the size of the 
fraction of the full factorial used [11]. In this 
research, the design of experiments was 
performed by a 26-1 fractional factorial design. 
A 26-1 design is 1/2 of a two level, six factor 

factorial design. The design of experiments 
was carried out by the Minitab 17 software 
package. Table 2 shows the test conditions for 
the study of the settling rates of quartz and 
magnetite. 

 

Table 1 
Factors and their levels for the study of the settling rates of quartz and magnetite. 

                    levels 
     Factor 

Low (-) High (+) 

Flocculant conc. (mg/L) 0.26 3.12 
pH 1 (for quartz); 3 (for magnetite) 11 

Solid weight percent (%) 3 10 
Ca2+ ion conc. (mg/L) 0 80 

Sodium silicate conc. (mL/L) 0 40 
Flocculant molecular weight 

(g/mol) 
800 × 106 with trade name of 

Tianrun 
18 × 106 with trade name of 

A26 
 
 

Table 2 
Consequence and conditions of experiments for the study of the settling rates of quartz and magnetite. 

Std. 
order  

Run 
order  

Flocculant 
molecular 

weight 

Flocculant 
conc. 

(mg/L) 
pH 

  

Weight 
(%)  

Ca2+ conc. 
(mg/L)  

Sodium 
silicate conc. 

(mL/L) 
2 1 + - - - - + 
9 2 - - - + - + 
14 3 + - + + - + 
3 4 - + - - - + 
6 5 + - + - - - 
10 6 + - - + - - 
16 7 + + + + - - 
15 8 - + + + - + 
7 9 - + + - - - 
26 10 + - - + + + 
8 11 + + + - - + 
25 12 - - - + + - 
30 13 + - + + + - 
28 14 + + - + + - 
31 15 - + + + + - 
17 16 - - - - + + 
32 17 + + + + + + 
20 18 + + - - + + 
24 19 + + + - + - 
5 20 - - + - - + 
21 21 - - + - + - 
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27 22 - + - + + + 
23 23 - + + - + + 
19 24 - + - - + - 
12 25 + + - + - + 
22 26 + - + - + + 
29 27 - - + + + + 
18 28 + - - - + - 
13 29 - - + + - - 
11 30 - + - + - - 
4 31 + + - - - - 
1 32 - - - - - - 

 
3. Results and discussion 
3.1. Flocculation studies of quartz 
3.1.1. Characterization of quartz 
Table 3 shows the chemical analysis of quartz. 

As it can be seen, nearly 97 % of the sample is 
composed of SiO2 which indicates the high 
purity of the quartz sample. 

 

Table 3 
Chemical analysis of the quartz sample determined by XRF. 

Oxide type SiO2 Al2O3 CaO MgO TiO2 
Percent 96.68 2.32 0.38 <0.1 <0.1 

Oxide type Fe2O3 P2O5 SO3 Na2O K2O 
Percent <0.1 <0.1 <0.1 <0.1 <0.1 

 

   The particle size distribution curve and the 
cumulative particle size distribution curve of 
the quar tz sample have been shown in Figures 

1(a) and (b) respectively. The values of d10, 
d50, d80 and d90 of the quartz sample are 2.0, 
11.6, 26.5 and 36.0 μm respectively. 

 

 
 

Figure 1. a) The particle size distribution and b) The cumulative particle size distribution curves of the 
quartz and magnetite samples. 

 
3.1.2. Settling studies 
Figure 2 shows the effect of the process 
parameters on the settling rate of quartz. As it 

can be seen, the settling rate of quartz is higher 
by using Tianrun instead of A26 as the 
flocculant. Tianraun had a greater molecular 
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weight than A26. By using higher molecular 
weight flocculants, more mineral particles 
have this chance to adsorb on the flocculant. 
Hence, it takes more time to reach the 
equilibrium which results in increasing the 
efficiency of flocculation due to increasing the 
floc size and number of collisions [13-15]. It 
can be seen that by increasing the 
concentration of the flocculant from 0.26 mg/L 
to 3.12 mg/L, the settling rate of quartz 
increases from 51 to 76 m/h. Increasing the 
dosage of the flocculant to its optimum 
increases the efficiency of flocculation [9, 10]. 
The settling rate of the quartz sample increases 
by increasing the pH value of the solution from 
1 to 11. This indicates that the performance of 
the anionic flocculant is better at basic pH 
values than acidic ones. It can be due to this 
fact that the opening of the polymeric chains of 
the anionic flocculant increases at the basic pH 
values since the ionization of the carboxylate 
groups (-COOH) of the anionic flocculant is 
performed at the basic pH values [25, 26]. The 
better performance of the anionic flocculant at 
the basic pH values also indicates that the 
electrostatic interaction between the anionic 
flocculant and the negative surface of quartz is 
not the case since the PZC (point of zero 
charge) for quartz is less than 3 [27]. The 
adsorption of the anionic flocculant on the 
surface of quartz at basic pH values can be due 
to the hydrogen bonding between the silanol 
groups on the surface of quartz and the amide 
(-NH2) groups of the flocculant [26, 29]. A 
nearly 30 % decrease in the settling rate of 
quartz was observed by having increased the 
percentage of the solid from 3 to 11. It may be 
due to the change in the pulp viscosity since 
the pulp viscosity increases by increasing the 
pulp density [30]. Also, the mixing of the 
flocculant and quartz cannot be performed 
properly in the pulps with high percentages of 

the solid [30]. The settling rate of quartz 
increases by increasing the concentration of 
Ca2+ ions through the addition of the calcium 
nitrate salt. It is due to this fact that the Ca2+ 
ions in the pulp are adsorbed electrostatically 
by the negatively charged surfaces which 
results in increasing the density of the positive 
charge of the quartz surface [31]. The 
adsorption of the anionic flocculant on the 
surfaces with positive charges increases which 
results in the increasing of the settling rate of 
quartz. The settling rate of quartz decreases in 
the presence of sodium silicate. Sodium 
silicate is usually applied as the depressant and 
depresses the silicate minerals in the flotation 
and flocculation operations [32]. The 
adsorption of sodium silicate on the quartz 
surface builds a barrier on the quartz surface 
which results in the decreasing of the 
flocculant adsorption and disturbance to the 
flocculation process. 
   Figure 3 shows the two-way interaction 
plots. As it can be seen, the interaction between 
the concentration and pH of Ca2+ is so 
considerable that the presence of the Ca2+ ion 
in the pulp at the pH value of 11 results in the 
considerably increasing of the settling rate, 
while it has a negligible effect at the pH value 
of 1. It is due to this fact that the ZPC for quartz 
is less than 3 and the adsorption of Ca2+ on the 
quartz surface is electrostatically favorable at 
basic pH values [33]. This increases the 
density of the negative charge of the quartz 
surface and results in the more adsorption of 
the anionic flocculant. 
   In the presence of sodium silicate, Ca2+ has 
no significant effect on the settling rate of 
quartz, whereas it has a significant effect in the 
absence of sodium silicate. This indicates that 
the activity of sodium silicate towards the 
quartz surface is higher than that of Ca2+ 
towards the quartz surface which restricts the 
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adsorption of Ca2+ ions. 
   The two-way interaction between the 
molecular weight and pH of the flocculant 
shows that the A26 flocculant (i.e., the 
flocculant with lower molecular weight) is not 

sensitive to the pH of the pulp while the 
Tianrun flocculant (i.e., the flocculant with 
higher molecular weight) has a better 
performance at the pH value of 11. 

 

 
Figure 2. The effect of main parameters on the settling rate of quartz. 

 
 

 
Figure 3. The effects of the interaction between parameters for the study of the settling rate of quartz. 

 
   Figures 4(a) and (b) show the Pareto chart 
and normal plot of the standardized effects for 
the study of the settling rate of quartz. As it can 
be seen in Figure 4(a), the concentration of 
sodium silicate has the highest effect on the 
settling rate of quartz. The effects of the 
concentration of the flocculant, percentage of 
the solid, and concentration and pH of the Ca2+ 
ion on the settling rate of quartz are significant 
although in a decreasing order in consequence. 
The molecular weight of the flocculant has no 

significant effect on the settling rate of quartz. 
Among the two-way interactions, the 
interaction between the pH and Ca2+ ion has 
the highest effect and after that the interaction 
between sodium silicate and Ca2+. Among the 
three-way interactions, the interaction between 
the molecular weight of the flocculant, the 
concentration of the flocculant and the 
percentage of the solid has the highest effect 
on the settling rate of quartz. 
   Figure 4(b) shows the normal plot of 
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standardized effects for the study of the 
settling rate of quartz. In this chart significant 
and insignificant effects have been shown by 
red square and blue circle symbols 
respectively. In this plot, the symbols which 
are on the right side of the red line have 
positive effects and the symbols which are on 

the left side of the red line have negative 
effects on the settling rate of quartz. As it can 
be seen, the concentration of the flocculant has 
the most positive effect and the concentration 
of sodium silicate has the most negative effect 
on the settling rate of quartz. 

 

 
 

 
Figure 4. The a) Pareto chart and b) normal plot of the standardized effects on the settling rate of quartz. 

 
   The maximum settling rate of quartz was 
determined using a Minitab Response 
Optimizer. It was determined to be 197 m/h. 
This settling rate was approved by the 
experimental tests. The maximum settling rate 
of quartz was achieved under the conditions of: 
the Tianrun flocculant with the concentration 
of 3.12 mg/L, the pH value of 11, 10 percent 
of the solid , the concentration of 80 mg/L of 
the Ca2+ ion and without the addition of 

sodium silicate. 

3.2. Flocculation studies of magnetite 
3.2.1. Characterization of the sample 
The total contents of Fe and FeO in the 
magnetite sample were determined by the 
titration method having used potassium 
dichromate as the titrant and diphenylamine as 
the indicator. The grades of the total Fe and 
FeO in the sample were determined to be     

(a) 

(b) 
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67.5 % and 28.32 % respectively. The grade of 
FeO of the sample indicates that the amount of 
the magnetite mineral is 91.25 %. The content 
of sulfur of the magnetite sample was 
determined to be 0.49 %. 
   The particle size distribution and cumulative 
particle size distribution curves for the 
magnetite sample have been shown in Figures 
1(a) and (b) respectively. The d10, d50, d80 
and d90 values of the sample were determined 
to be 5.6, 24.5, 47.1 and 61.9 μm respectively. 

3.2.2. Settling studies 
Figure 5 shows the effect of different 
parameters on the settling rate of magnetite. As 
it can be seen a higher settling rate has been 
obtained by A26 flocculant in comparison with 
the Tianrun flocculant. This indicates that a 
flocculant with a lower molecular weight and 
more anionic sites has a better performance in 
the flocculation of magnetite. The settling rate 
of the magnetite sample increases from 369 to 
505 m/h by increasing the concentration of the 
flocculant from 0.26 mg/L to 3.12 mg/L. 
Increasing the dosage of the flocculant to its 
optimum increases the degree of flocculation 
which increases the flocculation performance 
[9, 10]. The settling rate of magnetite 
decreases from 457 to 417 m/h by increasing 
the pH value of the pulp from 3 to 11. The 

effect of the pH of the pulp on the settling rate 
of magnetite can be explained by the density of 
the positive charge of the magnetite surface. 
The PZC of magnetite is around 6.5 [34, 35]. 
Therefore, the surface charge of magnetite is 
positive at the pH value of 3 and it is negative 
at the pH value of 11. Hence, the adsorption of 
the anionic flocculant on the magnetite surface 
is favorable at the pH value of 3 due to the 
electrostatic interactions. The settling rate of 
magnetite decreases from 466 to 408 m/h by 
increasing the percentage of the solid from 3 to 
10. It may be due to the viscosity of the pulp 
being increased by increasing the percentage 
of the solid. The settling rates of magnetite in 
the absence and presence of 80 mg/L of Ca2+ 
were 456 and 418 m/hrespectively. The 
surface chemistry of magnetite is changed due 
to the adsorption or precipitation of Ca2+ ions 
which restrict the adsorption of the flocculant. 
The settling rate of the magnetite sample in the 
absence and presence of 40 mL/L of sodium 
silicate is 496 and 378 m/h respectively. 
Therefore, the settling rate of magnetite 
decreases by the addition of sodium silicate 
into the pulp. This may be due to the pre-
adsorption of sodium silicate on the magnetite 
surface which results in decreasing the 
adsorption of the flocculant on the magnetite 
surface. 

 

 
Figure 5. The effect of main parameters on the settling rate of magnetite. 

 
   Figure 6 shows the interaction plots for the 
study of the settling rate of magnetite. The 

interaction plot between Ca2+ and pH shows 
that the presence of the Ca2+ ion in the pulp at 
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the pH value of 3 has no effect on the settling 
rate of magnetite while it retards the settling 
rate of magnetite at the pH value of 11. The 
surface charge of magnetite is positive at the 
pH value of 3 and it is negative at the pH value 
of 11 [34, 35]. Therefore, the adsorption of the 
Ca2+ ion on the magnetite surface is not 
performed at the pH value of 3 due to the 
electrostatic repulsion forces while it is 
favorable at the pH value of 11. The adsorption 
of Ca2+ on the magnetite surface at the pH 
value of 11 occurs due to the electrostatic 
interactions which results in changing the 
surface chemistry of magnetite. The 
interaction plot between the molecular weight 
and concentration of the flocculant shows that 
the settling rate of magnetite increases by 
increasing the concentration of the flocculant, 
while by using the A26 flocculant this increase 
is more significant. The interaction plot 
between the concentration of the flocculant 
and the Ca2+ ion and also sodium silicate 
shows that the settling rate of magnetite 
increases by increasing the concentration of 
the flocculant but the presence of the Ca2+ ion 
or sodium silicate has a negative effect. 
   Figure 7(a) shows the Pareto chart for the 
main effects and two and three-way 
interactions for the study of the settling rate of 

magnetite. It can be seen that the concentration 
of the flocculant has the most significant effect 
on the settling rate of magnetite. The effect of 
main parameters reduces in the order of silicate 
sodium, the percentage of the solid, pH, the 
molecular weight of the flocculant and the 
presence of the Ca2+ ion. Among the two-way 
interactions, the interaction between the 
molecular weight of the flocculant and sodium 
silicate has the most significant effect on the 
settling rate of magnetite. Figure 7(b) shows 
the normal plot of the standardized effects for 
the study of the settling rate of magnetite. As it 
can be seen, the concentration of the flocculant 
has the most positive effect and the 
concentration of sodium silicate has the most 
negative effect on the settling rate of 
magnetite. 
   The maximum settling rate of magnetite was 
determined by a Minitab response surface 
optimizer. It was determined to be 873 m/h 
under the following conditions: the 
concentration of 3.12 mg/L of the A26 
flocculant, the pH value of 11, 3 percent of the 
solid, the concentration of 40 mL/L of sodium 
silicate and without the addition of Ca2+ ions. 
A sedimentation test was arranged under thoes 
conditions and nearly the same settling rate of 
magnetite was observed. 

 

 
Figure 6. The interaction effects of parameters for the study of the settling rate of magnetite. 
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Figure 7. The a) Pareto chart and b) normal plot of the standardized effects on the settling rate of 

magnetite. 
 
3.3. Comparison of the settling 
characteristics of quartz and magnetite 
In the previous sections the effects of process 
parameters including the molecular weight and 
concentration of the flocculant, pH, the 
percentage of the solid, and the concentrations 
of Ca2+ and sodium silicate on the settling rate 
of quartz and magnetite were studied. By 
comparing the effects of process parameters on 
the settling rates of quartz and magnetite, it is 
clear that increasing the concentration of the 
flocculant from 0.26 to 3.12 mg/l increases the 
settling rate of both quartz and magnetite 
minerals. The effects of the percentage of the 
solid and the addition of sodium silicate on the 

flocculation of magnetite are also similar to 
thoes on quartz, so both settling rates of quartz 
and magnetite decrease by increasing the 
percentage of the  solid from 3 to 10 and by 
adding 40 mL/L of the sodium silicate solution 
into the pulp. 
   Among the studied process parameters, three 
parameters including the molecular weight of 
the flocculant, pH of the solution and addition 
of Ca2+ had adverse effects on the settling rates 
of quartz and magnetite. The settling rate of 
quartz increases by increasing the pH value of 
the solution (from the acidic to basic pH 
values) and the addition of Ca2+, while the 
settling rate of magnetite decreases by 

(a) 

(b) 
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increasing the pH of the solution and the 
addition of Ca2+. A flocculant with a lower 
molecular weight and more anionic sites has a 
better performance in the flocculation of 
magnetite, but the molecular weight of the 
flocculant has no significant effect on the 
flocculation of quartz. It is clear that the 
mineral components of iron ore tailings have 
different flocculation behaviors. 
   The maximum settling rates of quartz and 
magnetite were showed to be 197 and 873 m/h 
respectively. It is clear that there is a big 
difference between the maximum settling rate 
of quartz and that of magnetite, so as the 
maximum settling rate of quartz is quite lower 
than that of magnetite. The settling rates of 
quartz and magnetite are dependent on their 
specific gravities and flocculation behaviors. 
The specific gravities of magnetite and quartz 

are 5.2 and 2.65 respectively. In order to 
observe quartz and magnetite flocs which 
formed during the flocculation process under 
the test conditions of run 18, some of the quartz 
and magnetite pulps after flocculation were 
poured on a microscope slide and they were 
studied under the refractive light by a 
polarizing microscope with the total 
magnification of 100X (10X × 10X). Figures 
8(a) and (b) show the images of magnetite and 
quartz flocs respectively. It can be seen that a 
proper flocculation of magnetite particles has 
been performed but the flocculation of quartz 
particles has been done poorly. Hence, in the 
thickening of iron ore tailings, the flocculation 
of quartz has more importance than that of 
magnetite and the condition of pulps must be 
set to achieve the maximum settling rate of 
quartz. 

 

  
(a) (b) 

Figure 8. The microscope image of a) magnetite and b) quartz flocs with the total magnification of 100X 
(10X × 10X) 

 
4. Conclusions 
In this research, the effects of various process 
parameters on the main mineral components of 
the iron ore tailings including quartz and 
magnetite have been investigated separately. 
The molecular weight of the flocculant had a 
negligible effect on the settling rate of quartz. 
The settling rate of quartz increased from 51 to 
76 m/h by increasing the concentration of the 
flocculant from 0.26 mg/L to 3.12mg/L. It also 

increased from 57.66 m/h to 69.96 m/h by 
increasing the pH value of the solution from 1 
to 11. A nearly 30 % decrease in the settling 
rate of quartz was observed by increasing the 
percentage of the  solid from 3 to 10 %. A 33 
% increase in the settling rate of quartz was 
observed by the addition of 80 mg/L of Ca2+ 
into the pulp. The settling rate of quartz 
decreased from 79.83 to 47.79 by the addition 
of 40 mL/L of sodium silicate into the pulp. 
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A higher settling rate of magnetite has been 
obtained for the A26 flocculant in comparison 
with the Tianrun flocculant. The settling rate 
of magnetite increased from 369 to 505 m/h by 
increasing the concentration of the flocculant 
from 0.26 mg/L to 3.12 mg/L. It decreased 
from 457 to 417 m/h by increasing the pH 
value of the pulp from 3 to 11. It also decreased 
from 456 to 418 m/h by the addition of 80 
mg/L of Ca2+ into the pulp. The effect of the 
percentage of the solid on the flocculation of 
magnetite was similar to that of quartz and it 
decreased from 466 to 408 m/h by having 
increased the percentage of the solid from 3 to 
10. The settling rates of magnetite in the 
absence and presence of 40 mL/L of sodium 
silicate were 496 and 378 m/h respectively. 
The concentration of the flocculant had the 
most positive effect on the settling rates of 
quartz and magnetite and the concentration of 
sodium silicate had the most negative effect on 
both of them. 
   The maximum settling rate of quartz was 
determined to be 197 m/h. It was achieved 
under the conditions of: the Tianrun flocculant 
with the concentration of 3.12 mg/L, the pH 
value of 11, 10 percent of the solid, the 
concentration of 80 mg/L of the Ca2+ ion and 
without the addition  of sodium silicate. The 
maximum settling rate of magnetite was 
determined to be 873 m/h under the following 
conditions: the concentration of 3.12 mg/L of 
the A26 flocculant, the pH value of 11, 3 
percent of the solid, the concentration of 40 
mL/L of sodium silicate and without the 
addition of Ca2+ ions. 
   This research shows that there is a big 
difference between the maximum settling rates 
of quartz and magnetite. Hence, the 
mineralogical composition of the iron ore 
tailings has great influence on the thickening 
process. The maximum settling rate of an iron 

ore tailing can be determined based on the 
settling rate of the mineral component with the 
lowest settling rate. Hence, in order to achieve 
the maximum settling rate of an iron ore 
tailing, the pulp condition must be set based on 
the optimum settling condition of the mineral 
with the lowest settling rate, which is quartz in 
this regard. 
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