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Abstract. This paper covers theoretical and experimental explorations for the sake of 

determining the optimal ball charge in mills. In the first part of the paper, on the basis of the 

theoretical analysis of the energy-geometric correlations, which are being established during 

the grain comminution by ball impact, as well as on the basis of the experiment carried out on 

grinding quartz and copper ore in a laboratory ball mill, there has been defined a general form 

of the equation for determining: the optimal ball diameter depending on the grain size being 

ground; and the parameter of the equation through which the influence of a mill is being 

demonstrated; then the parameter of the grinding conditions; and the parameter of the material 

characteristics being ground in relation to the ball size. In the second part of the paper, the 

process of making up the optimal ball charge has been defined providing the highest grinding 

efficiency, as well as its confirmation by the results of the experimental explorations. 

keywords: mineral processing, optimal ball diameter, optimal ball charge, grinding 

1. Introduction 

The ball size in a mill has a significant influence on the mill throughput, power 

consumption and ground material size (Austin et al., 1976; Fuerstenau et al., 1999; 

Kotake et. al., 2004).  

The basic condition, which must be met while grinding the material in a mill is that 

the ball, while breaking the material grain, causes in it stress which is higher than the 

grain hardness (Bond, 1962; Razumov, 1947; Supov, 1962). Therefore, for the biggest 

grain size, it is necessary to have a definite number of the biggest balls in the charge, 

and with the decreased grain size, the necessary ball size also decreases (Olejnik, 

2010; 2011). For each grain size there is an optimal ball size (Trumic et. al., 2007). 

The bigger ball in relation to the optimal one will have an excess energy, and 

consequently, the smaller ball mill has less energy necessary for grinding. In both 

cases, the specific power consumption increases and the grinding capacity decreases 

(Concha et al. 1992; Katubilwa and Moys, 2009; Erdem and Ergun, 2009). 

http://www.minproc.pwr.wroc.pl/journal/
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A great number of explorers were dealing with the questions of determining the 

maximal ball diameter depending on the material size being ground. A few empirical 

formulae have been proposed, out of which some are recommended for industrial mills 

(Bond, 1962; Razumov, 1947; Olevskij, 1948), but some of them have been defined 

on the basis of investigations carried out in laboratory mills and they have not been 

applied to industrial mills (Belecki, 1985; Supov, 1962). 

All suggested formulae fit into the general form given by:  

n
b Kdd max ,     (1) 

where: db max is the maximum ball diameter in a charge, d is the characteristic top limit 

of the material size which is being ground (d95 or d80 in the formulae is recommended 

for industrial mills); K and n are parameters, for which all authors say to be dependent 

on the mill characteristics, grinding conditions and characteristics of the material 

being ground. They are determined experimentally. 

Even a simplified theoretical analysis clearly defines the influential factors on 

parameters K and n. The topic of this paper is, first of all, this kind of analysis and 

then the determination of the optimal ball charge model in a mill. 

2. Theoretical background  

Each grain size corresponds to a definite optimal ball size. The diameter of a ball is 

determined by the condition that, at the moment of breaking the grain, it has energy E, 

which is equal to energy E0 necessary for grain comminution: 

0EE  .     (2) 

The ball impact energy on grain is proportional to the ball diameter to the third 

power: 

3
1 bdKE  .     (3) 

The coefficient of proportionality K1 directly depends on the mill diameter, ball 

mill loading, milling rate and the type of grinding (wet/dry). None of the 

characteristics of the material being ground have any influence on K1. 

The ball impact energy on the grain is turned into the action of comminution, 

which according to the Rittinger comminution law is directly proportional to the 

newly formed grain surface while being ground. We can suppose that the grain has got 

the form of a ball with diameter d and that the area of comminution occurs along the 

equator cross section. Then, the comminution energy E0 is proportional to the surface 

of equator circle, that is, the grain diameter to the second power: 

2
20 dKE  .     (4) 

It is clear that the coefficient of proportionality K2 is not influenced by any of the 

characteristics of the material being ground. 
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In accordance with Eq. 2, the necessary condition for grain comminution is: 

2
2

3
1 dKdK bo  .     (5) 

So, we have got the following: the optimal ball diameter dbo is proportional to the 

grain diameter d to the exponent n = 0.67: 

67.0
3

3
23

1

1

2 dKd
K

K
dbo 








 .    (6) 

The conclusion that can be drawn from Eq. 6 is quite clear and it shows that 

exponent n is neither influenced by mill’s characteristics, grinding conditions, nor the 

characteristics of material being ground. All these influential factors are reflected only 

through the numerical value of parameter K, while the numerical value of exponent n 

= 0.67 has resulted from the theoretical energy–geometry relations shown by Eq. 2 to 

6, which cannot be disputed. 

In the formulae of the above mentioned authors, the numerical value of exponent n 

ranges from 0.2 up to 1.0 (Olevskij n = 0.2; Razumov n = 0.3; Bond n = 0.5; Baleski 

and Supov  n = 1.0). Such great discrepancies in numerical values of exponent n are 

the result of the statistical data processing obtained from practice and investigations 

performed according to the model defined by Eq. 1, as well as the conviction that 

parameter n depends on mill’s characteristics, grinding conditions and characteristics 

of the material being ground. If constant value n = 0.67 had been adopted in these 

result analysis, we would have obtained equally valid correlations, but only with the 

different values for proportionality coefficient K. Let us point out once again that the 

following issues have got an influence on the coefficient K: mill’s characteristics, 

grinding conditions, and characteristics of the material being ground. Now, we have 

the right to put the following question: have not we attributed insufficient knowledge 

of the influence of the ball charge sliding in a mill under the different grinding 

conditions to the change of exponent n? There are some more similar justified 

questions.  

This paper, describing a first part of investigation, aims at checking the hypothesis 

defined by Eq. 6 as well as its preference in relation to the hypothesis defined by Eq. 

1. 

Let us look back at the optimal ball charge in a mill. The necessary number of balls 

having the definite diameter Nb in a mill should be proportional to grain number N 

having the definite diameters which they can grind: 

NNb ~ .     (7) 

The number of grains of the material with determined diameters depends on the 

grain size distribution. For a great number of materials the grain size distribution at the 

ball mill feed has been described by Gaudin-Schumann’s equation: 
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m

d

d
d 












max

* ,      (8) 

where d* is the filling load of grains less than d, d is the grain diameter, dmax is the 

maximum grain diameter, m is the exponent which characterizes the grain size 

distribution. 

The number of balls, having the determined diameter in a mill, depends on the ball 

size distribution in the charge. Let us suppose that the ball size distribution in the 

charge can also be depicted by Gaudin-Schumann’s equation: 

c

b

b

d

d
Y 












max

,   dbmin<db<dbmax,   (9) 

where Y is the load of the balls having diameters less than db,  db is the ball diameter, 

dbmax is the maximum ball diameter in charge,  dbmin is the minimum ball diameter 

which can grind efficiently in a mill, c is the exponent which characterizes the ball 

size distribution. 

The condition for efficient grinding, defined by Eq. 7, will be fulfilled when the 

grain size distribution and the ball size distribution are the same, which means that the 

parameters of both distributions are equal in Eqs. 7 and 9: 

cm  .      (10) 

In the second part of the paper, we will investigate the hypothesis defined by Eqs. 

8, 9 and 10. 

3. Experimental  

Investigations were carried out in a laboratory ball mill having the size of DxL = 

160x200 mm with a ribbed inside surface of the drum. The mill ball loading was 40% 

by volume, the rotation rate was equal to 85% of the critical speed. 

Balls were made from steel: S4146, extra high quality, having hardness 62 ± 2 

HRC according to Rockwell. Grinding tests were carried out with the samples of 

quartz having high purity of >99% SiO2 as well as samples of copper ore consisting of 

0.37% Cu,  67.48% SiO2 and 15.02% Al2O3. Bond’s working index for quartz is Wi = 

14.2 kWh/t and for for copper ore Wi = 14.9 kWh/t. 

The first part of this investigation has been oriented towards testing the hypothesis 

defined by Eq. 5. For that purpose, there has been observed the grinding kinetics of 

narrow size fractions of quartz and copper ore sizes (-0.80/+0.63 mm; -0.63/+0.50 

mm; -0.50/+0.40 mm and -0.40/+0.315 mm) with the ball charge of different 

diameters (Table 1). The dry mill grinding has been conducted. The volume of 

grinding samples was equal to the volume of the interspaces of balls and the interstitial 

gaps between the balls charge.  
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The grinding efficiency of the narrow particle size fractions with ball charge of 

various diameters has been observed through the constant of milling rate k in the 

equation of the grinding kinetics law for the first order grinding R=R0e
-kt

, where R is 

the unground remainder of the sample after grinding time t, and R0 is the sample mass 

for grinding. The first order kinetics of grinding occurred for all ball charges and for 

all samples.  

As the ball charges and narrow, the size fractions of the samples have different 

masses. In this research, the grinding efficiency has also been observed through the 

specific mill throughput per ground product, per unit mass of the ball charge Qs 

(kg/h/kg). The specific throughput has been calculated at grinding time t = 3 min. 

Tables 2 and 3 give the numeric values of constant grinding rate k of the narrow 

size fractions of quartz and copper ore as well as the specific mill throughput with the 

ball charge of various sizes. 

Table 1. Characteristics of ball charge and sample mass of quartz and copper ore 

Symbol 

of ball 

charge 

Ball 

diameter 

in charge 

db (mm) 

Charge 

mass 

(g) 

Number 

of balls 

in charge 

Nb 

Sample mass (g) 

quartz and copper ore 

-0.80+0.63 -0.63+0.50 -0.50+0.40 -0.40+0.315 

A 6 7171 8149 1080/827 1073/792 1100/770 1072/792 

B 11 6920 1277 1116/869 1139/832 1148/809 1140/832 

C 15 6729 482 1136/900 1140/862 1136/838 1153/861 

D 20 6475 199 1155/991 1142/950 1124/923 1168/949 

Table 2. Constants of milling rate k and specific throughput of mill Qs for grinding narrow particle size 

fractions of quartz 

Symbol 

of the ball 

charge 

Ball 

diameter 

in charge 

db (mm) 

Size fraction (mm) 

-0.80+0.63 -0.63+0.50 -0.50+0.40 -0.40+0.315 

k Qs k Qs k Qs k Qs 

A 6 0.098 0.726 0.132 0.828 0.137 0.889 0.156 0.930 

B 11 0.222 1.224 0.216 1.220 0.180 1.142 0.149 0.989 

C 15 0.281 1.381 0.216 1.229 0.167 1.101 0.133 0.943 

D 20 0.233 1.418 0.159 1.169 0.122 0.979 0.084 0.780 

Figures 1 and 2 show the dependence of milling rate constant k upon the ball 

diameter in the charge db while grinding different quartz and copper ore size fractions. 

In Figs. 1 and 2, one can see that for each size fraction  there is a proper ball diameter, 

which provides the highest efficiency of grinding, in terms of the milling rate constant 

k and that it is the optimal ball diameter dbo for grinding the given grain size. 

By means of graphic interpolation, from Figs. 1 and 2, there has been determined 

optimal ball diameter dbo, which provides the highest grinding efficiency of the 

corresponding size fraction and the results have been shown in Table 4. We can notice 
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that the values for dbo are very close in terms of both parameters for grinding 

efficiency. 

Table 3. Constants of milling rate k and specific mill throughput Qs for grinding narrow particle size 

fractions of copper ore 

Symbol 

of the ball 

charge 

Ball 

diameter 

in charge 

db (mm) 

Size fraction (mm) 

-0.80+0.63 -0.63+0.50 -0.50+0.40 -0.40+0.315 

k Qs k Qs k Qs k Qs 

A 6 0.072 0.586 0.126 0.882 0.107 0.749 0.118 0.754 

B 11 0.152 1.060 0.177 1.188 0.139 0.938 0.122 0.867 

C 15 0.189 1.248 0.202 1.287 0.148 1.033 0.121 0.848 

D 20 0.171 1.242 0.168 1.220 0.129 0.927 0.111 0.763 

Table 4. Optimal ball diameter 

Size fraction 

(mm) 

Mean 

grain 

diameter, 

d (mm) 

Optimal ball diameter dbo (mm) Mean  value of the 

optimal ball diameter 

dbo (mm) 
In terms of constant 

milling rate, k 

In terms of specific 

mill throughput, Qs 

Quartz 
Copper 

ore 
Quartz 

Copper 

ore 
Quartz 

Copper 

ore 

-0.80+0.63 0.715 16.0 16.5 16.5 17.5 16.25 17.0 

-0.63+0.50 0.565 13.5 15.0 14.0 16.0 13.75 15.5 

-0.50+0.40 0.450 12.5 14.2 13.0 15.0 12.75 14.6 

-0.40+0.315 0.357 8.0 12.0 9.0 13.0 8.50 12.5 
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Fig. 1. Dependence of milling rate constant k while 

grinding particular size fractions of quartz upon ball 

diameter db in the charge 

Fig. 2. Dependence of milling rate constant k 

while grinding particular size fractions of copper 

ore upon ball diameter db in the charge 

Figure 3 shows the dependence of optimal ball diameter dbo on mean grain quartz 

diameter d in a fraction, in the coordinate system [lnd; lndbo]. The linear arrangement 

of points in Fig. 3 points to the fact that there is a strong correlating connection of 

forms given by Eq. 1. 
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By the method of the least squares, it was possible to determine the numerical 

values of parameters K and n in Eq. 1, with a very high degree of correlation r, so that 

they, for the conditions of our experiment, would be as follows: 

quartz: 87.067.22 ddbo  , r=0.95,    (11) 

copper ore: 42.077.19 ddbo  , r=0.98.    (12) 

R² = 0.8864

R² = 0.9532

ln
d

b
o

ln d  

 

 

 

 

 

 

 

 

 

 

Fig. 3. Dependence of optimal ball diameter dbo on 

mean grain diameter d in a fraction 

The grinding tests on all samples have been performed under identical conditions. 

The only difference is in the characteristics of quartz and copper ore, in terms of 

Bond’s working index. In other words, copper ore has got a higher Bond’s working 

index and this should have been expressed in Eq. 12 in terms of a higher value for 

coefficient K compared to the value in Eq. 11 for quartz. However, this didn’t happen. 

The value of K in Eq. 12 is less than the value in Eq. 11. This happened because of the 

incorrect hypothesis, which says that the exponent n depends on the characteristics of 

a mill, grinding conditions and raw material characteristics. It was incorrect to 

emphasize higher influence of Bond’s working index on exponent n instead on 

parameter K. 

In this paper, in our theoretical analysis, we have come to the concision, that 

parameter n has got the constant value: n = 0.67 and that it does not depend on the 

characteristics of a mill, the grinding conditions and raw material characteristics. 

Thus, consequently, the optimal ball size is defined by Eq. 6. 

By means of the least squares, we have determined the numerical values of 

parameters K in Eq. 6, so that they, for the conditions of our experiment and with a 

very high degree of correlation r, are as follows: 

quartz: 67.069.19 ddbo  , r=0.94,    (13) 

copper ore: 67.045.23 ddbo  , r=0.97.   (14) 

Equations 13 and 14 confirm our theoretical hypothesis that exponent n has got the 

constant value n = 0.67 and that the influence of the mill characteristics, grinding 

conditions and raw material characteristics has been demonstrated only in terms of the 
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numerical value of  parameter K. The higher value of the Bond’s working index for 

copper ore has led to the higher value of parameter K in Eq. 14 in relation to the value 

of the same one in Eq. 13 for quartz, and that is the theoretically expected issue. 

The second part of this paper refers to the testing of the hypothesis for modeling 

the optimal ball charge in a mill, defined by Eqs. 8 to 10. The optimal ball charge in a 

mill has been formed in the following way. 

1. We define the value of the exponent in Eq. 8 for the material to be ground 

2. We define maximum ball diameter dbmax, according to one of the known 

formulae  

3. The ball load with different diameters in the charge ranging from dbmax to dbmin 

is to be calculated according to Eq. 9, where the exponent m=c. 

The grinding tests were carried out on artificially formed samples of quartz and 

copper ore having the grain size of -0.80/+0.315 mm, whose particle size distribution 

is described by Eq. 8 so that, for both samples, it is as follows 

2

*

8.0










d
d .     (15) 

The maximum and minimum ball diameters in the charge, in accordance with Eqs. 

14 and 15 are as follows: 

quartz:   mm0.178.069.1969.19 67.067.0
max  ddb ,   (16) 

mm1.9315.069.1969.19 67.067.0
min  ddb ,   (17) 

copper ore:  mm2.208.045.2345.23 67.067.0
max  ddb ,    (18) 

mm8.10315.045.2345.23 67.067.0
min  ddb .  (19) 

In accordance with the available ball load used or making the charge, the balls with 

the following diameters have been used: 10.3 mm; 12.7 mm; 15 mm; and 19 mm. 

There have been formed there different charges: E, F and G. The charge E was made 

up according to the hypothesis of this paper according to the equation: 

2

19








 b

E

d
Y ,  10.3 < db < 19.0.   (20) 

In charge F, the larger balls prevail and their size distribution follows the equation: 
4

19








 b

F

d
Y ,  10.3 < db < 19.0.   (21) 

In charge G, the smaller balls prevail and their size distribution follows the equation: 
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5.1

19








 b

G

d
Y ,  10.3 < db < 19.0.   (22) 

In Table 5 we have given the composition of samples in the charge according to the 

size distribution. The ball mill loading is 40% by volume. The quartz sample mass for 

grinding is 915 g and for copper ore 787 g. 

The grinding efficiency with ball charges E, F and G, has been observed in terms 

of the constant milling rate of the first-order k and the specific throughput of mill Qs 

per ground product per unit mass of the charge, on the controlling screen with the 

mesh size of d = 0.315 mm at the grinding time of t = 3 min. The results of grinding 

are shown in Table 6 and they confirm our hypothesis that the highest grinding 

efficiency is provided by charge E, where the ball size distribution is identical with the 

one with the grain size distribution of the material being ground. 

The accomplishment of this principal in industrial mills is possible by loading the 

mills with the balls of different diameters, in the proper correlation, where the value of 

exponent c in Eq. 9 is brought closer to the value of the exponent m in Eq. 8. 

Table 5: Composition of samples and charges according to the size distribution 

Particle size 

distribution, 

d (mm) 

Weight 

W 

(%) 

Ball 

diameter 

db 

(mm) 

Charge E Charge F Charge G 

W 

(%) 

M 

(g) 

W 

(%) 

M 

(g) 

W 

(%) 

M 

(g) 

-0.80+0.63 38 19 38 2732 58 4157 29 2090 

-0.63+0.50 23 15 23 1653 21 1480 16 1159 

-0.5+0.40 14 12.7 14 1006 12 853 15 1089 

-0.40+0.315 25 10.3 25 1797 9 667 40 2898 

 100  100 7188 100 7147 100 7236 

Table 6: Milling rate constant k and specific throughput of mill Qs, with different ball charges 

Indicator for 

the grinding 

efficiency 

Charge 

E F G 

Quartz Copper ore Quartz Copper ore Quartz Copper ore 

k 0.119 0.078 0.108 0.072 0.105 0.073 

Qs 0.890 1.084 0.821 1.075 0.796 1.071 

4. Conclusion 

All proposed formulae for determining the ball diameter, depending on the 

diameter of the grain size material being ground, fit into the general form given in the 

equation: 

n
b Kdd  , 

where db is the ball diameter, d is the diameter of the grain size material being ground, 

K and n are parameters, for which all authors say, depend on mill characteristics, 
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grinding conditions and characteristics of the material being ground and which are 

consequently determined by experiments. 

By means of theoretical analysis of energy–geometry correlations, which are being 

established during the process of grain comminution by ball impact, it has been clearly 

proved that exponent n, by which grain diameter d has been raised to a power, does 

not have any influence on the characteristics of mill characteristics, grinding 

conditions and characteristics of the material being ground. All these influential 

factors have only been reflected by numerical value of parameter K, while the 

numerical value of exponent n is constant and amounts to 0.67. This result has been 

proved by the results of our investigation in this paper. Thus, the general form of the 

formula for determining the ball diameter, depending on the diameter of the grain size 

material being ground is: 
67.0Kddb  . 

Starting from the physical fact that the required number of balls of determined 

diameter Nb in a mill should be proportional to number of grains N of determined 

diameters which will be ground, we have come to the theoretical hypothesis that, in 

order to achieve effective grinding, the ball size distribution in the charge should be 

the same with the material grain size distribution being ground. 

In a great many cases, the grain size distribution of a ball mill feed is well 

described by Gaudin-Schumann’s equation: 
m

d

d
d 












max

* , 

where d* is the grain fill level less than d, d is the grain diameter, dmax is the maximum 

grain diameter, m is the exponent which characterizes the grain size distribution. 

The optimal ball charge in a mill should be made up in such a way that the ball size 

distribution of a charge should be in accordance with Gaudin-Schumann’s equation: 

c

b

b
E

d

d
Y 












max

,  dbmin < db < dbmax, 

where Y is the ball fill level having the diameter less than db, db is the ball diameter, 

dbmax is the maximum ball diameter in the charge, dbmin is the minimum ball diameter 

which can grind efficiently in a mill, c is the exponent which characterizes the ball 

size distribution so that the most efficient grinding can be achieved if the condition 

m=c is fulfilled.  

The results of this experiment in this paper have completely proved the given 

hypothesis. 
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Abstract. Coal, the world's most abundant, most accessible and most versatile source of fossil 

energy was brought to the forefront of the global energy scene by the industrial revolution of 

the 19th century. Like any fossil fuel, coal is associated with naturally occurring radioactive 

materials. This is due to their U, Th, and K content. This certainly has radiological implications 

not only for the miners but also for the immediate environment of the mines and the users. In 

this study, the radioactive elements in Manisa-Soma and Istanbul-Agacli coals and their ashes 

were studied. In the experimental section, the coal and thermal power plant ashes which were 

taken from Manisa-Soma were used. Sieve, moisture, ash, calorific value, volatile amount, total 

carbon, total sulphur, major element and radioactive element analysis of the samples were 

carried out. The float and sink analyse and flotation tests were carried out on the samples 

which were taken from Manisa-Soma and Istanbul-Agacli. Thus, radioactive elements changes 

and moving mechanisms were investigated with coal preparation and burning methods. 

Furthermore, the pre-investigation of the assessment of the thermal power plant ashes was 

carried out with the experiments on the ash samples, which were taken from the Soma thermal 

power plant. 

keywords: coal, radioactive elements, coal properies 

1. General information 

Social and technological development changes are in direct proportion to the 

amount of energy that is consumed. As a result of the fast growth of world population, 

the consumed energy naturally increases alongside. Especially, the fact that population 

growth of Turkey is higher than the worldwide average means that the requirement for 

energy will increase more every day. In 2008, petroleum has the highest share in 

energy consumption in Turkey with 32.8%, which is followed by natural gas with 

30.4%, coal with 28% and the remaining 10% is occupied by renewable resources 

including hydraulic (Teias, 2008). 

A clean environment is needed for a healthy life and energy is needed for a 

comfortable life, which requires utilisation of resources by minimising their impact. 

http://www.minproc.pwr.wroc.pl/journal/
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The fact that even ashes of burned coal is usable is an important point both for 

economic benefit and environmental impact, and this may only be possible due to 

proper features of coal. When coal is burnt in thermal power stations, toxic trace 

elements in the coal like As, Cd, Ga, Ge, Pb, Sb, Se, Sn, Mo, Ti and Zn, which have 

the potential of contaminating, are transferred to the waste products (cinder, ash and 

gas). Volatile ashes containing many poisonous elements may be collected in ash 

collection pools under furnaces or as piles. Because soluble metal ions and compounds 

may leak from the ash pools or piles, then have the potential to contaminate soil, 

surface and underground water. Then, severe environmental problems may occur 

(Karayiğit et al., 2000; Perçinel, 2000; Esenlik, 2005; Tuna et al., 2005).  

When coal is combusted, toxic trace elements like arsenic (As), cadmium (Cd), 

lead (Pb), antimony (Sb), selenium (Se), stannum (Sn) and zinc (Zn) are transferred to 

waste products like cinder, ash and gases. When the waste products are disposed 

contained poisonous (toxic) trace elements may be conveyed to the atmosphere, earth 

surface and oceans. These elements may be seriously threatening for living organisms 

by creating environmental, and health problems when the waste products are washed 

with rain and these elements are carried away with underground water to the soil, and 

surface and underground waters (Baba, 2001; Ateşok, 2004; Demir, 2009). 

Some of the human diseases occurring near thermal power plants, due to the toxic 

elements spread in the neighbourhood are given below (Perçinel, 2000): 

As: Anaemia, nausea, renal symptoms, ulcer, skin and pulmonary cancer, defective 

births. 

Be: Malfunction of respiration and lymph, lungs, spleen and kidneys, carcinogenic 

effects. 

Cd: Lung emphysema and fibrosis, kidney diseases, cardiovascular effects, 

carcinogenic effects. 

Hg: Nervous and kidney damages, cardiovascular effects, birth problems. 

Mn: Respiratory problems. 

Ni: Skin and intestinal diseases, carcinogenic effects. 

Pb: Anaemia, nervous and cardiovascular problems, delayed growth, gastric and 

intestinal problems, carcinogenic effects, birth problems. 

Se: Gastric and intestinal nausea, pulmonary and splenic damages, anaemia, 

cancer, teratogenic effects. 

V: Acute and chronic respiratory malfunction (Perçinel, 2000). 

Radon gas forms in the area in which ashes of the thermal power plant collect (ash 

chambers) reach the air. Even if these ashes are buried in soil, radon gas infiltrates 

through the pores of the soil and blends in the air. Radon gas may transform into 

polonium and active lead in 3.8 days. Therefore, piles of ash emit radioactivity. 

Perhaps the most critical material that is disposed through the chimneys is uranium, 

that is contained in lignite and released during combustion to spread around. Uranium 

is also a serious problem (Özyurt, 2006). 
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1.1. Major and trace elements contained in coal and coal ash  

C, H, O, N and S contained in the structure of coal, contents of which are generally 

higher than 1000 ppm, form the organic matrix and they are called major elements.  

Al, Fe, Mg, As, Zn, Cu, F, Th, V etc. with a concentration that is generally less than 

1000 ppm are called trace elements in coal (Ateşok, 2004; Özyurt, 2006). There are 

some elements in coal which are inorganic, which may form inorganic or 

organometalic compounds, and which may be recovered if they are at an economic 

level. In the sediments containing coal layers and in coal formations, Ge, Ga, U and 

Cu may be found at economic levels. Coal also contains toxic trace elements like Be, 

Mo, V, Zn, W, Co, Cd, As, Pb, Se, and Cr, which are contaminants (Kural, 1998; 

Özyurt, 2006; Demir, 2009; Demir and Kurşun, 2010). 

During combustion of coal, trace elements such as Pb, Cu, Zn, V, As and Th 

become volatile and concentrate in the furnace ash (Özyurt, 2006; Riley, 2008; Demir, 

2009; Demir and Kurşun, 2010). When coals are combusted at high temperatures, their 

molecular structure is demolished, and an important portion of Cl and F is disposed 

into air as gases together with smoke (Özyurt, 2006). When coal dust is combusted in 

thermal power plants, carbon, nitrogen and sulphur contained in the coal structure 

oxidise and transform into carbon oxide (COx), nitrogen oxide (NOx) and sulphur 

oxide (SOx). Some water vapour forms during this transformation, too. Whereas 

cinder is collected under combustion furnaces, volatile ashes are caught by electro-

filters and some are transported with the chimney gas. Researches show that trace 

elements mostly collect on volatile ashes (Karayiğit et al., 2000; Özyurt, 2006). 

In thermal power plants that use coal, combustion in the furnaces occurs at around 

900-1400°C depending on the type of coal. Coal pieces heat up in the furnace, 

vaporizable materials convert into gases and combustion occurs. Minerals disintegrate 

and melt under heat, start decomposing and agglomerate (Kural, 1998; Özyurt, 2006). 

Hg, As, Se, Ni, Pb, Ce are Zn mostly related to sulphide minerals and organic 

substances. Combination (formation) of coal minerals or organic substances with trace 

elements may seriously affect vaporisation limit and consequently its ratio in the 

chimney gas disposed by the plant. Trace elements detected in chimney gases are 

mostly associated to sulphide minerals (Riley, 2008; Shah et al., 2008). 

During combustion of coal, some trace elements contained in coal like As, Cd, Ga, 

Ge, Pb, Sr, Mo, Zn, Ba transfer to the waste products (cinder, ash and gases). 

Especially fly ashes of such wastes produce very convenient media for adhesion of 

elements in liquids and gases because they have clayish structure, endure high 

temperatures and have large surface area (Özyurt, 2006; Demir, 2009; Demir and 

Kurşun, 2010). 

2. Findings 

2.1. Results of particle size analysis  

Coal samples collected from the site for the research were crashed in the laboratory 

type jaw crusher and roll crusher in Istanbul University, Mining Engineering 
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Department, Mineral Processing Laboratory, and then applied dry particle size 

analysis to study particle size distribution. 

Particle size curves were drawn according to the particle size analysis performed 

using 8 mm, 4 mm, 2 mm, 1 mm and 0.5 mm laboratory type Retsch brand stainless 

steel sieves of square section and d80 particle dimensions were calculated. 

Figure 1 shows particle size curves drawn according to the results of particle size 

analysis made after crashing of coal samples collected from Manisa-Soma and 

İstanbul-Agacli region in roll crusher. As the curves show, d80 of roll crusher outputs 

of Manisa – Soma and Istanbul-Agacli coals are 5.4 mm and 5.9 mm, respectively. 

Figure 2 shows particle size curve of the coal samples collected from Manisa- 

Soma and Istanbul-Agacli Region, which were used in float and sink experiments, 

according to the results of particle size analysis. The curves show that d80 of Manisa- 

Soma and Istanbul-Agacli coals are 1900 µm and 2100 µm, respectively. 

 

 

 

Fig. 1. Manisa-Soma and Istanbul-Agacli 

particle size distribution after roll crushing 
Fig. 2. Particle size curves of “float and sink 

experiments” samples of Manisa-Soma 

 and Istanbul-Agacli coals 

2.2. Results of Proximate and Ultimate Chemical Analysis 

Ash samples and coal samples collected for the study were brought to the Mineral 

Processing Laboratory of Istanbul University, and humidity, ash, density, volatile 

matter, total sulphur and thermal value analyses were made on these samples. 

Evaluation and interpretation of the chemical analysis results of the coal and ash 

samples are summarised below. 

Humidity. Coal samples collected from the TKI (Turkish Coal Enterprises) Ege 

Lignite Enterprises (Manisa-Soma) for the study were brought to the Mineral 

Processing Laboratory of Istanbul University, and total humidity analysis was made 

on these samples. Analysis was made according to standard TS 690 ISO 598 (Method-

C). Total humidity analysis was made after bringing samples to the laboratory in 

closed nylon bags without losing time. Due to the high temperature at electro-filters, 

humidity values of ash samples are mostly almost zero. 
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Figure 3 shows the percentage curves of the humidity that is lost in time when coal 

samples collected from Manisa-Soma and Istanbul-Agacli region are heated in drying 

oven at 105ºC. It was calculated that coal samples collected from Manisa-Soma and 

Istanbul-Agacli contain 15.49% and 31.75% humidity, respectively. The analyses 

show that almost entire humidity contained in the samples may be removed in 3 hours 

for Manisa-Soma coal samples and 5 hours for Istanbul-Agacli coal samples. 

 

Fig. 3: Graphic of humidity loss (%) as a function of time (hours) 

 for Manisa-Soma and Istanbul-Agacli coals 

Volatile Matter. It was observed that volatile matter content of ash samples is lower 

than coals’. Whereas, Manisa-Soma coal sample contains 31.32% volatile matter, its 

thermal power plant ashes contain 1.2% because of the unburned coal pieces. Agacli 

sample contains 57.27% volatile matter. 

Ash. Ash analyses of the coal samples within the study were realised in Istanbul 

University, Department of Mine Engineering, Mineral Processing Laboratory. 

According to the results of this analysis, coals collected from Manisa – Soma region 

are coals with high ash ratio. 

Theoretically, ash content of waste products formed as the result of combustion in 

thermal power plants (volatile ash and bottom ash) must be 100%. However, 

depending on characteristics of combusted coal and conditions of combustion systems, 

it is always possible to find some unburned coal remnants in these wastes. As a matter 

of fact, Manisa – Soma thermal power plant ash contains 1.2% unburned pieces. 

Total Sulphur. Dry base total sulphur contents of thermal Power Plant ash and coal 

samples collected for the study in air were analysed by Acme Analytical Laboratories 

Ltd. in Canada. Leco carbon sulphur device was used in total sulphur analysis (Acme, 

2009). 

When coals used in Manisa-Soma thermal power plant and ashes formed by 

combustion are examined for total sulphur contents, it is observed that a little portion 

is disposed into the air by burning and the rest is concentrated in ash. 
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Thermal Value. Upper thermal values and lower thermal values of the coal samples 

were analysed in the Environment and Fuel Analysis Laboratory approved by 

TÜRKAK belonging to Istanbul Metropolitan Municipality, Department of 

Environmental Protection & Development. IKA C7000 device was used for thermal 

value analyses. 

Density Analysis. Density analysis with a pycnometer was performed to determine 

densities of the coal samples collected for the study and to compare optimum sorting 

density used in float and sink experiments. Density Analysis was performed in 

Istanbul University, Department of Mine Engineering, Ore Preparation and 

Concentration Laboratory. TS ISO 5072 Brown Coal and Lignite – Assessment of 

Real and Apparent Relative Density standard was utilized in the analysis method. 

The heavy mediums used in float and sink experiments of Soma and Agacli coals 

were selected as 1.6 and 1.3 g/cm
3
, respectively. 

Elementary Analyses. Elementary Analyses of the coal samples collected for the 

study were performed in Advanced Analyses Laboratory of Istanbul University. Based 

on the air dried elementary analysis results of the analysed samples are given in Table 

2. 

Table 1. Based on the air dried chemical analysis results of Istanbul-Agacli, Manisa- Soma coal samples 

and Manisa- Soma power plant ash samples 

Sample 

Amount 

of volatile 

substances 

(%) 

Ash 

Content 

(%) 

Total sulphur 

content 

(%) 

Upper thermal 

value 

(Kcal/kg) 

Lower 

thermal value 

(Kcal/kg) 

Density 

(g/cm3) 

İstanbul-Agacli 57.27 8.12 1.37 4742 4499 1.301 

Manisa-Soma 

coal 
31.32 35.88 0.67 2942 2761 1.553 

Manisa-Soma 

ash 
1.2 98.80 1.26    

Table 2. Based on the air dried elementary analysis results of Istanbul-Agacli,  

Manisa-Soma coal samples 

 C, % H, % N, % S, % 

İstanbul - Agacli 48.19 4.92 0.36 0.56 

Manisa – Soma 43.13 2.75 0.42 0.28 

Methods used in elementary analyses are explained below: 

1DX Analysis. In 1DX analysis, 0.5g of the sample is leached with royal water 

heated up to 95ºC (Aqua Regia in Latin; it is generally obtained by mixing one third 

concentrated hydrochloric acid and nitric acid) and the solution placed in ICP-MS 

device to read the values (Acme, 2009). 

Elements detected by 1DX analysis are: Mo, Cu, Pb, Zn, Ni, As, Cd, Sb, Bi, Ag, 

Au, Hg, Tl, Se. 
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Leco TOT/C and TOT/S analysis. Total C and Total S analyses are performed with 

Leco carbon sulphur device (Acme, 2009). 

4A Analysis. In 4A analysis, 0.2g coal and ash samples are applied lithium 

metaborate/tetraborate fusion and decomposed with diluted nitric acid, and then major 

oxides they contained were detected with the ICP-ES device (Acme, 2009). 

Minerals that are analysed with 4A are: SiO2, Al2O3, Fe2O3, MgO, CaO, Na2O, 

K2O, TiO2, P2O5, MnO, Cr2O3. 

4B Analysis. In 4B analysis, 0.2g coal and ash samples are applied lithium 

metaborate/tetraborate fusion and decomposed with diluted nitric acid, and then rare 

soil elements and refractor elements they contained were detected with the ICP-MS 

device. In addition, 0.5g samples were decomposed in royal water, and precious 

metals and base metals were detected with ICP-MS (Acme, 2009). 

Elements that are analysed with 4B are (nitric acid and ICP-MS): Ba, Be Co, Cs, 

Ga, Hf, Nb, Rb, Sc, Sn, Sr, Ta, Th, U, V, W, Y, Zr, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, 

Dy, Ho, Er, Tm, Yb, Lu. 

Elements that are analysed with 4B are (Royal Water and ICP-MS): Au, Ag, As, 

Bi, Cd, Cu, Hg, Mo, Ni, Pb, Sb, Se, Tl, Zn.  

Combustible efficiency analysis. It is used in interpretation of combustible 

efficiency washing performance. Combustible efficiency has been calculated with the 

formulae as below (Ateşok, 2004): 

  
  

100
100

100
EfficiencyeCombustibl

ctf

ftc




 ,   (1) 

where, t represents waste schist ash %, f raw coal ash %, c clean coal ash %. 

Float and sink experiments. Trace element analysis results of the products obtained 

from float and sink experiments are given in Attachments 1 and 3. 

Combustible efficiencies of samples according to the float and sink experiment 

results are given in Table 3. 

Combustible efficiencies of the flotation experiment results are given in Table 4. 

Table 3. Combustible efficiencies of the coal samples that floated and sank in float and sink experiments 

Float and Sink 

(-4mm+0,5mm) 
Quantity,% ΣC Content,% Ash, % Combustible Efficiency,% 

Soma +1,6 floating 47.51 63.35 9.90 66.76 

Soma -1,6 sinking 52.49 15.37 59.40 33.24 

Soma feed 100.00 38.17 35.88 100.00 

Agacli +1,3 floating 68.06 58.86 7.90 68.23 

Agacli -1,3 sinking 31.94 57.28 8.60 31.77 

Agacli feed 100.00 58.36 8.12 100.00 
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Table 4. Combustible efficiencies of the floating and sinking coal samples in flotation results 

Flotation, (-0,5mm) Quantity, % ΣC Content, % Ash, % Combustible Efficiency, % 

Soma floating 61.21 31.44 45.70 61.12 

Soma sinking 38.79 30.81 45.50 38.88 

Soma feed 100.00 31.20 45.62 100.00 

Agacli floating 49.93 60.27 7.30 50.01 

Agacli sinking 50.07 59.59 7.60 49.99 

Agacli feed 100.00 59.93 7.45 100.00 

Combustible efficiencies according to total coal dressing works, in which results of 

float and sink experiments and flotation experiments are evaluated together, are given 

in Table 5.  

Table 5. Combustible efficiencies of floating and sinking coals in total after coal dressing processes 

Total Coal Dressing 

(-4mm) 
Quantity, % ΣC Content, % Σ Ash, % Σ Combustible Efficiency, % 

Soma ΣFloating 50.92 53.80 45.70 50.83 

Soma ΣSinking 49.08 18.41 45.50 49.17 

Soma ΣFeed 100.00 36.43 45.60 100.00 

Agacli ΣFloating 65.44 59.02 7.30 65.51 

Agacli ΣSinking 34.56 57.76 7.60 34.49 

Agacli ΣFeed 100.00 58.58 7.40 100.00 

 

Flotation Experiments. Trace element analysis results of the products obtained by 

flotation experiments performed in the study are given in Appendices 1 and 3. 

Combustible efficiencies of Manisa – Soma coal is low because it is high ash coal 

and lignite flotation is difficult. 

Trace element analysis results of Manisa Soma Coal, Ash and Thermal Power 

Plant Ash, are given in Appendix 2. Trace element analysis results of İstanbul Agacli 

Coal and Ash are given in Appendix 3. 

3. Conclusions 

Because Manisa-Soma lignite is low in thermal value, they can only be used in 

thermal power plants. It has been observed that trace element sedimentations settling 

in coal during geological formation of the area is higher than worldwide coal average. 

In the Float and Sink Experiments performed on Manisa-Soma coal, which has a 

relative density of 1.553 g/cm
3
, ZnCl2 solution of 1.6 g/cm

3
 density has been used. It 

has been calculated that it is very easy to sort at this density, 47.51% of the coal feed 

with 35.88% ash content floats, and floating coal contains 9.90% ash and sinking coal 

contains 59.40% ash. When sorting is made at 1.6 g/cm
3
 density, combustible 

efficiency of floating coals has been calculated to be 66.76%. 

As a result of flotation experiments applied on Manisa-Soma coal, it has been 

found that 61.21% of the coal feed with 45.62% ash content floats, and floating coal 
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contains 45.70% ash and sinking coal contains 45.50% ash. At the end of flotation, it 

has been calculated that combustible efficiency of floating coal is 61.12%. 

It has been aimed to obtain a total coal preparation conclusion by combining the 

results of float and sink experiment and flotation experiment. According to these 

results, total floating ratio of the coal with 45.60% total ash content is 50.92% and ash 

content is 45.70%. Total combustible efficiency has been calculated to be 50.83%. 

According to the major and trace element results of the Float and Sink Experiment 

made on Manisa-Soma coal, whereas radioactive element content of Th is 3.26 ppm in 

the feeding coal, it is 1.00ppm in floating coal and 5.30 ppm in sinking coal. 

Furthermore, when post-combustion ashes of these coals are examined, the value 

found in Floating Coal ash is 12.40 ppm, in Sinking Coal ash 8.80ppm and in 

Unsorted Coal ash 8.20 ppm respectively. This shows that Th element collects in the 

sinking part after coal dressing, and gets concentrated in the ash after combustion. In 

the same way, when the samples are analysed in respect to U element, the values are 

7.19 ppm in Unsorted Coal, 7.40 ppm in the floating part and 7.00 ppm in the sinking 

part after float and sink experiment. When they are analysed with respect to ash, the 

value is 11.50 ppm in the feeding coal ash, and they concentrate in Floating Coal ash 

as 72.60 ppm and 12.1 ppm in Sinking Coal ash. 

When samples are analysed with respect to air polluting elements, it was observed 

that As, Co and Mn concentrated in floating coals, Be, Cd, Hg and Ni concentrated in 

the ashes of these coals, and Se concentrated in sinking coal and its ash. 

Th and U values for Soma run-of-mine coal samples are 5.70 ppm and 8.30 ppm, 

respectively. Th and U values for Soma coal samples were determined as 8.20 ppm 

and 11.50 ppm respectively according to the results of  ash test. Th and U values were 

observed as 26.20 ppm and 26.50 ppm respectively in Soma thermal power plant 

ashes. 

Because Istanbul-Agacli lignite is low in thermal value, they can only be used in 

thermal power plants. It was observed that the trace element sedimentations settling in 

coal during geological formation of the area is higher than worldwide coal average. 

In the Float and Sink Experiments performed on Istanbul-Agacli coal, which has a 

relative density of 1.301 g/cm
3
, ZnCl2 solution of 1.3 g/cm

3
 density was used. It was 

calculated that it is very easy to sort at this density, 68.06% of the coal feed with 

8.12% ash content floats, and floating coal contains 7.90% ash and sinking coal 

contains 8.60% ash. When sorting is made at 1.3 g/cm
3
 density, combustible 

efficiency of floating coals was calculated to be 68.23%. 

After the flotation experiments applied on Istanbul-Agacli coal samples, it has been 

found that 49.93% of the coal feed with 7.45% ash content floats, and floating coal 

contains 7.30% ash and sinking coal contains 7.60% ash. At the end of the flotation, it 

was calculated that the combustible efficiency of floating coal is 50.01%. 

The aim of this study was to obtain a total coal preparation conclusion by 

combining the results of float and sink experiments and flotation experiments. 

According to these results, total floating ratio of the coal with 7.40% total ash content 
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is 64.44% and ash content is 7.30%. Total combustible efficiency was calculated as 

65.51%. 

According to the major and trace element results of the Float and Sink Experiment 

made on Istanbul-Agacli coal, whereas the radioactive element content of Th is 3.05 

ppm in the feeding coal, it is 2.60 ppm in floating coal and 4.00ppm in sinking coal. 

Furthermore, when post-combustion ashes of these coals are examined, the value 

found in Floating Coal ash is 32.30 ppm, in Sinking Coal ash 36.00 ppm and in 

Unsorted Coal ash 43.40 ppm. This shows that Th element collects in the sinking part 

after coal dressing, and gets concentrated in the ash after combustion. In the same 

way, when the samples are analysed in respect to U element, the values are1.16 ppm 

in Unsorted Coal, 0.90 ppm in the floating part and 1.70 ppm in the sinking part after 

float and sink experiment. When they are analysed with respect to ash, the value is 

11.60 ppm in the feeding coal ash, and they concentrate in Floating Coal ash as 13.70 

ppm and 13.4 ppm in Sinking Coal ash. 

When samples were analysed with respect to air polluting elements, it was 

observed that As, Co and Mn were concentrated in floating coals, Be, Cd, Hg and Ni 

were concentrated in the ashes of these coals, and Se was concentrated in sinking coal 

and its ash. 
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Appendix 1. Analysis results and average trace elements table for Manisa Soma coal 

  

Method 

Analyte 

Unit 

MDL 

4A-

4B 

SiO2 

% 

0.01 

4A-4B 

AI2O3 

% 

0.01 

4A-4B 

Fe2O3 

% 

0.04 

4A-

4B 

MgO 

% 

0.01 

4A-

4B 

CaO 

% 

0.01 

4A-

4B 

Na2O 

% 

0.01 

4A-

4B 

K2O 

% 

0.01 

4A-

4B 

TiO2 

% 

0.01 

4A-

4B 

P2O5 

% 

0.01 

4A-

4B 

MnO 

% 

0.01 

4A-4B 

Cr2O3 

% 

0.002 

4A-

4B 

Sc 

ppm 

1 

4A-4B 

Ba 

ppm 

1 

4A-

4B 

Be 

ppm 

1 

4A-

4B 

Co 

ppm 

0.2 

4A-

4B 

Cs 

ppm 

0.1 

Float and Sink 

Coal 

Soma -4+0.5mm +1.60 Floating Coal 1.71 1.05 0.49 0.23 3.23 0.06 0.07 0.05 0.03 <0.01 0.00 <1 113.00 <1 1.10 2.80 

Soma -4+0.5mm -1.60 Sinking Coal 21.81 6.01 3.02 1.11 21.78 0.11 0.65 0.16 0.08 0.04 0.00 6.00 196.00 1.00 2.50 9.50 

Float and Sink 

Ashes 

Soma -4+0.5mm +1.60 Floating Ash Ash N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. 1239.00 5.00 16.80 5.10 

Soma -4+0.5mm -1.60 Sinking Ash Ash 32.00 10.34 5.56 1.74 33.79 0.26 1.02 0.28 0.13 0.07 0.008 11.00 350.00 <1 4.80 14.70 

Unsorted Coal Soma Unsorted Coal Coal 17.91 7.26 2.33 0.84 13.08 0.11 0.77 0.20 0.08 0.03 0.005 6.00 250.00 <1 3.30 10.40 

Unsorted Coal 

Ashes 
Soma Unsorted Coal Ashes Ash 21.06 8.70 2.51 2.47 58.14 0.23 0.98 0.30 0.19 0.06 0.007 7.00 425.00 <1 6.80 13.80 

Flotation 
Soma -0.5mm Floating Coal 19.49 8.69 2.09 0.86 13.15 0.14 0.89 0.24 0.07 0.02 0.009 7.00 298.00 <1 3.50 10.70 

Soma -0.5mm Sinking Coal 17.99 7.01 2.95 0.90 15.33 0.18 0.73 0.20 0.08 0.04 0.005 7.00 287.00 <1 3.20 9.00 

Flotation Ashes 
Soma -0.5mm Floating Ash Ash 41.37 17.88 4.43 1.77 26.50 0.32 1.93 0.51 0.16 0.05 0.013 15.00 604.00 2.00 7.90 21.10 

Soma -0.5mm Sinking Ash Ash N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. 584.00 3.00 7.20 18.90 

World Average* Coal            1.00 200.00 2.00 5.00 1.00 

Lowest Coal            1.00 20.00 0.10 0.50 0.30 

Highest Coal            10.00 1000.00 15.00 30.00 5.00 

Turkey Average Coal              1.00 9.40  

Lowest Coal 0.67 0.07 0.26 0.04 0.06 0.01 0.01 0.01 0.01 0.01    0.20 1.00  

Highest Coal 28.27 12.00 12.57 3.17 14.08 2.34 1.85 0.57 0.24 0.07    7.00 55.00  

*Swaine (1990) 

 
  

Method 

Analyte 

Unit 

MDL 

4A-

4B 

Ga 

ppm 

0.5 

4A-

4B 

Hf 

ppm 

0.1 

4A-

4B 

Nb 

ppm 

0.1 

4A-4B 

Rb 

ppm 

0.1 

4A-

4B 

Sn 

ppm 

1 

4A-4B 

Sr 

ppm 

0.5 

4A-

4B 

Ta 

ppm 

0.1 

4A-4B 

V 

ppm 

8 

4A-

4B 

Th 

ppm 

0.2 

4A-4B 

U 

ppm 

0.1 

4A-

4B 

W 

ppm 

0.5 

4A-4B 

Zr 

ppm 

0.1 

4A-

4B 

Y 

ppm 

0.1 

4A-

4B 

La 

ppm 

0.1 

4A-

4B 

Ce 

ppm 

0.1 

4A-

4B 

Pr 

ppm 

0.02 

Float and Sink 

Coal 

Soma -4+0.5mm +1.60 Floating Coal 2.10 0.30 2.00 4.40 <1 77.40 <0.10 51.00 1.00 7.40 <0.5 13.90 1.80 2.10 4.00 0.47 

Soma -4+0.5mm -1.60 Sinking Coal 6.60 1.10 3.30 37.90 <1 135.10 0.20 45.00 5.30 7.00 0.80 37.80 9.50 11.80 22.40 2.68 

Float and Sink 

Ashes 

Soma -4+0.5mm +1.60 Floating Ash Ash 18.30 4.80 24.70 8.90 4.00 753.00 1.00 617.00 12.40 72.60 4.90 163.70 21.30 24.10 43.00 5.19 

Soma -4+0.5mm -1.60 Sinking Ash Ash 10.50 2.00 6.20 58.90 3.00 231.10 0.40 83.00 8.80 12.10 1.40 65.50 18.80 21.50 41.60 4.98 

Unsorted Coal Soma Unsorted Coal Coal 7.70 1.40 4.80 41.20 1.00 152.40 0.40 74.00 5.70 8.30 0.70 44.90 9.10 13.70 25.10 3.01 

Unsorted Coal 

Ashes 
Soma Unsorted Coal Ashes Ash 8.80 1.90 6.30 48.40 2.00 426.40 0.40 75.00 8.20 11.50 0.90 68.10 13.10 18.80 35.00 4.14 

Flotation 
Soma -0.5mm Floating Coal 8.70 1.60 5.00 47.60 <1 179.20 0.40 72.00 7.10 9.00 0.60 53.70 9.50 14.80 28.30 3.36 

Soma -0.5mm Sinking Coal 7.90 1.40 4.40 39.40 2.00 180.70 0.30 66.00 5.70 8.60 0.80 43.90 9.20 13.00 24.10 2.94 

Flotation Ashes 
Soma -0.5mm Floating Ash Ash 19.00 3.50 10.50 100.90 3.00 362.10 0.80 155.00 14.30 17.90 1.60 118.20 19.90 30.20 56.90 6.81 

Soma -0.5mm Sinking Ash Ash 15.10 2.80 8.90 79.10 2.00 350.80 0.70 132.00 12.60 17.70 1.30 93.20 19.00 27.60 51.10 6.06 

World Average* Coal 5.00 1.00 5.00 40.00 2.00 200.00 0.20 40.00 4.00 2.00 1.00 50.00  10.00 20.00  

Lowest Coal 1.00 0.40 1.00 2.00 1.00 15.00 0.10 2.00 0.50 0.50 0.50 5.00 2.00  1.00 2.00 1.00 

Highest Coal 20.00 5.00 20.00 50.00 10.00 500.00 1.00 100.00 10.00 10.00 5.00 200.00 50.00  40.00 70.00 10.00 

Turkey Average Coal        87.00 6.00 13.00       

Lowest Coal        6.00 1.00 0.40       

Highest Coal        287.00 29.00 132.00       

*Swaine (1990) 
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Method 

Analyte 

Unit 

MDL 

4A-

4B 

Nd 

ppm 

0.3 

4A-

4B 

Sm 

ppm 

0.05 

4A-

4B 

Eu 

ppm 

0.02 

4A-

4B 

Gd 

ppm 

0.05 

4A-

4B 

Tb 

ppm 

0.01 

4A-

4B 

Dy 

ppm 

0.05 

4A-

4B 

Ho 

ppm 

0.02 

4A-

4B 

Er 

ppm 

0.03 

4A-

4B 

Tm 

ppm 

0.01 

4A-

4B 

Yb 

ppm 

0.05 

4A-

4B 

Lu 

ppm 

0.01 

2A 

Leco 

TOT/C 

% 

0.02 

2ALeco 

TOT/S 

% 

0.02 

4A-4B 

LOI 

% 

-5.1 

4A-

4B 

Sum 

% 

0.01 

Float and Sink 

Coal 

Soma -4+0.5mm +1.60 Floating Coal 1.80 0.32 0.07 0.31 0.06 0.27 0.07 0.18 0.03 0.21 0.03 63.35 0.70 90.10 97.00 

Soma -4+0.5mm -1.60 Sinking Coal 10.00 2.02 0.48 1.83 0.28 1.50 0.31 0.85 0.14 0.96 0.15 15.37 0.65 40.60 95.41 

Float and Sink 

Ashes 

Soma -4+0.5mm +1.60 Floating Ash Ash 20.40 3.78 0.92 3.72 0.63 3.54 0.65 2.12 0.27 2.13 0.36 N.A. N.A. N.A. N.A. 

Soma -4+0.5mm -1.60 Sinking Ash Ash 20.00 3.76 0.89 3.29 0.55 3.02 0.62 1.81 0.30 1.82 0.28 0.22 1.18 7.30 92.48 

Unsorted Coal Soma Unsorted Coal Coal 11.60 2.07 0.47 1.67 0.28 1.48 0.30 0.93 0.14 0.95 0.15 33.93 0.75 57.30 99.89 

Unsorted Coal 

Ashes 
Soma Unsorted Coal Ashes Ash 16.40 2.85 0.62 2.33 0.39 2.16 0.43 1.32 0.20 1.34 0.19 0.97 0.73 5.20 99.81 

Flotation 
Soma -0.5mm Floating Coal 12.40 2.08 0.49 1.84 0.30 1.64 0.33 0.99 0.16 1.00 0.16 31.44 0.76 54.30 99.90 

Soma -0.5mm Sinking Coal 10.50 1.91 0.46 1.63 0.27 1.57 0.31 0.98 0.15 0.93 0.15 30.81 0.81 54.50 99.88 

Flotation Ashes 
Soma -0.5mm Floating Ash Ash 25.00 4.64 0.99 3.77 0.61 3.49 0.67 2.12 0.32 2.18 0.33 1.49 1.52 4.80 99.77 

Soma -0.5mm Sinking Ash Ash 23.20 4.25 0.99 3.67 0.57 3.31 0.63 1.97 0.31 2.03 0.30 N.A. N.A. N.A. N.A. 

World Average* Coal 10.00 2.00 0.50       1.00      

Lowest Coal 3.00 0.50 0.10 0.40 0.10 0.50 0.10 0.50 0.50 0.30 0.03     

Highest Coal 30.00 6.00 2.00 4.00 1.00 4.00 2.00 3.00 3.00 3.00 1.00     

Turkey Average Coal                

Lowest Coal                

Highest Coal                

*Swaine (1990) 

 
  Method 

Analyte 

Unit 

MDL 

1DX 

Mo 

ppm 

0.1 

1DX 

Cu 

ppm 

0.1 

1DX 

Pb 

ppm 

0.1 

1DX 

As 

ppm 

0.5 

1DX 

Cd 

ppm 

0.1 

1DX 

Sb 

ppm 

0.1 

1DX 

Bi 

ppm 

0.1 

1DX 

Ag 

ppm 

0.1 

1DX 

Au 

ppb 

0.5 

1DX 

Hg 

ppm 

0.01 

1DX 

Tl 

ppm 

0.1 

1DX 

Se 

ppm 

0.5 

1DX 

Ni 

ppm 

0.1 

Float and Sink Coal 
Soma -4+0.5mm +1.60 Floating Coal 0.70 9.50 3.90 20.90 0.10 0.10 <0.10 <0.10 <0.50     0.06 0.70 0.80 7.60 

Soma -4+0.5mm -1.60 Sinking Coal 0.50 15.00 8.90 66.60 0.30 <0.10 0.10 <0.10 0.70 0.06 0.90 2.80 7.10 

Float and Sink 

Ashes 

Soma -4+0.5mm +1.60 Floating Ash Ash 12.00 61.00 5.50 219.00 0.90 1.70 0.40 <0.10 8.30 <0.01 <0.10 2.10 54.20 

Soma -4+0.5mm -1.60 Sinking Ash Ash 1.40 21.80 10.40 102.30 0.50 0.20 0.30 <0.10 <0.50 <0.01 0.10 3.10 15.20 

Unsorted Coal Soma Unsorted Coal Coal 0.60 18.90 8.60 52.00 0.20 0.20 0.20 <0.10 <0.50 0.07 <0.10 0.70 9.40 

Unsorted Coal 

Ashes 
Soma Unsorted Coal Ashes Ash 1.60 20.80 16.40 58.90 0.30 0.10 0.20 <0.10 1.00 <0.01 0.20 1.10 21.50 

Flotation 
Soma -0.5mm Floating Coal 0.70 21.90 10.60 46.90 0.30 0.20 0.20 <0.10 <0.50 0.08 <0.10 0.60 12.10 

Soma -0.5mm Sinking Coal 0.90 21.10 10.40 56.10 0.20 0.20 0.20 <0.10 <0.50 0.10 <0.10 0.60 13.20 

Flotation Ashes 
Soma -0.5mm Floating Ash Ash 2.10 45.50 16.80 99.50 <0.10 0.30 <0.10 <0.10 0.90 <0.01 0.50 1.70 29.70 

Soma -0.5mm Sinking Ash Ash 2.20 42.20 16.90 114.40 0.10 0.30 <0.10 <0.10 <0.50 <0.01 0.30 1.50 25.30 

World Average* Coal 3.00 15.00 20.00 10.00 0.50 1.50      1.00 20.00 

Lowest Coal 0.10 0.50 2.00 0.50 0.10 0.10 2.00   0.02 0.20 0.20 0.50 

Highest Coal 10.00 50.00 80.00 80.00 3.00 10.00 20.00   1.00 1.00 10 50.00 

Turkey Average Coal   12.00 53.00 1.00     0.10  2.00 126.00 

Lowest Coal   0.10 2.00 0.01     0.03  0.10 3.00 

Highest Coal   286.00 686.00 45.00     0.70  26.00 1700.00 

*Swaine (1990) 

Appendix 2. Trace element analysis results of Manisa Soma coal, ash and Thermal Power Plant ash 

 

Method 

Analyte 

Unit 

MDL 

4A-4B 

SiO2 

% 

0.01 

Si 

(%) 

4A-4B 

Al2O3 

% 

0.01 

Al 

(%) 

4A-4B 

Fe2O3 

% 

0.04 

Fe 

(%) 

4A-4B 

MgO 

% 

0.01 

Mg 

(%) 

4A-4B 

CaO 

% 

0.01 

Ca 

(%) 

4A-4B 

Na2O 

% 

0.01 

Na 

(%) 

4A-4B 

K2O 

% 

0.01 

K 

(%) 

Soma (-4mm) Coal Coal 17.91 8.37 7.26 3.84 2.33 1.63 0.84 0.51 13.08 9.35 0.11 0.08 0.77 0.64 

Soma (-4mm) Coal Ash Ash 21.06 9.85 8.70 4.61 2.51 1.76 2.47 1.49 58.14 41.56 0.23 0.17 0.98 0.81 

Soma Thermal Power Plant 

Ash 

Ash 44.97 21.02 21.25 11.25 4.10 2.87 1.67 1.01 
23.67 16.92 0.54 0.40 1.29 1.07 

 

 

Method 

Analyte 

Unit 

MDL 

4A-4B 

TiO2 

% 

0.01 

Ti 

(%) 

4A-4B 

P2O5 

% 

0.01 

P 

(%) 

4A-4B 

MnO 

% 

0.01 

Mn 

(%) 

4A-4B 

Cr2O3 

% 

0.002 

Cr 

(%) 

4A-4B 

Ni 

ppm 

20 

4A-4B 

Sc 

ppm 

1 

4A-4B 

Ba 

ppm 

1 

4A-4B 

Be 

ppm 

1 

4A-4B 

Co 

ppm 

0.2 

4A-4B 

Cs 

ppm 

0.1 

Soma (-4mm) Coal Coal 0.20 0.12 0.08 0.03 0.030 0.023 0.005 0.003 <20 6.00 250.00 <1 3.30 10.40 

Soma (-4mm) Coal Ash Ash 0.30 0.18 0.19 0.08 0.060 0.046 0.007 0.005 27.00 7.00 425.00 <1 6.80 13.80 

Soma Thermal Power Plant 

Ash 

Ash 
0.73 0.44 0.22 0.10 0.04 0.031 0.02 0.010 37.40 15.00 893.00 3.00 15.20 25.10 

 

 

Method 

Analyte 

Unit 

MDL 

4A-4B 

Ga 

ppm 

0.5 

4A-4B 

Hf 

ppm 

0.1 

4A-4B 

Nb 

ppm 

0.1 

4A-4B 

Rb 

ppm 

0.1 

4A-4B 

Sn 

ppm 

1 

4A-4B 

Sr 

ppm 

0.5 

4A-4B 

Ta 

ppm 

0.1 

4A-4B 

Th 

ppm 

0.2 

4A-4B 

U 

ppm 

0.1 

4A-4B 

V 

ppm 

8 

4A-4B 

W 

ppm 

0.5 

4A-4B 

Zr 

ppm 

0.1 

4A-4B 

La 

ppm 

0.1 

4A-4B 

Ce 

ppm 

0.1 

Soma (-4mm) Coal Coal 7.70 1.40 4.80 41.20 1.00 173.60 0.40 5.70 8.30 74.00 0.70 44.90 13.70 25.10 

Soma (-4mm) Coal Ash Ash 8.80 1.90 6.30 48.40 2.00 426.40 0.40 8.20 11.50 75.00 0.90 68.10 18.80 35.00 

Soma Thermal Power Plant Ash Ash 22.60 4.00 20.30 94.80 3.00 381.10 1.50 26.20 26.50 275.00 3.80 167.60 50.90 95.40 

 

 

Method 

Analyte 

Unit 

MDL 

4A-4B 

Pr 

ppm 

0.02 

4A-4B 

Nd 

ppm 

0.3 

4A-4B 

Sm 

ppm 

0.05 

4A-4B 

Eu 

ppm 

0.02 

4A-4B 

Gd 

ppm 

0.05 

4A-4B 

Tb 

ppm 

0.01 

4A-4B 

Dy 

ppm 

0.05 

4A-4B 

Ho 

ppm 

0.02 

4A-4B 

Er 

ppm 

0.03 

4A-4B 

Tm 

ppm 

0.01 

4A-4B 

Yb 

ppm 

0.05 

4A-4B 

Lu 

ppm 

0.01 

1DX 

Mo 

ppm 

0.1 

1DX 

Cu 

ppm 

0.1 

Soma (-4mm) Coal Coal 3.01 11.60 2.07 0.47 1.67 0.28 1.48 0.30 0.93 0.14 173.60 0.15 0.60 18.90 

Soma (-4mm) Coal Ash Ash 4.14 16.40 2.85 0.62 2.33 0.39 2.16 0.43 1.32 0.20 1.34 0.19 1.60 20.80 

Soma Thermal Power Plant Ash Ash 10.58 39.50 7.30 1.53 6.52 0.96 5.26 1.11 3.05 0.46 3.34 0.48 2.40 29.20 

 

 

Method 

Analyte 

Unit 

MDL 

1DX 

Pb 

ppm 

0.1 

1DX 

Zn 

ppm 

1 

1DX 

As 

ppm 

0.5 

1DX 

Cd 

ppm 

0.1 

1DX 

Sb 

ppm 

0.1 

1DX 

Bi 

ppm 

0.1 

1DX 

Ag 

ppm 

0.1 

1DX 

Au 

ppb 

0.5 

1DX 

Hg 

ppm 

0.01 

1DX 

Tl 

ppm 

0.1 

1DX 

Se 

ppm 

0.5 

2ALeco 

TOT/C 

% 

0.02 

2ALeco 

TOT/S 

% 

0.02 

Ash 

% 

Soma (-4mm) Coal Coal 8.60 28.00 52.00 0.20 0.20 0.20 <0.1 <0.5 0.07 <0.1 0.70 33.93 0.75 42.70 

Soma (-4mm) Coal Ash Ash 16.40 38.00 58.90 0.30 0.10 0.20 <0.1 1.00 <0.01 0.20 1.10 0.97 0.73 94.80 

Soma Thermal Power Plant Ash Ash 25.00 81.00 144.90 1.60 0.40 0.70 <0.1 <0.5      0.02 0.30 2.20 0.71 1.26 98.80 
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Appendix 3. Analysis results and average trace elements table for Istanbul Agacli coal 

  
 

Method 

Analyte 

Unit 

MDL 

4A-

4B 

SiO2 

% 

0,01 

4A-4B 

AI2O3 

% 

0,01 

4A-4B 

Fe2O3 

% 

0,04 

4A-

4B 

MgO 

% 

0,01 

4A-

4B 

CaO 

% 

0,01 

4A-

4B 

Na2O 

% 

0,01 

4A-

4B 

K2O 

% 

0,01 

4A-

4B 

TiO2 

% 

0,01 

4A-

4B 

P2O5 

% 

0,01 

4A-

4B 

MnO 

% 

0,01 

4A-4B 

Cr2O3 

% 

0,002 

4A-

4B 

Sc 

ppm 

1 

4A-4B 

Ba 

ppm 

1 

4A-

4B 

Be 

ppm 

1 

4A-

4B 

Co 

ppm 

0,2 

4A-

4B 

Cs 

ppm 

0,1 

Float and Sink 

Coal 

Agacli -4+0.5mm +1.30 Floating Coal 0.42 0.70 1.10 0.28 2.08 0.08 0.01 <0,01 <0,01 <0,01 0.00 1.00 47.00 2.00 2.10 <0.10         

Agacli -4+0.5mm -1.30 Sinking Coal 1.35 1.20 1.33 0.25 1.82 0.09 0.05 0.04 <0,01 <0,01 0.00 2.00 46.00 2.00 1.80 0.30 

Float and Sink 

Ashes 

Agacli -4+0.5mm +1.30 Floating Ash Ash N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. 610.00 21.00 34.60 0.30 

Agacli -4+0.5mm -1.30 Sinking Ash Ash N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. 460.00 10.00 19.70 1.20 

Unsorted Coal Agacli Unsorted Coal Coal 0.87 0.94 1.22 0.31 2.17 0.09 0.02 0.02 0.04 0.01 <0.002 2.00 57.00 2.00 2.60 0.20 

Unsorted Coal 

Ashes 
Agacli Unsorted Coal Ashes Ash N.A. N.A.  N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. 609.00 17.00 36.60 0.90 

Flotation 
Agacli -0.5mm Floating Coal 1.28 1.26 1.56 0.34 2.56 0.09 0.04 0.03 0.01 0.01 0.002 3.00 63.00 2.00 2.70 0.30 

Agacli -0.5mm Sinking Coal 1.20 1.15 1.41 0.31 2.38 0.11 0.03 0.03 0.04 0.01 0.004 3.00 61.00 2.00 2.30 0.20 

Flotation Ashes 
Agacli -0.5mm Floating Ash Ash N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. 654.00 15.00 27.70 2.00 

Agacli -0.5mm Sinking Ash Ash N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. 659.00 13.00 26.30 2.30 

World Average* Coal                       1.00 200.00 2.00 5.00 1.00 

Lowest Coal                       1.00 20.00 0.10 0.50 0.30 

Highest Coal                       10.00 1000.00 15.00 30.00 5.00 

Turkey Average Coal                           1.00 9.40   

Lowest Coal 0.67 0.07 0.26 0.04 0.06 0.01 0.01 0.01 0.01 0.01       0.20 1.00   

Highest Coal 28.27 12.00 12.57 3.17 14.08 2.34 1.85 0.57 0.24 0.07       7.00 55.00   

*Swaine (1990) 

 
    

Method 

Analyte 

Unit 

MDL 

4A-

4B 

Ga 

ppm 

0,5 

4A-

4B 

Hf 

ppm 

0,1 

4A-

4B 

Nb 

ppm 

0,1 

4A-

4B 

Rb 

ppm 

0,1 

4A-

4B 

Sn 

ppm 

1 

4A-4B 

Sr 

ppm 

0,5 

4A-

4B 

Ta 

ppm 

0,1 

4A-4B 

V 

ppm 

8 

4A-

4B 

Th 

ppm 

0,2 

4A-4B 

U 

ppm 

0,1 

4A-

4B 

W 

ppm 

0,5 

4A-4B 

Zr 

ppm 

0,1 

4A-

4B 

Y 

ppm 

0,1 

4A-

4B 

La 

ppm 

0,1 

4A-

4B 

Ce 

ppm 

0,1 

4A-

4B 

Pr 

ppm 

0,02 

Float and Sink 

Coal 

Agacli -4+0.5mm +1.30 Floating Coal 2.60 0.30 0.80 0.10 <1 462.70 <0.10 11.00 2.60 0.90 1.20 9.70 6.50 1.90 4.80 0.55 

Agacli -4+0.5mm -1.30 Sinking Coal 3.30 0.40 2.50 1.90 <1 373.10 <0.10 16.00 4.00 1.70 1.30 14.60 7.20 4.10 9.00 1.01 

Float and Sink 

Ashes 

Agacli -4+0.5mm +1.30 Floating Ash Ash 27.10 3.20 13.90 2.10 12.00 5672.00 0.40 259.00 32.30 13.70 14.40 113.00 91.90 24.90 56.90 7.42 

Agacli -4+0.5mm -1.30 Sinking Ash Ash 28.00 4.40 20.50 10.00 3.00 3435.00 1.00 202.00 36.00 13.40 11.90 148.80 60.30 32.10 71.30 7.89 

Unsorted Coal Agacli Unsorted Coal Coal 2.60 0.30 1.60 0.90 1.00 445.50 <0.10 47.00 3.60 1.30 1.10 11.00 6.80 3.10 6.20 0.81 

Unsorted Coal 

Ashes 
Agacli Unsorted Coal Ashes Ash 22.10 3.70 11.10 7.20 7.00 5792.00 0.70 227.00 43.40 11.60 10.50 140.60 91.80 43.30 95.60 11.03 

Flotation 
Agacli -0.5mm Floating Coal 2.80 0.40 2.00 1.10 <1  491.40 <0.10 21.00 4.00 1.50 1.10 14.50 7.70 3.70 7.90 0.95 

Agacli -0.5mm Sinking Coal 2.50 0.40 1.80 1.10 <1 476.70 <0.10 35.00 3.90 1.30 0.90 13.80 7.10 3.50 7.50 0.88 

Flotation Ashes 
Agacli -0.5mm Floating Ash Ash 28.40 4.80 18.60 8.40 2.00 4744.00 0.80 219.00 38.60 15.40 11.10 153.30 79.60 35.80 78.50 9.18 

Agacli -0.5mm Sinking Ash Ash 28.90 4.20 19.00 8.80 2.00 4746.00 0.80 225.00 36.80 15.70 10.90 147.90 78.80 35.70 77.40 8.93 

World Average* Coal 5.00 1.00 5.00 40.00 2.00 200.00 0.20 40.00 4.00 2.00 1.00 50.00   10.00 20.00   

Lowest Coal 1.00 0.40 1.00 2.00 1.00 15.00 0.10 2.00 0.50 0.50 0.50 5.00 2.00  1.00 2.00 1.00 

Highest Coal 20.00 5.00 20.00 50.00 10.00 500.00 1.00 100.00 10.00 10.00 5.00 200.00 50.00  40.00 70.00 10.00 

Turkey Average Coal               87.00 6.00 13.00             

Lowest Coal               6.00 1.00 0.40             

Highest Coal               287.00 29.00 132.00             

*Swaine (1990) 

 
    

Method 

Analyte 

Unit 

MDL 

4A-

4B 

Nd 

ppm 

0,3 

4A-

4B 

Sm 

ppm 

0,05 

4A-

4B 

Eu 

ppm 

0,02 

4A-

4B 

Gd 

ppm 

0,05 

4A-

4B 

Tb 

ppm 

0,01 

4A-

4B 

Dy 

ppm 

0,05 

4A-

4B 

Ho 

ppm 

0,02 

4A-

4B 

Er 

ppm 

0,03 

4A-

4B 

Tm 

ppm 

0,01 

4A-

4B 

Yb 

ppm 

0,05 

4A-

4B 

Lu 

ppm 

0,01 

2A Leco 

TOT/C 

% 

0,02 

2ALeco 

TOT/S 

% 

0,02 

4A-

4B 

LOI 

% 

-5,1 

4A-4B 

Sum 

% 

0,01 

Float and Sink 

Coal 

Agacli -4+0.5mm +1.30 Floating Coal 2.60 0.58 0.19 0.78 0.13 0.79 0.18 0.51 0.07 0.49 0.07 58.86 1.18 92.10 96.75 

Agacli -4+0.5mm -1.30 Sinking Coal 3.60 0.95 0.22 0.95 0.15 0.93 0.22 0.60 0.10 0.54 0.09 57.28 1.77 91.40 97.56 

Float and Sink 

Ashes 

Agacli -4+0.5mm +1.30 Floating Ash Ash 32.80 7.99 2.48 9.72 1.81 10.52 2.46 6.80 1.00 6.33 1.09 N.A. N.A. N.A. N.A. 

Agacli -4+0.5mm -1.30 Sinking Ash Ash 32.20 6.64 1.81 7.13 1.21 6.94 1.58 4.80 0.72 4.41 0.64 N.A. N.A. N.A. N.A. 

Unsorted Coal Agacli Unsorted Coal Coal 2.80 0.67 0.28 0.90 0.21 0.86 0.21 0.63 0.14 0.58 0.14 59.36 1.19 93.20 98.91 

Unsorted Coal 

Ashes 
Agacli Unsorted Coal Ashes Ash 45.30 10.02 2.72 11.12 1.85 10.92 2.39 6.60 0.87 5.84 0.89 N.A. N.A. N.A. N.A. 

Flotation 
Agacli -0.5mm Floating Coal 4.10 0.87 0.23 0.93 0.16 1.05 0.22 0.62 0.09 0.58 0.08 60.27 1.18 92.70 99.92 

Agacli -0.5mm Sinking Coal 3.80 0.85 0.21 0.94 0.15 1.04 0.21 0.62 0.09 0.51 0.07 59.59 1.49 92.40 99.06 

Flotation Ashes 
Agacli -0.5mm Floating Ash Ash 38.60 8.47 2.33 9.41 1.55 9.66 2.07 6.53 0.92 5.54 0.83 N.A. N.A. N.A. N.A. 

Agacli -0.5mm Sinking Ash Ash 37.40 8.26 2.31 9.26 1.54 9.36 2.06 6.23 0.92 5.48 0.82 N.A. N.A. N.A. N.A. 

World Average* Coal 10.00 2.00 0.50             1.00       

Lowest Coal 3.00 0.50 0.10 0.40 0.10 0.50 0.10 0.50 0.50 0.30 0.03     

Highest Coal 30.00 6.00 2.00 4.00 1.00 4.00 2.00 3.00 3.00 3.00 1.00     

Turkey Average Coal                         

Lowest Coal                         

Highest Coal                           

*Swaine (1990) 

 
    Method 

Analyte 

Unit 

MDL 

1DX 

Mo 

ppm 

0,1 

1DX 

Cu 

ppm 

0,1 

1DX 

Pb 

ppm 

0,1 

1DX 

As 

ppm 

0,5 

1DX 

Cd 

ppm 

0,1 

1DX 

Sb 

ppm 

0,1 

1DX 

Bi 

ppm 

0,1 

1DX 

Ag 

ppm 

0,1 

1DX 

Au 

ppb 

0,5 

1DX 

Hg 

ppm 

0,01 

1DX 

Tl 

ppm 

0,1 

1DX 

Se 

ppm 

0,5 

1DX 

Ni 

ppm 

0,1 

Float and Sink Coal 
Agacli -4+0.5mm +1.30 Floating Coal 0.50 7.10 3.00 28.90 <0.10 0.10 <0.10 <0.10 <0.50      0.04 2.40 1.20 12.80 

Agacli -4+0.5mm -1.30 Sinking Coal 0.70 10.20 6.80 32.50 <0.10 0.20 0.10 <0.10 <0.50     0.05 2.70 1.50 13.40 

Float and Sink 

Ashes 

Agacli -4+0.5mm +1.30 Floating Ash Ash 10.70 82.70 0.60 307.20 <0.10 2.10 <0.10 0.10 8.10 <0.01 <0.10 2.70 119.80 

Agacli -4+0.5mm -1.30 Sinking Ash Ash 7.40 105.30 5.90 235.60 0.50 1.50 <0.10 0.10 <0.50 <0.01 <0.10 4.90 94.30 

Unsorted Coal Agacli Unsorted Coal Coal 0.50 10.70 5.30 30.90 <0.10 0.20 0.10 <0.10 0.60 0.05 <0.10 1.00 14.00 

Unsorted Coal 

Ashes 
Agacli Unsorted Coal Ashes Ash 7.60 75.10 27.40 311.70 0.10 1.30 0.30 0.20 2.50 <0.01 <0.10 0.90 130.40 

Flotation 
Agacli -0.5mm Floating Coal 0.60 15.20 6.60 30.30 <0.10 0.20 0.10 <0.10 <0.50 0.05 <0.10 1.10 16.20 

Agacli -0.5mm Sinking Coal 0.50 14.00 7.40 29.00 <0.10 0.20 0.10 <0.10 <0.50 0.06 0.10 0.90 15.20 

Flotation Ashes 
Agacli -0.5mm Floating Ash Ash 10.00 162.00 22.60 312.80 <0.10 2.40 <0.10 0.30 3.20 <0.01 0.50 3.50 136.70 

Agacli -0.5mm Sinking Ash Ash 9.90 135.10 21.80 310.60 0.40 2.60 <0.10 0.30 1.10 <0.01 0.40 3.90 136.60 

World Average* Coal 3.00 15.00 20.00 10.00 0.50 1.50           1.00 20.00 

Lowest Coal 0.10 0.50 2.00 0.50 0.10 0.10 2.00     0.02 0,20 0.20 0.50 

Highest Coal 10.00 50.00 80.00 80.00 3.00 10.00 20.00     1.00 1.00 10.00 50.00 

Turkey Average Coal     12.00 53.00 1.00         0.10   2.00 126.00 

Lowest Coal     0.10 2.00 0.01         0.03   0.10 3.00 

Highest Coal     286.00 686.00 45.00         0.70   26.00 1700.00 

*Swaine (1990) 
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Abstract. Recovery of metallic copper from the leach solution containing copper (II) ions by 

cementation process using aluminum disc has been examined. Solutions obtained from the 

leaching of malachite in aqueous acetic acid solutions were used in the study. It was 

determined that the cementation rate increased with increasing solution concentration, 

temperature and rotating speed, and decreasing solution pH. The reaction rate fits to the first 

order pseudo homogeneous reaction model and is controlled by diffusion. The activation 

energy of this process was calculated to be 32.6 kJ/mol. 

keywords: copper cementation, leaching, malachite, activation energy 

1. Introduction 

Most of metals are found in nature as complex mixtures of their sulfides, oxides, 

carbonates, silicates etc. Metals are generally produced after being extracted from an 

ore or its concentrates. The extraction of metals from the metal sources is carried out 

either by pyrometallurgy or hydrometallurgy (Venkatachalam, 1998; Gupta and 

Murkherjee, 1990). Hydrometallurgical methods in processing ores, concentrates, and 

secondary metal sources (various industrial wastes) have gained recently increasing 

importance in the extraction of nonferrous metals from ores. 

Hydrometallurgy is essentially concerned with methods whereby metals, metal 

salts, or other metal compounds are produced by means of chemical reactions 

involving aqueous and organic solutions (Gupta and Murkherjee, 1990). It covers a 

large variety of processes ranging from the leaching of metal values in an aqueous 

solvent through the purification of the solutions to the recovery of the metals or their 

compounds by chemical or electrochemical precipitation (Venkatachalam, 1998; 

Rosenqvist, 2004). 

Leaching is the first step of any hydrometallurgical process. Leaching is the term 

applied to the process of recovering a metal from the metal source by a solvent or 

lixiviant. The metallic value in a metal source passes into the solution by dissolving in 

http://www.minproc.pwr.wroc.pl/journal/
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the leaching step. During this step, in addition to the desired metal, other metals 

present in the ore matrix may also pass into the solution. Therefore, before the final 

recovery of the desired metal, purification processes are applied to remove the 

impurities from the leach liquor. There are many ways to achieve this goal 

(Venkatachalam, 1998; Gupta and Murkherjee, 1990; Han, 2002). Metal value can be 

directly obtained from the leach liquor without purification in some cases. 

The final part of a hydrometallurgical flow sheet concerns the recovery process. 

The acquired product is either the elemental metal or its suitable compound. The 

various techniques available for the recovery of a metal from the leach liquors with or 

without purification are crystallization, ionic precipitation, reduction with a gas, 

electrochemical reduction (cementation), and electrolytic reduction (Gupta and 

Murkherjee, 1990). 

Among the metal gaining processes, cementation, which is basically an 

electrochemical reduction process, is one of the most effective and economic methods 

applied successfully for obtaining of valuable metals from industrial solutions. The 

advantages of this technique are its relative simplicity, ease of control, and low energy 

consumption (Venkatachalam, 1998; Gupta and Murkherjee, 1990; Naubactep, 2010; 

Kuntyi et al., 2011). That process involves the chemical reduction of metal ions by 

galvanic interaction between noble metal ions and a more active metal in an aqueous 

solution medium. (Venkatachalam, 1998; Gupta and Murkherjee, 1990). For any 

cementation reaction the overall reaction equation can be written as follows 

N
n+

 + M
0
 ⟶ N

0
 + M

m+
     (1) 

where, N is the noble or precipitating metal, M is the reductant metal. 

Copper is among the most intensively applied and valuable metals used by 

industry. It is used mostly in the electrical and electronics industries because of its 

high electrical conductivity. In addition, copper and its alloys are utilized in the 

engine, communication, and aviation industries, for electricity production and 

distribution, in measuring devices, in chemical industry etc. (Dib and Makhloufi, 

2004; Arzutug et al., 2004). 

Copper generally is found in nature in the form of sulfide and oxide minerals, such 

as azurite, malachite, tenorite, chrysocolla, bornite, brochantite, enargite, chalcopyrite, 

chalcocite, covellite (Akçıl, 2002; Arzutug et al., 2004; Bingöl et al., 2005). Metallic 

copper is produced from these ores by pyrometallurgical and hydrometallurgical 

methods. In production of copper from low-grade oxidized copper ores, 

hydrometallurgical methods are commonly preferred because pyrometallurgy is not 

feasible for these type ores. 

Among the oxidized copper ores, malachite is the most popular. The leaching and 

kinetics of malachite has been investigated by various researchers (Oudenne and 

Olson, 1983; Künkül et al., 1994; Yartaşı and Çopur, 1996; Ekmekyapar et al., 2003; 

Bingöl and Canbazoğlu, 2004; Arzutuğ, 2004; Bingöl et al. 2005; Lui et al., 2010). 

Malachite ore can be used to produce metallic copper and copper compounds by 
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hydrometallurgical techniques. After leaching of malachite with a convenient lixiviant, 

copper in the purified leach solution can be precipitated by cementation, deposited by 

direct electrowinning or solvent extraction-electrowinning methods. In cementation 

and direct electrowinning methods copper is obtained in metallic state, while in 

solvent extraction-electrowinning method, copper is first selectively recovered from 

the solution by chelating Cu
2+ 

and dissolving in an organic solvent, and then the 

solvent is stripped off from the chelat by a strong acid to give a solution to be 

amenable to electrowinning process (Ekmekyapar et al., 2003; Elamari et al., 2006). 

In the recovery of copper from the leach solution by cementation process, when 

aluminum is used as reductant metal, copper ions are easily reduced to its metallic 

state due to the difference between the electrode potentials of these two metals. The 

standard reduction potentials of copper and aluminum are 0.34 and -1.67 V, 

respectively. During the cementation process, the half-cell reactions occurring are: 

Cu
2+

 + 2e
-
 ⇆ Cu

o
  (reduction reaction)  E

o 
= 0.34 V  (2) 

Al
o
 ⇆ Al

3+
 + 3e

-
 (oxidation reaction)  E

o 
= -1.67 V  (3) 

Thus, the whole cementation reaction of copper ions onto aluminum disc may be 

expressed by the following reaction equation: 

3Cu
2+

 + 2Al
o
 ⟶ 3Cu

o
 + 2Al

3+
    𝛥E

o
 = 2.01 V  (4) 

As can be seen from Equation (4), the potential of this cementation reaction is 

positive, and the standard free energy, 𝛥G
o
, is negative (𝛥G

o
= -nF𝛥E

o
). The negative 

value of the standard free energy indicates that this process is favorable 

thermodynamically, and thus a spontaneous heterogeneous reaction takes place in the 

galvanic cell.  

Recovery of copper from various solutions containing copper (II) ions by 

cementation reaction has been studied by many researchers. In these studies related to 

copper cementation iron has been generally used as sacrificial metal because of its 

cheapness. However, zinc and aluminum have been also used as precipitant or 

reductant metals (MacKinnon and Ingraham, 1970; MacKinnon and Ingraham, 1971; 

MacKinnon et al., 1971; Annamalai et al., 1978; Annamalai and Murr, 1978; Chen 

and Lee, 1994; Wei et al., 1994; Masse and Piron, 1994; Djokic, 1996; Stefanowicz et 

al., 1997; Dönmez et al., 1999; Kanungo et al., 2001; Stankoviç et al., 2004; Dib and 

Makhloufi, 2004; Kanungo et al., 2003; Karavasteva, 2005; Fouad and Abdel Basir, 

2005; Hung et al., 2005; Demirkıran et al., 2007; Amin and El-Ashtoukhy, 2011).  

In most of works in the literature copper cementation with a reductant metal has 

been mostly carried out using synthetic pure solutions containing copper ions. In the 

present study, metallic copper was recovered by using the actual solution which is 

derived from after the leaching of malachite ore in acetic acid solution. For the 

recovery of copper a rotating aluminum disc was used as the reductant metal. In the 

experiments the influence of copper ion concentration, reaction temperature, solution 

pH, and disc rotation speed on copper cementation were investigated. The kinetics of 
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the cementation reaction was evaluated by measuring the rate of decrease of copper 

concentration in the solution. 

2. Materials and Methods 

Before recovery of metallic copper from the leach solution by cementation 

reaction, malachite ore was leached in aqueous acetic acid solution. The aim of the 

leaching experiment is to produce the liquor required for cementation tests. 

Malachite ore sample, an oxidized copper ore, used in the leaching process was 

supplied from Palu region Elazığ, Turkey. The ore sample was crushed, ground, and 

then sieved using ASTM sieves to obtain the desired particle size fractions. The 

fraction of 164 µm was utilized for the leaching tests in our experiment. The 

mineralogical analysis of the malachite ore sample was performed by means of a 

Rigaku RadB-DMAX II X-ray diffractometer. The results of X-ray analysis are given 

in Fig. 1. The chemical composition of the sample is shown in Table 1. 

 

 

 

 

 

 

Fig. 1. X-ray diffractogram of malachite ore used 

in the study 

Table 1. Chemical analysis of malachite ore used in the study 

Component SiO2 Al2O3 MgO Fe2O3 CuO CaO Na2O TiO2 
Ignition 

loss 

Other 

oxides 

Value, % 46.40 17.00 7.30 6.87 5.20 3.30 2.30 1.30 8.00 2.33 

The leaching experiment was carried out in a glass reactor of 1 dm
3
 volume 

equipped with a mechanical stirrer having a digital controller, a thermostat and a back-

cooler. The optimum conditions of leaching determined by preliminary tests were 

temperature 40ºC, solution concentration 1 mol/ dm
3
, stirring speed of 400 rpm, 

solution volume 500 cm
3
, particle size of 164 µm, ore amount 2 g, leaching time 120 

min. 

After pouring 500 cm
3
 of acetic acid solution (1 mol/dm

3
) into the reactor and 

bringing it to the desired reaction temperature (40ºC), a given amount of malachite ore 
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(2 g) was added to the solution, and the stirring speed was set to 400 rpm. The 

leaching process was carried out for 120 min of reaction time. At the end of this 

operation the content of the reactor was immediately filtered. The amount of copper 

(II) ion in the filtrate was determined by complexometric titration using EDTA as a 

titrant and murexide as an indicator. The amount of extracted copper from the ore after 

120 min of leaching time was calculated as 1.58 g/dm
3
. The solution attained in the 

leaching step was considered as the mother liquid and it was diluted by adding 

distilled water to reach the desired concentration of copper(II) ion for utilization in the 

cementation stage. Process variables chosen for cementation process are given in 

Table 2. Cementation studies were performed in a 1 dm
3
 glass reactor equipped with a 

mechanical stirrer, a reaction temperature control unit, and a cooler to avoid loss of 

solution by evaporation. The leach solution containing copper(II) ion of 500 cm
3
 

volume was added into the reaction vessel. The pH of the solution was adjusted to the 

desired value by diluted sulfuric acid solution. When the reactor content reached the 

desired reaction temperature, aluminum disc (height of 0.005 m, diameter of 0.05 m, 

working surface area 1.7310
-2

 m
2
)

 
was immersed in the solution. The disc was 

screwed onto the end of a thin stainless steel rod which was attached to the mechanical 

stirrer. The disc was rotated at controlled speeds in the solution. The progress of the 

cementation reaction was followed by measuring the concentration of copper ions in 

the solution. Aliquots of 5 cm
3
 each were withdrawn at regular intervals during the 

reaction and immediately filtered using filter paper. The filtered samples were 

analyzed for copper ion content by titrating with EDTA in the presence of murexide 

indicator. The amount of deposited copper was calculated according to difference 

between the initial and final copper concentrations of the solution. The fraction of 

cemented copper was calculated as follows: 

x = initial copper concentration/copper concentration at time t. 

Table 2. Parameters and their ranges used in the experiments 

Parameter Value 

Concentration, mol/dm3 0.0025, 0.005, 0.010, 0.020 

Temperature, ºC 20, 30, 40, 50, 60 

Rotating speed, rpm 200, 300, 400, 500 

pH 1.0, 1.5, 2.0, 2.5, 3.26 

3. Results and Discussion 

In order to observe the effect of rotation speed of Al disc on the cementation rate of 

copper the experiments were carried out at different rotation speeds in the range of 

200 to 500 rpm. The results obtained from these tests showed that the cemented 

copper fraction increased with increasing the disc rotation speed. This result indicates 

that the copper cementation rate is probably the diffusion controlled under these 



360 A. Ekmekyapar et al. 

experimental conditions. During cementation reaction, a solid layer of metallic copper 

is formed onto the surface of aluminum disc. This solid layer prevents the contact of 

copper ions with aluminum disc surface. If the rotation speed of the disc is strong 

enough, the deposit formed onto the disc can peel off from aluminum surface. This 

fact can facilitate the diffusion of ions towards the metal disc surface, and thus the 

cemented fraction of copper increases as the rotation speed of the disc increases. 

Furthermore, the diffusion layer thickness decreases as the rotation speed of the disc 

increases, which facilitates the diffusion of copper ions towards disc surface. 

The effect of the initial pH of the leach solution on the copper cementation was 

investigated using different initial pH values in the range of 1.00-3.26. The 

experimental findings exhibited that the solution pH had a considerable effect on the 

copper cementation rate. During the experiments, it was observed that the fraction of 

cemented copper increased with decreasing the initial pH of leach solution. The 

recovery of metallic copper from the leach solution involves two main processes: 

adsorption of copper ions on the surface of metallic aluminum disc and the 

cementation of copper ions on the disc. The presence of a passive oxide layer on 

aluminum surface inhibits the cementation reaction rate generating a resistance to 

diffusion of copper ions towards the metal disc surface. This oxide film formed on the 

disc surface can be destroyed by the acidity of solution. Hence, the oxide film 

dissolves more readily at low pH values, and it may cause an increase in the 

cementation rate with increasing acidity (decreasing pH) of the leach solution 

(MacKinnon et al., 1971). 

The effect of initial copper(II) ion concentration on the cementation rate was 

studied at the concentrations of 0.0025, 0.0050, 0.0100, and 0.0200 mol/dm
3
. 

According to the results of the experiments the cementation rate increased with 

increasing copper concentration in the leach solution. During the cementation reaction 

the deposited copper accumulates onto the surface of the aluminum disc and a product 

layer (metallic copper) appears on the disc surface. This surface deposit shows a 

resistance to the diffusion of copper ions. Depending on the nature of the surface 

deposit its presence can enhance or diminish the cementation rate. If the metallic layer 

formed on the reductant metal is a coherent deposit the cementation rate decreases 

with increasing deposit mass. This case was observes at low initial copper ion 

concentration conditions. If the surface deposit formed on the reductant metal is a 

porous metallic layer the cementation rate may increase when the deposit layer 

thickness increases. When the initial copper ion concentration is high a coarse and 

porous precipitate on the metal disc surface appears. Under such conditions the 

diffusion of copper ions from the bulk of the solution to the disc surface occurs 

through the porous layer easily and the cementation rate can increase with the increase 

of the layer thickness. Besides, the coarse or dense precipitate formed onto the disc 

can be peeled off the disc surface by rotating the aluminum disc (Miller, 1973; 

Puvvada and Tran, 1995; Amin et al., 2007).  
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In order to investigate the effect of the reaction temperature on the copper 

cementation from the actual leach solutions some experiments were performed in the 

temperature range of 20 - 60ºC. The results showed that the deposited copper fraction 

increased with increasing the reaction temperature. At low temperatures the deposit on 

the disc surface was coherent. It was observed that the deposit formed on aluminum 

disc was thick and relatively coarse as the reaction temperature increased. This type of 

deposit is generally porous and it does not hinder the diffusion of copper ions to the 

disc surface. Furthermore, high temperatures help to strip the oxide layer off the disc 

surface, and therefore the cementation reaction proceeds at a faster rate (Kanungo et 

al., 2003; Lamya and Lorenze, 2005; Farahmand et al., 2009). 

It has been reported that cementation reactions follow the first order kinetic with 

respect to the noble metal, and the rate limiting step is to be the transfer of mass to the 

reaction surface (Puvvada and Tran, 1995; Nosier and Sallam, 2000; El Batouti, 2003; 

Younesi et al., 2006; Demirkıran et al., 2007). In the present study, the kinetic analysis 

was performed according to the first order kinetics. The equation describing the 

kinetics of the first order reaction is: 

-ln(1-x) = k t      (5) 

where x is the cemented copper fraction at time t. The influence of several parameters, 

such as solution concentration, reaction temperature, and stirring rate on the 

cementation rate should be considered because the cementation is a heterogeneous 

reactions. Hence, the effects of these parameters on the reaction rate were analyzed on 

the basis of the first order kinetic model. 

The data on cemented copper fraction obtained from the experiments were used to 

perform -ln(1-x) versus time graphs. The constructed graphs can be seen in Figs. 2-5. 

As can be seen from the plots given in Figs. 2-5, the straight lines passing through the 

origin were obtained. The apparent rate constant values determined from the slopes of 

the lines in Figs. 2-5 and their correlation coefficients for each parameter are given in 

Table 3. The results in Figs. 2-5 and in Table 3 indicate that the kinetics of this 

process follows the first order kinetic model. 

To deduce whether a cementation reaction is mass transfer limited (diffusion 

controlled), the relationship between the reaction rate and the disc rotation speed is 

usually determined. For this aim the Levich equation is usually used (Makhloufi et al., 

1998; Makhloufi et al., 2000; Dib and Makhloufi, 2007): 

k = 0.62 D
2/3

 v
-1/6

 ω
1/2

    (6) 

where k is the reaction rate constant or the mass transfer coefficient (cm/s), D is the 

diffusion coefficient of reactant species (cm
2
/s), v is the kinematic viscosity of solution 

(cm
2
/s), and ω is the angular velocity of disc (rad/s). 

If the mass transfer is the rate determining step, then the plot of k versus ω
1/2

 in Eq. 

(6) must be a straight line. Using the apparent rate constants obtained for various 

rotation speeds (Table 3) a graph of k versus ω
1/2

 was drawn in Fig. 6. As shown in 
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Fig. 6, a linear relationship between the apparent rate constants and the square root of 

the disc rotational speeds was obtained. The linear dependence of the cementation rate 

on the square root of the rotation speed supports the conclusion that the cementation is 

mass transfer limited or diffusion controlled. It is clear that the rate of copper 

cementation increase with increasing disc rotation speed. This may be attributed to the 

decrease in the diffusion layer thickness as the rotational speed of the disc increases, 

thus giving a higher rate of transfer of copper ions from the bulk of the solution to the 

aluminum surface. 

 
 

Fig. 2. Plot of –ln(1-x) versus t for different 

rotation speed 
Fig. 3. Plot of –ln(1-x) versus t for different pH 

  

Fig. 4. Plot of –ln(1-x) versus t for different 

concentrations 
Fig. 5. Plot of –ln(1-x) versus t for different 

temperatures 
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Table 3. The apparent rate constants and their correlation coefficients 

Parameter First-order kinetic model 

k*103, s-1 R2 

Concentration, mol/dm3 

0.0025 

0.0050 

0.0100 

0.0200 

 

0.846 

1.188 

1.513 

1.956 

 

0.988 

0.993 

0.998 

0.994 

Temperature, ºC 

20 

30 

40 

50 

60 

 

0.513 

0.920 

1.513 

1.938 

2.612 

 

0.993 

0.998 

0.998 

0.998 

0.994 

Rotation speed, rpm 

200 

300 

400 

500 

 

0.635 

0.975 

1.513 

2.097 

 

0.999 

0.997 

0.998 

0.992 

pH 

1.0 

1.5 

2.0 

2.5 

3.26 

 

1.883 

1.513 

0.993 

0.427 

0.358 

 

0.995 

0.998 

0.998 

0.998 

0.997 

To represent the influence of the cementation parameters on the rate constant of 

reaction, a mathematical model was proposed: 

k=ko (C)
a
 (RS)

b
 (pH)

c
 exp(-Ea/RT)    (7) 

where ko is the frequency or pre-exponential factor (1/s), C is the initial copper 

concentration, RS is the rotational speed of aluminum disc (rpm), pH is the initial pH 

of solution, Ea is the activation energy of reaction (J/mol), R is the universal gas 

constant (J/molK), T is the reaction temperature (K), and a, b and c are the reaction 

orders according to concentration, rotational speed, and pH, respectively. Combining 

Eqs. (5) and (7), the following equation is obtained: 

-ln(1-x)= ko (C)
a
 (RS)

b
 (pH)

c
 exp(-Ea/RT) t   (8) 

To calculate the values of constants a, b and c, the apparent rate constants given in 

Table 3 were used. Using the rate constant values for concentration a plot of ln k 

versus ln C was drawn in Fig. 7. The slope of straight line in Figure 7 is the reaction 

order with respect to solution concentration. The reaction order in respect to 

concentration is 0.40 with a correlation coefficient of 0.994. The orders of reaction 

with respect to rotation speed and pH were also calculated by means of data in Table 

3. According to the obtained results the reaction order is 1.31 for rotation speed and -

1.54 for pH. The correlation coefficients of these parameters are 0.99 and 0.91, 

respectively. 
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Fig. 6. Variations of apparent rate constant obtained for 

various rotation speeds with the square root of the disc 

rotation speed 

Fig. 7. Plot of ln k versus ln C  

The activation energy of the cementation process was determined from the 

Arrhenius equation. The Arrhenius plot of the process is shown in Fig. 8. From the 

slope of the straight line in Fig. 8 the activation energy of reaction was calculated to be 

32.6 kJ/mol. The intercept of the line was determined to be 2.710
-3

. The value of the 

activation energy of process indicates that the copper cementation reaction by rotating 

aluminum disc is controlled by diffusion. The activation energy of diffusion controlled 

reactions is generally below 40 kJ/mol. 

As a result, the mathematical model taking into account all parameters influencing 

the cementation reaction rate can be written as follows: 

-ln(1-x) = 2.7x10
-3

 (C)
0.40

 (RS)
1.31

 (pH)
-1.54

 exp(3924/T) t.  (9) 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. Arrhenius plot for copper cementation 

reaction 

4. Conclusions 

In most of the papers published in the literature impurity-free copper solutions have 

been used for copper cementation. In the present paper, copper recovery has been 
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carried out using the solutions containing some impurities after the leaching of 

malachite ore in aqueous acetic acid solution. The effect of the experimental 

parameters on the copper cementation reaction have been examined. It was observed 

that the rate of copper cementation increased with increasing concentration, 

temperature and rotation speed, and decreasing with pH. The results of the 

experiments conform to previously published reports in the literature. In this paper, 

unlike many other studies, in order to represent the cementation kinetics a 

mathematical model was proposed. It was found that the cementation rate was 

diffusion controlled. The activation energy of the cementation process was calculated 

to be 32.6 kJ/mol. 

Cementation process seems to be appropriate for the recovery of copper from the 

leach solutions containing various impurities without any additional purification 

process. But the copper obtained in this process has rather low purity, especially due 

to its tendency to form oxide during drying at the air. The copper deposit obtained in 

this study was brown and contained 88 percent copper. However, the impure cemented 

copper can be purified to increase the copper content and marketed as a powder. As a 

result, it can be said that cementation process is a reproducible and low cost approach 

that does not require expensive and complicated equipments.  
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Abstract. Removal of reactive dyes from textile industry wastewaters is a great economic and 

environmental challenge. In this study, systematic adsorption tests were carried out using 

natural and modified bentonites to remove a textile dye, Procion Navy HEXL. The results 

indicated an optimum at 0.1% solids concentration and 4 h of mixing time. The modified 

bentonite (hexadecyltrimethylammonium bromide, HTAB) had a 12-fold increase in the 

adsorption capacity compared to the natural bentonite. The zeta potential experiments revealed 

that the negative surface charge of natural bentonite at all pH values became positive upon 

modification with HTAB. These results clearly indicated that the negatively charged dye can 

adsorb onto bentonite surface via electrostatic attraction. In addition, adsorption isotherm 

models (Langmuir, Freundlich and Dubinin–Radushkevich) were used to analyze the 

adsorption in the dye-bentonite system. It is concluded that bentonite after surface modification 

can be conveniently used in the abatement of reactive azo dyes in textile wastewaters. 

keywords: textile wastewater, dye, Procion Navy HEXL, bentonite, adsorption 

1. Introduction 

Wastewaters from textile industry cause considerable environmental pollution in 

the world. Particularly, wastewaters containing soluble dyes must be cleaned before 

they are discharged to nature. Therefore, textiles dyeing processes as well as the 

chemical content of dyeing components are very important. The dyed wastewaters 

consist of generally acids, bases, dissolved solid toxic compounds, and considerable 

colored pollutants (Armagan et al., 2004). Moreover, many dyes are toxic, and 

obstruct catalytic effects and also cause severe damages to the human bodies 

(Baskaralingam et al., 2006; Ozcan et al., 2007). While reactive dyes are fairly soluble 

in water, their removal from wastewater by conventional coagulation and activated 

sludge process is rather difficult (Ozdemir et al., 2004).  

Oxidation and adsorption are two basic techniques used in the treatment of textile 

industry wastewater. UV/o zone and UV/H2O2 oxidation methods are used to make 

wastewater colorless (Espantaleόn et al., 2003; Baskaralingam et al., 2006; Ozcan et 

al., 2007; Eren and Afsin, 2008; Turabik, 2008). Adsorption is an important method 

commonly used for cleaning of wastewater for treatment and separation of colorants in 

http://www.minproc.pwr.wroc.pl/journal/
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industrial processes (McKay, 1982). It is claimed that activated carbon and polymer 

resin are good but relatively expensive for the removal of chemicals from wastewater 

(McKay, 1982; Ozcan et al., 2007; Turabik, 2008). 

Activated carbon is known to have a fairly low adsorption capacity for some 

reactive dyes (Juang et al., 1997). There are also a number of studies on decolorization 

of wastewater using cost-effective adsorbent systems, chitosan/reactive (Juang et al., 

1997), montmorillonite and sepiolite/methylgreen (Rytwo et al., 2000), 

sepiolite/rhodamine (Arbeloa et al., 1997), and natural zeolite/basic dye (Armagan et 

al., 2004; Ozdemir et al., 2004; Benkli et al., 2005; Ozcan et al., 2007; Turabik, 2008). 

In recent years, since activated carbon adsorbent is expensive, low-cost natural clays 

such as sepiolite (Espantaleόn et al., 2003; Ozdemir et al., 2004; Alkan et al., 2007), 

bentonite (Espantaleόn et al., 2003; Baskaralingam et al., 2006; Ozcan et al., 2007; 

Eren and Afsin, 2008; Turabik, 2008), zeolite (Espantaleόn et al., 2003; 

Baskaralingam et al., 2006; Ozcan et al., 2007; Eren and Afsin, 2008; Turabik, 2008), 

and montmorillonite (Wang et al., 2004) have been used directly or modified for 

cleaning of textile industry wastewater. 

Meanwhile, the adsorption isotherm is one of the most important data to 

understand the mechanism of the adsorption systems. For this purpose, several 

isotherm models have been widely used for the systems (Espantaleόn et al., 2003; 

Baskaralingam et al., 2006; Ozcan et al., 2007; Eren and Afsin, 2008; Turabik, 2008). 

For example, in our study, three important adsorption models, namely Freundlich 

(Freundlich, 1906), Langmuir (Langmuir, 1918), and Dubinin–Radushkevich (D-R) 

(Dubinin and Radushkevich, 1947) were used in the analysis of adsorption data. 

The aim of this study is to examine the adsorption mechanism of reactive Procion 

Navy HEXL dye by natural and modified bentonites, and find out their applicability to 

textile waste waters. The effects of parameters such as solids concentration, mixing 

time, and dye concentration on the adsorption capacity of bentonite were 

systematically investigated. Additionally, the adsorption isotherms, Langmuir, 

Freundlich, and D-R, were used to find the best-fitted model for the adsorption results. 

The results will help provide a basis for removal of colorants through the use of 

bentonite. 

2. Materials and methods 

2.1. Materials 

The bentonite sample, Na-bentonite, used for the experiments was obtained from 

Samaş Bentonite Company in Reşadiye-Tokat region of Turkey. The chemical 

analysis of Na-bentonite sample (<63 μm) was performed by inductively coupled 

plasma (ICP, Perkin Elmer Model 3800). The mineralogical composition of the 

sample was identified by XRD technique using air-dried and ethylene-glycol treated 

samples (Rigakudiffractometer with Cu(Kα) radiation). The chemical and 

mineralogical composition of Na-bentonite was given elsewhere (Bulut et al., 2009). 
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The bentonite sample has an average particle size (d50) of 3 μm as determined by 

Fritsch Particle Sizer. The raw bentonite has a cation exchange capacity (CEC) of 

76.45 meq/100 g whereas the purified bentonite was found to have a CEC of 99.2 

meq/100 g. 

A quaternary amine, hexadecyltrimethylammonium bromide (HTAB, C19H42BrN, 

99% purity), purchased from SIGMA, was used for modifying the surface of 

bentonite. The chemical structure of HTAB and the procedure for the preparation of 

modified bentonite are given elsewhere (Sabah, 1998). Briefly, the modification 

process involves mixing of 3% solids with 310
-2

 M HTAB followed by solid–liquid 

separation and drying. When the surface of bentonite was modified with HTAB, the 

clay surface was converted from polar to nonpolar properties. First, 3% bentonite was 

conditioned at 60ºC for 1 h in water and then treated with HTAB at 25ºC for 2 h. 

Distilled and deionized water with a conductivity value of 210
-6

 mohms/cm was used 

in all experiments. 

A commercial dye, Procion Navy HEXL with reactive azo group and 

aminochlorotriazine was used for the adsorption experiments. It contains an anionic 

sulfonate group. This dye is a commercial sample, and its structure is not given in the 

Color Index. 

2.2. Methods 

2.2.1. Zeta potential experiments 

The zeta potential measurements of the bentonite samples were carried out with the 

Zeta Meter 3.0 equipped with a microprocessor unit, which automatically calculates 

the electrophoretic mobility of particles, and then converts it to zeta potential. First, 

a bentonite sample of 0.1 g was conditioned in 100 cm
3
 of distilled water for 10 min. 

Then, the suspension was kept for 5 min to allow the large particles to settle down. 

Finally, the zeta potential measurements were carried out with the natural and 

modified bentonite samples. Each data point was taken as an average of approximately 

10 measurements. All measurements were made at room temperature (22.5±1ºC). 

2.2.2. Adsorption experiments 

The adsorption tests were carried out using the natural and modified bentonite 

samples in 20 cm
3
 glass vials at 0.1% solids concentration. The vials were shaken at 

400 rpm using an orbital shaker (Edmund Buhler KL-2) for 4 h followed by 

centrifugation for 10 min. The equilibrium concentration of the dye Procion Navy 

HEXL was determined by UV automatic spectrophotometer (UV-2000). The samples 

for UV analysis were filtered to remove the suspended matters. The adsorption density 

was calculated by the following formula: 
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where  is the amount of dye adsorbed per g of adsorbent in mg/g, Ci is the initial dye 

concentration in mg/dm
3
, Ce is the equilibrium (residual) dye concentration in mg/dm

3
,  

V is the volume of the solution in dm
3
, m is the mass of adsorbent (g). 

2.2.3. Adsorption models 

Langmuir, Freundlich, and D-R isotherm models, which are two-parameter 

equations, were used to identify the adsorption mechanism of dye-bentonite system. 

The Langmuir isotherm is represented as below (Espantaleόn et al., 2003; 

Baskaralingam et al., 2006; Ozcan et al., 2007; Eren and Afsin, 2008; Turabik, 2008): 
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where KL is the constant of the Langmuir model related to the adsorption capacity, aL 

is the constant of the Langmuir model related to the energy of adsorption.  

The theoretical maximum monolayer adsorption capacity qm (mg/g) is numerically 

equal to (KL/aL). Freundlich equation is based on the equation (Espantaleόn et al., 

2003; Baskaralingam et al., 2006; Ozcan et al., 2007; Eren and Afsin, 2008; Turabik, 

2008): 

n
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where Kf is Freundlich constant with indicators of adsorption capacity, n is Freundlich 

constant with indicators of adsorption intensity. 

D–R isotherm is expressed as follows (Espantaleόn et al., 2003; Baskaralingam et 

al., 2006; Ozcan et al., 2007; Eren and Afsin, 2008; Turabik, 2008): 
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where qm is the maximum adsorption capacity (mg/g), E is the energy of adsorption 

(kJ/mole).  

In addition, nonlinear regression technique was performed to optimize the isotherm 

parameters of reactive Procion Navy HEXL dye adsorption on bentonite surface. The 

solver add-in function of the Microsoft Excel was used for nonlinear regression 

method (Corporation, 2002). 
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3. Results 

3.1. Effect of solids concentration on adsorption 

In order to obtain the optimum solids concentration for the adsorption tests with the 

natural bentonite sample, a series of adsorption experiments were carried out at 

different solid concentrations at 25 mg/dm
3
 dye concentration. The conditioning time 

was kept at 4 h. The results from these experiments shown in Fig. 1 indicate that as the 

solids content is increased, the adsorption density decreases with increasing solid 

concentration down to 0.1% solids concentration (1 mg/g). Beyond this point, there 

was a slight decrease in solids concentration. According to these results, 0.1% solids 

concentration was chosen for further studies with the natural and modified bentonite 

samples. 

 

Fig. 1. Variation of adsorption of Procion Navy HEXL dye on natural bentonite with solids 

concentration  

3.2. Effect of mixing time on adsorption 

A series of adsorption experiments with the natural bentonite were also carried out 

as a function of time in order to find the optimum time. The experiments were carried 

out at an initial dye concentration of 25 mg/dm
3
 and 0.1% solids concentration. As 

seen from Fig. 2, the adsorption density sharply increased up to 1 h, further increased 

with increasing the time and finally reached the plateau at 2 h. As seen from Fig. 2, 

even though the adsorption density reached a plateau at 2 h, 4 h of conditioning time 

was chosen for further studies taking into consideration some factors such as pH, 

concentration, and temperature etc. (Armagan et al., 2004; Ozdemir et al., 2004). 
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Fig. 2. Adsorption of Procion Navy HEXL dye onto natural bentonite against conditioning time 

3.3. Effect of dye concentration on adsorption 

The adsorption experiments were carried out with the natural and modified 

bentonite samples at different dye concentrations to obtain the adsorption isotherms of 

bentonite/dye system. The experiments were conducted at 0.1% solids concentration 

and mixing time of 4 h. Figure 3 shows the adsorption isotherms of dye Procion Navy 

HEXL on the natural and modified bentonites. As seen from Fig. 3, in the case of the 

natural bentonite, the adsorption density increased up to 20 mg/g, and then reached a 

plateau. Meanwhile, as can be clearly seen from Fig. 3, the modification of bentonite 

with HTAB led to about a 12-fold increase in the adsorption capacity of bentonite. 

4. Discussion 

Wastewaters in textile industry cause a detrimental effect to the environment, and 

this problem must be solved economically and efficiently. Therefore, many physical, 

chemical, and biological methods have been used, in the industry. However, these 

methods are expensive, and there is a need for low cost methods to reduce the 

contamination in wastewaters. For example, it has been suggested that low-cost 

natural clays such as bentonite (Ozcan et al., 2007; Eren and Afsin, 2008; Turabik, 

2008), sepiolite (Ozdemir et al., 2004; Alkan et al., 2007), and zeolite (Armagan et al., 

2003; Armagan et al., 2004; Ozdemir et al., 2004; Benkli et al., 2005) can been used 

either directly or after modification for wastewater treatment.  

In this study, the ability of bentonite to uptake the reactive Procion Navy HEXL 

dye was investigated in detail, and the optimum conditions for the dye-bentonite 

system was obtained. The results from these studies showed that the optimum solids 
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concentration and conditioning time was 0.1% and 4 h, respectively. These data are 

also in agreement with the literature. For example, Ozdemir et al. (2004) and Armagan 

et al. (Espantaleόn et al., 2003; Baskaralingam et al., 2006; Ozcan et al., 2007; Eren 

and Afsin, 2008; Turabik, 2008) showed that the optimum solids concentration of 

sepiolite and zeolite for reactive dyes was found 4 h at 25 mg/dm
3
 dye concentration. 

In addition, the natural bentonite was modified with HTAB to increase its adsorption 

capacity. The adsorption tests with the modified bentonite showed that the 

modification process significantly increased the uptake of the bentonite. Based on the 

results from batch experiments, the modified bentonite yielded 12 times more 

adsorption capacity than the natural bentonite. The aim is to clarify fundamental 

details regarding the uptake of dye molecules from wastewaters using bentonite.  

 

Fig. 3. Comparison of adsorption isotherms for natural and modified bentonite/Procion Navy HEXL dye 

4.1. Zeta potential experiments 

It is well known from the literature that zeta potential measurements are vitally 

important to determine the stability of clay-water system. For this reason, the zeta 

potential measurements with the natural and modified bentonites were carried out as a 

function of pH. The results presented in Fig. 4 clearly reveal that the natural bentonite 

was negatively charged at all pH values with no point of zero charge. On the other 

hand, the modified bentonite exhibited positive charges throughout the pH region (Fig. 

4). 

Procion Navy HEXL dye contains negative azo groups and thus exhibits negative 

surface charges. Since natural bentonite contains positive charges only at the edges, 

the overall net charge density is negative, particularly above pH 7. Adsorption of 

negatively charged dye molecule is weak at the natural bentonite surfaces. However, 

1

10

100

1000

0 30 60 90 120

A
d

s
o

rp
ti
o

n
 D

e
n

s
it
y
 (
m

g
/g

)

Ce (mg/L)

Modif ied

Natural



376 I. Gulgonul 

the modification of bentonite with HTAB (quaternary amine surfactant) showed a 

considerable increase of the adsorption density. In this way, the bentonite surfaces 

became hydrophobic, and the negative charges of the surfaces were neutralized 

(Ozdemir et al., 2004). 

  
Fig. 4. Zeta potential profiles of natural and 

modified bentonites 
Fig. 5. Zeta potential profiles of the natural and 

modified bentonites vs. the dye concentration 

The zeta potential measurements for natural and modified bentonites were also 

performed at different dye concentrations in order to understand the adsorption 

mechanism. The results presented in Fig. 5 show that the surface charges of the natural 

bentonite sample become more negative with an increase in dye concentration. This 

shows that the dye adsorbs on positive sites of the bentonite sample. At the same time, 

the positive charge of the modified bentonite decreased with increasing the dye 

concentration up to 25-30 mg/dm
3
. Then, the surface charge sharply decreased, and 

became negative above 40 mg/ dm
3
 dye concentration. When the dye concentration is 

further increased, the surface charge decreased slightly, and then reached a constant 

value. These results support the adsorption tests. Electrostatic attraction with 

negatively charged dye groups appeared to be instrumental in the uptake of dye onto 

the bentonite surface. 

4.2. Adsorption models 

The experimental data for absorbed Procion Navy HEXL dye onto natural and 

modified bentonites were compared using three of the two-parameter isotherm models, 

i.e. Langmuir, Freundlich, and D–R in order to find the best-fitted model for the data 

obtained. The different equation parameters and the underlying thermodynamic 

hypotheses of these models often provide insight into the adsorption mechanism, the 

surface properties and affinity of the adsorbent (Armagan et al., 2003). The isotherms 

obtained from the models are shown along with the isotherms from the experiments in 

Fig. 6. Finally, the equilibrium thermodynamic parameters were calculated for the 

dye-bentonite system, and the results for the isotherm constants and correlation 

coefficients (R
2
) are presented in Table 1. 
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As seen from Fig. 6a, Langmuir, Freundlich, and D–R models fit very well the 

experimental equilibrium data for the natural bentonite. However, the Langmuir and 

D–R models give slightly better fitting than Freundlich model in the case of the 

modified bentonite (Fig. 6b). The reason for that can be attributed to the fast 

adsorption of dye molecules on the modified bentonite. As also seen in Table 1, all 

isotherms (Langmuir, Freundlich, and D-R) fit well with the experimental data 

(correlation coefficient R
2
 = 0.975, 0.941, and 0.973) for the natural bentonite whereas 

the low correlation coefficient (R
2
 = 0.804, 0.669, and 0.767) indicates poor agreement 

of isotherms with the experimental data for the modified bentonite. It may be due to 

the sorption that occurs at specific homogeneous sites within the adsorbent (Bouberka 

et al., 2006; Lian et al., 2009). Ma et al. (Espantaleόn et al., 2003; Baskaralingam et 

al., 2006; Ozcan et al., 2007; Eren and Afsin, 2008; Turabik, 2008) found similar 

results, which exhibited a sharp initial rise in all the adsorbents (type I isotherm). They 

attributed predominant effect of strong electrostatic adsorbent–adsorbate forces of 

attraction, which meant a high affinity between the dye and the adsorbent surface (Ma 

et al., 2011). 

 

Fig. 6. Results for the adsorption models of dye-bentonite system: a) natural, and b) modified bentonite 

Table 1. Parameters obtained from the adsorption models 

 Langmuir Freundlich Dubinin–Radushkevich 

KL aL qm=KL/aL  R2 Kf 1/n R2 qm E R2 

Natural 0.784 0.018 43.747 0.975 1.161 0.728 0.941 49.758 5.644 0.973 

Modified 13.103 0.035 375.163 0.804 12.947 0.699 0.669 494.804 6.463 0.767 

According to Table 1, adsorption capacities were calculated from Langmuir 

(43.747 and 375.163 mg/g), Freundlich (1.161 and 12.947 mg/g), and D-R isotherm 

models (49.758 and 494.804 mg/g) for natural and modified bentonite, respectively. 

There are several similar studies in the literature. For example, the adsorption 

capacities of 98.6, 99.9, and 95.2 mg/g for Acid Yellow 194, Acid Blue 349, and Acid 

Red 423, respectively, on sepiolite were found to be higher than that on activated 
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carbon (49.2, 68.2, and 26.3 mg/g) but similar to that on natural bentonite (24.9, 92.7, 

and 29.1 mg/g) (Espantaleόn et al., 2003; Baskaralingam et al., 2006; Ozcan et al., 

2007; Eren and Afsin, 2008; Turabik, 2008). 

Qiao et al. (2009) measured single dye adsorption equilibrium and analyzed the 

experimental data with the Langmuir, Freundlich and Redlich-Peterson isotherms. 

Their results fit well Redlich-Peterson model and provided the best correlation of the 

experimental data and also the adsorption capacities estimated from the Langmuir 

model for AR18 and AY23 were at 69.8 and 75.4 mg/g, respectively. Ozcan et al. 

(Ozcan et al., 2004) compared the results of natural and modified bentonite using 

dodecyl trimethylammonium bromide (DTMA) for the removal of acid blue 193. The 

adsorption capacity of DTMA-bentonite (740.5 mg/g) was found to be about 11-fold 

higher than that of Na-bentonite (67.1 mg/g) at 20C. Ozcan et al. (2007) also found 

out that adsorption capacity was 206.58 mg/g for DTMA-bentonite in acidic solutions 

for the removal of reactive Blue 19, and adsorption isotherm data were fitted to the 

Langmuir model. 

Ma et al. (2011) emphasized that the adsorption capacity of organobentonite was 

affected by the surfactant alkyl chain length. The longer chain surfactant of modified 

bentonite shows higher adsorption capacity. As the surfactant carbon chain length 

decreased from C16 to C8, the adsorption capacities of Orange II decreased from 

298.39 mg/g to 144.08 mg/g. The adsorption capacities of Orange G showed the same 

tendency (from 170.46 to 94.72 mg/g). Eren (Eren, 2009) showed that Langmuir 

monolayer adsorption capacities of raw and manganese oxide modified bentonite as 

131 and 457 mg/g, respectively. The Langmuir model with the maximum adsorption 

capacity of 227.27 mg/g agreed very well with experimental data whereas Freundlich 

model yielded 119.40 mg/g adsorption capacity (Lian et al., 2009). 

For the D-R isotherm, E (kJ/mole) gives information about the type of adsorption 

(physical, chemical, and ion exchange). The energy of adsorption refers to transfer of 

one mole of ion from the bulk to the interface. When this value of free energy is in the 

range of 1-8 kJ/mole, the adsorption type can be classified as physical (Helferrich, 

1962). An energy range between 8 and 16 kJ/mole indicates ion exchange (Cestari et 

al., 2007) and when the energy is more than 16 kJ/mole the type of adsorption can be 

stated as chemical adsorption (Basar, 2006; Tahir and Rauf, 2006). Because the 

magnitude of E calculated from the D-R isotherm is lower than 8 kJ/mole for both 

natural and modified bentonites, the adsorption mechanism of dye onto bentonite can 

be described by physical interactions. Tahir and Rauf (2006) found that the adsorption 

free energy from D-R isotherm for uptake of Malachite Green oxalate dye on 

bentonite at different temperatures were between 1.00 and 1.13 kJ/mole corresponding 

to physical adsorption. On the other hand Eren (2009) found that adsorption energy 

from D-R isotherm for Crystal Violet onto raw and modified bentonite were 11.47 and 

19.55 kJ/mole, the adsorption type can be explained based on ion exchange and 

chemical adsorption, respectively. 
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5. Conclusions 

The adsorption of Procion Navy HEXL on the bentonite sample was systematically 

investigated. The results showed that while the natural bentonite has an adsorption 

capacity of about 20 mg/g, bentonite modified with quaternary amines significantly 

increased its capacity (about 12 times, 250 mg/g). The zeta potential experiments 

indicated that the adsorption mechanism of dye on the modified bentonite is governed 

by electrostatic attraction of negatively charged dye groups on the positively charged 

surface. Finally, the adsorption data obtained from the experiments were analyzed 

using the adsorption models, i.e. Langmuir, Freundlich, and D–R. The results indicate 

that while all three models demonstrated a good correlation for the adsorption of dye 

molecules on the natural bentonite, it was not so good on modified bentonite. 

These results clearly showed that modified bentonite could be used for the removal 

of dyes in textile wastewaters due to its low cost and high yield. This will be not only 

a good alternative to high cost absorbents such as activated carbon and polymer resins, 

but also help solve environmental problems. 
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Abstract. In order to increase the quality of feldspar ore and to obtain sellable feldspar 

concentrate, it is necessary to remove coloring impurities such as iron and titanium contained 

in it. For the removal of coloring minerals from feldspar ore the most widely used method is 

reverse flotation method. Reverse flotation process is generally carried out in conventional 

mechanical cells. In this study, it was aimed to enrich low-grade feldspar by using cyclojet 

flotation cell which was developed as an alternative to conventional cell. Then, experiments 

were performed by using conventional cell and wet magnetic separator and the results were 

compared with the flotation results obtained by using cyclojet cell. In experimental studies, 200 

micrometer grain sized feldspar (albite) ore obtained from Muğla province at the west side of 

Turkey was used. It was detected that the sample was containing 0.100% Fe2O3 and 0.360% 

TiO2 as coloring minerals. Cyclojet cell, conventional cell and magnetic separator reduced the 

Fe2O3 content down to 0.010%, but TiO2 content was different in the concentrates obtained by 

different devices. There was almost no reduction in TiO2 content by magnetic separation 

method. Cyclojet cell reduced TiO2 content down to 0.030% and mechanical cell reduced TiO2 

content down to 0.020%. The weights of the concentrate were detected as the highest (92.70%) 

in magnetic separator and as the lowest (75.40%) in cyclojet cell. Therefore, it is possible to 

say that cyclojet cell can compete with mechanical cell and removal of TiO2 in cyclojet cell is 

much better than the removal of TiO2 in magnetic separator. Generally, in the flotation process 

performed by using a reagent of Aero801 and Aero825 mixture in natural pH medium, both 

Fe2O3 and TiO2 can be removed at a rate of up to 90%, but magnetic separator can only remove 

Fe2O3 mineral. 

keywords: feldspar, separation, flotation 

1. Introduction 

Feldspar is an important industrial raw material used in ceramic, porcelain and 

glass industries. Sixty percent of the World feldspar production is used in ceramic 

industry, 35% is used in glass industry, and 5% is used in welding electrode, rubber, 

plastic and paint industry as filling material. It is known that total feldspar reserves of 

the World is 1.74010
6 

Mg and a large part of this reserve is located in Asia. Turkey 

http://www.minproc.pwr.wroc.pl/journal/


382 H. Hacifazlioglu et al. 

has a reserve of 24010
6 
Mg which is 14% of the World feldspar reserves and it has the 

largest Na-feldspar reserves among other countries in the World (Bayraktar et al., 

1998; Kangal and Guney, 2002; Anonymous, 2010). Commercial and the most 

important ones of feldspar group minerals are  albite (NaAlSi3O8), orthoclase 

(KAISi3O8) and anorthite (CaAl2Si2O8) which are named according to the Na, K, and 

Ca contents in their structures. Since there are not many commercial anorthite deposits 

in the World, feldspar production mainly depends on albite and orthoclase minerals 

(Bayraktar et al., 2001; Karaguzel and Çobanoğlu, 2010).  

Iron and titanium minerals existing in mineralogical structures of feldspar are 

known as unwanted impurities because of their coloring properties. Therefore, Fe2O3 

and TiO2 contents of 0.50% or below are required in feldspar. The main impurity 

minerals observed in feldspar ores are rutile and sphene for titanium, mica minerals 

and minerals such as garnet, hematite, hornblende, tourmaline, biotite, and muscovite 

for iron oxides. In case that the amounts of these minerals are higher than the specific 

values, the quality of glass and ceramic decreases and the color changes accordingly. 

Therefore, the main goal in enrichment of feldspars is based on removal of the 

coloring minerals from the ore. Magnetic separation appears to be the most 

appropriate method for enrichment of feldspars in terms of cost and simplicity. 

However, flotation method is generally preferred according to the mineralogical 

property because magnetic susceptibilities of titanium minerals such as sphene and 

rutile are very low and also magnetic separators used in this area can perform efficient 

separation down to a specific grain size. Conventional reverse flotation method is still 

the most widely used method in the World for the removal of the impurities in 

feldspars. On the other hand, chemical and biological methods also can be used for the 

removal of impurities. In chemical method, feldspar is leached by organic and 

inorganic acids and in biological method, microorganisms are used instead of 

chemicals (Styriakovaa et al., 2006; El-Rehiem and Abd El-Rahman, 2008).  

Agglomeration or selective flocculation methods are also used for enrichment of 

feldspar (Doğu and Arol, 2004). 

In this study, Na-feldspar ore obtained from Muğla province (Turkey) was enriched 

by cyclojet cell which is an alternative jet flotation technique, conventional cell and 

magnetic separator and the results obtained from the devices were compared. 

2. Experimental studies 

2.1. Cyclojet flotation cell 

Cyclojet cell is a high density jet flotation cell developed in Turkey in 2006 for the 

enrichment of coal slimes. In the previous studies, outstanding success of cyclojet for 

the enrichment of coal slime has been proven by many researches. It was observed that 

clean coals containing ash between 7% and 15% were obtained from coal slime having 

ash contents of about 45-55% fed into cyclojet cell (Hacıfazlıoğlu, 2009; 

Hacıfazlıoglu and Toroğlu, 2008). This device, which is effective in enrichment of 
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very fine particles, was used for the flotation of 200 micrometer grain sized Na-

feldspar in this experiment. 

Cyclojet cell, although it has some structural differences, mainly works with the 

principle of jet flotation. In this system, jet movement of pulp and centrifugal forces 

generated within the hydrocyclone and the cell are used. “Jet movement” is created 

linearly by a nozzle formed by a large number of holes in conventional jet flotation 

systems, but it is created as cone-shaped by a hydrocyclone apex in a cyclojet cell. In 

other words, pulp jet created in a cyclojet cell submerges into cell with a cyclonic 

move and creates a more efficient flotation providing more intensive shearing forces. 

Furthermore, intense mixing occurring within the cell and hydrocyclone minimizes the 

coating of particle with slime and it enables an effective flotation process without 

removing slime from the ore. 

Schematic view of pilot-scale cyclojet cell test assembly installed in Istanbul 

University, Mining Engineering Department Mineral Processing Laboratory is shown 

in Figure 1. According to Figure 1, pulp conditioned in a 67 dm
3
 conditioner for 10 

minutes with the addition of collector and frother is fed tangentially into a 

hydrocyclone having a diameter of 16 cm with a pressure of 0.1-0.6 bar (10-60 kPa) 

by a centrifugal pump driven by a 1.5 kW motor. There are a conical tube with a 

height of 25 cm just below the hydrocyclone, and a separation cell having a diameter 

of 30 cm and height of 40 cm below conical tube. Upper flow outlet pipe of 

hydrocyclone is completely closed in order to prevent the upward movement of the 

pulp. In this case, high pressure pulp is first mixed thoroughly by swirling in 

hydrocyclone and then submerges into separation cell by forming a cyclonic jet. 

Meanwhile, an air gap created by the effect of the jet within the conical tube provides 

the suction of air from the atmosphere with a vacuum effect. Air from the atmosphere 

is sucked with a sectional velocity of 0.2 cm/sec through a circular hole with 1 cm 

diameter on the conical tube. Then, pulp jet mixed with the air sucked quickly 

submerges into the pulp in the separation cell and allows the formation of a large 

number of very fine-sized (300-500 microns) air bubbles by action of shear forces. 

Separation is performed by taking hydrophobic grains (coloring impurities) interfere 

with the bubbles in the separation cell from the upper part of the cell and taking 

hydrophilic grains (feldspar) which do not interfere with the air from the lower part of 

the cell. A by-pass was mounted into the system in order to ensure continuity in the 

cell and cleaning of feldspar ore over and over again. In other words, the bottom outlet 

pipe of the separation cell is connected to the conditioner with another pipe. In 

cyclojet flotation, sulphonate type collectors named as Aero801 and Aero825 

manufactured by American CYTEC Company are used with a mixing ratios of 50% 

and dosages of 1000 and 2000 g/Mg.  All experiments were performed by using tap 

water and at 24
0
C room temperature and at natural pH value of (7-8). Solid content of 

the pulp and conditioning period were selected as 30% and 8 minutes respectively. 

Products obtained by reverse flotation were dried in the oven after filtration, and were 
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analyzed by XRD for Fe2O3 and TiO2 content. Then, Fe2O3 and TiO2 removal 

efficiencies were calculated by the following equations: 

Fe2O3 removal efficiency (%) = [1- (Fe2O3 content in concentrate/Fe2O3 content in feed)]∙100, 

TiO2 removal efficiency (%) = [1- (TiO2 content in concentrate/TiO2 content in feed)]∙100. 

 

Fig. 1. Cyclojet flotation cell experimental set-up 

2.2. Na-feldspar sample 

A 50 kg Na-feldspar sample was taken from the feldspar enrichment plant owned 

by Esan Company operating in Muğla province located in the south-west part of 

Turkey. In this plant, the ore ground to 0.5 mm is enriched by using conventional 

mechanical mixing flotation cells. Before the enrichment, slime is removed from the 

Na-feldspar ore by 14 inch hydrocyclones and then feldspar is fed into flotation cell 

and coloring impurities are removed by reverse flotation.  The main coloring 

impurities in the sample are minerals such as hematite, garnet, anatase, rutile, sphene, 

biotite and ilmenite containing iron and titanium. It was observed during microscopic 

observations done that 90% of the colored minerals were liberated from the feldspar 

grains with size under 200 micrometers. The whole sample was ground gradually by 

ceramic ball mill down to fine sizes under 200 micrometers in order to allow cyclojet 

cell to be effective at fine sizes (<200 µm) and to obtain high rate of liberation. 

According to the results of the chemical analysis of the sample used in the 

experimental studies done by using X-Ray diffractometer (XRD), the following were 
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detected: SiO2 67.38%; Al2O3 19.28%, Fe2O3 0.10%, TiO2 0.36%, MgO 0.25%, CaO 

1.08%, K2O 0.43% and Na2O 10.07%. 

3. Results and discussion 

3.1. Optimization of cyclojet operation parameters 

Some of the parameters of the study should be optimized in order to allow cyclojet 

cell to be effective in feldspar flotation. The most important ones are amount of 

reagent, pulp pressure, conical jet length and conical tube submerging depth. In the 

experiments performed to find the effect of the amount of reagent (collector), feeding 

pressure, conical jet height and  conical tube submerging depth, solid concentration 

were set to 40 kPa, 10 cm, 30% respectively. In all experiments, total conditioning 

time was set to 8 minutes and total flotation time (froth removal time) was set to 10 

minutes. Any additional frother or any chemical for pH adjustment were not used in 

the experiments since the Aero 801 and Aero 825 collectors have frothing 

characteristics. All experiments were performed by using tap water and at natural pH 

value of 7-8. The effects of various parameters on concentrate and waste 

characteristics during cyclojet flotation are given in Table 1. Every optimum 

parameter obtained was used in the next experiment. 

Table 1. The effects of various parameters on concentrate and waste characteristics during cyclojet 

flotation 

Parameters Values Concentrate 

(Feldspar) 

Reject 

(impurities) 

Fe2O3 

content(%) 

TiO2 

content(%) 

Wt. 

(%) 

Fe2O3 

content(%) 

TiO2 

content(%) 

Wt. 

(%) 

Reagent 

Aero801+825 

(g/Mg) 

750 0.070 0.230 76.600 0.198 0.786 23.400 

1500 0.020 0.040 67.200 0.264 1.016 32.800 

Feed pressure 

(kPa) 

10 0.090 0.270 82.200 0.146 0.776 17.800 

40 0.010 0.040 65.400 0.270 0.965 34.600 

Conical 

jet lenght 

(cm) 

10 0.010 0.030 66.100 0.275 1.003 33.900 

20 0.060 0.190 70.100 0.194 0.759 29.900 

Conical tube 

submerging 

depth 

(cm) 

10 0.010 0.030 67.000 0.283 91.667 33.000 

20 0.050 0.150 74.000 0.242 58.333 26.000 

As shown in Table 1, removal of both Fe2O3 and TiO2 increased with the increase 

in reagent amount. By increasing the reagent amount from a dosage of 750 g/Mg to a 

dosage of 1500 g/Mg, the Fe2O3 content in the concentrate was decreasing from 

0.070% to 0.020%, while TiO2 content decreased from 0,230% to 0,040%. Increase in 

the reagents amount provided flotation of greater amounts of impurities. On the other 

hand, with a fixed reagents dosage (1500 g/Mg), the Fe2O3 content in the concentrate 
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was reduced from 0.090% to 0.010% by increasing pulp pressure from 10 kPa to 40 

kPa. The TiO2 content in the concentrate was reduced from 0.270% to 0.040% by 

increasing the feeding pressure. Removal of Fe2O3 and TiO2 minerals was lower at 

lower feeding pressure (10 kPa) because sufficient shear forces within the separation 

cell were not created. In other words, bubbles in cyclojet cell are formed by the pulp 

jet rapidly flushing from the apex. Here, the larger shear forces are generated as the 

pulp jet velocity gets higher, and consequently, a large number and relatively small-

sized bubbles are formed within the cell. 

Another important parameter affecting flotation efficiency in cyclojet cell is the 

conical jet length. As it can be seen clearly from the results indicated in Table 1 that 

concentrates having lower Fe2O3 and TiO2 contents are obtained. The Fe2O3 content in 

the concentrate decreased from 0.060% to 0.010% by decreasing the jet length from 

20 cm to 10 cm. The TiO2 content in the concentrate decreased from 0.190% to 

0.030%. The reason of this situation is related with the formation of sufficient number 

of bubbles as in the case of pressure effect. With the high jet length (20 cm), shear 

force was reduced due to jet activity and a smaller number of bubbles were formed in 

the cell. When the jet length was decreased to 10 cm, more bubbles were formed and 

more impurities were moved into froth product.  

 

Fig. 2. Pictures of the froth at low and high conical tube submerging depths 

In jet flotation systems, hydraulic pressure applied on the unit surface area at the 

outlet point of the tube increases as the depth of the sublance increases. Therefore, 

velocity of the pulp leaving the discharge point and the velocity of formation of the 

bubbles decrease. Furthermore, the sizes of the bubbles decrease because of high 

pressure (Güney et al., 2002; Cowburn et al., 2006; Çınar et al., 2007). A similar 

situation is also valid for the cyclojet cell, the sizes of the bubbles formed decrease as 

the depth of the sublance increases. However, the number of the bubbles formed 

decreases because of the changing medium conditions and high pressure. The pictures 

of the bubbles (froth) obtained at conical tube submerging depths of 10 and 20 cm are 

given in Fig. 2. It can be seen clearly in Figure 2 that a more intense layer of froth and 

therefore more number of bubbles were formed at an immersion depth of 10 cm and a 

thinner layer of froth was formed at an immersion depth of 20 cm. While Fe2O3  
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content was 0.010% at the immersion depth of 10 cm, the Fe2O3  content increased to 

0.050% at the immersion depth of 20 cm. A possible reason is that grains cannot 

spread into the cell completely at higher immersion depths and they by-pass and mix 

with feldspar product. In other words, the impurities that must be moved with the froth 

could not pass over the conical tube and by going down to the bottom of the cell they 

entered the channel from which the feldspar concentrate is taken. Furthermore, as a 

result of formation of bubbles in insufficient number, less amount of impurity moved 

into froth product and a part of the impurities remained in the feldspar concentrate. 

3.2. Cyclojet flotation tests performed under optimum conditions 

Several flotation tests were performed in the cyclojet cell with a reagent amount of 

1500 g/Mg at a feeding pressure of 40 kPa conical jet lenght and immersion depth of 

10 cm, with solid concentration of 30%. Flotation tests were performed at 5 different 

foam skimming times such as 2, 4, 6, 8, and 10 minutes. In other words, the 

concentrate and the reject were taken separately at the end of 2, 4, 6, 8 and 10 minutes 

and they were dried and then analyzed. Characteristics of the concentrates obtained for 

different flotation times are shown in Fig. 3. 

  

Fig. 3. Fe2O3 and TiO2 content in concentrate and removal efficiency versus flotation time 

As it was stated before, a by-pass was connected to the concentrate (feldspar) outlet 

pipe in the cyclojet cell. Feldspar concentrate obtained was transferred to the 

conditioner again through this by-pass pipe. Then, it was fed back to cyclojet cell by a 

centrifugal pump. Therefore, continuous flotation conditions are obtained in the 

cyclojet cell and products with different characteristics can be obtained with to the 

flotation time. As it can be seen in Fig. 3, the removal of both Fe2O3 and TiO2 
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increased with increasing flotation time. While the Fe2O3 removal was 40% at the end 

of a flotation time of 2 minutes, it increased to 90% at the end of a flotation time of 10 

minutes.  A similar situation is also valid for TiO2 because that the removal of TiO2 at 

the end of flotation times of 2 and 10 minutes were 41.66% and 91.66%, respectively. 

Impurities which could not interfere with froth in the first stage interfere with froth in 

the second stage and then in the third stage and they were efficiently removed from the 

feldspar concentrate with increasing time of flotation. This situation has been clearly 

established in all the experiments. However, the contents of Fe2O3 and TiO2 in the 

concentrates obtained at and after 8 minutes of flotation were similar. The amounts of 

the concentrate detected at the end of flotation times of 8 and 10 minutes were 75.40% 

and 66.10%, respectively. A further increase in the flotation time caused floating the 

feldspar grains and consequently a decrease in the weight of the concentrate. 

Therefore, the optimum flotation time for flotation of feldspar in cyclojet cell has been 

determined to be 8 minutes. At the end of this flotation time, the contents of Fe2O3 and 

TiO2 have been detected as 0.010% and 0.030% respectively. The weights of the 

concentrate and the residue have been determined as 75.40% and 24.60%, 

respectively. 

3.3. Comparison of the results obtained by cyclojet cell with the results obtained 

by mechanical cell and magnetic separator 

Conventional flotation experiments were performed in Denver Model D-12 

laboratory flotation cell having a volume of 3 dm
3
. Following optimization studies, 

flotation was carried out under similar conditions with cyclojet cell. As reagent, a 

mixture of Aero 801 and Aero 825 with 50% mixing ratios and 1500 g/Mg dosage was 

used. Experiments were performed by using tap water and at natural pH (7-8). Mixer 

rotations and froth skimming time were chosen as 800 rpm and 10 minutes, 

respectively. Magnetic separation experiments were performed by using Boxmag 

Rapid LWHL type high field strength wet magnetic separator having maximum 

magnetic field strength of 1.9 T. This magnetic separator has a metal grade type 

matrix which can be moved between two fixed bobbin terminals. While the pulp was 

passing through the matrix, iron compounds are caught by the matrix. During 

preliminary experiments performed, pulp flow was too high because feeding size was 

too fine (-200 micrometers) and the hole between grade matrix was large (3000 

micron meters). In this case, iron compounds could not be caught efficiently by the 

matrix. Therefore, periphery of grade matrix was surrounded with a wire matrix (Fig. 

4) and the retention time of the grains in the matrix was increased. Then, the 

experiments have been carried out with a feeding velocity of 15 g/sec and at a solid 

rate of 30%. Obtained samples were passed through the magnetic separator 3 times. In 

other words, 3 stage cleaning process was performed.  

Under similar conditions, the results obtained by cyclojet cell and mechanical cell 

are given together with the results obtained by magnetic separator in Table 2. 

Percentages of Fe2O3 and TiO2 removal are shown in Fig. 5 comparatively. According 
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to Table 1, while cyclojet cell was producing a feldspar concentrate containing 

0.010% Fe2O3 and 0.030% TiO2, mechanical cell produced a concentrate containing 

0.010% Fe2O3 and 0.020% TiO2. The Fe2O3 contents of both types of cell are the 

same, but TiO2 contents are different. TiO2 content of the concentrate obtained from 

the mechanical cell is lower. Possible reason for this situation is that the mechanical 

cell has smaller sizes and more favorable conditions for the removal of TiO2 were 

present. On the other hand, the magnetic separator showed a similar performance with 

the cyclojet cell and mechanical cell in respect to Fe2O3 removal. The Fe2O3 content of 

the concentrate was detected as 0.01% with 90% removal efficiency. However, the 

magnetic separator showed poor performance for the removal of TiO2. Since the 

minerals such as rutile and sphene forming the TiO2 content have no magnetic 

sensitivity or too low sensitivity, these minerals were not caught by magnetic 

separator and merged into the concentrate. 

 

 

 

 

 

 

 

 

 

Fig. 4. View of wire matrix in wet magnetic 

separator 

Table 2. Characteristics of the products obtained by cyclojet, mechanical cell and magnetic separator 

Devices Concentrate (feldspar) Reject (impurities) 

Fe2O3 

content(%) 

TiO2 

content(%) 

Wt. 

(%) 

Fe2O3 

content(%) 

TiO2 

content(%) 

Wt. 

(%) 

Cyclojet Flotation Cell 0.010 0.030 75.400 0.376 1.371 24.600 

Mechanical Cell 0.010 0.020 78.500 0.429 1.601 21.500 

Wet Magnetic 

Separator 
0.010 0.340 92.700 1.243 0.614 7.300 

When examining the weights of concentrate, it is observed that the highest 

efficiency was obtained by magnetic separator and the lowest efficiency was obtained 

by cyclojet cell. The amounts of the concentrates obtained by magnetic separator, 

mechanical cell and cyclojet cell were detected as 92.70%, 78.50% and 75.4% 

respectively. During flotation process, at normal pH (7-8) feldspars can float in the 

froth and emerge into froth product (impurities) in the course of time, but the lack of 

this problem in magnetic separation is the main cause for the high gravimetric 

efficiency. The complete chemical analyses of the final concentrates obtained by 3 

different devices are shown in Table 3 together with the analysis of the feldspar 
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sample feed. As it can be seen from Table 3, the contents of the minerals such as SiO2, 

Al2O3, CaO, MgO, Na2O did not changed drastically as a result of the enrichment of 

feldspar ore by flotation and magnetic separation. While the flotation reagent was 

floating Fe2O3 and TiO2 minerals, magnetic field in the magnetic separator affected 

only Fe2O3 mineral in feldspar which has magnetic sensitivity. 

Because of this situation, as it can be seen clearly in Table 3 (foam products) that 

the Fe2O3 content in the residue was 0.146% at a feeding pressure of 10 kPa and it 

increased to 0.270% at a feeding pressure of 40 kPa. Similarly, TiO2 content in the 

residue was 0.776% and 0.965% at feeding pressures of 10 and 40 kPa respectively. 

 
 

Fig. 5. Comparison of Fe2O3 and TiO2 removal from feldspar by various devices 

Table 3. Complete chemical analysis of feed and concentrates obtained from cyclojet, mechanical and 

magnetic separation  

Component Feed  

% 

Cyclojet Cell 

Concentrate, % 

Mechanical Cell 

Concentrate, % 

Magnetic Sep. 

Concentrate, % 

SiO2 67.380 67.810 67.920 67.540 

Al2O3 19.280 19.430 19.550 19.270 

Fe2O3 0.100 0.010 0.010 0.010 

TiO2 0.360 0.030 0.020 0.340 

MgO 0.250 0.010 0.010 0.100 

CaO 1.080 0.950 0.940 1.150 

Na2O 10.070 10.310 10.300 9.970 

K2O 0.430 0.210 0.210 0.320 

P2O5 0.080 0.010 0.010 0.020 

MnO 0.010 0.010 0.010 0.010 

Cr2O3 0.002 0.002 0.002 0.020 

Others 0.058 0.060 0.060 0.078 

L.O.I. 0.900 1.140 0.980 1.170 
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4. Conclusion 

It is known that the coloring minerals found in feldspar ore can be removed 

by various methods. It has been observed that 90% of Fe2O3 can be removed by 

the performed flotation and magnetic separation processes, but TiO2 content 

can only be removed by flotation. As a result of cyclojet flotation experiments 

TiO2 content was reduced from 0.360% to 0.030%, and by magnetic separation 

TiO2 content was reduced in a negligible amount down to 0.34%. Similarly, 

TiO2 content was reduced down to 0.020% by the conventional flotation cell. 

On the other hand, all 3 devices showed similar performances in respect to 

Fe2O3 removal. The reason of this situation is that Fe2O3 mineral has magnetic 

sensitivity, but TiO2 mineral have no magnetic sensitivity or low magnetic 

sensitivity. It is clearly seen from the results of this study that for the ores 

containing small amounts of TİO2 only magnetic separation is sufficient, but 

for the ores containing high amount of TiO2 cyclojet or mechanical cell can be 

used. 
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Abstract. Grinding is widely used in ore size reduction. In this investigation, grinding is proved 

to be advantageous in improving the floatability of anthracite coal of mild oxidation. FTIR was 

used to explain changes in the main functional chemical groups of anthracite coal of mild 

oxidation upon grinding. Improvements of the floatability of four size fractions, namely, +0.25 

mm, 0.25-0.125 mm, 0.125-0.074 mm and -0.074 mm, were discussed respectively. The results 

show that the floatability of anthracite coal of mild oxidation can be improved by 30 minutes 

grinding. The anthracite coal of mild oxidation can obtain many fresh hydrophobic surfaces by 

scuffing. Besides, the anthracite coal of mild oxidation can be crushed and/or ground to form 

fines which also contain many fresh hydrophobic surfaces. Combustible matter recovery of 

anthracite coal of mild oxidation, ground by 30 minutes, can reach 72.14% with ash content of 

8.63%, while combustible matter recovery of original coal is 56.65% with ash content of 

9.90%. 

keywords: anthracite; oxidation; grinding; floatability; FTIR 

1. Introduction 

 Coal can be oxidized in air easily, i.e. underground, stored in coal bunkers, 

and even in the process of long distance transport (Huggins and Huffman, 1989). This 

oxidation process is known as weathering. Coal oxidation processes include three 

major aspects, i.e. oxygen adsorption, gas release, and heat release (Wang et al., 

2003). The heat release causes coal to be oxidized to a further extent. All of these 

result in the formation of oxygen functional groups, such as carboxyl, phenolic and 

carbonyl functionalities on the coal surface, which reduce the hydrophobicity of the 

coal surface by increasing the number of sites that can form hydrogen bond with water 

molecules. Weathering processes make the coal more difficult to float with oily 

collectors (Aplan, 1988; Fuerstenau et al., 1992; Fuerstenau and Diao, 1990; Harris et 

al., 1995; Jia et al., 2000; Laskowski and Miller, 1984). Certainly, the oxidation 

processes also lead to many changes in the physical composition, besides chemical 

property, making coal porous and breakable.  
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Previous studies were focused on the oxidation mechanism by simulating the 

oxidation processes and show that the coal oxidation processes are concerned with 

oxidation temperature, coal particle size, and coal moisture (Chen, 1993; Coward, 

1957; Sun, 1954). Oxidation rate decreases with the coal particle size and increases 

with the coal specific surface (Akgun and Arisoy, 1994; Carras and Young, 1994). 

The oxidation processes generally occur on the coal particle surface. Therefore, the 

physical composition and chemical property inside the coal particle change less 

(Somasundaran et al., 2000). It is generally acknowledged that the oxidation rate is 

inversely proportional to the degree of coalification (Diao and Fuerstenau, 1992; 

Schmal, 1989). Flotation tests of difficult-to-float oxidized coal were successfully 

accomplished by applying a direct coal and flotation reagents contact procedure with 

appropriate reagents (Ahmed and Drzymala, 2004). Coal stored at coarse size and then 

ground to fine size before flotation exhibits a higher flotation yield than that stored as 

fines (Fuerstenau et al., 1994). Recently, attrition has been used in improving the 

floatability of oxidized surface of anthracite waste coal (Sokolovic et al., 2012). 

Evidently, grinding generates sufficient fresh surface that minimizes the effects of the 

external oxidized surface, but grinding process may produce more ultra-fine coal 

particles, whose sizes are less than 10 micrometers, which are difficult to float 

(Forbes, 2011). Simultaneously, the ultra-fine coal particles need more flotation agent 

and the ultra-fine gangue particles adsorb on the coal surface leading to a more 

hydrophilic coal surface (Huynh et al., 2000; Oats et al., 2010). Optimal grinding time 

will be determined in this study. Coal particles of different sizes have different 

flotabilities which change through grinding. In this paper four size fractions, i.e. +0.25 

mm, 0.25-0.125 mm, 0.125-0.074 mm and -0.074 mm of floatation concentrates will 

be  compared for ground and original coal. In this regard, the paper investigates the 

flotation behavior and hydrophobicity of anthracite coal of mild oxidation before and 

after grinding using flotation. In addition, the Fourier Transform Infrared 

Spectroscopy (FTIR) analysis is used to explain the changes in the main functional 

chemical groups of anthracite coal of mild oxidation upon grinding. 

2. Experimental method and procedure 

In this investigation, dodecane was used as the oily collector and 2-octanol was 

used as the frother. Coal samples were provided by Taixi Coal Preparation Plant in 

China. Coal in this plant is stored outside and oxidizes mildly under the air, rain and 

sunshine. Coal samples were screened to pass 0.5 mm. The flotation tests were 

conducted in a 1.5 dm
3
 XFG flotation cell using 100 g of coal at a pulp density of 

6.25% solids. The impeller speed of the flotation machine was 1910 rpm and the 

airflow rate was 2 dm
3
/min. Dodecane collector dose was 5 kg/Mg and 2-octanol 

frother 1 kg/Mg of coal. In each flotation test, the pulp was first agitated in the 

flotation cell for 3 min, after which dodecane collector (5 kg/Mg) was added and the 

pulp conditioned for an additional period of 3-min. 2-octanol frother (1 kg/Mg) was 

then added and the pulp was conditioned for an additional one minute.  
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The FTIR spectrum was obtained with KBr pellets prepared with 0.125-0.074 mm 

anthracite coal of mild oxidation samples (original coal) and the same anthracite coal 

of mild oxidation samples ground with KBr for an additional time in a mortar. For the 

FTIR analyses a Perkin Elmer Spectrum 2000 model spectrometer was used and the 

spectrum was obtained at 2 cm
-1

 resolution, between 4000 and 400 cm
-1

. It is worth 

emphasizing that ash content influences the FTIR spectrum. The 0.125-0.074 mm 

anthracite coal of mild oxidation samples were separated by density separation using a 

centrifugal extractor with the density fraction of 1.4 kg/dm
3
. 

Grinding was conducted in a laboratory dry rod mill. Grinding times were 5 min, 

10 min, 20 min and 30 min, respectively. The grinding products and flotation 

concentrate were screened to get four size fractions: +0.25 mm, 0.25-0.125 mm, 

0.125-0.074 mm and -0.074 mm. Every size fraction was analyzed to determine 

parameters such as ash content, combustible matter recovery and yield. Eq. (1) was 

used to calculate the combustible matter recovery of the flotation experiments: 

100)]100(/)100([(%)recoverymattereCombustabl xAMAM FFcc  ,   (1) 

where MC is weight of the concentrate (%), MF is weight of the feed (%), AC is the ash 

content of the concentrate (%), and AF is the ash content of the feed (%). 

3. Results and discussion 

3.1. FTIR spectrum 

The FTIR spectra of original and ground coal are showed in Fig. 1. After grinding, 

the FTIR spectrum shows five main functional chemical groups more than the original 

coal. The five main functional chemical groups are: 3030 cm
-1

, 2910 cm
-1

, 867 cm
-1

, 

797 cm
-1

 and 736 cm
-1

. Among the five functional chemical groups, 3030 cm
-1

 and 

2910 cm
-1

 are aliphatic hydrocarbons which are hydrophobic. Another three functional 

chemical groups 867 cm
-1

, 797 cm
-1

 and 736 cm
-1

 indicate the presence of benzene 

rings which also are more hydrophobic than the oxygen functional groups. Oxygen 

functional groups detected at 3440 cm
-1

 and 1630 cm
-1

 are shown in Fig. 1. The FTIR 

image shows that grinding leads to more fresh surface and hydrophobic functional 

chemical groups on the surface of anthracite coal of mild oxidation than that of 

original coal. The absorbances of functional chemical groups are widely used for 

quantitative analysis (Jena et al., 2008; Yuh and Wolt, 1983). The absorbance is 

concerned with the functional chemical groups’ content. Low absorbance is 

considered as a result of low functional chemical group content. After grinding, the 

anthracite coal of mild oxidation has low absorbance of the oxygen functional groups 

(3440 cm
-1

 and 1630 cm
-1

). Thus, grinding causes anthracite coal of mild oxidation to 

be more hydrophobic than the original coal. 
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Fig. 1. FTIR spectrum of anthracite coal of mild oxidation before and after grinding 

3.2. Size fractions changing 

Figure 2 shows that the yield of the +0.25 mm fraction decreases and that of -0.074 

mm increases with the grinding time. Middle size fractions (0.25-0.125 mm and 

0.125-0.074 mm), should be crushed or ground to be fine, but the yield of the two size 

fractions increases with the increasing grinding time. It is so because the +0.25 mm 

size fraction during crushing and/or grinding forms three size fractions, namely, 0.25-

0.125 mm, 0.125-0.074 mm and -0.074 mm. As shown in Fig. 3, the +0.25 mm size 

fraction during crushing or grinding becomes 0.25-0.125 mm, 0.125-0.074 mm and -

0.074 mm fractions. Coal particles can be also surface ground and their sizes are less 

changed, so the size fractions of the coal particles are not changed. 

 

Fig. 2. Yields of size fractions before and after grinding 
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Fig.3. Size fractions changes due to grinding 

As shown in Fig. 4, the ash content analysis of the four size fractions shows that 

the ash content of -0.074 mm decreases with the grinding time. Ash content of the 

+0.25 mm fraction reaches the highest after 5 min of grinding, and then decreases with 

the increasing of grinding time. Ash contents of the middle size fractions change less 

and in a random manner. Ash contents of the four size fractions of original coal 

decrease with the increasing of size, namely, +0.25 mm < 0.25-0.125 mm < 0.125-

0.074 mm < -0.074 mm. Because low ash content coarse coals are crushed and/or 

ground to be small particles or fines, these small particles or fines make up the loss of 

middle size factions, so the middle size fractions and fines ash contents go down with 

the increasing grinding time. 

 

Fig. 4. Ash content of size fractions before and after grinding 

3.3. Flotation tests 

Figure 5 shows combustible matter recovery of anthracite coal of mild oxidation 

before and after grinding. The combustible matter recovery in concentrate increases 
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with the increasing grinding time for grinding time of 20 min and 30 min. The 

combustible matter recovery of +0.25 mm size fraction reaches the highest value after 

20 min of grinding, and recovery after 30 min of grinding is smaller, but both are 

higher than these after 5 min or 10 min of grinding. The combustible matter recovery 

of different size fractions, namely, 0.25-0.125 mm, 0.125-0.074 mm and -0.074 mm, 

increases with the grinding time and is similar when the grinding time is either 20 min 

or 30 min. From the original coal flotation results, it can be seen that the size fractions, 

namely, 0.25-0.125 mm, 0.125-0.074 mm and -0.074 mm, have a similar combustible 

matter recovery, therefore, the size fraction has less effect on the floatability of 

anthracite coal of mild oxidation particles when the particles size is less than -0.25 

mm. However, the combustible matter recovery of the 0.25-0.125 mm, 0.125-0.074 

mm and -0.074 mm size fractions is different and becomes higher after grinding. All 

of these prove that grinding can improve floatability of anthracite coal of mild 

oxidation. 

 

Fig. 5. Combustible matter recovery of size fractions before and after grinding 

Figure 5 shows that anthracite coal of mild oxidation after 20 min or 30 min 

grinding time has higher combustible matter recovery and similar ash content. 

However, the combustible matter recovery of +0.25 mm size fraction decreases when 

the grinding time is more than 20 min. It may be explained that long time grinding 

produces many fines and ultra-fine coal particles which need more flotation agent 

dose. Ultra-fine gangue particles also adsorb on the coal surface causing the coal 

surface to be hydrophilic. Coarse coals need more hydrophobic surface for flotation 

than the middle size particles or fines because greater mass.  

Figure 5 shows that the combustible matter recovery of different size fractions, 

namely, 0.25-0.125 mm, 0.125-0.074 mm and -0.074 mm, are higher than +0.25 mm. 

This phenomenon proves that the size fraction has a great effect on coal particles 

flotation, even though the coarse coals have been surface ground. In addition, the 

combustible matter recovery of size fractions, namely, 0.25-0.125 mm and 0.125-

0.074 mm, is higher than -0.074 mm. It proves that fines from the surface of anthracite 
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coal of mild oxidation are more hydrophilic than small coal particles produced by 

surface grinding. Maybe the -0.074 mm anthracite coal fraction of mild oxidations is 

affected less by grinding as grinding has priority in coarse coals. 

Figure 6 shows that ash contents of all size fractions first decrease with the 

increasing of grinding and then become similar when the grinding time is 20 min or 30 

min. The ash content of the -0.074 mm size fraction reduces obviously from 19.03% 

to 13.63%. One of the reasons is that the low ash content of coarse coal particles (with 

the diameter between 0.5 mm and 0.125 mm) are crushed and/or ground to be fines 

(with the diameter less than 0.074 mm) which are easily floated. 

Anthracite coal of mild oxidation surface has more oxygen functional groups 

causing the coal surface to be hydrophilic and prevents the coal surface from being 

covered by oily collectors, making coal difficult-to-float. Grinding is widely used to 

separate coal from gangue minerals. In addition, grinding can also produce fresh 

surface having higher hydrophobicity than the oxidized surface. As shown in Fig. 1, 

the FTIR spectrum indicates that grinding can produce fresh surface. The +0.25 mm 

coal particles have higher combustible matter recovery after grinding. It proves that 

grinding can improve the flotability of coarse coal particles. It appears that the 

floatability of other size fractions, such as 0.25-0.125 mm, 0.125-0.074 mm and -

0.074 mm, are also improved by grinding. 

 

Fig. 6. Ash content of different size fractions of concentrate before and after 

Grinding consists of two main processes: surface grinding and crushing, as shown 

in Fig. 7. Surface grinding changes the coal particle size not too much but has a great 

effect on the coal particle surface. Crushing changes the coal particle size more and 

also has the effect on the coal particle surface. Both the surface grinding and crushing 

produce many fresh hydrophobic areas on the coal surfaces of coal particles. Coal 

particles are crushed and/or ground to produce small particles and fines. The fines may 

also acquire many fresh spots as shown in Fig. 7. The original surfaces are more 

hydrophilic while the fresh surfaces, produced by crushing and/or grinding are more 

hydrophobic. 
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Fig.7. Surface properties changed by grinding 

4. Conclusion 

Oxidation processes occurring on the coal surface causes coal to be of low 

flotability. Grinding can be used to improve the floatability of anthracite coal of mild 

oxidation by producing many fresh surfaces areas. As shown in Fig. 7, grinding can be 

described as two main processes: surface grinding and crushing. Coal particles can be 

crushed and/or ground to form small particles or fines, some of which are formerly 

parts of the surfaces of anthracite coal of mild oxidation particles. These small 

particles or fines become more hydrophobic. Flotation tests show that the combustible 

matter recovery of anthracite coal of mild oxidation can research 72.14% with ash 

content of 8.63% by 30 minutes grinding, while that of original coal recovery is 

56.65% with ash content of 9.90%. It is evident that the floatability of anthracite coal 

of mild oxidation can be improved by grinding. 
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Abstract. The process of formation of silica shells around emulsion droplets was investigated. 

The 
1
H-NMR spectroscopy was applied to follow the silica shell formation around emulsion 

droplets by hydrolysis and condensation of selected silanes in the emulsion system.  

(3- aminopropyl) triethoxysilane (APS) and dimethyloctadecyl [3-(trimethoxysilyl) propyl] 

ammonium chloride (DTSACl) were used as silica sources in microencapsulation process. The 

NMR analysis revealed strong dependence of the hydrolysis reaction rate on pH. Obtained 

information allowed selecting the optimal conditions for the formation of the capsules with 

silica shells. The obtained capsules’ suspensions were stable for several weeks. 

keywords: encapsulation, emulsions, silica shells, capsules, 
1
H -NMR  

1. Introduction 

Microencapsulation can be defined as a process in which colloidal particles or 

droplets are being enclosed in inert shells of various materials to obtain capsules 

(Swapan, 2006). Encapsulation has a potential to improve the compatibility of 

lipophilic, poorly water-soluble or even water-insoluble compounds with aqueous 

media and it can protect active molecules from the negative effect of external 

environment. The development of the microencapsulation technology started with 

introduction of capsules containing dyes, which were incorporated into paper for 

copying purposes and replaced carbon paper (Schleicher and Green, 1956). Since then 

the number of processes used to produce microcapsules has continued to grow and the 

development of functional micro or nano-containers is currently one of the main topics 

in pharmaceutical research. In particular, nanocapsules can be used in specific drug 

delivery system as they can penetrate the cell membrane. Moreover they can be 

functionalized to achieve “intelligent targeting”, i.e. delivery to the specific cells or 

organs (Donath and Moya, 2002; Radtchenko and Giersig, 2002; Shchukin and 

http://www.minproc.pwr.wroc.pl/journal/
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Radtchenko, 2003; Shchukin and Sukhorukov, 2004; Georgieva and Moya, 2004; 

Sukhorukov and Dahne, 2000; Caruso and Fiedler, 2000; Schüler and Caruso, 2001). 

Application of mini- or micro-emulsion with silica sources as cores opens the 

possibility of formation of novel, oil core microcapsules with hydrolyzed silica shells 

with good control of their size (Grigoriev and Bukreeva, 2008; Szczepanowicz and 

Hoel, 2010) and functionality due to easy modification of the shell. 
 
 
 
 

hydrolysis 
condensation 

 
 Silica sources  
            in emulsion drop 

                                                                                                                        silica shell 
 
 
 

 

 
Fig. 1. Scheme of formation microcapsules with silica shells 

In our previous work we have described the method of formation of emulsions 

containing silanes derivatives (Szczepanowicz and Dronka-Gora, 2009) for 

microencapsulation process, which is schematically presented in Fig. 1. The silanes 

undergo hydrolysis and condensation on the emulsion drop surface that leads to 

formation of a silica shell around liquid or semi-liquid core. We used APS and 

DTSACl as silica sources in emulsions of chloroform in water. The aim of our present 

work was to investigate the kinetics of the process of silica shell formation around 

emulsion droplets. We investigated the hydrolysis reaction of APS and DTSACl in 

chloroform emulsions systems in order to determine the conditions favorable for shell 

formation. The general scheme of polymerization reaction (hydrolysis and 

condensation) of silanes derivatives (alkoxysilanes) occurring at the interface and 

leading to silica shell formation is presented in Fig. 2 (Artaki and Bradley, 1985; 

Brinker and Scherer, 1990). 

There are many works concerning the kinetics of TEOS (tetraethylorthosilicate) 

hydrolysis during the formation of monosize silica particles in the literature, but there 

are no reports concerning APS and DTSACl enclosed in emulsion systems. The 

following methods were used to determine the concentration of TEOS: 
29

Si NMR 

(Bogush and Zukoski, 1991; Bailey and Mecartney, 1992), 
13

C NMR (van Blaaderen 

and Geest, 1992) and Raman spectroscopy (Harris and Brunson, 1990; Matsoukas and 

Gulair, 1988). In order to study the kinetics of TEOS hydrolysis, Byers and Harris 

(1987) used gas chromatography for determining the concentration of ethanol, which 

is co-product of the reaction. Kinetic studies of the hydrolysis and condensation of 

TEOS were performed also by Chen (1996). That author determined concentration of 

TEOS by means of gas chromatography and conductometry and showed that both 

hydrolysis of TEOS and condensation of Si(OH)4 are the first order reactions. 
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Relationships of the hydrolysis and condensation rate constants with reaction 

condition variables, such as temperature and H2O concentration were also determined. 

In our study the progress of the shell formation by hydrolysis of silica sources was 

observed using NMR spectroscopy. Since we had found 
29

Si-NMR spectra ambiguous, 

we proposed an alternative way to characterize the hydrolysis of silica sources in 

emulsion system by monitoring its progress by analysis of the 
1
H-NMR signals from 

un-hydrolyzed APS and DTSACl and of the NMR spectra of co-products of their 

hydrolysis. Ethanol is a co-product of the hydrolysis of APS, while methanol is co-

product of the reaction of DTSACl. 

Si        OR  +  H-OH                  Si        OH  +  R-OH

Si        OR  +  HO        Si                          Si       O       Si         + ROH

Si        OH  +  HO        Si                          Si       O       Si         + H2O

HYDROLYSIS

CONDENSATION

 

Fig. 2. The scheme of hydrolysis and condensation reactions of silanes (R is an alkyl group) 

2. Materials and methods 

APS ((3-aminopropyl)triethoxysilane), DTSACl (dimethyloctadecyl[3-(trimetho 

xysilyl)propyl]ammonium chloride), Tween 80 (polyoxyethylenesorbitan monooleate) 

were purchased from Sigma-Aldrich Co. Chloroform, HCl, NaOH were purchased 

from POCh SA. Water (Direct Q3 UV system, Millipore SA) was used for the 

preparation of solutions. All materials were used without further purification. 

Structural formulas of silica sources are shown in Fig. 3. 

Si OO

O

NH2

CH3

H3C

CH3

 

 

CH3 CH2        CH2 N+ Si      OCH3

OCH3

OCH3

16

CH3

CH3
 

(a) (b) 

Fig.3. Structural formulas of silica sources applied in our studies a) APS b) DTSACl 
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2.1. Emulsion preparation 

The emulsions containing silanes (APS and DTSACl), and when it was necessary  

stabilized by addition of Tween 80, were prepared according to procedure described 

before (Szczepanowicz and Dronka-Gora, 2009) by continuous mixing of all 

components using magnetic stirrer. 

2.2. Droplets size analysis 

Size (hydrodynamic diameter) of emulsion droplets were determined by DLS 

(Dynamic Light Scattering) using Zetasizer Nano ZS from Malvern Instruments Ltd. 

with the detection angle of 173
o
 in optically homogeneous square polystyrene cells. 

Measurements of the average size of emulsion droplets were performed at 298 K. 

Each value was obtained as average from three runs with at least 10 measurements. 

2.3. Zeta potential measurements 

The zeta potential of emulsion droplets was measured by the microelectrophoretic 

method using Malvern Zetasizer Nano ZS apparatus. Each value was obtained as an 

average from three subsequent runs of the instrument with at least 20 measurements. 

The zeta potential of capsules was measured in 0.015M NaCl. 

2.4. 
1
H-NMR spectroscopy 

NMR-spectroscopy was applied to characterise the hydrolysis of the silica sources 

in emulsion systems. Spectra were obtained using a Varian VXR S 300 MHz and 

Varian GEMINI 300 MHz instruments. The volume of 0.7 ml of the solution was used 

in the NMR-tube. C6D6 in a capillary was used to lock the instrument. First spectre 

were taken 15 minutes after preparing of the sample. 

3. Results and discussion 

The emulsions were prepared by mixing all components (water with surfactant and 

chloroform with silica sources) using magnetic stirrer. Figure 4 shows size 

distributions of emulsions drops containing 20% of APS in chloroform stabilized by 

Tween 80 with various oil to surfactant ratios. As it can be seen, quite monodisperse 

microemulsions with the average drop size of 20, 50 and 100 nm and zeta potential of 

+15 mV were obtained. Therefore, by changing the proportion between oil phase 

(chloroform) and surfactant it was possible to vary the average size of emulsion drops. 

Because DTSACl exhibits strong surface activity as it was demonstrated before 

(Szczepanowicz and Dronk-Gora, 2009), lowering the interfacial tension between 

chloroform and water below 5 mN/m at the concentration 10
-4

 mol dm
-3

, emulsions 

containing various amounts of DTSACl in chloroform were prepared without any 

additional surfactant. It is advantageous for biomedical application as in that way the 

amount of free surfactant, which can be toxic to cells, should be minimized. Figure 5 
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presents the example of the size distribution of emulsion drops obtained using the ratio 

between chloroform and DTSACl equal to1:1. The average size of emulsion droplets 

was 10 nm and their zeta potential was +22 mV. It can be seen that quite 

monodisperse emulsions can be obtained with this surface active silica source 

contained in the non-aqueous phase. 
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Fig. 4. Size distributions of emulsions - 20% APS in chloroform/Tween 80/water with various ratios 

between oil and surfactant: for 20 nm - 1:1, 50 nm – 3:1, 100 nm – 5:1. 

 

 
Fig. 5. Chloroform/DTSACl/water emulsions with the average drop size 10nm 

NMR-spectroscopy was applied to characterise the hydrolysis of the silica sources 

in emulsion systems. However, since 
29

Si-NMR spectra had been ambiguous, we 

proposed an alternative approach. The progress of the reaction was monitored by 

analysis of the 
1
H-NMR signals from un-hydrolyzed APS/DTSACl and of 

1
H-NMR 

spectra of co-products of their hydrolysis. Ethanol is a co-product of the hydrolysis of 

APS, while methanol is co-product of reaction of DTSACl. Progress of reaction was 

monitored at three conditions: basic (pH~10), acidic (pH~3) and natural (without any 

pH regulation). The spectra were taken immediately after the preparation of emulsion. 

In the 
1
H-NMR spectra of the emulsion containing APS the quadruplet at 3.87 ppm 

was identified to belong to –CH3 group from APS, the triplet at 1.26 ppm to –CH2 

group from APS and the triplet at 1.21 ppm to –CH2 group from ethanol. Signals from 
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unhydrolyzed APS were missing in spectra regardless of hydrolysis conditions, 

whereas ones corresponding to the ethanol were visible for all conditions studied, 

which means that hydrolysis of APS in the emulsion system was very fast (Fig. 6). 

The time needed to prepare emulsions was always longer than time of the hydrolysis 

reaction so APS was fully hydrolyzed. 

 
Fig. 6. The 1H-NMR spectra of emulsions containing APS. From the top: basic, natural, acidic 

 
Fig. 7. The 1H -NMR spectra of emulsions containing DTSACl. From the top: acidic, natural, basic 

In the case of DTSACl a convenient way to characterize the progress of hydrolysis 

was the analysis of the 
1
H-NMR peak at 3.6 ppm from –O-CH3 groups in DTSACl 

and the peak at 3.4 ppm of –CH3 group from methanol. During the course of 

hydrolysis reaction the integrals of peaks from –O-CH3 group in DTSACl decreased 

and integrals of methanol peaks increased. The kinetics of the reaction revealed strong 

dependence of its rate on pH of the emulsion. In the basic conditions (pH 10) 

hydrolysis was very fast, since the signal from DTSACl was not visible in the first 

spectra taken just after the sample preparation. In the natural and acidic conditions 

hydrolysis reaction was much slower (Fig. 7). In the acidic conditions (pH 3) no 

changes in spectra were observed even after 18 hours after sample preparation (see 

Fig. 8). Results obtained from NMR measurements of hydrolysis rate are collected in 

Table 1. This information allows selecting the optimal conditions for the formation of 

capsules with silica shells, in which hydrolysis of selected organosilanes is favorable. 

On the other hand it was found that DTSACl under the natural conditions (pH 6) was 
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almost fully hydrolyzed after 24 hours (Fig. 9). After two weeks, gradual growth of 

the emulsion containing APS in natural condition was observed due to continuing 

condensation of silica and thickening of the silica shell. The example of growth of the 

emulsion drops is illustrated in Fig. 10. 

 
Fig. 8. The 1H-NMR spectra of emulsions containing DTSACl in acidic conditions, sample has been 

tested over night with 1 hour period between spectra 

 
Fig. 9. The 1H -NMR spectra of emulsions containing DTSACl in natural condition, spectra taken just 

after preparing (top) after 3 hours (middle) and after 24 hours (bottom) 

Table 1. Summary of results obtained from NMR measurements of hydrolysis of selected silanes 

 

 

 

One can see that the increase of the average size of the emulsion’s drops is not 

accompanied by significant broadening of the size distribution. Thus, one can assume 

that the increase of the size is caused by the silica condensation on emulsion’s drops 

instead of coalescence (or aggregation) of the emulsion. In the case of emulsion 

containing and stabilized by DTSACl, after half an hour in the alkaline conditions, 

growth of emulsion’s drops was observed as it is illustrated in Fig. 11. Since that 

growth was not observed in acidic condition, we assumed that it was the result of 

silica condensation and shell thickening following its formation due to hydrolysis. 

 

 APS DTSACl 

Acidic fast Slow (>12 days) 

Neutral fast c.a. 24 h 

Basic fast fast 
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Fig. 10. Size distributions of emulsions - 20% APS in chloroform/Tween 80/water: (a) before and (b) 

after hydrolysis and condensation 

 

 
Fig. 11. Size distribution of emulsions - chloroform/DTSACl/water a) before (green line) and b) after 

hydrolysis and condensation (red line) 
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4. Conclusions 

Chloroform solutions of silane derivatives APS or DTSACl were used as oil phase 

to prepare microemulsions, which play the role of cores for nanocapsules with silica 

shells. The size of obtained emulsion droplets ranged from 10 to 100 nm. The 
1
H-

NMR spectroscopy was applied to follow the silica shell formation around obtained 

emulsion droplets by the hydrolysis of silanes. The results revealed some dependence 

of the hydrolysis reaction rate on pH. In the case of the emulsion containing APS and 

stabilized by Tween 80, the rate was fast in all pH conditions studied, i.e., APS was 

fully hydrolyzed. On the other hand in the case of emulsion containing surface active 

DTSACl, the rate of its hydrolysis was strongly pH dependent - fast in the alkaline 

conditions, slow in acidic ones. The obtained information concerning the hydrolysis 

rate allows selecting the optimal conditions for the formation of capsules with silica 

shells. Gradual growth of the emulsion drop size observed under the conditions of fast 

hydrolysis, which was not accompanied by significant broadening of the size 

distribution by coalescence (or aggregation), was attributed to the silica condensation 

on emulsion’s drops surface and shell thickening. Obtained nanocapsules with silica 

shells can be used for encapsulation and further surface modification (e.g. by layer-by-

layer adsorption of polyelectrolytes). 
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Abstract. Heat treatment of an Egyptian natural diatomite was performed at different 

temperatures (600, 900, 1000, 1100, and 1200ºC). The samples were heated from room 

temperature 23±1ºC to the appointed temperature at a rate of 20
o
C/ min, and kept at that 

temperature for 5 hour. The heat treated samples were examined by X-ray diffraction, scan-

electro-microscopy, and other physical characters like sample color, texture, and weight 

reduction. Results showed that heat treatment of natural diatomite caused different forms of 

mineral modification and transformation to another mineral. At 1200ºC a new nano-metric 

silicate material was formed. These changes were mainly depending upon the treated 

temperature, diatomite genera, and the accompanied gangue minerals as well. 

keywords: natural diatomite, heat treatment, porous structure 

1. Introduction 

Diatoms are belonging to the diploid eukaryotic unicellular algae (Bacillariophyta) 

with wide ranges of structures and shapes. Each of these has its own distinct shape and 

size (Sterrenburg et al., 2007). The outstanding feature of diatoms is their siliceous 

“shell” or frustule, which can be preserved for millions of years. In this manner, fossil 

deposits of microscopic diatom shells were built up as thick layers of “diatomaceous 

earth” or diatomite which could be extending over several miles (Sterrenburg et al., 

2007). 

Diatomite is formed by the closest packing of hydrous SiO2 spheres and is 

classified as opal-A. Opaline minerals have been categorized into three general 

groups, including Opal-A, Opal-C, and Opal-CT, according to crystallinity and crystal 

structure (Jones and Segnit, 1971). Opal-A is predominantly amorphous. Opal-CT is 

semi-crystalline comprising of crystalline regions of cristobalite and tridymite, where 

opal-C is a well-ordered form of the silicate predominantly in the cristobalite form 

(Jones and Segnit, 1971). Diatomaceous silica, the amorphous silica with opal-A 

structure, exists in the form of frustule in the natural mineral assemblage of diatomite. 

Since the diatomaceous silica has properties such as high porosity with strong 

absorbability and excellent thermal resistance, diatomite has been widely used as filter 

aid, catalytic support, biological support, functional filler, and adsorbent, etc. 

http://www.minproc.pwr.wroc.pl/journal/
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(Erdogan et al., 1996; Ibrahim and Selim, 2011; Li et al., 2003; Powers and Ibrahim, 

2007; Vasconclos et al., 2000).  

As is well known, the silica surface consists of siloxane bridges and different types 

of hydroxyl groups (i.e. silanols), which are key reactive sites for various surface 

reactions: wetting, dispersion in solutions, adsorption and surface modification (e.g. 

silylation) etc. (Ek et al., 2001; Takei et al., 1999). The distribution and evolution of 

different types of silanols and siloxanes largely depend on thermal treatment 

condition, as well as on ambient humidity and storage time (Bronnimann et al., 1988). 

 

Fig. 1. The hydroxyl structure and the dehydration process of diatomaceous silica 

(a) H-bonded silanols, (b) isolated silanols, (c) siloxane (Yuan et al., 2004) 

At room temperature, both of the isolated and H-bonded silanols associate with the 

physically adsorbed water by hydrogen bond. After calcinations treatment, physically 

adsorbed water will be desorbed from the silanols, and the silanols will condense with 

the increase of temperature. Generally, the H-bonded silanols condense more easily 

than the isolated ones (Yuan et al., 2004). A model is proposed to elucidate the 

hydroxyl structure and the dehydration process of diatomite. At room temperature, 

both the isolated and H-bonded hydroxyl groups on the diatomite surface are H-

bonded with physically adsorbed water. With the increase of temperature of 200 - 

1000ºC, five dehydration processes are assumed, shown as scheme I to IV in Fig. 1 

(Yuan et al., 2004).  

At first, the desorption of water results in the decrease of intensity of the H2O band 

and the appearance of the 3739 cm
-1

 shoulder band corresponding to the silanols (Fig. 

1, I and II). With continuous desorption of water and the exposure of more and more 

silanols, the band becomes stronger with position progressively moving to higher 

wave number, and near the position of band corresponding to isolated silanol. This 

reflects that some strongly H-bonded silanols begin to condense to form siloxane 
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bridges (Fig.1, scheme III and IV) while most of the isolated silanols have not 

condensed. This shows that for the H-bonded silanol in diatomaceous silica, the 

weaker the hydrogen bond is, the closer its band nears that of isolated silanol, and 

more difficult the occurrence of condensation is. At 1000ºC, the intensity of 3745 cm
-1

 

band reached its maximum, indicating the amount of isolated silanols reached the 

maximum. The asymmetry of this band toward the lower wave number reflects that 

there are some weakly H-bonded silanols remain on the surface (Yuan et al., 2004). 

2. Experimental 

A natural diatomite sample from Kom Osheem deposit, Egypt was subjected to 

heat treatment at temperatures from 600 to 900, 1000, 1100, and 1200ºC. Soaking time 

was kept constant at 5 hours through all experiments. The tests were carried out in 

programmable furnace, with a heating rate from a room temperature to the appointed 

temperature of 20
o
C/min. Natural diatomite means that the crude ore was subjected to 

size disintegration and classified to remove extraneous matter coarser than 45 micron. 

Phase analysis of the treated samples was applied using X-ray diffractmeter model 

“pw 1010” with CuKα radiation under target voltage 40kV and current 30 mA in a 

scanning rate of 5º 2θ/min. Elemental chemical analysis was conducted using “Perkin-

Elmer Analyst 200” atomic absorption. Thermal analysis of the sample was carried out 

using “Netzsch STA 409 C/CD” unit. Particle size analysis of the sample was carried 

out using the ‘Warman” cyclosizer. Structure skeleton of different samples have been 

microscopically viewed using scanning electron microscope (SEM) of the type JEM-

1230, JEOL. 

3. Results and discussion 

3.1. Sample characterization 

Phase analysis of the sample is illustrated in Fig. 2. Semi quantitative analysis of 

the sample showed that calcite [C], montmorillonite [M], and quartz [Q] were the 

main gangue minerals. They were found approximately at the ratio 4.45: 1.13:1, 

respectively (Table 1). Chemical analysis of the sample is shown in Table 2. From the 

Tables it could be concluded that diatomite mineral constituted about 80% of the 

sample. Particle size distribution showed that 100% of the sample was below 35 

micron, whereas 94% was below 11 micron (Table 3). 

Thermal analysis of the sample was depicted in Fig. 3. Figure 3 showed an 

endothermic pattern due to the release of diatomite absorbed water at the temperature 

range 100–200ºC, with a loss in sample weight reaching 0.7%. At temperature range 

250- 600ºC, another endothermic reaction due to the release of the combined water of 

the clay mineral (300- 600°C) was recorded (Fig. 3). This endothermic reaction caused 

a loss in weight reaching 5.55%. An intense endothermic peak at the temperature 

range 600 to 750ºC due to calcite mineral break down, with a loss in weight reaching 

8.95%, was depicted (Fig. 3). A loss in the sample weight reaching 1.75% was noticed 
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at 900-1200ºC that may be attributed to the complete dehydration of diatomite 

structure and the formation of a new silicate material. 

SEM pictures of the sample showed that the most abundant diatomite genera types 

were epithemia argus (long diameter 70 um and short diameter 10 um), actinocyclus 

ehrenbergii (diameter 14 μm), and pinnularia brevicostata ((long diameter 20 μm and 

short diameter 10 μm) (Fig. 4). The presence of these diatomite genera indicated the 

fresh water environment origin of the deposit (Moyle and Dolley, 2003). Microscopic 

pictures of the sample revealed the presence of intact diatomite skeletons but not 

clearly observed. It was noticed that the skeletons surfaces were partly masked by the 

impurities; meanwhile the pores were filled with minute mineral particulates and 

organic matter, Fig. 4. 

 

Fig. 2. XRD patterns of diatomite head sample 

Table 1. Semi quantitative phase analysis of accompanied gangue minerals after XRD   

Mineral Wt.% 

Quartz [Q] 

Montmorillonite [M] 

Calcite [C] 

15.20 

17.20 

67.60 

Table 2. Chemical analysis of the head sample 

Constituent Wt. % 
SiO2 83.60 
Al2O3 4.24 
CaO 6.17 

Fe2O3 1.07 
LOI 4.86 
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Table 3. Particle size distribution of the head sample  

Size Fraction, um Cum. Wt. % Retained 
44  
35  
25 0.24 
15 1.70 
11 5.96 
-11 100.00 

 

 

Fig. 3. Thermal analysis of diatomite sample 

   

a b c 

Fig. 4. Different diatomite genera, a: epithemia argus, b: actinocyclus ehrenbergii, c: pinnularia 

brevicostata, with complete blocked pore openings 

3.2. Thermal behavior of the sample 

On heating the sample at 600ºC for 5 hrs, dehydration process of diatomite surface 

was continued, where montmorillonite mineral was de-hydroxylated to form the 

amorphous meta kaolin according to the reaction (Balek and Murat, 1996): 

Al2O3 2SiO2 2H2O = Al2O3 2SiO2 + 2H2O. 
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Figure 5 illustrats the XRD pattern of the heated sample at 600ºC for 5 hrs. By 

comparing Figs. 2 and 5, it could be noticed that the main peak related to 

montmorillonite [M] at d-spacing = 15.0 (2θ=6º) disappeared due to the de-

hydroxylation reaction to form metakaolin that appeared as broad noisy peaks at 2θ= 

15º-30º (Balek and Murat, 1996) (Fig. 5). The fired sample at 600ºC for 5hrs showed a 

loss in sample weight reaching 6.39% and left behind a pink powder instead of the 

grey original color of the sample. 

On heating the sample at 900ºC for 3 hrs wollastonite mineral was formed as a sole 

crystalline phase as shown in Figure 6. The mineral main peaks were shown at 

2θ=30.06, 25.28, 23.20, (Fig. 6). On the other hand thermal decomposition of calcite 

was remarked, where complete removal of its main peaks at 2θ= 29.40, 43.14, and 

39.40 was recorded (Fig. 6). 

 

Fig. 5. XRD patterns of heated sample at 600ºC for 5hrs 

 

Fig. 6. XRD patterns of heated sample at 900ºC for 3hrs 
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The formation of wollastonite mineral [W] was explained after the reaction of the 

reactive lime species after calcite dissociation and reactive diatomaceous silica that 

was found in abundance in the heated sample (Ibrahim, 2009). A substantial increase 

in wollastonite peak intensity from 45% to 52.7% by increasing time of heating was 

remarked (Figs. 7 and 8), respectively. 

 

Fig. 7. XRD patterns of heated sample at 900ºC for 5hrs 

 

Fig. 8. XRD patterns of heated sample at 1000ºC for 5hrs  

SEM pictures of the heated sample at 900ºC for 3 hrs showed that the pores 

openings of the diatomite porous structure became free from any blocking materials 

when compared to the original sample (Figs. 9 and 4), respectively. The temperature at 

which complete clearance of the porous structure of diatomite, i.e. calcinations 

temperature varied slightly from type to type, and presented an essential operation for 

diatomite when it was supposed to be directed to filter aid applications (Ibrahim and 

Selim, 2010; Ibrahim and Selim, 2011; Powers and Ibrahim, 2007).  
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Fig. 9. SEM pictures showing the clean opened pores at 900ºC for 3 hrs 

By increasing the firing soaking time to 5 hours at 900ºC, diatomite structure 

showed a sign of its original porous structure, but the concave and convex surfaces 

were almost all gone, and smoother surfaces were formed instead (Fig. 10). 

On the other hand, XRD analysis of the fired sample showed a weak peak 

belonging to cristobalite mineral [Cr] at 2θ=21.93, 36.12, 31.46 (Fig. 8). It was 

suggested that the formation of cristobalite was in expense of diatomite silica, where 

crystalline silica formed cristobalite at 1200ºC, whereas amorphous silica like 

diatomite formed cristobalite at 900
o
C (Wahl et al., 1961). Relative intensity of 

cristobalite peak (at 2θ=22
o
) increased from 4.5% at 900

o
C to 6.6% at 1000

o
C (Figs. 8 

and 9), respectively. The fired sample at 900ºC for 5hrs showed a loss in sample 

weight reaching 15.6% and left a faint brown powder behind, instead of grey original 

color of the sample. 

 

Fig. 10. Collapsing of diatomite porous structure at 900ºC for 5hrs 

By increasing the firing temperature to 1000ºC for 5 hrs, complete dehydration of 

diatomite structure occurred which was accompanied by total collapsing and distortion 

of the porous structure as shown in Fig. 11. The left powder was brown in color and a 

pronounced loss in weight reached 19.82% was recorded. 
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By heating the sample at 1100ºC for 5 hrs, an olive green colored material was 

formed. The main XRD peaks of the product appeared at 2θ=21.93, 29.85, 35.48, and 

30.88, that belonged to calcium alkali silicate mineral called diopside, (Fig. 12). 

Diopside is an inosilicate mineral composed of single chains of silica tetrahedra and 

belonging to pyroxene group. Pyroxenes have the general formula XY(Si, Al)2O6 

(where X represents calcium, sodium, Fe
+2

 and magnesium and more rarely zinc, 

manganese and lithium and Y represents ions of smaller size, such as chromium, 

aluminium, iron (III), magnesium, manganese, scandium, titanium, vanadium and 

even iron (II). Although aluminium substitutes extensively for silicon in silicates such 

as feldspars and amphiboles, the substitution occurs only to a limited extent in most 

pyroxenes (Morimoto et al., 1989). The formed product showed loss on sample weight 

that reached 23.08% with a hard vitreous texture. 

 

Fig. 11. Complete destroying of diatomite porous structure at 1000ºC 

 

Fig. 12. XRD patterns of heated sample at 1100ºC for 5hrs 
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Figure 13 illustrates the XRD pattern of the sample after heating at 1200ºC for 5 

hrs. The formed sample was a nano-metric vitreous glassy material (Fig. 14) that 

showed remarkable reduction in volume compared to the sample heated at 900ºC for 5 

hrs (Fig. 15). 

 

Fig. 13. XRD patterns of heated sample at 1200ºC for 5hrs 

 

Fig. 14. SEM picture of the new material formed at 1200ºC 

4. Conclusions 

Natural diatomite sample from Kom Osheem Localiy, El-Fayoum Depression, 

Egypt was subjected to heat treatment. The main accompanied minerals were calcite, 

montmorillonite and quartz. The sample was soaked for 5 hrs at temperatures of 600, 

900, 1000, 1100, and 1200ºC. Characterization of the heated samples was followed up 
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by using XRD and SEM techniques and other physical characterization like the 

detection of sample color, texture, and weight loss. Results showed that by heating the 

sample at different temperatures for 5 hrs, various transformation reactions from 

mineral to another was occurred. On the other hand, results showed that at 900ºC for 3 

hrs the diatomite porous structure was completely calcined and improved.  Partial 

collapsing of this porous structure started by heating the sample at 900ºC for 5 hrs, 

where complete destruction was remarked at 1100ºC with the formation of a nano-

metric garnet like material at 1200ºC. 

 

Fig. 15. Change in colour and volume of heated samples (A) at 900ºC and (B) at 1200ºC 
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Abstract. Leaching with sulfuric and hydrochloric acids for upgrading titanium slag obtained 

from the Qara-aghaj ilmenite concentrate to a high grade titanium dioxide (TiO2) was studied. 

The titanium slag containing 72.7% TiO2 and 7.8% Fe2O3 was leached at varying solid/liquid 

(S/L) ratio, particle size, leaching time and acid concentration. The optimum amount of S/L 

ratio, particle size, acid concentration and leaching time using both acids were determined as 

1:4, -100 m, 8% and 2 h. Under optimum conditions, by using sulfuric acid, a titanium 

dioxide concentrate with 86.8% TiO2 and 1.87% Fe2O3 was produced, while employing 

hydrochloric acid resulted in a concentrate containing 91% TiO2 and 0.61% Fe2O3. The 

titanium dioxide concentrate prepared with hydrochloric acid, having acicular texture and by 

means of elongated separate particles; has less impurities than the one produced by sulfuric 

acid. The results demonstrate that hydrochloric acid dissolution of titanium slag and removing 

some impurities such as SiO2 and MgO provide a product with good quality is prepared which 

is suitable as raw material for TiO2 pigment production through the chloride process. 

keywords: titanium slag, synthetic rutile, chloride process, sulfate process, acid leaching, TiO2 

pigment  

1. Introduction 

Titanium is relatively abundant in the earth’s crust, which is usually found in 

igneous and metamorphic rocks as ilmenite (FeTiO3), rutile (TiO2) and 

titanomagnetite (Fe2TiO4–Fe2O4). A survey on the use of titanium in its various forms 

indicates that almost 95% is for the production of white TiO2 pigment which has 

extensive application in paint, plastic and paper industries (Nayl et al., 2009; Nayl et 

al., 2009). Titanium dioxide also has high potential applications in environmental 

purification, gas sensors, and in photovoltaic cells due to its unique characteristics 

(Zang et al., 2009). Relatively minor quantities are used to produce metal and titanium 

chemicals (Lasheen, 2004). 

Natural rutile, owing to its high titanium content and low levels of impurities, has 

traditionally been preferred as a feed stock for the production of titanium dioxide 

http://www.minproc.pwr.wroc.pl/journal/
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pigment. Natural rutile is becoming scarcer and consequently more costly and 

alternative methods that use ilmenite are being favored. Ilmenite concentrates have 

relatively low titanium content (usually about 50% titanium dioxide compared to 

about 96% in the case of rutile) but have Fe as their major impurity and thus pose 

problems for pigment production. Nevertheless, ilmenite has been used as an alternate 

feed material for production of pigment through chemical routes (Samala et al., 2009).  

Commercial production of TiO2 pigment uses either the sulfate process or chloride 

process. In the former process, relatively low grade feedstock can be used, but it gives 

a higher volume of waste product that requires proper treatment and disposal. It is 

more preferable to use the chloride process which utilizes a feedstock of high TiO2 

grade as natural rutile mineral (94-98% TiO2), synthetic rutile (92-95% TiO2), anatase 

(90-95% TiO2), leucoxene (>68% TiO2), or titanium slag (80-90% TiO2) as raw 

materials (Samala et al., 2009; El-Hazek et al., 2007; Lasheen, 2008, Zhang and Nicol, 

2010; Nayl et al., 2009). The chloride process offers several advantages such as the 

yield of high quality products, a more eco-friendly process and the generation of a 

smaller amount of waste products (Zhang and Nicol, 2010). 

The shortage of natural rutile and the need for higher grade titanium feedstocks has 

encouraged ilmenite upgrading by removing iron oxide and other impurities from the 

grain lattice, thus converting ilmenite into synthetic rutile for the chlorination process 

(El-Hazek et al., 2007; Mahmoud et al. 2004; Lasheen, 2009). There are several 

processes for the production of synthetic rutile from ilmenite and some of them were 

commercially applied. The most important of these processes are (Lasheen, 2004; El-

Hazek et al., 2007; Mahmoud et al. 2004; Lasheen, 2009; Chun et al., 2008; Zhang 

and Nicol, 2009; Sasikumar et al. 2007; Kamala, 2006) given below.  

(1) Smelting processes, where the iron part of the ilmenite is reduced and melted to 

separate iron from titanium. The titanium slag is then leached with sulfuric acid or 

with hydrochloric acid at elevated temperatures. 

(2) Reduction of ilmenite to convert ferric iron partially to the ferrous form or 

completely to the metallic iron form followed by acid leaching. 

(3) Reduction of the iron content of the ilmenite to the metallic iron followed by 

corrosion with oxygen and ammonium chloride. 

(4) Oxidation and reduction of ilmenite followed by hydrochloric acid leaching 

(MURSO process).  

(5) Roasting and magnetic separation followed by hydrochloric acid leaching 

(ERMS process).  

In the first method, ilmenite ore can be smelted in the presence of carbonaceous 

reducing agents in an electric furnace where good quality pig iron is obtained together 

with titanium-rich slag which is chemically and mineralogically different than ilmenite 

(Nayl et al., 2009). In spite of high power consumption, smelting of ilmenite or 

titanium-bearing ore has several advantages over the synthetic rutile route by chemical 

process. The major advantages of the slag technology are: high titanium content, low 

waste generation, being suitable for sulphate and chloride processes, low chemicals 
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cost and converting the iron oxide as part of the concentrate to value-added iron metal 

(Kamala, 2006). The titanium slag produced from this process represents an important 

feedstock for the manufacture of titanium dioxide pigment by the sulphate process. In 

the case of the chloride process, the titanium-rich slag is further acid-leached by a 

hydrometallurgical process. As a leachant, hydrochloric acid is preferred to other acids 

because it allows comparatively easier recovery of the useful free acid from its waste 

solution. In addition, the recovery of a number of metal ions by liquid–liquid 

extraction from hydrochloric acid solutions is considerably easier than that from 

sulphuric acid solutions (Olanipekun, 1999).  

On an industrial scale, the metallurgical complex of QIT-Fer & Titane Inc. 

(formerly named Quebec Iron & Titanium and later referred to the text as QIT), 

located in Sorel Tracy, Province of Quebec, Canada, is one of the largest producers of 

synthetic rutile by this method. In the acid-leaching plant of this company 

hydrochloric acid is used as a leachant (Guéguina and Cardarelli, 2007).  

 

Fig. 1. Location map of Qara-aghaj deposit  

In this work, the acid leaching process was studied using titanium slag obtained 

from the Qara-aghaj ilmenite concentrate. Beside Kahnoj beach sands in south of Iran, 

Qara-aghaj hard rock deposit which is located 36 km from Euromieh in Azarbayejan 

province, northwest of Iran (Fig. 1) has recently been explored as another titanium 

resource (Irannajad, 2002; Mehdilo, 2003; Irannajad, 1990). In the Qara-aghaj ore, 

titanium occurs mainly in the form of ilmenite partly as separated grains, exsolved 

lamellae in magnetite and dissemination in silicate minerals. The maximum amount of 

TiO2 in ilmenite lattice is 48% (lower than the theoretical amount, 52.6%). The MgO 

and MnO contents of ilmenite are 0.74-1.48% and 0.38-2.4%, respectively which are 

relatively high. Magnetite is another valuable mineral in the ore. Pyroxene, olivine, 

hornblende and some plagioclase are the most important gangue minerals of the ore 

 Qara-aghaj 

Euromieh 
● ▪ 
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(Mehdilo and Irannajad, 2010). Based on mineral processing tests an ilmenite 

concentrate by grading of 44.5% TiO2 has been obtained by a combination of the 

gravity-magnetic separators (Mehdilo, 2003; Irannajad and Mehdilo, 2007; Irannajad 

and Mehdilo, 2004) and then converted to titanium slag by the carbothermic reduction 

smelting process in a DC electric arc furnace (Mehdilo and Irannajad 2006; Mehdilo et 

al., 2006; Irannajad and Montajam, 2005). In the present study, the iron removing 

from the produced titanium slag was investigated by sulfuric and hydrochloric acid 

leaching tests and the obtained titanium dioxide concentrate was characterized as a 

final product of both acids leaching. 

2. Materials and procedure 

2.1. Materials  

The titanium rich slag prepared from ilmenite concentrate of Qara-aghaj hard rock 

titanium ore (Fig. 2) was used as the raw material. The chemical composition of the 

ore sample and ilmenite concentrate is presented in Table 1. Merck sulfuric and 

hydrochloric acids were employed for leaching tests. The chemical and phase 

composition of both raw material and the final residue of the leaching tests were 

carried out by X-ray fluorescence (Philips X Unique2) and X-ray diffraction (Philips 

X'Pert). The same materials were examined by scanning electron microscopy (Philips, 

model: XL30) equipped with EDS for morphological and spot analysis studies. 
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Fig. 2. Schematic diagram of ilmenite concentrate and titanium slag preparation from ore sample 
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Table 1. Chemical composition of ore sample and ilmenite concentrate 

Composition, % TiO2 Fe2O3 MnO MgO SiO2 Al2O3 CaO P2O5 V2O5 Na2O Total 

Ore sample 9.0 34.4 0.41 15.0 27.4 3.1 5.9 2.9 0.14 0.25 98.5 

Concentrate 44.5 46.1 0.83 3.76 2.57 0.58 0.61 0.52 0.26 - 99.73 

2.2. Procedure 

The obtained titanium slag was crushed and ground below 100 μm and a 

representative sample was prepared. The samples with 100 g weight were used in the 

leaching tests by sulfuric and hydrochloric acids. After leaching and filtration, the 

residue as titanium dioxide concentrate was analyzed by XRF and the recoveries of 

TiO2 and Fe2O3 were calculated based on feed and residue weight and grades. Finally, 

the product was characterized by analytical methods such as X-ray diffraction (XRD) 

and X-ray fluorescence (XRF), light microscopy and scanning electron microscopy. 

3. Results and discussion 

3.1. Slag characterization 

The chemical and phase composition of the titanium slag are shown in Table 2 and 

Fig. 3, respectively. However, after slagging, the Fe2O3 content of the slag has been 

reduced to 7.8% but it is the most important of all impurities which should be 

removed. Fe2O3 is mainly in the form of iron metal which could not be separated from 

the slag. The other impurities are mainly light elements such as Si, Mg, Al, Ca, Mn 

and K which are concentrated in the slag product. SiO2 and some of MgO, CaO and 

Al2O3 are sourced from silicate minerals. MnO and some of MgO, CaO and Al2O3 are 

related to impurities in ilmenite lattice. The high content of K2O in the slag is due to 

potassium carbonate consumption as flux in the slagging process. The XRD pattern of 

the slag shows that rutile is the most important phase in the sample. The other titanium 

containing phases are Ti2O3, Ti2O5, anatase and negligible amount of pseudorutile 

(Fe2Ti3O9). The impure phase of the slag was detected as FeO. The BSE images of the 

produced slag are shown in Fig. 4 and different parts or phases were chemically 

analyzed by EDX (Table 3). These results indicate that some parts of the slag have 

been transformed to titanium rich phases with spherical morphology (Fig. 4−b) 

containing up to 85% TiO2 content (Table 3). The other titanium containing phase is 

probably pseudorutile which has been found by the EDX spot analysis (Table 3). The 

analysis of light particles shows that they are pig iron. These irons particles can be 

removed by the acid leaching process.  

Table 2. The chemical composition of titanium slag 

Composition TiO2 Fe2O3 MnO MgO SiO2 Al2O3 V2O5 CaO Na2O K2O Total 

% 72.7 7.8 0.97 3.21 5.24 2.90 0.30 1.08 0.20 4.22 99.28 
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Fig. 3. XRD pattern of titanium slag used as raw material 

 

  
(a) BSE image of crushed titanium slag. Partial 

transformation of slag to titanium reached phases 

(b) titanium rich phases of image a) with higher 

magnification 

  
(c) presence of pig iron particles inside titanium 

slag 

(d) larger grain of pig iron surrounding a titanium 

slag grain 

Fig. 4. The BSE images of titanium slag 
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Table 3. Selected EDX analyses of titanium slag 

Spot 

No. 
Analyzed Points 

Composition (%) 

TiO2 Fe2O3 MnO V2O5 P2O5 CaO MgO SiO2 Al2O3 Cr2O3 Total 

1 
compact parts of slag 

(spot 1- Fig 3a) 
69.42 0.61 0.57 - 0.69 0.16 17.91 0.62 9.84 0.16 99.98 

2 
compact parts of slag 

(spot 2- Fig 3a) 
70.45 0.44 1.18 0.20 0.75 2.40 4.55 13.40 6.32 0.27 99.96 

3 pseudorutile (Fig 3b) 75.46 0.49 0.44 - 0.55 1.95 10.50 4.02 6.22 0.33 99.96 

4 pseudorutile (Fig 3b) 77.72 0.55 1.17 - 0.44 2.24 0.97 12.66 3.92 0.32 99.98 

5 pseudorutile (Fig 3b) 77.61 0.31 0.94 - 2.03 1.05 8.92 5.09 3.78 0.22 99.95 

6 
spherical particles 

(Rutile or Anatase) 

(spots 6, 7, 8- Fig 3b) 

(spots 9, 10- Fig 3c) 

89.24 0.51 0.28 - 0.77 0.72 2.63 0.61 4.95 0.26 99.96 

7 90.43 0.78 1.0 0.25 1.05 - 3.96 0.74 1.15 0.62 99.97 

8 88.32 0.71 0.58 0.07 0.51 0.14 5.95 0.87 2.43 0.38 99.96 

9 88.67 0.81 0.44 0 0.60 1.51 0.85 4.64 2.22 0.22 99.96 

10 85.71 0.8 0.67 - 0.73 0.37 7.27 0.28 3.70 0.43 99.96 

11 
compact parts of slag 

(Fig 3c) 
65.69 4.13 0.53 - - 3.94 8.24 8.94 8.14 0.34 99.95 

12 
light grains- iron 

(Fig 3c) 
4.60 90.53 0.33 0.17 0.85 0.13 0.60 1.11 0.95 0.71 99.98 

3.2. Leaching tests 

The leaching tests to remove iron were carried out on a titanium slag (Fig. 2) 

assaying 72.7% TiO2 and 7.8% Fe2O3 using sulfuric and hydrochloric acid using 

different conditions. The parameters including solid/liquid (S/L) ratio, particle size, 

leaching time and acid concentration were investigated. Based on literature all 

leaching tests were carried out at a constant temperature of 95°C.  

3.2.1. Effect of solid/liquid (S/L) ratio 

Several leaching experiments were performed using sulfuric and hydrochloric acid, 

with S/L ratios of 1:1, 1:2, 1:4, 1:6 and 1:8. In these experiments, leaching was 

performed on the -100 μm feed material applying 60 minutes of agitation and using an 

acid concentration of 4%. From the results plotted in Fig. 5a and 5b, it is clearly 

evident that with increasing S/L ratio, the total iron leaching efficiency increased but 

its increasing after S/L=1:4 occurs slowly. By decreasing the S/L ratio or increasing 

acid consumption the titanium dissolution also increases. Therefore for decreasing 

acid consumption and titanium dissolution the S/L=1:4 is selected as optimum amount 

for the next experiments.  

3.2.2. Effect of particle size 

For investigation of the effect of particle size on leaching efficiency different 

samples were ground below 200, 150, 100 and 75 μm and were examined using both 

acids with the S/L ratio 1:4 applying 60 minutes of agitation and acid concentration of 

4%. By increasing particle size the leaching efficiency is decreased as illustrated in 

Fig. 4. With -100 m particle size, 81.7% of Fe2O3 and 9% of the TiO2 was extracted 
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using sulfuric acid while in hydrochloric acid solution the leaching efficiency of Fe2O3 

and TiO2 were 88.3 and 3.9%, respectively. However, the iron recovery is increased 

for sample with -75 m particle size but the titanium dissolution is also increased in 

this size fraction. So, in order to decrease titanium losses in solution and reduce 

grinding energy consumption, the -100 m size fraction was used as the optimum 

particle size in the next experiments.  
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Fig. 5. Effect of S/L ratio on leaching (60 minutes, 4% acid concentration, 95°C) efficiency; (a) recovery of 

TiO2 and Fe2O3 in solution using sulfuric acid, and (b) recovery of TiO2 and Fe2O3 in solution using 

hydrochloric acid 
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Fig. 6. Effect of particle size on leaching (60 minutes, 4% acid concentration, 95°C) efficiency; (a) recovery 

of TiO2 and Fe2O3 in solution using sulfuric acid, and (b) recovery of TiO2 and Fe2O3 in solution using 

hydrochloric acid 

3.2.3. Effect of leaching time 

The effect of time on the leaching efficiency of titanium slag was examined 

between 0 and 240 minutes using the S/L ratio of 1:4 at 95°C. The results shown in 

Fig. 7a and 7b indicate that using sulfuric acid the residue obtained within 120 

minutes has a maximum TiO2 content (86.7%) and recovery (92%). At this time about 

82% of Fe2O3 is brought into solution. With time, by increasing the iron dissolution 
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efficiency, the recovery of TiO2 in the residue as titanium dioxide concentrate 

decreases from 92% to 88.5% by increasing the leaching time from 0 to 240 minutes. 

In the case of hydrochloric acid, the results presented in Fig. 8a and 8b indicate that 

the TiO2 content in the residue (synthetic rutile) is greater than that produced by 

sulfuric acid leaching. This is due to higher solubility of iron in hydrochloric acid. 

With time, with increasing TiO2 content in the residue from 88.7 to 91.3% the Fe2O3 

content is decreased from 1.51% to 0.42%. The increase in leaching time results in the 

increase of titanium dissolution and decrease of titanium recovery in produced 

synthetic rutile. At 120 minutes leaching time, the Fe2O3 dissolution efficiency is 

about 94% and 95% of TiO2 is recovered in the leaching residue as titanium dioxide 

concentrate. 
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Fig. 7. (a) Effect of time on TiO2 and Fe2O3 contents and on their recoveries in residue, (b) Effect of time 

on recovery of TiO2 and Fe2O3 in solution during sulfuric acid leaching (S/L ratio 1:4, 95°C) 
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Fig. 8. (a) Effect of time on TiO2 and Fe2O3 contents and on their recoveries in residue, (b) Effect of time 

on recovery of TiO2 and Fe2O3 in solution during hydrochloric acid leaching (S/L ratio 1:4, 95°C) 

3.2.4. Effect of acid concentration 

Several experiments were carried out using sulfuric and hydrochloric acid 

concentrations varying from 4 to 18% at 2 h leaching time and 95°C. From the results 

plotted in Figs. 9a and 9b it is clearly evident that, with increasing sulfuric acid 
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concentration, the total iron leaching efficiency increases steadily from 82.2% to about 

90.4%. The Fe2O3 content of residue is reduced from 3.8% in 4% acid concentration to 

1.85% in 18% acid concentration. The variation of the TiO2 content in the residue at 

different acid concentrations is very negligible but its recovery is reduced from 92% to 

88.2% due to the increase in titanium dissolution by increasing acid concentration. 

The results in Fig 10a and 10b revealed that by increasing hydrochloric acid 

concentration, more impurities are dissolved and the TiO2 content in the residue is 

increased but the recovery is decreased due to high titanium losses in the solution. At 

4% HCl, the recovery of Fe2O3 in the synthetic residue is 10.3% and this value 

dropped to 4.8% by increasing the HCl concentration to 8%. When the HCl 

concentration reaches 18%, the recovery of Fe2O3 is 3.5% and a higher increase in 

HCl concentration does not have a greater effect on the iron removal. Thus, 8% is the 

optimum HCl concentration where up to 95% of Fe2O3 is removed from the titanium 

dioxide concentrate and the TiO2 and Fe2O3 contents are 91% and 0.61%, respectively. 
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Fig. 9. (a) Effect of acid concentration on TiO2 and Fe2O3 contents and their recoveries in residue, (b) 

effect of acid concentration on recovery of TiO2 and Fe2O3 in solution during sulfuric acid leaching (S/L 

ratio 1:4, 95°C, 120 minutes) 
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(a)  (b)  

Fig. 10. (a) Effect of acid concentration on TiO2 and Fe2O3 contents and their recoveries in residue, (b) 

effect of acid concentration on recovery of TiO2 and Fe2O3 in solution during hydrochloric acid leaching 

(S/L ratio 1:4, 95°C, 120 minutes) 
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3.3. Characterization of titanium dioxide concentrate 

The produced titanium dioxide concentrate at the optimum conditions was washed 

and dried. In this concentrate rutile is the dominant phase but Ti2O3, anatase and iron 

oxide phases were also found. The chemical analysis of the dried product obtained 

under optimum conditions is presented in Table 4. The product of HCl leaching 

contains about 91% TiO2 and only 0.6% iron as Fe2O3 while their content in the 

titanium dioxide concentrate obtained by H2SO4 leaching are 86.8 and 1.87, 

respectively. The contents of most impurities in the product of H2SO4 leaching are a 

little greater than the HCl leaching product. The BSE images of titanium dioxide 

concentrate produced by sulfuric and hydrochloric acid are compared in Fig. 11. These 

images indicate that the texture and morphology of the product obtained by HCl and 

H2SO4 are very different. The morphology of titanium dioxide produced by HCl 

leaching is more granular than that prepared by H2SO4 leaching (Fig. 11a and 11b). In 

the product of HCl leaching, the grains are mostly elongated with a clear and sharp 

boundary while the product of the H2SO4 process has grains with less elongation and 

unclear boundaries (Fig. 11c and 11d). Most of the particles produced by HCl leaching 

are needle-like crystals but the acicular texture is observed scarcely in the product of 

H2SO4 leaching (Fig. 11e and 11f). The particle size of the titanium dioxide 

concentrates produced by H2SO4 and HCl leaching was also determined by the image 

analysis method using a Clemex software. The cumulative percent of particles as a 

function of circular and spherical diameter is shown in Fig. 12 and 13. The 

information about size distribution of both products is presented in Table 6. The 

results indicate that the mean size of particles obtained from HCl leaching is a little 

smaller than that produced with H2SO4 leaching. Some of the particles shown in Fig. 

11 were analyzed by EDX (Table 5). The chemical compositions of titanium dioxide 

particles produced by different acids leaching are closely similar. The maximum 

content of TiO2 is 93% and the minimum content of iron as Fe2O3 is 0.48%. Among 

the coloring metals, the content of V2O5 and Cr2O3 in the produced material does not 

exceed 0.12% and 0.3%, respectively but the quantity of MnO2 sourced from ilmenite 

lattice varies from 0.88 to 1.31% and could negatively affect the chlorination process. 

The content of other impurities (MgO, SiO2, Al2O3, CaO and P2O5) is relatively high. 

Silica is not a major problem in the chloride process and could be removed with 

alkaline leaching (Nayl et al., 2009) but other impurities (MgO, Al2O3, CaO and P2O5) 

are the chlorine consuming components and should be removed before using this 

process.   

Table 4. The chemical composition of produced titanium dioxide 

% TiO2 Fe2O3 MnO MgO SiO2 Al2O3 V2O5 CaO K2O SO3 Cl Total 

H2SO4 86.8 1.87 0.57 2.79 4.6 1.02 0.22 1.04 0.21 0.51 - 99.63 

HCl 91.0 0.61 0.62 2.11 3.28 0.86 0.18 0.58 0.09 - 0.38 99.51 
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Table 5. Selected EDX spot analysis of synthetic rutile prepared by sulfuric and hydrochloric acids 

leaching 

Product  
Composition (%) 

TiO2 Fe2O3 MnO V2O5 P2O5 CaO MgO SiO2 Al2O3 Cr2O3 Total 

Synthetic rutile produced 

by H2SO4 leaching 

88.60 0.78 1.31 - 0.84 0.41 4.07 2.55 1.14 0.22 99.92 

91.42 0.68 1.14 - 0.39 0.11 4.23 0.95 0.90 0.14 99.96 

Synthetic rutile produced 

by HCl leaching 

92.23 0.58 0.88 - 0.47 0.61 2.08 1.89 0.77 0.27 99.85 

89.94 0.61 1.16 - 0.69 0.49 4.86 0.92 1.0 0.30 99.94 

93.01 0.48 0.96 0.12 0.13 0.45 3.05 0.58 0.90 0.22 99.99 

 

  
(a) Synthetic rutile produced by HCl leaching (a) Synthetic rutile produced by H2SO4 leaching 

  
(c) Synthetic rutile produced by HCl leaching (d) Synthetic rutile produced by H2SO4 leaching 

  
(e) Synthetic rutile produced by HCl leaching (f) Synthetic rutile produced by H2SO4 leaching 

Fig. 11. Textural and morphological comparison of synthetic rutile particles prepared by sulfuric and 

hydrochloric acids leaching at the optimum conditions 
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Table 6. Information on size distribution of particles produced by H2SO4 and HCl leaching 

Leaching 

solution 
Diameter 

Minimum 

size (m) 

Maximum 

size (m) 

Mean 

size (m) 

D80 

(m) 

Standard 

Deviation 

(m) 

H2SO4 
Circular 0.2 3.6 1.47 1.95 0.577 

Spherical 0.2 4.4 1.8 2.4 0.707 

HCl 
Circular 0.1 5.2 1.2 1.95 0.849 

Spherical 0.2 6.3 1.47 2.31 1.04 

 

 
(a) Circular diameter (b) Spherical diameter 

Fig. 12. Size distribution of titanium dioxide particles produced by H2SO4 leaching 

 

(a)  (b)  

Fig. 13. Size distribution of titanium dioxide particles produced by HCl leaching; (a) circular diameter, 

(b) spherical diameter 

4. Conclusion  

The leaching of titanium slag by both sulfuric and hydrochloric acid solutions at 

95°C using an S/L ratio of 1:4 revealed that with a 2-hour leaching and 8% acid 

concentration, the Fe2O3 content in the residue is reduced to 1.87% and 0.61%, 

respectively. The increase in the leaching time and acid concentration does not have a 

great effect on iron removal efficiency. Under mentioned conditions, by using sulfuric 
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acid, the production of titanium dioxide concentrate containing more than 87% TiO2 is 

not possible, while with hydrochloric acid as leachant, a product can be prepared 

containing up to 91% TiO2. In addition to higher titanium purity and lower content of 

iron, the specific texture and morphology of titanium dioxide concentrate results in the 

hydrochloric acid being preferred. An easy recovery of hydrochloric acid from waste 

solutions is another profit of this reagent for upgrading titanium slag in order to 

produce suitable raw material for the chloride process. However, a high content of 

some impurities such as MgO and CaO may result in difficulties in chloride process 

and should be eliminated. More detailed investigation to remove these impurities is 

being performed by the authors.   
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Abstract. In the present work investigations on a potential use of activated carbon for the 

removal of Methylene Blue (MB) from wastewater are presented. Adsorption kinetics of 

methylene blue has been studied using reaction-based and diffusion-based models. Three 

kinetic models, namely, pseudo-first-order, pseudo-second-order and the Elovich are analyzed 

at the temperature of 298 K for the reaction-based model. The kinetic studies showed that the 

data were well described by the pseudo-second-order kinetic model. Intraparticle diffusion, 

external-film diffusion, and internal-pore diffusion models characterizing MB were obtained. 

The results suggested that the activated carbon has a high potential to be used as an effective 

adsorbent for methylene blue adsorption. Pseudo first-order, pseudo second-order and the 

Elovich models were employed to describe the desorption mechanism. The experimental 

results showed that the pseudo second-order equation is the best model. About 99% of 

activated carbon has been regenerated by desorption. 

keywords: activated carbon, adsorption, desorption, kinetic studies, methylene blue 

1. Introduction 

Environmental pollution is a problem both in developed and devoloping countries. 

Factors such as population growth, and urbanization, invariably place greater demands 

on the world. Industrial revolution brought, with technological progress such as 

discovery of how to make synthetic dye, virtually universal use by different industries. 

Cheaper to produce, more brighter color, fast and easy to apply to fabric, the new dyes 

changed world. The chemicals used to produce dyes today are often highly toxic, 

carcinogenic, or even explosive. Harmful chemicals are used in the dying process, 

including aniline, dioxin, toxic heavy metals (such as chrome, copper, zinc, 

formaldehyde). Almost all industrial dye processes involve a solution of a dye in water 

in which the fabrics are soak. So, the textile factories across the world are dumping 

millions of Mg of dye effluent into rivers. Therefore, it is necessary to remove them 

from the wastewater before discharging. For the removal of these materials, several 

methods such as physical, chemical and biological have been investigated. Among the 

methods, removal of dyes by adsorption is regarded as one of the competitive methods 

http://www.minproc.pwr.wroc.pl/journal/
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because of high efficiency, economic feasibility and simplicity of design/operation 

(Chen et al., 2010; Rafatullah et al., 2010; Haque et al., 2011). Activated carbons, 

because of their large surface area and relatively high sorption capacity, for a wide 

variety of dyes, have become the most promising and effective adsorbent. 

Nevertheless, their applications are restricted, because activated carbons are prepared 

from natural materials such as wood or coal, which are expensive. Recently, low cost 

and easily available other carbonaceous materials have been used, for example apricot 

stone, almand barks, coffee seeds, tea waste, rice husk etc.) (Diao et al., 2001; Wei-

Lung et al., 2011). Textile waste containing cotton, nylon and polymers creates a 

problem in the world. Activated carbon prepared from these wastes could be important 

for the regional economy. Because high value products are obtained from low cost 

materials, they simultaneously bring solution to the problem of wastes (Altenor et al. 

2009).  

Methylene blue (MB) is one of the well known basic/cationic dyes and has been 

widely used in wood, silk, cotton, pharmaceutical industries. In this work, activated 

carbon has been prepared from a mixture of textural waste by chemical activation with 

ZnCl2 in the flow of N2 at 500°C. The prepared activated carbon is used as an 

adsorbent to remove methylene blue from aqueous solutions. The kinetics and 

diffusion parameters of the adsorption and desorption processes have been 

investigated. 

2. Materials and methods 

2.1. Materials 

The solute selected for this work was MB (chemical formula = C16H18N3SCl, MW 

=320 g/mol). A stock solution of 1000 mg/dm
3
 was prepared by dissolving the 

required amount of methylene blue in distilled water. The spectrophotometric 

determination of MB was carried out using a Shimadzu UV/Vis spectrophotometer at 

662 nm (model UV-2100S, Japan). 

2.2. Preparation of activated carbon (WZ) 

Textural waste, provided by different textile fabrics in Malatya, Turkey, was used 

in this study as a source of activated carbon. The raw material was subjected to two 

steps of activation as follows. 

a) The raw material was mixed with ZnCl2 (ZnCl2: waste=0.5/1), and the mixture 

was kneaded by adding distilled water. The mixture was then dried at 110°C to 

prepare the impregnated sample. 

b) The impregnated sample was placed on a quartz dish, which was then inserted 

within a quartz tube (internal diameter = 60 mm). The impregnated sample was heated 

at the rate of 10°C/min up to the activation temparature (500°C) under N2 flow (100 

cm
3
/min) and held at the activation temperature for 1 h. After activation, the sample 

was cooled under N2 flow. The sample was washed sequentially several times with hot 
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distilled water to remove any residual chemical and until a pH of 7 was reached. The 

washed sample was dried at 110°C to prepare activated carbon. 

2.3. Adsorption experiments 

MB solutions were prepared in distilled water at the desired concentrations. 

Adsorption experiments were carried out by agitating 0.1 g of WZ with 50 cm
3
 

solutions of the desired concentration (50, 75 and 100 mg/dm
3
) at different values of 

time (1 to 60 min) and 25ºC in a thermostatic bath operating at 400 rpm. The amount 

of MB adsorbed onto WZ, qt (mg/g), was calculated by the mass balance relationship 

represented by equation: 

W

V
CCq tt )( 0  ,     (1) 

where C0 and Ct are the initial and final (at time t) liquid and phase concentrations of 

MB (mg/dm
3
), respectively, V is the volume of the solution (dm

3
), and W is the weight 

of the dry WZ used (g). 

The normalized standard deviation qe (%) was calculated using Eq. (2): 
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where N is the number of data points, q e,exp and q e,cal (mg/g) are the experimental and 

calculated equilibrium adsorption capacities value, respectively. 

2.4. Desorption experiments 

For the desorption study, 0.5 g of activated carbon was added to 250 cm
3
 of MB 

solutions (50, 75 and 100 mg/dm
3
) and the mixture was stirred at 60 min. After 

mixing, the supernatant MB solution was discarded and the activated carbon alone 

was separated. Then, the MB-adsorbed activated carbon was added into 250 cm
3
 of 

ethanol mixture (v/v, ethanol/water= 10/100). Ethanol and activated carbon (saturated 

with MB) solution samples were taken at specific time intervals (3, 5, 10, 60 min). 

The amount of MB desorbed from WZ, qt (mg/g), was calculated at different values of 

time (1 to 60 min) and all concentrations and temperature of 25
o
C by the Eq. (1). 

3. Results and discussion 

3.1. Effect of initial concentration of methylene blue 

Initial dye concentration provides an important driving force to overcome the mass 

transfer resistance of dye between the aqueous solution and activated carbon surface. 

Adsorption kinetic studies were performed by measuring methylene blue 

concentration and the results are illustrated in Fig. 1. The adsorption capacity 
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increased from 23.11 to 46.31 mg/g as the initial dye concentrations increased from 50 

to 100 mg/dm
3
. It can be seen that a rapid adsorption of MB by activated carbon 

occurred, after approximately 30 min for all concentrations. It was particularly 

interesting that the process showed an extraordinarily fast initial rate of adsorption, 

which can be verified by the fact that the amount of adsorbed MB onto activated 

carbon within 5 min almost achieved 90% of that at the equilibrium. 

 
Fig. 1. Effect of initial dye concentration on the adsorption of MB as a function of time at 298 K 

3.2. Adsorption kinetics 

Kinetic mechanism of dye adsorption occurs through three consecutive steps: 

1. external diffusion of dye molecules across the liquid film surrounding the 

porous adsorbent 

2. adsorption of the dye on the adsorption site 

3. internal diffusion of dye within the particle. 

Due to the nature of adsorption, kinetic model for dyes could be divided into two 

types, namely reaction-based models and diffusion based models (Ho et al., 2000; Al-

Degs et al., 2006).  

3.2.1. Reaction-based models 

To investigate the adsorption kinetics of MB three kinetic models, namely, pseudo 

first-order, pseudo second-order and Elovich models were analyzed at the temperature 

of 298 K. 

The rate constant for the adsorption of MB onto activated carbon determined by the 

pseudo first-order equation is expressed as (Barrett et al.,1971): 
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where k1 (min
–1

) is the pseudo first-order rate constant. Integrating Eq. (3) with respect 

to the integration conditions q = 0 to q = qt at t = 0 to t = t, the kinetic rate expression 

becomes: 

t
k

qqq ete
303.2

log)log( 1 ,     (4) 

where qe and qt are the amounts of MB adsorbed (mg/g) at equilibrium and time t 

(min), respectively. 

The adsorption kinetics have also been determined by the pseudo second-order 

model using equation (Ho and McKay, 1998): 

eet q

t

qkq

t


2
2

1
,     (5) 

where k2 is the second order-rate constantn, g/(mgmin); and h = k2qe
2
, where h is the 

initial adsorption rate, mg/(gmin). 

The Elovich model equation is generally expressed as (Low, 1960): 

 t
t q

dt

dq
  exp .     (6) 

To simplify the the Elovich equation, Chian and Clayton (1980) assumed that αβt>>t 

and by applying boundary conditions t=0 to t=t and qt=0 to qt=q0. Then, Eq. (6) 

becomes (Chien and Clayton, 1980): 

  tqt ln
1

ln
1





 .     (7) 

where α is the initial adsorption rate, mg/(gmin) and β is the desorption constant 

(g/mg). 

The plot of log (qe-qt) versus t should give a linear relationship, from which k1 and 

qe can be obtained from the slope and intercept of the plot, respectively. The k1 values, 

calculated qe values, and correlation coefficients are provided in Table 1. The 

coefficient of correlation for the pseudo first-order kinetic model is not high for all 

concentrations. Moreover, the determined values of qe calculated from the equation 

differ from the experimental values showing that adsorption of methylene blue onto 

WZ is not a first-order reaction and had low correlation coefficients (R
2
<0.88). 

The plot of (t/qt) versus t of Eq. (5) should give a linear relationship, from which qe 

and k2 can be determined from the slope and intercept of the plot, respectively. The 

results are illustrated in Table 1. The experimental results were applied to the pseudo-

second order model straight lines with high correlation coefficients (R
2
=0.982). They 

indicate that adsorption of MB follows the pseudo-second order kinetic model. From 

the analysis of all kinetic models one can predict experimental behaviour of the MB-

WZ system.  
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Table 1. Kinetic paramaters of adsorption 

Concentration (mg/dm3) 50 75 100 

qe,exp (mg/g) 32.11 43.56 64.30 

Pseudo-first order 

qe,cal (mg/g) 34.84 72.45 111.55 

k1 (min-1) 0.072 0.080 0.091 

R2 0.839 0.858 0.878 

qe (%) 40.2 31.1 28.0 

Pseudo-second order 

qe,cal (mg/g) 32.36 42.63 68.49 

k2 (gmg-1min-1) 0.00081 0.00078 0.00072 

h (mgg-1min-1) 0.848 1.417 3.377 

R2 0.915 0.962 0.982 

qe (%) 11.1 9.90 5.69 

Elovich 

α ( mgg-1min-1) 3.947 6.537 8.864 

β (g.mg-1) 0.178 0.106 0.079 

R2 0.900 0.953 0.958 

qe (%) 28.8 26.1 18.2 

A comparison of the three kinetic models with experimental values for all 

concentrations can be seen in Figs. 2a-c. The normalized standard deviations qe (%) 

are used to see the fit between the experimental data and theoretical values of MB onto 

activated carbon. It is clear from the figures and standard deviations (<11.10 %) that 

for pseudo-second-order (Table 1), there is a good agreement between the 

experimental and predicted values. 

3.2.2. Diffusion-based models 

Various diffusion models can be used to describe adsorption. These diffusion 

models have been developed to predict the dynamic character of adsorption. This work 

used the intraparticle diffusion, external-film diffusion, and internal-pore diffusion 

models to characterize adsorption of MB. 

The intraparticle diffusion equation (Srivastova et al., 1989; Weber et al., 1973) 

can be written as follows: 

ctkqt  2/1
int ,     (8) 

where c is the intercept of the line, which is proportional to the thickness of the 

boundary layer and kint is the intraparticle diffusion rate constant, mg/(gmin
–1/2

). The 

intraparticle diffusion model rate constant, kint, is obtained from the slope of the 

straight line of qt versus t
1/2

 (Fig. 3). 
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(a) 

 
(b) 

 
© 

Fig. 2. Comparison of kinetic models at 298 K (a) Concentration of MB solutions: 50 mg/dm3, (b) 

Concentration of MB solutions: 75 mg/dm3 and (c) Concentration of MB solutions 100 mg/dm3 

0

5

10

15

20

25

0 10 20 30 40 50 60 70

t(min)

q
t(
m

g
/g

)

Experimental

Pseudo first-order

Pseudu-second order

Elovich equation

0

10

20

30

40

0 10 20 30 40 50 60 70

t (min)

q
t(
m

g
/g

)

Experimental

Pseudo-first order

Pseudo second-order

Elovich equation

0

10

20

30

40

50

60

0 10 20 30 40 50 60 70

t(min)

q
t(
m

g
/g

)

Experimental

Pseudo first-order

Pseudo-second-order

Elovich equation



448 C. Sarici-Ozdemir 

 

 
Fig. 3. Intraparticle diffusion plots of MB adsorption  

 

During the initial adsorption period, description can be simplified by assuming that 

the concentration at the activated carbon surface tends toward zero (intraparticle 

diffusion negligible). External diffusion resistance is predominant and controls the 

adsorption of MB. Thus, the external diffusion models can be considered as follows 

(Dutta et al. 2011): 

 
V

A
k

dt

CCd
f

t

t 








0

0/
.    (9) 

and in the integrated form: 

t
V

A
k

C

C
f

t 
0

ln ,     (10) 

where C0 is the initial MB concentration (mg/dm
3
), Ct MB concentration at time t 

(min), kf external surface diffusion coefficient (m/min), A external surface area of the 

activated carbon (1750 m
2
/g), V volume of solution (dm

3
). Parameter kf can be 

estimated from the slope of the ln(Ct/C0) versus t curve at time t→0. 

The internal-pore diffusion can be calculated by using equations which are derived 

from Fick’s law (Hajjaji et al., 2001; Streat et al., 1995) 
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where Ce is the MB equilibrium concentration (mg/dm
3
), D is the internal-pore 

diffusion coefficient (m
2
/min) and r is the particle radius assuming spherical geometry 

(2.10
-6

 m). A plot of ln[1-F(t)
2
] versus time t should be linear with a slop of -

2
D/r

2
, 

which is commonly known as the diffusional rate constant.  

Table 2 shows that the intraparticle diffusion model rate constant, kint, which 

increases as the initial MB concentration increases. This could be attributed to the 

driving force of diffusion. The driving force changes with the MB concentration in the 

solution. The linear plots at various concentration do not pass through the origin, 

which shows that the intraparticle diffusion is not the only rate-controlling step (Fig. 

3). If the plot is straight line passing through the origin, then the adsorption rate is 

governed by particle diffusion mechanism. Otherwise, it is governed by the film 

diffusion (Sarkar et al., 2003). The values of c are related to the boundary layer 

resistance. It is relatively high, and the greater is the contribution of the surface 

adsorption in the rate limiting step. 

The values of external diffusion coefficient, kf, increase by the increasing initial 

MB concentration (Table 2). The change in kf, depends on the surface area and pore 

distribution of activated carbon. The activated carbon has micropores and external 

diffusion is more diffucult with the increasing initial concentration of MB. 

The internal pore diffusivities were determined using Eq. (12). The adsorption data 

in Table 2 show that the internal pore diffusion coefficients is increasing with the 

increasing initial dye concentration.  

A comparison of the adsorption capacities of MB adsorption estimated from the 

kinetic studies on various adsorbents is presented in Table 3. The variation in 

adsorption capacities and affinities can be mainly attributed to the differences in 

experimental condition and properties of the adsorbent. From Table 3, it can be 

observed, that the values of qe of WZ for MB adsorption for the same initial 

concentration were higher than that for agricultural by-products (wood sawdust, 

rejected tea, carrot powder etc), zeolite, and activated carbon. The results 

demonstrated that WZ’s could be employed as promising adsorbents. 

Table 2. Diffusion parameters of adsorption 

Concentration (mg/dm3) 50 75 100 

İntraparticle diffusion 

kint (mgg–1min–1/2). 1.12 1.18 1.42 

c 12.29 25.46 35.42 

R2 0.898 0.970 0.989 

External-film diffusion 

kf108 (m/min) 13.10 14.50 15.10 

R2 0.976 0.980 0.993 

Internal-pore diffusion 

D1015(m2/min) 22.31 27.18 28.27 

R2 0.893 0.963 0.939 
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Table 3. Adsorption capacities of MB for adsorbents 

Adsorbent Co (mg/dm3) qe (mg/g) Ref. 

Wood sawdust 120 16.21 (Ofomaja, 2008) 

Cotton stalk 475 
825 

104.82 
211.35 

(Deng et al., 20011) 

Cotton stalk 

(with H2SO4) 

950 

1415 

240.96 

381.68 

(Deng et al., 20011) 

Cotton stalk 

(with H3PO4) 

950 

1415 

173.01 

242.13 

(Deng et al., 20011) 

Rejected tea 50 
100 

200 

20.80 
40.50 

80.00 

(Nasuha et al., 2010) 

Kenaf care fibers 50 

100 

150 

44.84 

96.15 

142.80 

(Sajab et al., 2011) 

Activated carbon 
(from posidonia oceonica) 

250 
500 

750 

50.09 
101.40 

153.55 

(Durala et al., 2011) 

Wheat straw 100 96.40 (Han et al., 2010) 
Palm kernel fiber 20 

40 

80 
160 

7.67 

7.22 

27.22 
31.26 

(El-Sayed et al., 2011) 

Peanut husk 80 35.52 (Song et al., 2011) 

Carrot leaves powder 10 4.10 (Kushwaha et al., 2011) 
Carrot stem powder 10 4.34 (Kushwaha et al., 2011) 

J. curcas cake residue 200 

500 

160.85 

282.31 

(Kurniawan et al. 2011) 

Titanate nanotubes 50 

100 

94.15 

129.17 

(Xionga et al. 2010) 

NaOH-modified rejected 
tea 

50 
100 

200 

300 

2.44 
3.99 

19.80 

71.42 

(Nasuha et al. 2011) 

Lotus leaf powder 50 

100 

46.00 

91.00 

(Han et al., 2011) 

Zeolite 30 
55 

113 

4.81 
8.27 

14.90 

(Han et al., 2009) 

Jack fruit peel 35 

80 

130 

10.58 

25.48 

40.70 

(Hameed, 2009) 

Tea waste 50 24.76 (Udin et al., 2009) 

Activated carbon 

(from textural waste) 

50 

75 
100 

32.36 

42.63 
68.49 

This work 

3.3 Desorption kinetics 

Desorption characteristics or regeneration of spent activated carbon is extremely 

important. Desorption experiments were carried out using activated carbon at 25
o
C 

and initial concentration of 50, 75 and 100 mg/dm
3
. As shown in Fig. 4 the desorption 

capacity at equilibrium of MB desorption increased from 0.08 to 0.23 mg/dm
3
 with an 

increase in the initial dye concentration. The desorption reaches equilibrium with solid 

phase concentration of qt at the shortest time of about 6 min. On the other hand, the 
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longest equilibrium time of about 12 min is needed for the case with the highest qt 

values (Tseng et al., 2009). These values show that more than 99% of MB has been 

desorbed. 

 

Fig. 4. Effect of initial dye concentration on the desorption of MB from activated carbons at 298 K 

Desorption kinetics for activated carbon has not been determined in studies 

conducted to date. In this work, the kinetics of desorption has been considered using 

the pseudo-first order, pseudo-second order and Elovich model. Plots of the kinetic 

equation are shown in Figs. 5-7. The experimental results for the three kinetic 

illustrated equations are presented in Table 4. The behavior of k1, k2 and β could be 

attributed to the decrease in dye concentration in activated carbon. The R
2
 values of 

the pseudo second-order model were >0.93, which is higher than the R
2
 values 

obtained for the pseudo-first-order and the Elovich model. Therefore, the desorption 

kinetics could be better described by the pseudo-second-order kinetic model for MB 

desorption from activated carbon. 

Table 4. Kinetic parameters of desorption 

Concentration (mg/dm3) 50 75 100 

qe,exp (mg/g) 0.08 0.09 0.23 

Pseudo-first order 

qe,cal (mg/g) 2.00 8.03 18.88 

k1 (min-1) 0.13 0.12 0.10 

R2 0.756 0.929 0.892 

Pseudo-second order 

qe,cal (mg/g) 0.11 0.29 0.51 

k2 (gmg-1min-1) 2.11 0.61 0.31 

h (mgg-1min-1) 0.025 0.051 0.081 

R2 0.978 0.934 0.941 

Elovich 

α (mgg-1min-1) 38.67 102.4 305.27 

β (g/mg) 0.32 0.22 0.09 

R2 0.800 0.875 0.849 
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Fig. 5. Pseudo-first-order kinetics for the desorption of MB 

 

 
Fig. 6. Pseudo-second-order kinetics for the desorption of MB 

 

 
Fig. 7. The Elovich kinetics model for the desorption of MB 
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4. Conclusion 

Activated carbon (WZ) can be used as adsorbent for removal of MB from its 

aqueous solution. 

The kinetics of MB adsorption onto activated carbon was examined using the 

pseudo-first-order, pseudo-second-order and Elovich kinetics models. The adsorption 

kinetics followed the pseudo-second-order kinetic model. 

The adsorption of MB onto activated carbon was controlled by external diffusion. 

The rate of adsorption of MB was very high during the first ten minutes. This was 

followed by a slower rate, and gradually approached a plateau. 

Regeneration efficiency of activated carbon (or desorption of MB) was calculated 

to be 99%. The desorption kinetics followed the pseudo-second-order kinetic model.  
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ENHANCEMENT OF COLEMANITE FLOTATION BY ULTRASONIC 

PRE-TREATMENT 

Safak G. OZKAN, Can GUNGOREN 

Istanbul University, Eng. Faculty, Mining Eng. Dept., 34320, Avcilar, Istanbul, Turkey  

Abstract. Ultrasonic treatment methods are widely used for surface cleaning purposes prior to 

application of flotation. In this study, enhancement possibility for colemanite recovery was 

investigated with use of an ultrasonic bath prior to flotation. Representative colemanite ore 

samples from Hisarcik and Espey open pit mines, located in Emet, Turkey were used for this 

purpose. Ultrasonic flotation experiments were carried out by using circularly shaped RK-106 

model of ultrasonic bath with constant frequency and power, manufactured by Bandelin GmbH 

in Germany and Denver Sub-2A type flotation machine with an impeller speed of 1200 rpm 

and 1 cubic decimeter capacity. The reagent for colemanite flotation was Cytec-R825 with 

variable dosages during conventional and ultrasonic flotation experiments. The results showed 

that ultrasonic pre-treatment helps desliming and hence yields more borate recovery in floated 

part with lower borate content in tailing than under conventional flotation conditions by using 

similar reagent dosages. 

keywords: colemanite flotation, ultrasound, ultrasonic pre-treatment, desliming, borates 

1. Introduction 

Froth flotation process can be influenced by a large number of material, chemical, 

equipment and operational variables. Changing one of these variables certainly affects 

the results of flotation, such as grade and recovery significantly. Ultrasound is one of 

the important treatment methods used to advance the flotation process (Stoev, 1992; 

Ozkan and Gungoren, 2010).  

Chemical effects of ultrasonic treatment in a flotation system are characterized by 

cavitation and are accompanied by a local increase in pressure and temperature. As 

solid/liquid interactions are weaker than liquid cohesion forces, solid/liquid interfaces 

are more amenable to the formation of cavitation. The unsettled conditions occurred at 

a solid/liquid interface can modify the surface properties of minerals, leading to 

changes in the adsorption of collectors on minerals and accordingly in their flotation 

responses. However, dispersive effects occur when ultrasound is applied to a pulp 

containing a stabilizer such as a surfactant. This phenomenon ends with the formation 

of an emulsion. Ultrasonic treatment can improve the effectiveness of a reagent due to 

more uniform distribution in the suspension and also in enhancement of the activity of 

http://www.minproc.pwr.wroc.pl/journal/
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the chemicals used (Celik, 1987; Cilek, Ozgen, 2010, Letmahe et al., 2002; Mitome, 

2003; Ozkan and Kuyumcu, 2006, 2007). 

In this study colemanite flotation was optimized by conventional evaluation 

methods such as grade-recovery curves considering some of the material 

characterization tests, i.e. zeta potential measurements, and the results were compared 

with ultrasonic flotation data. 
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Fig. 1. Simplified processing flow-sheet of the Hisarcik colemanite concentrator 

 (Arslan, 2007; Gungoren, 2009) 
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Fig. 2. Simplified processing flow-sheet of the Espey colemanite concentrator 

 (Arslan, 2007; Gungoren, 2009) 

2. Material and method 

Current colemanite samples were taken from the product stockpiles insufficiently 

processed in terms of their borate contents by Eti Mines Inc. at Hisarcik and Espey 

open pit mines, situated in Emet, Kutahya, Turkey. The particle size fraction of the 

samples was -3 mm. They had insufficient B2O3% grades. Current colemanite 
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processing flow-sheets of both concentrator plants operated by Eti Mines Inc. are 

shown in Figs. 1 and 2 (Arslan, 2007; Gungoren, 2009). The points of which the 

current samples were taken are illustrated on the process flowsheets. 

The material characterization tests include grinding tests, particle size distrubition, 

complete chemical and mineralogical analyses as well as zeta potential measurements. 

The mineralogical and mineral liberation observations were carried out by an 

optical binocular microscope. Besides the major colemanite mineral, some clays and 

arsenic minerals such as orpiment and realgar were observed as gangue minerals. It 

was also observed that colemanite liberates at minus 250 µm. Because of the possible 

neagative effects of slime coatings, material at minus 38 µm was decided to be 

removed before flotation. 

Before flotation, grinding tests were performed by a laboratory scale rod mill. 

About 1 kg sample was ground for the periods of 5, 10 and 20 minutes. Cumulative 

under size curves of the ground material are shown in Fig. 3. Consequently, optimal 

grinding time was determined as 8 minutes. 

  

Fig. 3. Cumulative size distributions of the ground samples 

The complete chemical analyses of the samples were performed at Eti Mines Inc.’s 

Emet Boron Works Laboratory and the results are shown in Table 1. 

Zeta potentials of conventional and ultrasonically treated pure colemanite, which 

was previously hand-selected from the Emet deposits, were measured using a Nano Z 

(ZEN2500) model zeta meter supplied from Malvern Instruments. The device uses a 

combination of measurement techniques: Electrophoresis and Laser Doppler 

Velocimetry, called Laser Doppler Electrophoresis. This method is based on the 

velocity of particle movement in a liquid when electrical field is applied. Hand-

selected pure colemanite crystals were ground with a mortar grinder, classified to 

minus 75 plus 38 micrometer particle size and used during the measurements. 

Suspensions at different pH values were prepared. Next, a small amount of the 

representative sample was transferred to the measurement cell. In Fig. 4, the zeta 

potential variation against various pH values can be seen. It explains the reasons for 
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selection of an anionic type collector, sodium alkyl sulphonate (Cytec R825) for 

colemanite flotation. 

To reveal the effects of ultrasound applied before flotation, the tests were carried 

out on conventionally and ultrasonically pre-treated samples separately.  

Table 1. Complete chemical analyses results of the investigated samples 

Sample 

B2O3   SiO2 MgO CaO TiO2 Al2O3 SrO K2O Fe2O3 As  LOI %                        

900 °C,                      

15 min % % % % % % % % % ppm 

Hisarcik 0-3 mm 32.64 11.35 7.61 21.44 0.06 1.14 0.57 0.55 0.54 750 23.47 

Espey 0-3 mm 39.28 8.72 2.68 22.10 0.15 2.28 1.41 0.83 1.24 350 21.04 

A Denver Sub 2A flotation machine with one dm
3
 cell volume was employed in the 

experiments. The agitation speed of 1200 rpm and 20% pulp to solid ratio were chosen 

during the tests. A five percent volumetric concentration of a sodium sulphonate type 

Cytec R825 collector and alcohol type Ekofol 440 frother were used. The collector 

was tested in four different dosages: 500, 1000, 1500 and 2000 g/Mg, whereas the 

frother quantity was kept at 100 g/Mg for all experiments.  

A circular profile, 35 kHz single frequency and 120 W single power Bandelin 

RK106 model ultrasonic bath was used for ultrasonic pre-treatment. Colemanite 

samples with 20% pulp to solid ratio were sonicated for 10 minutes under above 

conditions. 

 

 

 

 

 

 

 

 

 

Fig. 4. Zeta potential variation of pure colemanite 

samples obtained from Emet deposits 

3. Experimental results 

Concentration tests can be categorized into conventional and ultrasonically pre-

treated flotation with variable parameters for comparison and evaluation of the results. 

The purpose of these tests is to demonstrate and to clarify the grade and recovery 

differences between conventional and ultrasonicaly pre-treated flotation tests.  

The grades and recoveries of flotation products are given in Figs. 5 and 6. B2O3 

grade and recovery values regard flotation concentrates (floated) and tailings (sinked), 

whereas Fe2O3 % and As2O3 % values characterize the tailings (sinked). 
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Fig. 5. Grade and recovery values of flotation products for the Hisarcik samples 

Figures 5 and 6 show that the B2O3 content in the concentrates tends to rise with 

increasing the amount of collector until 1500 g/Mg for both the Hisarcik and Espey 

samples achieving recoveries up to 80%. The B2O3 grades of ultrasonically pre-treated 

samples are slightly greater than the conventional ones. 

The Fe2O3 and As2O3 contents in the flotation tailings also go up with increasing 

collector dosage, though the recoveries decrease. 
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Fig. 6. Grade and recovery values of flotation products for the Espey samples 

4. Discussion and conclusions 

The results show that ultrasonic pre-treatment gives encouraging flotation results 

for both Hisarcik and Espey colemanite samples. However, it should be kept in mind 

that the samples used in this study are not run-of-mine ore. They are low grade 

concentrates which were tried to get suitable grades during this study. As seen from 

the B2O3 grade-recovery curves from the Figures 5 and 6 that increasing reagent 

dosages did not necesserally raise the grade and recovery values for the floated 
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colemanite.  Approximately 41% B2O3 grade value was reached by desliming only for 

both samples for particle size of -250+38 µm. In addition, the B2O3 % grade value 

could be increased upto 49% by ultrasonically pre-treated flotation with a recovery of 

above 80%. Besides, the B2O3 grade of the tailings was decreased to around 20% B2O3 

agaisnt the feed grade B2O3 grade of 33% for Hisarcik and 39% for Espey 

respectively. The optimal results were reached with use of 1500 g/Mg collector 

dosage. 

During flotation, the Fe2O3 and As2O3 contents of the samples were also 

investigated. As seen from the Fe2O3 and As2O3 grade-recovery curves in Figs. 5 and 6 

the increasing reagent dosages did not significantly affect the grade and recovery 

values for sinked tailings. In the concentrates, 0.10% Fe2O3 grade could be reached 

when the feed grade was between 0.70-1.00 % while As2O3 grade could be decreased 

from 0.35% to 0.10%.  

It is believed that better results in the ultrasonically pre-treated flotation, than in the 

conventional flotation, were caused by a cavitation effect of ultrasounds. It is also 

assumed that the high speed water jets at high pressure and temperature during the 

sonication remove the clay and slime coatings on the surface of colemanite which 

obstruct reagent adsorption. Due to the ultrasounds the reagents can absorb more 

effectively on the surface of colemanite and increase their hydrophobicity.     
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Abstract. Silica/lignin biocomposites were obtained by a new method proposed and fully 

characterised. Silica was precipitated from aqueous solution of sodium silicate (as an SiO2 

precursor) and sulphuric acid (as a precipitating agent). The support obtained was subjected to 

surface functionalisation with aminosilane and then modified with Kraft lignin preliminary 

activated with sodium periodate solution. The products were characterised by elemental (N, C, 

H, S) and colorimetric analyses. Adsorption properties of the products were evaluated on the 

basis of determination of specific surface area, pore volume and pore diameter. The influence 

of the amount of lignin incorporated into the silica matrix on the physicochemical properties of 

the biocomposites was proved to be significant. The materials obtained can be used as selective 

adsorbents of heavy metals or pro-ecological polymer fillers. 

keywords: silica/lignin biocomposites, silica, Kraft lignin, modification, physicochemical 

properties 

1. Introduction 

Dynamic development of production technologies of new materials has been 

focused on getting products of specific target properties. A large group of such new 

materials is based on silica and show a large variety of morphological features. 

Particularly interesting is production of composites with an addition of organic origin 

polymer such as for instance lignin. The use of biodegradable materials such as lignin 

in an inorganic matrix offers a possibility of obtaining a new generation of highly 

functional biocomposites of prospective economic importance.  

Silica belongs to the most abundant natural materials. The most often used methods 

of its production include: hydrolysis and condensation of tetraalkoxysilanes according 

to the Stöber method (Stöber, 1968; Ibrahim, 2010), precipitation from sodium 

metasilicate aqueous solution in polar and nonpolar systems (Jesionowski, 2001, 

2002) and high-temperature combustion of silicon halogens in the gas phase (Wypych, 

2010). Because of a number of valuable physicochemical properties such as large 

surface area, high hardness, chemical resistance and high mechanical resistance, silica 

has been widely used in many branches of industry and in everyday use products. 

http://www.minproc.pwr.wroc.pl/journal/


464 L. Klapiszewski et al. 

Lignin is the second most abundant natural renewable material from the group of 

polymers and has been for a long time viewed as an attractive material for versatile 

use (Lora, 2002). Complex chemical structure of lignin, its valuable physicochemical 

properties and a variety of chemical compositions, have made it a subject of interest of 

many research groups. Recently, large amounts of lignin has been produced as a side 

product in the so-called Kraft process (Chakar, 2004; Wallberg, 2006). Lignin, 

obtained in this process or isolated by some extraction methods, has been used for 

instance to produce energy (Sannigrahi, 2010), in electrotechnology, electrochemistry 

(Milczarek, 2009), pharmacy (Tolba, 2011) and in production of modern functional 

biocomposites of specific properties (Gosselink, 2004). 

Increasing cost of energy and the need to protect the natural environment have 

directed much attention to biodegradable materials based on renewable resources, 

being environmentally friendly and cheaper. Such interesting new materials are for 

example silica/lignin biocomposites of a wide range of potential applications. 

According to the so far published scarce literature on such materials, they can be used 

as adsorbents of harmful organic compounds or heavy metal ions (Hayashi, 1997; Qu, 

2010) or as polymer fillers (Ignat, 2011). 

The aim of this study was to obtain a silica/lignin composite in the process of silica 

(silica was precipitated in a polar system) surface modification with an appropriate 

lignin solution and a thorough characterisation of the product. 

2. Experimental 

2.1. Hydrated silica/lignin biocomposite synthesis 

Silica used for the study was precipitated in a polar system as a result of reaction 

between aqueous solution of sodium silicate (Vitrosilicon SA) and 5% sulphuric acid 

(Chempur
®
). The reaction mixture was subjected to intense stirring (1800 rev/min) in 

a high-speed stirrer Eurostar digital made by IKA–Werke GmbH. The reaction was 

carried out at 85°C. The silica suspension obtained was filtered off under reduced 

pressure and washed a few times with water. The final white precipitate was dried by 

the convection method at 105°C for about 24 h. Part of the product was subjected to 

preliminary surface functionalisation N–2–(aminoethyl)–3–aminopropyltrimethoxy-

silane to activate the silica surface.  

The initial silica and the silica preliminarily modified with silane were subjected to 

proper functionalisation with Kraft lignin. Two solutions were made. One was labelled 

as S1. It was lignin dissolved in a dioxane:water (9:1, v/v) mixture. The other was 

labelled as S2 and it was an aqueous solution of sodium iodate. The S1 solution was 

placed in a reactor to which S2 was introduced in doses at a constant rate. After 

introduction of the whole S2 solution, the reaction solution was stirred for 30 minutes. 

The process of lignin compounds activation was performed with no access of light. To 

the mixture of solutions, a certain amount of silica (unmodified or modified with the 

above-mentioned silane) was added and the stirring was continued for 1 hour. The 
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final product, silica/lignin biocomposite, was moved to a vacuum evaporator to distil 

off the solvent. The composite was dried for about 24 h at 105°C. The process of 

SiO2/lignin biocomposite synthesis is schematically illustrated in Fig. 1.  

 

Fig. 1. The simplified scheme for obtaining of silica/lignin biocomposites 

2.2. Physicochemical evaluation 

The silica/lignin biocomposites were subjected to a thorough physicochemical and 

dispersive–morphological analysis. The particle size distribution was determined by 

two different methods and in different ranges using a Zetasizer Nano ZS employing 

the NIBS technique in the range of 0.6–6000 nm and Mastersizer 2000 employing the 

laser diffraction technique in the range of 0.2–2000 μm. Both instruments were made 

by Malvern Instruments Ltd. Elemental composition of the samples (N, C, H, S) was 

made using a Vario EL Cube made by Elementar, while their colorimetric analyses 
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were made with a Specbos 4000 colorimeter (YETI Technische Instrumente GmbH). 

Adsorption properties of some samples were characterised by determination of the 

specific surface area BET, total pore volume and pore size calculated by the BJH 

method. Relevant measurements were made on an ASAP 2020 instrument made by 

Micromeritics Instrument Co. 

3. Results and discussion 

Table 1 presents the data characterising physicochemical properties of the initial 

unmodified silica (sample 1) and SiO2/lignin biocomposites obtained on the basis of 

this silica (samples 2–8). The particle size distributions were determined by a 

Zetasizer Nano ZS (in the range of 0.6–6000 nm) and Mastersizer 2000 (in the range 

of 0.2–2000 μm). 

Table 1. Dispersive properties of unmodified silica and silica/lignin biocomposites 

Sample 

No. 

Content of lignin 

in relation to the 

unmodified silica 

matrix 

(wt./wt.) 

Dispersive properties 

Particle size 

distribution from 

Zetasizer Nano ZS  

(nm) 

Particle diameter from  

Mastersizer 2000  

(μm) 

d(0.1) d(0.5) d(0.9) D[4.3] 

1 
0 

(unmodified silica) 

44–59  

1110–5560  
4.63 19.40 43.31 25.12 

2 3 

91–122 

220–295 

1480–5560  

4.60 16.85 37.33 19.20 

3 5 
106–190 

712–4150  
4.60 17.71 38.01 19.80 

4 10 
79–106 

1990–5560  
4.74 18.82 40.44 21.03 

5 20 
79–122 

1720–4150  
4.50 19.41 42.16 22.72 

6 30 
79–106 

1990–5560  
4.33 19.51 42.29 22.92 

7 40 
79–142 

1280–4800  
5.38 21.63 44.57 23.75 

8 50 
79–142 

1280–4150  
5.24 23.14 48.35 25.43 

The primary particles in sample 1 of precipitated and unmodified silica had 

diameters in the range of 44–59 nm. These particles showed a tendency to form 

agglomerates of the size 1110–5560 nm in size. As follows from the Mastersizer 2000 

results, 10% of the sample particles have diameters smaller than 4.63 μm, while 90% 

of the sample particles have diameters smaller than 43.31 μm. The particle size 

distributions obtained for the silica/lignin biocomposites studied are nanometric. The 
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particles show a tendency to formation of agglomerates and this tendency is the 

stronger the greater is the content of lignin. The particle size distribution recorded on 

Mastersizer 2000 indicates that 90% of particles in sample 2 have diameters below 

37.33 μm, while 90% of particles in sample 8 (containing 50 weight parts of lignin per 

100 weight parts of silica) have diameters below 48.35 μm.  

The best dispersive–morphological properties show the biocomposites containing 

the lowest amount of lignin. The samples containing 30 weight parts by mass or more 

of lignin (samples 6, 7, 8) show greater inhomogeneity, which is most probably a 

consequence of the lack of lignin oxidation and its partial degradation. Figure 2 

presents dispersive–morphological results for sample 5, containing 20 weight parts by 

mass of lignin. The particle size distribution obtained on Zetasizer Nano ZS revealed 

two bands, the first covering the range of 79–122 nm and the second corresponding to 

agglomerates, covering the range 1720–4150 nm range. The maximum intensity of 

19.5% corresponds to particles of the 91 nm in size. The results are confirmed by the 

SEM image showing the presence of small particles of diameters below 100 nm and 

greater agglomerate structures. 

  

(a) (b) 

Fig. 2. (a) Particle size distribution (Zetasier Nano ZS) and (b) SEM microphotograph of silica/lignin 

biocomposite (sample 5) prepared on the basis of unmodified silica 

An additional confirmation of the tendency to agglomerate formation with 

increasing content of lignin in the silica matrix is the particle size distribution recorded 

with Mastersizer 2000 (Fig. 3). With increasing content of lignin the particle size 

distribution peaks are shifted towards greater particle diameters. The greatest 

contribution of large diameter particles and the lowest contribution of the smallest size 

ones was observed for sample 8. 

Figure 4 presents results of colorimetric analysis of the biocomposite samples, 

confirming the correctness of the process of modification. The surface 

functionalisation of the unmodified silica with a lignin solution caused a significant 
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decrease in the lightness parameter L*. For the unmodified silica (sample 1) 

L*=93.78, as a result of modification with a lignin solution the value of this parameter 

decreases: L*=85.68 for sample 2 and L*=46.17 for sample 8. The value of dE* 

describing a total change in colour, increases with increasing content of lignin in the 

biocomposite. 

 

 
Fig. 3. Particle size distribution (Mastersizer 

2000) of silica/lignin biocomposites 

Fig. 4. Colorimetric data of unmodified silica 

(sample 1) and silica/lignin biocomposites 

 (samples 2–8) 

Table 2. Chemical content of unmodified silica (sample 1) and silica/lignin biocomposites (samples 2–8) 

on the basis of unmodified silica 

Sample 

No. 

Elemental content (%) 

C H S 

1 0.31 1.28 - 

2 1.56 1.37 0.14 

3 2.33 1.43 0.20 

4 3.42 1.48 0.33 

5 5.01 1.53 0.50 

6 6.80 1.67 0.66 

7 8.94 1.70 0.80 

8 10.56 1.86 1.03 

Results of elementary analysis (N, C, H, S) of the biocomposite samples based on 

unmodified silica are given in Table 2. As shown, with increasing content of lignin the 

contents of carbon, hydrogen and sulphur increase. For example, sample 2 with the 

lowest content of lignin per unmodified silica (3 wt./wt.) contains 1.56% of carbon 

and 1.37% of hydrogen. Sample 8, containing 50 weight parts by mass of lignin, has 

10.56% of carbon and 1.86% of hydrogen. A small increase in the content of sulphur 

in the samples with increasing content of lignin is related to the presence of sulphur in 

the commercial Kraft lignin used in the study. 
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The above results were compared with those obtained for silica/lignin 

biocomposites based on silica preliminary modified with N–2–(aminoethyl)–3–

aminopropyltrimethoxysilane. The data characterising dispersive properties of samples 

based on silane modified silica are presented in Table 3. 

Table 3. Dispersive properties of silica modified with aminosilane and of silica/lignin biocomposites  

Sample 

No. 

Content of lignin 

in relation to the 

silica matrix 

modified with 

aminosilane 

(wt./wt.) 

Dispersive properties 

Particle size 

distribution from 

Zetasizer Nano ZS  

(nm) 

Particle diameter from  

Mastersizer 2000  

(μm) 

d(0.1) d(0.5) d(0.9) D[4.3] 

9 

0 

(silica modified 

with aminosilane) 

59–106 

1480–5560  
5.75 22.66 47.84 22.11 

10 3 
44–79 

1280–4800  
4.41 16.12 34.15 18.01 

11 5 
68–122 

2300–5560  
4.69 16.20 34.29 18.15 

12 10 
59–122 

1110–5560  
4.80 20.31 42.74 23.41 

13 20 

68–122 

712–1480  

2670–5560 

4.90 21.43 44.22 24.43 

14 30 

68–91 

342–396 

1480–4150  

4.80 21.45 44.16 23.39 

15 40 
68–122 

531–2670  
5.56 23.53 47.19 25.42 

16 50 
68–106 

459–4150  
5.01 22.82 48.15 26.08 

According to the data presented in Table 3, modified silica (sample 9) shows 

increased particle size and a greater tendency to agglomeration when compared with 

the unmodified one (sample 1). In sample 9, 10% of particles have diameter smaller 

than 5.75 μm, while 90% of particles have diameters smaller than 47.84 μm. In 

unmodified silica (sample 1) 10% of particles have diameters up to 4.63 μm, while 

90% of particles have diameters smaller than 43.31 μm. Modification of silica was 

responsible for a small shift of the particle size distribution towards larger particle 

diameters. The above data are corroborated by the results recorded on Zetasizer Nano 

ZS. The dispersive–morphological features of samples 10–16 based on silane 

modified silica are similar to those of samples 2–8 based on unmodified silica. With 

increasing content of lignin, the biocomposite samples show increasing tendency to 

agglomeration, similarly as it was observed for the samples based on unmodified silica 

(Table 1).  
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Figure 5 presents the particle size distribution recorded in the Zetasizer Nano ZS 

and SEM image of sample 13 (20 weight parts by mass of lignin in relation to silane–

grafted silica). Three peaks are obtained: the first corresponds to primary particles and 

covers the range of 68–122 nm, the second corresponds to aggregations and covers the 

range of 712–1480 nm and the third in the range of 2670–5560 nm corresponds to 

agglomerates. The results are confirmed by the SEM image (Fig. 5b) showing the 

presence of small particles and larger agglomerate clusters. No significant differences 

in dispersive and morphological properties were found between the samples based on 

unmodified and silane modified silica. This conclusion is confirmed by the results 

obtained with Mastersizer 2000 (Fig. 6) showing that with increasing content of lignin 

the contribution of greater size particles increases. 

 
 

(a) (b) 

Fig. 5. (a) Particle size distribution (Zetasier Nano ZS) and (b) SEM microphotograph of silica/lignin 

biocomposite (sample 13) prepared on the basis of silica modified with aminosilane 

As follows from the colorimetric analysis (Fig. 7) with increasing content of lignin 

in the samples based on modified silica, the lightness L* decreases while the total 

colour change dE* increases. A comparison of colorimetric results obtained for 

unmodified and silane modified silica has shown that the silane modification leads 

first of all to reduction in the lightness L*. For example the lightness of samples 6 

(unmodified silica) and 13 (modified silica) containing 20 weight parts by mass of 

lignin was L*=64.75 and L*=60.19, respectively. This results indicates an increase in 

the silica affinity to lignin as a result of preliminary silane functionalisation of the 

former. 

Data on the chemical composition of silane modified silica (sample 9) and 

biocomposites based on modified silica (samples 10–16) are given in Table 4. 

As follows from the data, the effect of the preliminary silane modification was an 

increase in the nitrogen content to 0.61%. Analysis of the data for samples 10–16 has 

shown an increase in the content of carbon, hydrogen and sulphur with increasing 

content of lignin. The results are consistent with expectations. Moreover, greater 



Preparation and characterisation of hydrated silica/lignin biocomposites                        471 

contents of N, C, H and S in the samples based on silane modified silica illustrates the 

significance of changes caused by the silane applied. 

 
 

Fig. 6. Particle size distribution  

(Mastersizer  2000) of silica/lignin 

biocomposites 

Fig. 7. Colorimetric data of silica modified with 

aminosilane (sample 9) and  silica/lignin 

biocomposites (samples 10–16) 

Table 4. Chemical content of silica modified with aminosilane (sample 9) and silica/lignin biocomposites 

(samples 10–16) on the basis of silica modified with aminosilane 

Sample 

No. 

Elemental content (%) 

N C H S 

9 0.61 1.44 1.48 - 

10 0.44 2.60 1.47 0.18 

11 0.49 3.45 1.53 0.23 

12 0.42 5.04 1.67 0.39 

13 0.40 6.70 1.75 0.57 

14 0.40 7.97 1.81 0.70 

15 0.36 10.15 1.88 0.87 

16 0.31 11.33 1.93 1.03 

Table 5 presents the data characterising adsorption properties of unmodified silica  

(sample 1), preliminary silane modified silica (sample 9) and selected silica/lignin 

biocomposites (samples 4, 8, 12, 16). The specific surface area of these products 

varies from 108 to 131 m
2
/g. Preliminary modification with silane leads to a small 

increase in the surface area relative to the unmodified silane sample. The mean pore 

size for all samples are similar and vary from 3.55 to 3.61 nm, which confirms their 

mesoporous character. Surface functionalisation of silica, either unmodified or 

modified, with Kraft lignin solution did not affect significantly the adsorption 

properties of the materials studied 
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Table 5. Adsorptive properties of silica and silica/lignin biocomposites 

Sample 

No. 

BET surface area 

 (m2/g) 

Total volume of pores 

(cm3/g) 

Mean size of pores 

 (nm) 

1 129 0.009 3.55 

4 115 0.004 3.59 

8 108 0.002 3.61 

9 131 0.010 3.55 

12 118 0.006 3.58 

16 109 0.004 3.55 

4. Conclusions 

The proposed method of silica/lignin biocomposites synthesis permits obtaining 

products with well-defined dispersive, morphological and adsorption properties.  

These properties were found to be significantly influenced by the content of lignin 

introduced and the modification with the selected aminosilane. With increasing 

content of lignin in relation of silica matrix (either unmodified or modified) the 

contribution of greater size particles increases, so does the tendency to agglomeration. 

The biocomposites with the lowest content of lignin show the best dispersive and 

morphological properties. As follows from elemental and colorimetric analyses, 

preliminary silica modification with silane has brought an increase in the surface 

activity of the material permitting binding a greater amount of lignin at the same 

weight contributions. Determination of the adsorption properties of the products 

obtained has confirmed their mesoporous character.  
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Abstract. In this study the separation possibility of gangue minerals from a low grade 

magnetite ore with 45% Fe from an iron ore deposit located near Erzincan-Turkey was 

investigated. The iron ore deposit consists of mainly magnetite mineral. Hematite is the second 

iron oxide found in the deposit. The gangue minerals contain mainly SiO2 and Al2O3 

impurities. The main object of the research is to investigate the production of a concentrate 

suitable for iron ore pellet production. The concentrate for pellet production should have at 

least 65% Fe with reasonable gangue contents (SiO2 <6.0% and Al2O3 <1.0%). The Davis tube 

and low intensity drum type wet magnetic separators were used for upgrading the Fe content 

and separation of gangue impurities from the iron ore. The results showed that, in order to 

produce a concentrate with sufficient Fe grade (>65% Fe), the iron ore should be ground to get 

45% of material by weight to be finer than 45 m. The concentrate with over 65% Fe and 90% 

Fe recovery could be produced with 45% Fe content from the feed material by crushing, 

grinding and magnetic separation operations. 

keywords: iron ore, magnetite, magnetic separation, iron ore pellet 

1. Introduction 

The main raw material for iron production in the iron-steel industry is iron oxide 

ore. Natural iron oxide ores can be typically classified as high grade (>65% Fe), 

medium grade (<65 and >62% Fe) and low grade (<62% Fe) in terms of their Fe 

contents. The high grade iron ores, which can be used directly in the blast furnace to 

produce metallic iron, are not abundant in earth’s crust to supply the need of iron-steel 

industry. The exploitation of low grade iron ores is possible after enrichment. The low 

grade iron ores with considerable amount of gangue minerals, e.g. silica, alumina, 

calcium and magnesium compounds, require concentration. For concentration, iron 

ore is crushed and ground for liberation before the implementation of separation 

techniques. Liberation can mostly be achieved at a very fine particle size and, hence, 

the concentrate obtained is not suitable to be charged directly into the blast furnace or 

the DR-plant without converting it into suitably sized agglomerates. The most 

http://www.minproc.pwr.wroc.pl/journal/
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commonly employed agglomeration technique is pelletizing. In pelletizing, a mixture 

of finely ground iron ore, water and binder is rolled in a mechanical disc or drum to 

produce agglomerates (green balls or wet pellets). Green pellets then undergo a 

thermal process, which consists of three stages, namely drying (250 – 400
o
C), 

preheating (900 – 1100
o
C) and firing (1200 – 1300

o
C) (Sivrikaya and Arol, 2010). 

Pellets can be charged to reduction furnaces to produce metallic iron. 

In previous exploration studies conducted by MTA (General Directorate of Mineral 

Research and Exploration of Turkey) revealed the existence of four main formations; 

Kızılkaya, South Kızılkaya, Taştepe and Dönentaş (Yaman, 1985; Yıldırım, 1985). It 

was also reported that the iron ore deposit consists of mainly magnetite. Hematite is 

the second iron oxide found in the deposit. The reserve (proven plus possible) of the 

deposit determined by 95 drilling (12 km in total) done by MTA is given in Table 1. 

Table 1. Proven plus possible reserves and average iron grade of Bizmişen iron ore deposit - Kızılkaya, 

Taştepe and Dönentaş formations (Yaman, 1985; Yıldırım, 1985) 

Formation Reserve, ton Fe % SiO2% Al2O3% S % 

Kızılkaya 10.652.230 54.44 8.23 2.04 1.45 

Kızılkaya (South*) 456.700 58.30 - - - 

Taştepe 2.240.170 43.24 16.29 3.14 0.51 

Dönentaş 9.817.789 43.94 12.05 3.52 1.99 

* no detailed data for this formation is avaible 

The iron ores have been mined from the Taştepe and Kızılkaya formations. No 

production was carried out from Dönentaş formation. A possible and efficient 

production method is necessary to exploit iron ore found in this formation since it has 

remarkable reserve and Fe grade. 

In previous concentration investigation conducted by MTA (Yaman, 1985) the iron 

ore from Taştepe formation was tried to be enriched by magnetic methods. The iron 

ore was crushed to -1 cm and concentrated by magnetic separation. A concentrate was 

produced with 54.51% Fe which is suitable for sinter feed. The tailing of this 

concentration stage was ground to 150 m (100 mesh) and concentrated by magnetic 

separator. An upgraded concentrate with 61.99% Fe which was intended to be used for 

pellet feed, was obtained. However, both products were considered to be not suitable 

since the first one has a high S content and the second one has a low Fe content. 

Investigators concluded that a concentration method in which magnetic separation 

after grinding 80% of the ore to -45 µm should be suitable for this iron ore. 

In another study conducted with the iron ore from the Dönentaş formation by MTA 

(Yıldırım, 1985) the production of lump ore, sinter feed and pellet feed was 

investigated.  It was reported that in the study, lump ore (-22.6+8.0 mm), sinter feed (-

8.0 +0.106 mm) and pellet feed (-0.074 mm) concentrates were produced after 

crushing and grinding by successive stage magnetic separation tests.  
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In this study in the light of the previous works, the evaluation of the low grade iron 

ore deposit was performed. Production of concentrates was investigated for iron ore 

pellet formation by magnetic separation concentration. 

2. Material and methods 

A 100 kg of the Taştepe formation was obtained. Samples of the Kızılkaya and 

Dönentaş formations cannot be taken representatively from the mine field. Therefore, 

these samples were taken from the core samples obtained by drilling done by MTA. 

Representative samples were taken from the magnetic part of the whole core samples. 

Seven different core samples (B5, B52, B73, B81, B97, B27 and B31) were divided 

by sawing and put in separate plastic bags. 

The core samples were separately crushed to -10 mm with a jaw crusher and half of 

samples were split and sealed in labeled plastic bags and saved. The other half was 

stored as stock material after crushing with a roller crusher to -500 µm. Magnetic 

enrichment test samples used in concentration experiments were ground up to desired 

fineness with a centrifuge ball mill. The Fe content of the core representative samples 

are given in Table 2. 

Table 2. Fe content of the core samples used in enrichment tests 

(1)Average Fe content of the representative blended core sample determined at METU (Middle East 

Technical University) 
(2)Average Fe content of the formation written in MTA reports (Yaman, 1985; Yıldırım, 1985) 

Magnetic separation technique was preferred due to its suitability for magnetic ore 

and simplicity. The magnetic separation was performed in two stages. At the first 

stage 8 different samples were ground to different fineness in centrifuge ball mill and 

concentrated by the Davis tube (Fig. 1). The applied magnetic field of the Davis tube 

was 0.1 T. About 15-20 g of ground sample was fed to the Davis tube and a 

concentrate was taken. The liberation of the ore particles is the main parameter affects 

the concentration efficiency. Therefore, different feeds with different sizes were fed to 

the Davis tube. The Fe content of the concentrates was determined by the titration 

method to see the effect of particle size on the Fe content and recovery. The suitable 

Sample Name Formation 
Fe % 

METU(1) MTA(2) 

Taştepe Taştepe 50.27 - 

B5 Taştepe 43.00 39.20 

B52 Dönentaş 43.98 44.79 

B73 Dönentaş 49.85 53.42 

B81 Dönentaş 45.10 51.80 

B97 Dönentaş 50.82 57.14 

B27 Kızılkaya 59.34 60.49 

B31 Kızılkaya 42.59 53.78 
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particle size, which provides 65% Fe grade, was considered as the liberation size for 

individual test samples. 

At the second stage of the investigations, laboratory size low intensity drum type 

wet magnetic separator (Fig. 2) was used to produce in larger quantities concentrates 

and to see the suitability of the magnetic drum separator regarding the liberation size 

determined at the first stage. Representative samples weighing 2 kg were separately 

taken from Taştepe (B5 and B52 samples) and ground in a ball mill. In addition, a 

mixed (Mix1) sample was prepared by blending all samples, excluding B27, in equal 

amount. Since B27 consists of hematite, it cannot be concentrated with the low 

intensity magnetic separator efficiently. The B27 sample has also relatively high Fe 

content, so it was thought that it can be used as direct lump feed for metal iron 

production in reduction operations (blast furnace or DRI furnace). Another mixed 

sample (Mix2) was prepared by blending all samples to see the effect of the B27 

sample on efficiency of separation. 

 

 

Fig. 1. Laboratory Davis tube magnetic separator Fig. 2. Laboratory size low intensity drum type 

wet magnetic separator 

The Taştepe, B5, B52, Mix1 and Mix2 samples in 2 kg batch were ground in ball a 

mill and concentrated in a laboratory size low intensity drum type wet magnetic 

separator and the concentrates were analyzed. All concentrates, excluding Mix2, were 

used in pelletizing tests. 

A 50
o
 inclined laboratory-scale balling disc (Fig. 3) (390 mm diameter, 100 mm 

depth, 11 rpm) was used for the pelletizing experiments. A laboratory muffle furnace 

was used to fire the pellets. Each dry 1 kg concentrate sample was mixed with 0.8% 

bentonite and 10% water before pelletizing. 
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The detailed pelletizing procedure was explained in our previous publication 

(Sivrikaya and Arol, 2011). The green pellets were air-dried overnight and then fired 

at 1200
o
C for 2 hours in a muffle furnace at a heating rate of 5

o
C/min. 

 

 

 

 

 

 

 

Fig. 3. Laboratory size pelletizing disc to produce 

iron ore pellets 

3. Results and discussion 

3.1. Magnetic separation test with the Davis Tube 

The production of a concentrate with 65% Fe was aimed during the magnetic 

separation experiments. In the light of the previous results, the liberation was assumed 

to be at finer particle sizes. In addition, the reference particle size (80% -45 µm) for 

industrial pellet feed was accepted. Therefore, the enrichment possibility of samples 

was investigated according to their fineness (-45 m). The results are given in Figs.  

4-6. The results are grouped according to their formation taken from.  

The Davis tube enrichment results for the Taştepe and B5 core samples which 

represent the Taştepe formation are given in Fig. 4. As can be seen from Fig. 4, when 

the sample is ground to 45%, by weight of  -45 m particles, the Fe grade of 

concentrate is over 65% Fe. 

The B52, B73, B81 and B97 core samples represent the Dönentaş formation. The 

Davis tube enrichment results for these samples are given in Fig. 5. The results 

showed that a concentrate with over 65% Fe can be produced if the feed is ground 38-

53% by weight -45 µm. 

Different results were obtained with B27 and B31 core samples representing the 

Kızılkaya formation (Fig. 6). A concentrate with over 65% Fe can be produced when 

the B27 core sample feed is ground to 25% by weight of the -45 m size fraction. A 

further grinding (60% -45 m) increased the grade of the concentrate up to around 

68.5% Fe. The B27 core sample consists of hematite and due to oxidation of hematite, 

this sample gets loose structure and could be ground easily. A direct use of the lump 

ore is more appropriate since the grade of the B27 sample feed is high (59.34% Fe) 

and the loses (Table 5) would occur during low intensity magnetic separation for this 



480 O. Sivrikaya, A.I. Arol 

type of hematite ores. Therefore the B27 core sample were not used in pelletizing 

experiments. Davis tube enrichment results for the B31 core sample showed that a 

concentrate with about 65% Fe can be produced if the feed is ground 90% by weight -

45 µm. 

  
Fig. 4. Davis tube separation results of Taştepe 

formation according to the content of the -45 m 

particle size fraction in the feed sample 

Fig. 5. Davis tube separation results of Dönentaş 

formation according to the content of the -45 m 

particle size fraction in the feed sample 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Davis tube separation results of Kızılkaya 

formation according to the content of the -45 m 

particle size fraction in the feed sample 

 

The results given above show the necessity of fine grinding for the Bizmişen iron 

ore for enrichment. In order to produce concentrates with sufficient Fe content, the 

iron ore should be ground to 45-80% by weight of the -45 m size fraction in the feed. 

The required particle size for pellets production is assumed to be 80% -45m. 

Therefore, two different ground samples about this particle size (80% by weight -45 

m) were analyzed and recoveries as well as efficiency of separation were calculated. 

The results are given in Table 3. 

As can be seen in Table 3, the concentrates with over 65% Fe and 90% Fe recovery 

could be produced using the Taştepe, B5, B52, B81, B97 and B31 core samples, by 

magnetic separation. It is a well-known that the recovery should be over 90%. Hence, 

these results and findings are satisfying. Although the Fe content for the B27 and B73 

core samples were found to be high enough, their recovery were not sufficient. The 
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reason of this is believed to be due to a low magnetic susceptibility of the minerals 

(hematite and pyrite) present in the two samples. The relatively lower magnetic 

susceptibility of these minerals leads to loses during low intensity magnetic 

separation. 

Table 3. Grade and recoveries of concentrates produced with Davis tube according to the particle size of 

feed sample 

3.2. Magnetic separation tests with magnetic drum concentrator and pelletizing 

experiments 

The Davis tube experiments showed that the enrichment of the Bizmişen iron ore is 

possible and the produced concentrates with a sufficient amount of Fe (over 65% Fe). 

In order to achieve this target the ore should be ground to finer sizes. Since the desired 

particle size for pellet production is minimum 80% -45 m, the feed was ground to 

this fineness and fed to the laboratory size low intensity drum type wet magnetic 

separator. Different particle sizes were not using the drum separator due to a lack of 

enough samples. 

Five different samples namely Taştepe, B5, B52, Mix1 and Mix2, were used during 

the drum separator tests.  The first three samples were ground and concentrated 

separately. The latter two were formed by blending all samples Taştepe, B5, B52, 

B73, B81, B97 and B27 and B31 (14.29% from each samples excluding B27 for 

Mix1, 12.5% from each for Mix2). All five samples were concentrated separately with 

the low intensity magnetic separator. Different concentrates and tailings were analyzed 

Formation 
Sample 

name 

Particle 

Size 

(-45 m), 

% 

Grade of Fe, % 
Recovery 

by weight, % 
Recovery of Fe, % 

Feed Concentrate Tailing Concentrate Tailing Concentrate Tailing 

Taştepe 

Taştepe 
71.0 50.3 66.3 10.5 71.3 28.7 94.0 6.0 

85.0 50.3 66.3 11.0 71.0 29.0 93.6 6.4 

B5 
68.0 43.0 65.6 7.5 61.1 38.9 93.2 6.8 

82.0 43.0 65.6 8.7 60.3 39.7 92.0 8.0 

Dönentaş 

B52 
70.0 44.0 65.9 7.8 62.3 37.7 93.3 6.7 

84.0 44.0 66.3 8.5 61.4 38.6 92.5 7.5 

B73 
73.0 49.8 67.3 16.1 65.9 34.1 89.0 11.0 

87.0 49.9 67.0 17.5 65.4 34.6 87.9 12.1 

B81 
79.0 45.1 67.7 7.7 62.3 37.7 93.6 6.4 

87.0 45.1 67.0 10.9 61.0 39.0 90.6 9.4 

B97 
65.0 50.8 67.3 9.5 71.5 28.5 94.7 5.3 

82.0 50.8 67.0 10.1 71.6 28.4 94.4 5.6 

Kızılkaya 

B27 
70.0 59.3 68.4 39.1 69.1 30.9 79.6 20.4 

86.0 59.3 68.5 44.7 61.5 38.5 71.0 29.0 

B31 
83.0 42.6 63.8 7.7 62.2 37.8 93.2 6.8 

90.0 42.6 64.9 10.9 58.7 41.3 89.4 10.6 
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and recoveries as well as efficiency of the separation were calculated. The results are 

given in Table 4. 

Table 4. Grade and recoveries of concentrates produced with magnetic drum separator 

(1) Taştepe, B5, B52, B73, B81, B97 and B31 core samples were blended in equal amount (14.29%) 
(2) All core samples were blended in equal amount (12.50%) 

Considering the Fe content of all test samples (excluding Mix2), the concentration 

using the magnetic drum separator was found to give sufficient Fe grade and recovery 

in the products. The Mix2 sample including the B27 core sample, resulted in low Fe 

recovery because of the reasons mentioned previously. 

The pelletizing experiments with addition of 0.8% bentonite (Meyer, 1980) were 

carried out with all concentrates excluding Mix2. The green pellets were formed in a 

laboratory pelletizing disc 9 -16 mm in diameter. The green pellets were fired at 

1200
o
C in a muffle furnace after drying. Detailed elemental analyses were carried out 

on the products pellets. Elemental analyses with XRF (X-Ray Fluorescence 

spectrometer analyzer) were done in İSDEMİR (Iskenderun Iron and Steel Co.) and 

ERDEMİR (Eregli Iron and Steel Co.) and are given in Table 5. 

Required limits by a pellet buyer, İSDEMİR, are given in Table 5. According to 

these results, all components excluding Al2O3 of concentrates produced by magnetic 

separation are suitable to produce blast furnace quality pellets. The reason of relatively 

high SiO2 and Al2O3 in pellets than in the concentrates is due to the addition of 

bentonite binder.  The high Al2O3 problem can be overcome in two ways. In one, the 

magnetic concentration can be tested with finer particle size to remove the Al2O3. In 

the second method, this type of concentrates can be blended with concentrates 

containing less of  Al2O3. 

When finer particles are used during concentration, the Fe recovery will decrease 

(this can be seen in Table 3). Furthermore, concentrates containing very fine particles 

in the feed for pellet production lead to some operational difficulties and losses. A cost 

analysis should be done to consider the cost of further grinding, the losses caused by 

finer particles and low concentration recovery. 

In order to determine the presence of valuable component in the tailing of Mix 1, 

the tailing after magnetic separation was examined by semi-quantitative spectral 

Sample 

Name 

Grade of Fe% Recovery by weight, % Recovery of  Fe, % 

Feed Concentrate Tailing Concentrate Tailing Concentrate Tailing 

Taştepe  50.3 65.3 10.9 72.4 27.6 94.0 6.0 

B5  43.0 65.5 7.0 61.6 38.4 93.8 6.2 

B52  44.0 65.6 7.2 63.0 37.0 94.0 6.0 

Mix 1(1) 46.5 64.6 11.0 66.2 33.8 92.0 8.0 

Mix 2(2) 48.1 66.3 14.0 65.2 34.8 89.9 10.1 
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analysis. The result was given in Table 6. No significant valuable components were 

found in the tailing according to this result. 

Table 5. Chemical analyses of concentrates produced with magnetic drum separator and pellets 

produced from these concentrates 

Components 

Products 

B5 

Concentrate 
(İsdemir) 

B52 

Concentrate 
(İsdemir) 

Taştepe 

Concentrate 
(İsdemir) 

Mix 1 

Concentrate 
(İsdemir) 

Mix 1 

Concentrate 
(Erdemir) 

Mix 1 

Pellet 
(Erdemir) 

Required 
limits by 

pellet 

buyer(2) 

Total Fe 65.01 65.94 65.16 65.54 65.62 64.06 >65.50 
SiO2 3.41 2.47 2.99 2.75 2.85 3.33 <6.00 

Al2O3 2.37
(1)

 2.32
(1)

 2.35
(1)

 2.12
(1)

 2.34
(1)

 2.50
(1)

 <1.00 
CaO 1.33 1.22 1.35 1.15 1.04 1.03 <3.00 

MgO 1.26 1.21 1.25 1.20 1.06 1.07 <1.50 
Na2O 0.079 0.079 0.078 0.076 0.037 0.035 <0.05 

K2O 0.026 0.012 0.029 0.015 0.087 0.047 <0.05 
TiO2 0.064 0.042 0.027 0.038 0.061 0.064 <0.50 

Mn 0.11 0.16 0.13 0.15 0.13 0.13 <3.00 

P 0.016 0.017 0.016 0.017 0.013 0.012 <0.06 
S 0.029 0.10 0.108 0.166 0.095 0.003 <0.01 

As 0.0001 0.001 0.0001 0.0001 0.002 0.002 <0.005 
Cr 0.0053 0.0046 0.0049 0.005 0.002 0.007 <0.05 

Ni -
(3)

 - - - 0.004 0.004 <0.01 

Zn 0.0269 0.0475 0.0299 0.0347 0.032 0.043 <0.01 
Pb 0.0001 0.001 0.001 0.001 0.001 0.001 <0.01 

Cu 0.001 0.0019 0.0039 0.0032 0.006 0.006 <0.01 
Sn - - - - 0.00 0.00 <0.005 

Mo - - - - 0.00 0.00 <0.005 
V - - - - 0.006 0.006 <0.02 

LOI +1.83 +2.01  +1.48 +1.66 +0.06 - 
(1)

 Considered high for iron ore pellet production; 
(2) 

Limits applied by İSDEMİR (Iskenderun 

Iron and Steel Co.) for acid iron ore pellets (http://www.isdemir.com.tr); 
(3)

 Under detection 

limit 

Table 6. Result of semi-quantitative spectral analysis of tailing of Mix 1 sample 

Components Fe SiO2 Al2O3 Ca Mn Cu Ti Co 

% >10.0 >10.0 >10.0 >1.0 0.4 0.3 0.1 0.04 

4. Conclusion 

A large part of the Bizmişen iron ore deposit consists of low grade iron ore (mainly 

magnetite) with high content of impurities (SiO2 and Al2O3). Therefore the direct use 

of iron ore from this deposit is impossible. The results drawn from study are as 

follows. 
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 The liberation size of this low grade iron ore was found to be about 45 µm for the 

production of concentrates with over 65% Fe content by magnetic separation. 

 The concentrates produced cannot be used directly due to their fine particles. 

Agglomeration process is necessary to produce reduction furnace feed. The 

concentrate meets the requirements for iron ore pellet production. 

 The pelletizing results showed that all components excluding Al2O3 of concentrate 

produced by magnetic separation are suitable to produce blast furnace quality 

pellets. 

 The problem of high content of Al2O3 can be overcome by either further grinding 

applied to achieve better liberation and thus to produce a concentrate with 

acceptable Al2O3 content, or blending with low Al2O3 concentrates. 
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Abstract. Removal of Tar-Chromium Green 3G dye from aqueous solution at different dye 

concentrations, different temperatures and adsorbent doses has been studied. It was seen that 

the maximum of 88% adsorption has been achieved from the wastewater using 3.0 g material at 

30ºC temperature for shaking time of 60 min.The adsortion isotherms are described by means 

of the Langmuir and Freudlich isotherms at different temperatures of 25, 30 and 35ºC, and the 

results were discussed. The equilibrium data satisfied both the Langmuir and Freundlich 

models. Moreover, thermodynamic parameters such as ∆H, ∆S and ∆G were also studied. It 

was found that the values of standard free energy (∆G) and the values of standard enthalpy 

(∆H) were negative and entropy (∆S) was found to be positive. Thermodynamic studies 

showed that the reaction for uptake by diatomite is exohtermic in nature.The results of this 

study showed that diatomite could be employed as effective and low-cost materials for the 

removal of the dye from aqueous solution. 

keywords: chromium dyes, adsorption, diatomite, Langmuir and Freundlich model, 

thermodynamics 

1. Introduction 

Dyes and pigments from several industrial branches can be emitted into water 

systems. The presence of dyes in water is highly visible and affects water transparency 

(Wang and Huiting, 2005). Coloured wastewater is a consequence of batch processes 

both in the dye manufacturing industries and in the dye-consuming industries. Two 

percent of dyes that are produced are discharged directly in aqueous effluent, and 10% 

are subsequently lost during the textile coloration process (Easton, 1995). An 

indication of the scale of the problem is given by the observation that the annual 

market for dyes is more than 710
5
 Mg per year (Robinsonet al., 2001). The main 

reason for dye loss is the incomplete exhaustion of dyes on to the fibre. The amount of 

dye lost is dependent upon dyestuff type, the application route and the depth of shade 

required (Pearce et al., 2003). Untreated disposal of the coloured water into the 

receiving water body not only causes damage to aquatic life, but also to human beings 

by mutagenic and/or carcinogenic effect. It can cause severe damage to the 

http://www.minproc.pwr.wroc.pl/journal/
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reproductive system, liver,brain and dysfunction of kidneys. and cause damage to the 

aesthetic nature of the environment (Baskaralingram et al., 2006). Therefore, the 

undesirable dye pollutions are required to be removed from wastewaters before being 

discharged to the environment. 

During the past three decades, several physical, chemical and biological 

decolorization methods such as aerobic and anaerobic microbial degradation, 

coagulation and chemical oxidation, membrane separation process, electrochemical, 

dilution, filtration, flotation, softening and reverse osmosis have been proposed (Singh 

et al., 2003). However, all of these methods suffered with one or another limitation, 

and none of these were succesful in removing color from the wastewater completely 

(Dogan et al., 2009). 

Amongst the numerous techniques of dye removal, the adsorption process is one of 

the effective techniques that have been widely used to remove certain classes of 

pollutants from wastewaters, especially those that are not easily biodegradable. A 

desired adsorbent should have sufficient adsorption capacity, high thermal and 

chemical stability, low cost and low environmental impact. The successful 

implementation of solid-liquid phase dye adsorption requires stable and effective 

adsorbents from wastewater (Chiou et al., 2004). 

For this purpose, recently, some researchers have focused on the use of low cost 

sorbents. Some low cost materials used as sorbent for dye sorption from wastewaters 

were as follows, bentonite (Koyuncu, 2009; Tahir and Nassem, 2007), natural and 

modified diatomite (Yuan et al., 2010; Al-Ghouti et al., 2009; Er et al., 2009; Koyuncu 

and Kul, 2011), silica (Qiu et al., 2011; Blitz et al., 2007) fly ash (Eren and Acar, 

2006), chitosan (Uzun, 2006), and others (Malkoç and Nuhoğlu, 2006; Parap et al., 

2006; Marungrueng and Pavasant, 2007). 

Diatomite may be thought as other inexpensive materials which can be used as 

sorbents. Diatomite (SiO2. nH2O) is a soft, light colour sedimentary rock formed from 

accumulation of siliceous crusts of diatoms, which are aquatic organism from algae, 

and have fosil characteristics. It has a unique combination of physical and chemical 

properties, which make it applicable as a substrate for adsorption of organic pollutants 

as filtration medium in a number of industrial uses. Its high permeability and high 

porosity make it a cheap alternative to activated carbon. The feasibility of using 

diatomite for removal of color from textile wastewaters was attempted by Erdem et al. 

(2005) and Hameed (2008). 

The aim of the present study is to investigate the effect of initial dye concentration, 

temperature, and adsorbent dosage on the adsorption of Tar-Chromium Green 3G, the 

adsorption isotherm and thermodynamics were studied in detail. 

2. Materials and methods  

2.1. Materials 

Diatomite (230 mesh in size) with surface area of 49.040 m
2
/g from Çaldıran 

(Van/Turkey) was used as an adsorbent and the chemical composition of the adsorbent 
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was obtained with a XRD instrument. According to XRD it contained 76.50% SiO2, 

7.25% Al2O3, 3,85% Fe2O3, 0.50% TiO3, 0.45% Na2O, 0.85% K2O and 0.43% loss on 

ignition 

The dye was provided by Van Textile Fabrics (Van/Turkey). The molecular 

structure and formula of Tar-Chromium Green 3G was not provided for commerical 

reasons. It represents a basic dye. 

2.2. Adsorption studies 

The adsorption experiment was carried out at natural pH of solutions. Each of 50 

cm
3
 5mg/dm

3
 of dyes solutions was put in five 100 cm

3
 erlenmeyer flasks and 

diatomite adsorbent was added to each of other five erlenmeyers in different adsorbent 

doses (0.5-5g). Samples of 50 cm
3
 of each dyes solutions were shaken with a shaker 

(New Bounswick Scentific G.24). Working conditions were: 30ºC, 195 rpm for 300 

min. The 30ºC, 195 rpm shaking rate was kept as contant and the time variable was 

15, 30, 60, 180 and 300 min. The samples were filtrated and analyzed by a UV- vis 

spectrophotometer(Cintra 202 Duble Beam) set at a wavelength of 480 nm, providing 

maximum absorbance. The effect of temperature and time variable on adsorption at 

recorded experimental conditions were also studied. At the end of the each 

experiment, supernatants were analyzed by UV- vis spectrophotometer (Cintra 202 

Duble Beam) set at a wave-length of 480 nm. 

The amount of dye adsorbed by diatomite qe (mg/g), was calculated by the 

following mass balance relationship 

 
W

VCC
q eo

e


 ,       (1) 

where qe is the amount of dye adsorbed (mg/g). Co and Ce are the initial and 

equilibrium solution concentrations of dye respectively. V is the volume of the 

solution, and W is the weight of the adsorbent used. 

3. Results and discussion 

3.1.Effect of initial dye concentration 

The adsorption of Tar-Chromium Green 3G dyes on natural diatomite as a function 

of concentration was studied at 30ºC by varying concentrations from 5 to 75 mg/dm
3
, 

while keeping all other parameters constant. The adsorption result for the dye is shown 

in Fig. 1.The results show that the colour removal of Tar-Chromium Green 3G was 

decreased when the initial dye concentration was inceased. At low concentrations, 

adsorption sites took more the available dye more quickly. However, at higher 

concentrations, dye has to migrate to the adsorbent surface by intraparticle diffusion. 

The percentage of dye removal increased from 5 mg/dm
3
 to 45 mg/dm

3
 when the 

initial concentration of dye was from 5 to 75 mg/dm
3
 for 3g of adsorbent at 

equilibrium contact time of 60 min. It indicates that the initial concentration provided 
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a powerful driving force to overcome the mass transfer resistance between the aqueous 

and solid phases. Similar observation has been reported by Dogan et al. (2009), and a 

similar trend was reported for the Cr(VI) removal using Bael Fruit (Anandkumar and 

Mandal, 2009), a basic dyes, onto live activated sludge (Basıbuyuk and Foster, 2003). 

Figure 2 shows that the removal efficiency was increasing sharply in 60 minutes 

time. The removal of dye is decreasing over next 60 minutes treatment time. The 

decrease can be explained by a reaching maximum specific holding capacity of 

diatomite for a system being in the state of adsorption equilibrium between solution 

and the surface area. Similar adsorption behaviour was reported in the kinetic 

experiments with trivalent chromium by Gürü et al. (2008) using  Tar-Chromium Red-

B (Koyuncu and Kul, 2011). 

 

Fig.1. Effect of initial dye concentration on diatomite 

 
Fig. 2. Removal of Tar-Chromium Green 3G on diatomite for different times,  

3 g diatomite, 30ºC, 195 rpm 

3.2. Effect of adsorbent mass 

Figure 2 shows the removal of Tar-Chromium Green 3G by diatomite at different 

adsorbent doses (0.5-5g) for the 50 cm
3
 of 5 mg/dm

3
 of the dye solution. It is evident 

from the figure that as the mass of the adsorbent dose increases, the percentage of dye 

removal also increases. This is due to increase in the surface area with a high dosage 
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of the adsorbent (Gürü et al., 2008). However, it has no impact when more than about 

3g diatomite is used. It can be a result of the removal efficiency of dye which 

decreased with decreasing surface area of adsorbent and increasing particle size and 

decreasing the external surface area of diatomite. 

3.3. Effect of temperature  

The rates of adsorption were investigated in the temperature range of 25, 30 and 

35ºC for the initial dye concentration of 5 mg/dm
3
 at the natural pH. The effect of 

temperature on the adsorption is shown in Fig. 3. It is observed that at higher 

temperatures adsorption is lower, and the process was physical adsorption. A decrease 

of adsorption may be explained by physical adsorption which decreases with 

increasing temperature, and the adsorption process is exothermic. A similar 

observation has been reported by other invertigators for Cr(VI) removal (Anandkumar 

and Mandal, 2009) and trivalent chromium (Gürü et al., 2008) in kinetic experiments 

with Maxilon Yellow and Maxilon Red (Dogan et al., 2009).  

 

Fig. 3. Effect of adsorbent dosage on the removal of Tar-Chromium Green 3G by diatomite 

 
Fig. 4. Effect of temperature on the removal of Tar-Chromium Green 3G by diatomite 

 (conditions: Co 5 mg/cm3, natural pH, adsorbent 3.0 g, t = 15 - 300 min) 
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3.4. Isotherm study 

The isotherm analysis of adsorption process were carried out using the Langmuir 

and Freundlich models at different temperatures. 

The Langmuir and Freundlich isotherm parameters were determined for their linear 

forms. In the case of the Freundlich isoterm: 

n
ee kCq
1

   Freundlich isotherm,    (2) 

ee C
n

kq ln
1

lnln    Freundlich isotherm (linear form),  (3) 

where qe is the amount of dye adsorbed at equilibrium time (mg/g), Ce is the 

equilibrium concentration of the dye in solution (mg/dm
3
), k and n are isotherm 

constants which indicate the capacity and intensity of the adsorption, respectively. 

Figure 4 presents the plots of ln qe against ln Ce for the adsorption of dye onto 

diatomite in the range from 25, 30 to 35ºC at natural pH, respectively. Figure 4 shows 

that the plots for diatomite provide the Freundlich isotherm correlation coefficients 

0.980, 0.976 and, 0.973 respectively. On the other hand, the values of n between 2 and 

10 show good adsorption (Gürü  et al., 2008; Erdem  et al., 2005). The values of k and 

n were calculated from the incercept and slope of the plot of ln qe versus ln Ce, 

respectively. Therefore, the adsorption of Tar-Chromium Green 3G onto diatomite fits 

well with the Freundlich models. These constants are given in Table 1. The Freundlich 

equation frequently gives an adequate description of adsorption data over a restricted 

range of concentration. The Freundlich equation is suitable for a highly heterogonous 

surface and adsorption isotherm lacking a plateau, indicating a multi-layer adsorption. 

The Langmuir model is as follows: 

e

eo
e

bC

bCQ
q




1
  Langmuir isotherm,    (4) 

o

e

oe

e

Q

C

bQq

C


1
 Langmuir isotherm (linear form),  (5) 

where Qo and b are Langmuir constants, which indicate the adsorption capacity (mg/g) 

and energy of adsorption, respectively. 

Figure 5 shows the plots obtained for diatomite with the Langmuir isotherm 

correlation coefficients at 25, 30 and 35ºC, 0.998, 0.961 and, 0.935 respectively. The 

values of Qo and b are found from the slope and intercept of the plot of Ce/qe versus 

Ce, respectively. The constants Qo, b determined at different temperatures are given in 

Table 1. 
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Table 1. Isotherm parameters of textile dye adsorption onto natural diatomite 

Langmuir constants Freundlich constants 

Temparature qm (mg/g) b(l/g) R2 Kf (mg/g) n R2 

250C 26. 04 0,08 0.998 1.73 5.88 0.980 

300C 16. 66 0,40 0.932 1.40 3.84 0.976 

350C 10. 10 0,55 0.917 0.78 3.70 0.973 

 

 

Fig. 5. Freundlich isotherms of the dyes adsorption onto diatomite at different temperatures 

 
Fig. 6. Langmuir isotherms of the dyes adsorption onto diatomite at different temperatures 

3.5. Thermodynamic study 

Various thermodynamic parameters such as ∆G, ∆H and ∆S of dyes adsorption on 

diatomite were determined by using the following equations (Gürü et al., 2008; Ertaş 

et al., 2010; Nassem and Tahir, 2001): 
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cKRTG ln ,     (6) 

R
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RT
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ln ,     (7) 

T
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 ,     (8) 

Ce

C
K c  ,      (9) 

where R is the gas constant, Kc is the equilibrium constant, T is the absolute 

temperature (in Kelvin). C and Ce are the equilibrium constants  (concentrations) of 

dye on adsorbent and in solution, respectively. 

The values of ∆H and ∆S were calculated from the slopes and intercepts of the plot 

of ln Kc versus 1/T which are linear. Their plots are shown in Fig. 6 and the 

thermodynamic parameters are given in Table 2. It is clear from the table that the 

negative values of ∆G confirm that the dyes adsorption onto diatomite is a 

spontaneneous process. The negative values of ∆H shows an exothermic process. On 

the other hand, the positive values of ∆S indicate the randomness at the solid/liquid 

interface during the adsorption of dye onto diatomite. Similar thermodynamic results 

have been recorded for adsorption of trivalent chromium onto natural diatomite (Gürü 

et al., 2008; Ertaş et al., 2010). 

Table 2. The thermodynamic parameters for the adsorption of Tar-Chromium Green 3G onto diatomite 

 at different temperatures 

Tempareture (K) Kc ∆G (kJ/mol) ∆H( kJ/mol) ∆S (J/molK) 

298 1.772 -1.417 -1.314 0.345 

303 2.444 -2.251 -2.308 0.188 

308 2.690 -2.532 -2.446 0.282 

4. Conclusion 

Diatomite, a low cost adsorbent is locally available in Turkey. Diatomite is 

approximately 500-fold cheaper than commerical activated carbon, CAC. Crystal 

structure of diatomite contains some ion- exchangeable cations such as Mg
+2

, Ca
+2

 and 

Na
+
. These cations can be exchanged with organic and inorganic cations. The surface 

charge of diatomaceous earth may arise from chemical reactions. It has a unique 

combination of physical and chemical properties (high permeability). The high 

porosity makes it a cheap alternative to activated carbon (Erdem et al., 2005). 

Therefore, it is suitable material for removal of dyes, 

The adsorption isotherms of Tar-Chromium Green 3G on diatomite can be 

described well by the Langmuir and Freundlich isotherm models. A comparison of the 

Langmuir and Freundlich models on the overall adsorption showed that the  
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Tar-Chromium Green 3G and and diatomite was better described by the Freundlich 

model rather than by Langmuir model. The maximum dye removal was 88% under all 

experimental conditions studied.  

The thermodynamic parameters calculated from the temperature dependent 

adsorption isotherms indicate that the adsorption process is spontaneous and 

exothermic.  
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Abstract. Traditional statistical process control charts assume that generated process data are 

normally and independently distributed, i.e. uncorrelated. This research presents the effect of 

autocorrelation on process control charts to monitor the two quality characteristics of fine coals 

produced in a coal washing plant for power plant, namely moisture content and ash content. 

Individual (X) and moving range charts (MR) were constructed to monitor 10 months data. It 

was determined that even though both data values obey the normal distribution, there is a 

moderate autocorrelation between their observations. For simulating the autocorrelated data, 

ARIMA time-series models were used. It was found that X/MR charts showed many false 

alarms due to the autocorrelation. The ARIMA (1, 0, 1) for moisture content and ARIMA (0, 1, 

2) for ash content were determined to be the best models to remove autocorrelation. Compared 

to large number of false alarms on conventional X/MR charts and on charts applying the 

Western Electric rules, which assume the data independence, there were much less unusual 

points on the X/MR charts of residuals (Special Cause Charts). Usage of residual based control 

charts is suggested when the data are autocorrelated. 

keywords: coal, autocorrelation, statistical control charts, special cause charts, ARIMA 

models 

1. Introduction 

Statistical process control (SPC) has been proposed firstly by Dr. Shewhart in 1931 

and then, many SPC charts have been developed and improved to use for different 

process data. In its basics form, a control chart compares process observations with a 

pair of control limits (Karaoğlan and Bayhan, 2011). One of the essentials of 

producing high quality low cost product is to adopt and apply the SPC correctly. SPC 

is a tool for achieving and improving quality standards. The most important and 

sophisticated tool of SPC is control charts. 

SPC is widely used to monitor, control and improve quality in many industrial 

processes (MacCharty and Wasusri, 2002). The SPC has been also used in mining and 

mineral processing field to monitor the grade variations and to ensure the product 

specifications. In a review study, MacCharty and Wasusri (2002) summarize the usage 

of non-standard applications of statistical process control charts. Some application 

http://www.minproc.pwr.wroc.pl/journal/
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examples of SPC can be given from the literature for mining/mineral processing 

industry (Ankara and Bilir, 1995; İpek et al., 1999; Bhattacherjee and Samanta, 2002; 

Bayat and Arslan, 2004; Aykul et al., 2005; Vapur et al., 2005; Elevli and Behdioğlu, 

2006; Ankara and Yerel, 2008; Vapur, 2009; Elevli, 2009; Aykul et al., 2010; Yerel 

and Ankara, 2011). However, the information related to the application of SPC in 

mineral industry is still limited when compared to other industrial areas.  

Traditional SPC techniques are based on the assumption that generated data 

generated are normally and independently distributed. However, the independency 

assumption is not realistic in practice (Demirkol, 2008). Therefore, the assumption of 

normality and indepence of data must be satisfied in order to apply SPC for a process 

(Bhattacherjee and Samanta, 2002).  

In the continuous industries processes most data are autocorrelated (Le, 1998). 

Since observations for many processes exhibit autocorrelation that may be the result of 

dynamics that are inherent to the process, the autocorrelation is more likely to be 

observed in processes when observations are closely spaced in time (Lu and Reynolds, 

2001). Such autocorrelations can occur for a number of reasons. One reason is  

because of current automated measurement and recording technology, subgroup 

samples may be taken with a high frequency, with consecutive samples being similar 

in nature and hence statistically correlated. Other samples of correlated subgroups 

occur when items made by a worker exhibit similar characteristics due to the way the 

machine is handled, the process shows seasonal patterns due to materials or weather, 

or the alertness of a worker changes over time (Le, 1998).  

The effect of autocorrelation on the performance of process control charts have 

been shown by many researhers (Alwan and Roberts, 1998; Lu and Reynolds, 1999; 

Montgomery and Mastrangeko, 1991; Atienza et al., 1997; Reynolds and Lu, 1997; 

Zhang, 1997). Results of these studies have shown that traditional SPC methods are 

strongly affected by data autocorrelation. Under autocorrelation conditions, the 

traditional control charts will become ineffective and many false alarms may occur on 

the charts. Consequently, there has been considerable research in recent years on 

designing SPC procedures suitable for autocorrelated processes.  

In the case of autocorrelation, a very high false alarm rate will cause process 

personnel to waste effort in unproductive searches for special causes. This can lead to 

a loss of confidence in the control chart, and even to process monitoring being 

discontinued. Thus, autocorrelation should not be ignored when designing control 

charts, because failure to properly account for autocorrelation can greatly reduce or 

eliminate the effectiveness of control charts (Lu and Reynolds, 2001). 

For these reasons, some modifications for traditional control charts are necessary. 

As an alternative to traditional control charts which plot the original observations, a 

number of papers have suggested fitting a time series model (Alwan and Roberts, 

1988; Reynolds and Lu, 1997; Lu and Reynolds, 1999; Lu and Reynolds, 2001). The 

residuals obtained from time series model are then plotted on standard control charts. 
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To apply these methods, a time series model of the process is required (Apley and Lee, 

2003). 

Alwan and Roberts (1988) introduced the first residual control chart, namely 

special cause chart (SCC). A residual Shewhart chart was developed by them and it is 

called as the special control chart (SCC). The SCC is an individual control chart 

(individual control chart is constructed by plotting single observations and setting 

control limits on these observations) applied to the residuals. Therefore, the SCC is 

also known as the X residual chart in the literature. In residual charts, an appropriate 

time series model is fitted to the autocorrelated observations and the residuals are 

plotted in a control chart (Demirkol, 2008).  

Even though the assumptions required for the applicability of SPC methods are 

known to be essential, their existence may questionable in mining industry 

(Bhattacherjee and Samanta, 2001). When the literature is reviewed, the impact of 

autocorrelation on SPC have been considered in mineral applications by only few 

studies (Samanta and Bhattacherjee, 2001; Bhattacherjee and Samanta, 2002; 

Samanta, 2002; Elevli et al., 2009). Indeeed, the observations in these studies are 

assumed to normally distributed and independent that is uncorrelated.  

Turkey has 8.3 billion tons of lignite coal reserves (Arslan, 2006). Since 80% of 

Turkish lignite coal reserves has a heating value of below 2500 kcal/kg, large amount 

of them are used in power plants. Moisture and ash contents of coals are the two 

important quality characteristics that determine properties of coals burning in power 

plants. Substantial amount of low quality coals which have high ash and moisture 

contents are transformed into energy by burning them in power plants (Tekir et al., 

2009). In a power plats that burns lignites, moisture and ash contents are the key 

quality indicators monitored. Therefore, lowering the ash contents of lignites to the 

desired levels is an essential entity to reduce problems and costs associated with the 

ash. Coals having high ash and moisture contents cause serious problems such as 

incrasing the costs of operation, transportation and burning of coal together with 

disposing the ash to dams in power plants (Tekir et al., 2009). For these reasons, coal 

fines produced in a coal washing plant should have desired moisture and ash content 

limits in order to be used as feeding material for a power plant. To control the coal 

qualities produced in washing plants, it is necessary to monitor the coal characteristics 

by applying an effective method such as statistical process control.  

The aim of this paper is to investigate individual X control charts based on the 

original observations or on residuals obtained by the time series of ARIMA models for 

moisture and ash contents of fine coal products that are produced for power plant as a 

feeding material in Tunçbilek washing plant. Autocorrelated observations were 

characterized by ARIMA models and special control charts (SCC) were utilized to 

monitor the residuals, based on the ARIMA model forecast values. The performance 

of the standard Shewhart chart, which ignores subgroup correlations for the two coal 

quality variables, is compared with the X charts of residuals. 
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2. Statistical process control charts 

Statistical Process Control (SPC) charts are graphical presentations of the sample 

quality for one parameter measured in control samples. In a basic the SPC chart, three 

horizontal lines, the center line and two control limits, are plotted on a control chart, 

which show the mean value and three standard deviations distance from either side of 

the mean value, respectively (an example is given in Fig. 1). If the plotted observatios 

fall outside the limits, the process is consired to be out of control. The process needs to 

be stopped and inspected for causes when the out of control points are detected 

(Carson and Yeh, 2008). 

 

Fig. 1. A traditional Shewhart control chart 

2.1. X/MR charts for individual observations 

In many situations, the sample size used for process control is n = 1; that is, the 

sample consists of an individual unit. In such situation, the individuals control chart 

(also called as X chart or I chart) is used. Mean of the individual values for m 

individual observations gives us the center line of the X control chart as: 
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The control chart for individuals uses moving range of two successive observations 

to estimate the process variability and it is also known as MR chart (Montgomery and 

Runger, 2011). The moving range is defined as MRi = |Xi-Xi-1| and for m observations 

the average moving range ( MR ) is: 
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An estimate of standard deviation (σ) is: 

128.12

MR

d

MR
 .     (3) 

Here, d2 is a constant depending on the sample size, n, (Montgomery and Runger, 

2011). It is 1.128 for n = 2. 

The center line (CLX) and upper control limit (UCLX) and lower control limit 

(LCLX) for a control chart for individuals is (Montgomery and Runger, 2011): 

MRX
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MR
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 ,   (4) 

XCLX  ,      (5) 
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 .   (6) 

Since each moving range is the range between two consecutive observations. It 

should be noted that there are only m-1 moving ranges. The parameters for a control 

chart of moving range are defined as follows: 

MRMRDUCLMR 267.34  ,    (7) 

MRCLMR  ,      (8) 

03  MRDLCLMR .     (9) 

D3 and D4 are constants depending on the sample size, n. It is possible to establish 

a control chart on the MR using D3 and D4 for n = 2 (Montgomery and Runger, 2011). 

The LCLMR for this moving range chart is always zero because D3 = 0 for n = 2. The 

D4 equals to 3.267 for n = 2 while determining the UCLMR . 

For a simple control chart in Fig. 1 control limits were plotted as warning lines 

from the action limits of 3σ. In this figure, only measurements that are plotted further 

than 3σ from the central line indicate an out-of-control process. However, additional 

warning limits in Shewhart charts are commonly used in practice, since they help the 

analyst to recognize possible changes in the process before it shifts out of 3σ (Carson 

and Yeh, 2008). For example, when two consecutive out of 2σ samples are detected, 

this can indicate some changes in the process. Therefore, it is advisable to perform 

some rechecks of the process at this point.  

It is known that the Shewhart control chart is insensitive to small shifts in the 

process parameter. To enhance the ability for the chart to detect small shifts more 

quickly, one way is to add sensitive rules in the chart (Chang and Wu, 2011). Several 

frequently used rules suggested by the Western Electric (1956) are (Montgomery and 

Runger, 2011):  
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1. One or more points fall outside the 3σ control limits, 

2. Two of three consecutive points fall outside the 2σ warning limits, 

3. Four of five consecutive points fall beyond the 1σ limits, 

4. Eight points in a row fall one side of the center line. 

The above rules are always referred to runs rules. In the sequel, a control chart that 

uses several rules simultaneously is referred to a compound control chart. It should be 

noted that rule 1 in included in all compound control charts. Also note that these rules 

can only be applied to one side of the center line. There are more rules for detecting 

small shifts and these can be added to control.  

In this study, the four rules listed above were used when considering additional 

warning limits by Western electric rules. These plots searches and identifies any 

unusual patterns in the data. This is often helpful in detecting processes which are 

slowly drifting away from target, even though no points may fall outside the control 

limits. 

3. Time series models 

The methodology of ARIMA estimation and model selection is a classical topic 

covered in most textbooks on time series analysis such as Montgomery et al. (2008). 

Therefore, we will not duplicate the descriptions of already well documented 

methodologies. We will give only practical information in this context to the models. 

3.1. Autoregressive Process (AR)  

Most time series consist of elements that are serially dependent in the sense that 

one can estimate a coefficient or a set of coefficients that describe consecutive 

elements of the series from specific, time-lagged (previous) elements. This can be 

summarized in the following Eq. 10: 

tptpttt XXXX    ...2211 ,   (10) 

where Xt is response (dependent) variable at time t; Xt-1, Xt-2, Xt-p response variable at 

time lags t-1, t-2,…t-p, respectively; ϕ1, ϕ2, ϕp, denote estimated coefficients, εt is an 

error term at time t, and 













 



p

i

i

1

1  with μ denotes the process mean.  

It should be noted that an autoregressive process will only be stable if the 

parameters are within a certain range for example, if there is only one autoregressive 

parameter, then it must fall within the interval of -1<ϕ1<+1. Otherwise, past effects 

would accumulate and the values of successive Xt's would move towards infinity, that 

is, the series would not be stationary. If there is more than one autoregressive 

parameter, similar (general) restrictions on the parameter values can be defined 

(Montgomery et al., 2008). 
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3.2. Moving Average process (MA)  

Independent from the autoregressive process, each element in the series can also be 

affected by the past error (or random shock) that cannot be accounted for by the 

autoregressive component, that is: 

qtqttttX    ...2211 ,   (11) 

where Xt is the time series, μ is the mean of the series, εt-I denotes random noise term 

with mean 0 and variance σε
2
 at time t. θ1, θ2, θq, are the moving average model 

parameters. The value of q is called the order of the MA model. 

3.3 Autoregressive Moving Average model (ARIMA) 

The ARIMA model which combines the autoregressive and moving average 

parameters and includes differencing in the model was introduced by Box and Jenkins 

(1976) (Montgomery et al., 2008). This equation was used to forecast one-step ahead 

disturbances, according to data characteristics of stationary or non-stationary as shown 

in Eq. 12. 

qtqttptdptdtdtd XXXX    ...... 112211 , (12) 

Three types of parameters in the model are: the autoregressive parameters (p), the 

number of differencing passes (d), and moving average parameters (q). The Box and 

Jenkins models are summarized as the ARIMA (p, d, q); so, for example, a model 

described as (0, 1, 2) means that it contains 0 (zero) autoregressive (p) parameters and 

2 moving average (q) parameters which were computed for the series after it was 

differenced once (documentation.statsoft.com). 

The input series needs to be stationary for ARIMA. It should have a constant mean, 

variance, and autocorrelation through time. Therefore, the series are first differentiated 

until they are stationary. Sometimes the series also require log transformation of data 

to stabilize the variance. The d parameter indicates the number of times the series 

needs to be differenced to achieve stationarity (documentation.statsoft.com). The 

necessary level of differencing is determined by examining the plot of the data and 

autocorrelogram. Significant changes in level (strong upward or downward changes) 

usually require first order non seasonal (lag=1) differencing; strong changes of slope 

usually require second order non seasonal differencing. When the estimated 

autocorrelation coefficients decline slowly at longer lags, first order differencing is 

usually needed (documentation.statsoft.com). Some time series may require little or no 

differencing, and over differenced series produce less stable coefficient estimates It is 

needed to decide how many autoregressive (p) and moving average (q) parameters are 

necessary to yield an effective but has the fewest parameters and greatest number of 

degrees of freedom among all models that fit the data model of the process. The 

number of p or q parameters very rarely need to be greater than 2 in practice 

(documentation.statsoft.com). 
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The ARIMA models may also include a constant in addition to the standard p and q 

parameters. The interpretation of a constant that is statistically significant depends on 

the model fitted. The expected value of the constant is m, the mean of the series, when 

there are no AR parameters in the model. The constant represents the intercept, if there 

are the AR parameters in the series. If the series is differenced, then the constant 

represents the mean or intercept of the differenced series. If the series investigated is 

differenced once, and there are no the AR parameters in the model, then the constant 

represents the mean of the differenced series, and therefore the linear trend slope of 

the undifferenced series (documentation.statsoft.com). 

4. Methodology 

The objective of this paper is to investigate effect of autocorrelation on the 

performance of the Shewhart individual control charts based on original observations 

or residual charts. This procedure was applied for the data obtained from moisture and 

ash contents of coal fines which are produced at the Tunçbilek coal washing plant and 

used as power plant feeding in Tunçbilek, Turkey. The used data were for the -18+0.5 

μm size coal fines, called middling product, which is concentrated by dense medium 

cyclones. The mixture material containing magnetite as dense medium and coals, that 

sunk in the first dense medium cyclone are feed to second dense medium cyclone 

flowsheet, having 1800 g/Mg dense medium, for the final separation of -18+0.5 μm 

coals from schist. The middling product is obtained from and an overflow of cyclone 

and schist are separated from the underflow of the cyclone. The middling products are 

then separated from magnetite, dried and sent to the power plant as a feeding material. 

Daily moisture and ash content data from January 2011 to October 2011 for middling 

product were supplied from the plant. Totally 242 measurements were obtained and 

used in the study. 

These data were imported into the statistical software package. Trial version of 

Statgraphics Centurion XVI and Minitab 16 softwares were used to construct different 

control charts for statistical analyses. First, individual X and moving range (MR) 

charts assuming normality and independence of observations and X/MR charts 

applying the Western electric rules to detect the small shifts were generated to monitor 

the two quality characteristics. Normality and independence of data were checked by 

applying statistical methods. Since strong autocorrelations were determined for both 

quality values, the most suitable time series models to remove the autocorrelation 

between the observations were selected by applying the ARIMA methods. Then, 

special cause charts (X and MR charts of residuals obtained from ARIMA models) 

were also generated. Finally, performance of the Shewhart charts of individual 

observations is compared with the performance of special cause charts for the two coal 

quality measurements to control the unusual points.  
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5. Results and discussions 

5.1. Control charts for individual coal quality observations 

A major drawback of the Shewhart variable charts is its dependency on normality 

assumption. First, the normal probability plots were generated. When the distribution 

of the variable is normal, the observed values show a near-linear distribution in the 

linear line drawn of the chart. The resulted plots including statistical information are 

given in Fig. 2. As seen in these plots, observed data distribution are almost linear 

indicating that both variables obey the normal distribution function. The data of the 

two coal characteristics have been also checked for normality by applying the 

Anderson-Darling normality test. The Anderson-Darling values were 0.659 and 0.249 

for moisture and ash content of coals, respectively. Also p values of both variables 

were higher than 0.05, suggesting that the data came from a process with normal 

distribution. The result indicates that the first normality assumption needed for 

applying the standard Shewhart control charts was satisfied.  
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Fig. 2. Normal probability plots of moisture and ash contents 

The X and MR control charts of individual data for moisture content and ash 

contents are given in Fig. 3 and Fig. 4 respectively. The calculated control chart 

parameters are given in Table 1. The charts are designed to determine whether the data 

come from a process which is in a state of statistical control. The control charts are 

constructed under the assumption that the data come from a normal distribution with a 

mean equal to 17.83 for moisture content, 40.51 for ash content and a standard 

deviation equal to 1.19 for moisture content, 3.76 for ash content. Of the 242 

individual observations shown on the charts, 25 are beyond the 3σ control limits on the 

X chart while 3 are beyond the limits on the MR chart for moisture content. On the 

other hand, 20 points are beyond the 3σ control limits on the X chart while 2 points are 

beyond the limits on the MR chart. Since the probabilities of seeing 25 or more points 

for moisture content and 20 or more points for ash content beyond the limits just by 

chance is 0.0. When the data come from the assumed distribution and they are not 

autocorrelated, we can declare the process to be out of control at the 95% confidence 

level. 
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When the Western electric rules were applied to the two coal quality 

characteristics, much more unusual points were determined in these charts as shown in 

Figs. 3 and 4. When these plots are examined, we can see that the efficiency of 

warning limits for detection of process shifting toward out-of-control state is increased 

when applying the Western Electric rules. Two hundred and 171 unusual runs have 

been detected for moisture content and ash content, respectively. The plots show 

observations at which the unusual pattern was detected as well as the particular rule 

which was violated. For example, rule 3 was violated for point 5 in the moisture 

content of X chart and for point 18 in the ash content X chart. At these locations, there 

were groups of 4 out of 5 points beyond 1.0 sigma, all on the same side of the 

centerline. 
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Fig. 3. X/MR charts of moisture content and unusual points by Western electric rules 
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Fig. 3. X/MR charts of ash content and unusual points determined by Western electric rules 

Table 1. Shewhart chart parameters of moisture and ash contents of coals 

X /MR Chart  

parameters 

Moisture content (%) Ash content (%) 

UCLX 21.39 51.79 

X  17.83 40.51 

LCLX 14.27 29.23 

UCLMR 4.38 13.86 

MR  1.34 4.24 

UCLMR 0.0 0.0 

21 dMR  1.19 3.76 

2σ 2.37 7.52 

3σ 3.56 11.28 
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Since the normality assumptions are satisfied by the normality tests, the 

performance of the individual control charts which are discussed so far is valid when 

the moisture and ash contents of coals are independent. However, if the data are 

autocorrelated, these findings can result in many wrong decisions about the process. 

Therefore, whether there is any autocorrelation between the consecutive observations 

of the two quality characteristics, or not, is tested in the following section. 

5.2. Testing autocorrelation of coal characteristics 

In addition to normality, independence of data must also be satisfied in order to 

apply SPC for the processes. Autocorrelation means the correlation between data 

observed, builds up automatically. If two variables are related in such a way that a 

change in one variable is reflected by a change in the other variable, the two variables 

are said to be correlated (Stapenhurst, 2005). Data are autocorrelated if each value is 

correlated to the previous one. Autocorrelation is a problem because the control charts, 

and indeed most statistical analyses, assume that the data are not autocorrelated. A 

quick and simple method of checking for autocorrelation is to draw a scatter diagram 

of each value, Xi, against the previous value Xi-1 (Stapenhurst, 2005). Figure 5 shows 

the scatter diagram of moisture and ash contents of fine coals used in this study. It is 

clear that there are considerable positive correlations between the two consecutive data 

values of both variables. In the autocorrelated series of observation, each individual 

observation is dependent upon previous observation (Singh and Prajapati, 2011). This 

also exists for the two coal quality values and the degree of autocorrelation should be 

determined and also these autocorrelations must be removed by an appropriate 

ARIMA time series model before constructing statistical control charts.  
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Fig. 5. Scatter diagrams showing autocorrelation for moisture and ash contents 

It is possible to calculate the autocorrelation between consecutive values, that is, of 

lag 1. It is also possible to calculate the autocorrelation of lag 2 (i.e. between values 

two observations apart) or any number of observations apart (Stapenhurst, 2005). The 

correlation coefficient can be calculated for lags 1, 2, 3, etc. and it should steadily 

decrease. For some value n, the correlation coefficient will not be significant and this 

gives us the minimum time that should be allowed between sampling.  



506 A. Tasdemir 

To check this, autocorrelation and partial autocorrelation function plots were 

generated for 25 lags. The sample Autocorrelation Function (ACF) and the sample 

Partial Autocorrelation Function (PACF) which are representative of the 

autocorrelation structure across periods of the time series, displayed in Fig. 6 for the 

moisture content time series (top plots) which show relatively stationary 

characteristics and for the ash content time series (bottom plots) which show some 

characteristics of a non-stationary process. There is a high degree of correlation (r = 

0.7) for moisture content and (r = 0.6) for ash contents of consecutive data points. The 

sample ACF of moisture content decays linearly and the corresponding PACF 

indicates the most important contribution at the first lag. The sample ACF of ash 

content decays very slowly and the corresponding PACF shows one very significant 

contribution at lag 1 and then two contributions at lags 2 and 3.  

Due to these facts it is likely to see an increased number of false alarms in both 

Shewhart control charts. Continuing to use a control chart that signals too often can be 

counter-productive because a real signal may be ignored as just another false alarm. Estimated Autocorrelations for Col_1
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Estimated Autocorrelations for Col_2
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Estimated Partial Autocorrelations for Col_2
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Fig. 6. ACFs and PACFs of moisture (top plots) and ash (bottom plots) contents 

5.3. ARIMA fits and residuals 

To remove the autocorrelations of two quality characteristics, ARIMA time series 

models that fit the best to the moisture and ash contents were determined by 

Statgraphics software. We use the ARIMA procedure in Statgraphics software to 

estimate the models for moisture and ash contents.  

Tables 2 and 3 show the values of model fit statistics used for the ARIMA model 

selection for the moisture content and ash content respectively. In these tables, A, B, 

C, D and E denote the ARIMA models that can be suitable for the two quality 

characteristics. The five ARIMA models in the list are those that fit best, among 
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dozens that were fit. The most suitable model between them was selected by applying 

the selection criteria. The procedure fits each of the models indicated and selects the 

models that give the smallest value of the selected criterion. There are six criteria to 

choose from: (1) the root mean squared error (RMSE), (2) the mean absolute error 

(MAE), (3) the mean absolute percentage error (MAPE), (4) the mean error (ME), (5) 

the mean percentage error (MPE), (6) the Akaike Information Criterion (AIC).  

Each of the statistics is based on the one-ahead forecast errors, which are the 

differences between the data value at time t and the forecast of that value made at time 

t-1. The first three statistics measure the magnitude of the errors. A better model will 

give a smaller value. The last two statistics measure bias. A better model will give a 

value close to 0. This table compares the results of fitting different models to the data.  

The model with the lowest value of the Akaike Information Criterion (AIC) was 

chosen as the best describing model in this study. The AIC is calculated from: 

  ncRSMEAIC 2ln2  ,    (13) 

where RSME is the root mean squared error during the estimation period, c the number 

of estimated coefficients in the fitted model, and n the sample size used to fit the 

model. The AIC is a function of the variance of the model residuals, penalized by the 

number of estimated parameters. In general, the model will be selected that minimizes 

the mean squared error without using too many coefficients (relative to the amount of 

data available). 

The models with the lowest value of AIC are ARIMA (1,0,1) with a constant for 

the moisture content and ARIMA (0,1,2) for ash content though several other models 

are very similar, as presented in Table 2 and Table 3. Therefore, the ARIMA models 

are preferred for our data in this research. 

Table 2. ARIMA model fit statistics for moisture content 

A: ARIMA(1,0,1) with constant; B: ARIMA(2,0,0) with constant; C: ARIMA(1,0,2) with constant;  

D: ARIMA(2,0,1) with constant; E: ARIMA(2,1,1) 

Table 3. ARIMA model fit statistics for ash content 

Model RMSE MAE MAPE ME MPE AIC 

(A) 4.62662 3.67199 9.47837 -0.168696 -1.69922 3.08018 

(B) 4.63186 3.67325 9.5009 -0.178473 -1.74001 3.08245 

(C) 4.63362 3.66381 9.425 -0.00738307 -1.29087 3.09147 

(D) 4.618 3.61403 9.35612 -0.10959 -1.65678 3.09298 

(E) 4.63713 3.66895 9.46142 -0.16297 -1.67918 3.09299 
A: ARIMA(0,1,2); B: ARIMA(1,1,1); C: ARIMA(0,1,2) with constant; D: ARIMA(1,0,2) with constant;  

E: ARIMA(1,1,2) 

Model RMSE MAE MAPE ME MPE AIC 

(A) 1.56223 1.24302 7.09856 0.0137352 -0.713845 0.917022 

(B) 1.5634 1.24791 7.1247 0.0160021 -0.705291 0.91852 

(C) 1.56514 1.24187 7.09152 0.0129439 -0.715767 0.929005 

(D) 1.56633 1.24641 7.11658 0.0119596 -0.722733 0.930528 

(E) 1.57798 1.23127 6.99972 0.0646808 -0.372863 0.937088 
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Parameters of ARIMA (1,0,1) model for moisture and ARIMA (0,1,2) model for 

ash content are given in Table 4. The output summarizes the statistical significance of 

the terms of the forcasting model. The terms with p-values less than 0.05 are 

statistically significantly different from zero at the 95.0% confidence level. For the 

ARIMA (1,0,1) model, the p-value for the AR(1) term is less than 0.05, so it is 

significantly different from 0. The p-value for the MA(1) term is less than 0.05, so it is 

significantly different from 0. The p-value for the constant term is less than 0.05, so it 

is significantly different from 0. The estimated standard deviation of the input which 

noise is equal to 1.56364. As the evidence of Fig. 6, ACF of the time series values 

falls down fairly quickly for the moisture content, then the time series values can be 

considered stationary. Therefore, the moisture values were not need to be 

differentiated. For the ARIMA (0,1,2) model, the p-value for the MA (1) and MA(2) 

terms are less than 0.05, so they are significantly different from 0. The estimated 

standard deviation of the input which noise is equal to 4.62806. This model does not 

contain a constant. As seen in ACF of ash content it goes down very slowly, the time 

series values of ash content were considered non-stationary (Fig. 6). The ARIMA 

(0,1,2) model means that the data are differenced once and a second-order moving 

average term is included, with no intercept. 

We obtained the moisture content model in the form: 

11 284.0849.0709.2   ttt XX   with the AIC of 0.917. 

We also obtained the ash content model in the form: 

211 215.0574.0   tttt XX   with the AIC of 3.08. 

Table 4. Summaries of parameters of ARIMA models 

ARIMA (1,0,1) with constant model for moisture content 

Parameter Estimate Standard Error t-value p-value 

AR(1) 0.848526 0.0504203 16.829 0.000000 

MA(1) 0.284025 0.0867921 3.27247 0.001224 

Mean 17.8889 0.446367 40.0767 0.000000 

Constant 2.70971    

ARIMA (0,1,2) model for ash content 

Parameter Estimate Standard Error t-value p-value 

MA(1) 0.574255 0.0627454 9.15215 0.000000 

MA(2) 0.215334 0.0633602 3.39857 0.000794 

Figure 7 shows the actual and fitted plots of individual observations comparatively. 

As seen in these figures, the fitted values by ARIMA models were very close to the 

actual quality characteristics for both variables. 

Figure 8 shows the residual autocorrelations and residual partial autocorrelations 

for moisture and ash contents respectively. As seen in these plots, the autocorrelation 

removed successfully by applying the ARIMA models and there are no 

autocorrelations between residual values of two coal quality characteristics. Also, as 

shown in Fig. 9, the residuals obtained from ARIMA models obey the normal 
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distribution very well. Since the normality and independence assumptions were 

satisfied by the ARIMA model residuals, the standard Shewhart charts can be applied 

conveniently to monitor the moisture and ash contents. 
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Fig. 7. Actual and fitted moisture contents by ARIMA (1, 0, 1) with constant model and ash contents by 

ARIMA (0,1,2) model 
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Fig. 8. ACFs and PACFs of residuals for moisture content by ARIMA (1,0,1) with constant model and for 

ash content by ARIMA (0,1,2) 

5.4. X/MR Charts for monitoring forecast residuals 

Figure 10 shows the X and MR charts of residuals for individual moisture and ash 

contents. Even applying the Western electric rules, the number of out-of control points 

signaficantly reduced the false alarms. There are only 5 and 6 unusual points in X 

charts of moisture and ash contents, respectively. There is only one point exceeding 3σ 

limits for moisture and no out-of control point for ash content. On the other hand these 

numbers are 2 and 3 on the MR charts for the moisture and ash contents, respectively. 
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Fig. 9. Normal probability plots of residuals obtained by ARIMA models for moisture and ash contents 
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Fig. 10. The X and MR charts of residuals (special cause charts) for moisture (top plots) and ash (bottom 

plots) contents 

It is known from literature that these charts would immediately lack the robustness 

when the observations violated the conditions, and the problem was that most 

industrial processes are continuous and correlated. When the data were highly 

correlated, the traditional charts would signal the high rate of false alarms. Alwan and 

Roberts (1995) analyzed sample applications of control charts and showed that about 

85% displayed incorrect control limits were due to the autocorrelation in the data. 

They pointed out that there would be lots of false prediction or missing alarms when 

the autocorrelations were ignored. According to results obtained from this study, 

ignoring autocorrelation in coal data also causes false out-of control points in the SPC 

charts. 

6. Conclusions 

Obeying the normality is not enough for applying the SPC charts to monitor two 

discussed here coal quality characteristics. The results of this study also showed that 
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autocorrelation strongly affected performance of the SPC charts in case of coal 

washing data. It was determined that the data of daily moisture and ash contents of the 

coal washing plant were moderately autocorrelated. For this reason, much more out-of 

control points on the traditional Shewhart charts, which assumes the independence of 

observations with normaly distributed data, were detected for both variables.  

The series of daily values of moisture contents are best described by ARIMA 

(1,0,1), with a constant model. The ARIMA (0,1,2) model is recommended to be used 

for generating time series of ash contents. Reduced number of out-of control points in 

the residual control charts showed us the importance of autocorrelation in coal 

industry and this autocorrelation should be removed before constructing a control 

chart to monitor the quality characteristics. It is also shown that the Shewhart control 

charts of residuals which are independent and normally distributed and obtained from 

ARIMA models are more appropriate to find the true unusual points otherwise huge 

amount of wrong out-of control points are recorded. These situations might cause 

wrong decisions to monitor the process since most of the data points which are in 

control actually detected as out-of control. Therefore, usage of uncorrelated data may 

cause misleading results about the process.  

It may also possible to make make preventive and corrective actions for the quality 

characteristics of coal by the ARIMA models since these models can forecast for the 

future using past data of the processes. 
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Abstract. This paper focuses on the effects of grid schemes and turbulence models on the CFD 

modelling of stirred tanks. The economical grid was determined by examining the 

dimensionless wall distance and the skewness of elements. The grid independency study 

ensured that the independency of numerical predictions. Also, three categories of turbulence 

models were compared for prediction of flow pattern. The grid sensitivity study highlighted 

that the quality of control volumes in the bulk and near the wall regions are significant for 

obtaining the consistent solutions. It was also found that for the prediction of velocity 

components and the turbulent quantity the RANS based models are more efficient. 

keywords: stirred tank, computational fluid dynamics, turbulence models, grid sensitivity 

1. Introduction 

Mechanically stirred vessels are broadly used in a wide range of unit operations 

such as flotation cells in mineral processing plants, blending of liquids and 

crystallization in chemical engineering reactors. Owing to their extensive range of use, 

a reliable method of simulating the hydrodynamics of flow instead of correlating the 

overall performance to the operational and geometrical conditions would be beneficial 

for the industries.   

Computational Fluid Dynamics (CFD) provides a numerical method in which 

thorough information on the hydrodynamics of fluid flow can be extracted. The flow 

pattern is then used to understand the details of the process itself. Thus, it would be 

expected that an accurate CFD simulation of the fluid flow leads to improved 

understanding of the mixing sub-processes occurring in mechanically stirred vessels.  

Since the unsteady nature of turbulent flow inside stirred tanks is affected by many 

parameters such as the geometry of rotational system, the local vortices, the gas 

dispersion and so on, an accurate simulation of the flow pattern is rather complex. To 

tackle this intricate problem one may investigate the factors such as the grid 

resolution, the discretization scheme, the impeller rotation modelling method, and the 

turbulence models. At the same time, the enhancement of CFD packages is an on-

going progress, and each new version of solvers is equipped with more features aimed 

http://www.minproc.pwr.wroc.pl/journal/
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at accurately capturing more details of the fluid flow behaviour. As a consequence, a 

computationally efficient and accurate CFD model for a stirred tank must be updated 

to assess the effects of new options encompassed in recent CFD solvers. In the insight 

of previous works that considered different aspects of CFD modelling of a stirred tank, 

this research is scoped to update and optimize the CFD methodology for stirred tanks 

as realistic as possible, while it should be computationally inexpensive.  

The potential of CFD for modelling of unbaffled stirred tanks has been reported in 

several papers. The applicability of numerical modelling was demonstrated by 

comparison of the simulated results with the laser-Doppler velocimeter data 

(Armenante et al., 1997; Dong et al., 1994a, b). In these early papers, the standard k-ε 

and the Algebraic Stress Model (ASM) were used as turbulence models and the 

rotation of impeller was modelled by either adapting the LDV measurements or by the 

Multiple Reference Frames (MRF) method.  

Oshinowo et al. (2000) showed that MRF is an efficient choice for the modelling of 

impellers in the baffled stirred tanks. The sensitivity of the solution to the different 

grids was also investigated. They compared the predicted tangential velocities with the 

three turbulence models including the standard k-ε, the RNG k-ε and RSM. They 

concluded that the steady-state modelling with the MRF is a valuable tool in the 

analysis and design of stirred tanks when the single phase turbulent flow occurs.  

Bakker (Bakker and Oshinowo, 2004; Bakker et al., 2000) investigated whether the 

Large Eddy Simulation (LES) can predict the large-scale chaotic structures in stirred 

tanks. A single radial pumping impeller and a single axial pumping pitched blade 

turbine were simulated. The results showed that both impeller configurations had 

qualitatively good agreement with the experimental data (Myers et al., 1997). 

Another approach for modelling of impellers, the Sliding Mesh method (SM), was 

compared with the MRF by Lane et al. (2000). The computational time, accuracy of 

mean velocities and the turbulence parameters were the main variables of comparison. 

A half slice model of a 294 mm diameter baffled stirred tank was discretized by 48, 39 

and 60 cells in the axial, radial and azimuthal directions. An important finding was 

that the MRF method was more computationally efficient than the SM. They also 

found that both methods had similar results for the prediction of the velocities. For 

turbulence characterizations, the MRF provided an improvement in the predictions. 

Yoon et al. (2001) modelled the motion of impellers using Particle Image 

Velocimetry (PIV) data as boundary conditions around the impeller. A 3D grid of 

51,840 cells for 60
◦
 sector of a 145 mm diameter cell was used to compute the flow. 

They provide a method to describe the impeller-induced flow in the stirred tank.  

Influences of different impeller modelling methods, discretization schemes, and 

turbulence models on the CFD modelling of stirred tanks were investigated by Aubin 

et al. (2004). The mean axial and radial flow patterns were slightly affected by the 

choice of SM or MRF for modelling of the impeller. The higher order of discretization 

schemes were recommended for the simulation of turbulent flow inside the stirred 

tank. Applying the Reynolds Stress Model (RSM) as the turbulence model led to a 
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diverged solution. The Standard and the Renormalization-group k-ε models did not 

show significant differences in predicting the mean radial and axial velocity fields. 

The authors suggested that correct prediction of the single phase flow quantities is 

necessary for an accurate multiphase modelling of stirred tanks.  

Deglon and Meyer (2006) used the MRF for modelling of the impeller rotation in 

conjunction with the standard k-ε turbulence model for studying the turbulence 

effects. The flow pattern in a half of a cylindrical tank agitated with a standard six-

blade Rushton turbine was simulated over four different grids using the QUICK 

discretization scheme. A range of impeller speeds corresponding to the laminar and 

turbulent flow regimes were tested. They showed that although the flow field can be 

predicted with a coarse mesh, an accurate prediction of turbulence in stirred vessels is 

computationally intensive and needs both fine grid resolution and a high-order 

discretization method.  

One of the recent work addressing numerical issues in the CFD simulation of the 

fluid flow in stirred tanks was performed by Coronoe (2010). This work aimed at 

verifying the effect of numerical issues on the RANS-based predictions of the single 

phase flow in stirred tanks. The effects of grid sizes and discretization schemes were 

considered for modelling of the mean velocity, the turbulent dissipation, and the 

homogenization with the standard k-ε turbulence model and the MRF method. This 

work revealed that the effect of numerical uncertainties may be minimized with 

sufficiently fine grid resolution. They argued that due to the limitation of the 

turbulence model the detailed explanation of turbulence quantities cannot be achieved. 

They also mentioned that the effects of the numerical inaccuracies would be more 

important in the multiphase modelling of stirred tanks.  

Reviewing the previous literature revealed that the standard k-ε is a 

computationally affordable turbulence model and it is generally accepted for the 

modelling of stirred tanks. The Multiple Reference Frames (MRF) yields better results 

than the Sliding Mesh method to model the impeller motion in terms of both 

computational time and agreement with the experimental data. Although the previous 

works shed some light on how to deal with the common aspects of the numerical 

issues on the CFD modelling of stirred tanks, CFD solver developments led to the 

question of whether the available methodology of numerical simulation of the stirred 

vessel is still reliable or it should be updated. Thus, this paper is intended to fill this 

gap. To accomplish this goal, the optimized mesh was selected through different 

criteria including the value of y+ on the problematic regions near the walls to capture 

the small eddies, skewness of elements, and the grid independence study. Then, 

turbulence models were categorized into three different groups. The performance of 

each category was compared with the experimental data. 

2. Methodology 

The Reynolds averaged continuity and the Reynolds averaged Navier-Stokes 

equations (RANS) have been resolved in this work to model the highly turbulent flow 

inside the agitated vessel. They can be written as follow: 
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where u is the velocity component,  is the liquid density, p is the pressure, μ is the 

fluid viscosity, and g is the gravitational acceleration. The term τij
Re

 denotes the 

Reynolds stress and signifies the effects of turbulent velocity fluctuations on the mean 

flow. To close Eqs. (1) and (2) the Reynolds stress must be modelled. There are 

different turbulence models to achieve closure for the above partial differential 

equations. In the following sections the fundamentals of these models are briefly 

explained and referenced. 

2.1. RANS based turbulence mode 

The RANS-based turbulence models are recommended (ANSYS Inc, 2009) to 

reduce the required computational effort and resource. They are divided into the four 

different categories including: one-equation model, two-equation models, three-

equation models, and Reynolds Stress Model (RSM). Except the latter, the other 

RANS-based turbulence models apply the Boussinesq hypothesis (Hinze, 1975) that 

relates the Reynolds stresses to the mean velocity gradients: 
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In this equation μt is the turbulent viscosity, k is the turbulent kinetic energy and δij 

is the Kronecker delta. The Boussinesq theory assumes the turbulent viscosity is an 

isotropic scalar. 

The RANS-based turbulence models have been divided according to the number of 

additional transport equations essential to resolve the flow field. 

2.1.1. One-equation model 

The Spalart-Allmaras is a relatively simple one-equation model that solves one 

transport equation for the turbulent kinematic viscosity. The details of equations of 

this model are explained by Spalart and Allmaras (1992). 

2.1.2. Two-equation models 

This group of turbulence models has become the standard approach for industrial 

applications and is of particular interest for engineering problems where turbulence 

effects are significant such as stirred vessels. As the definition states, to capture the 
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turbulence effects, two extra transport equations must be solved for this type of 

turbulence model. Models such as the k- ε and its variants and the k- model and its 

variant fall into this class. From two additional transport equations, one of the 

variables is turbulent kinetic energy, k. The second one depends on what type of two-

equation turbulence models is used. The second transported variable can be thought of 

as the determination factor of turbulence. The common options for the two-equation 

models are the turbulent dissipation, ε, or the specific dissipation, . 

 Standard k-ε model 

The advantages of using the Standard k-ε model such as robustness and reasonable 

accuracy account for the numerous applications of this model in the simulation of 

stirred tanks. The standard k-ε model is a semi-empirical model that solves the 

turbulent kinetic energy (k) and its turbulent dissipation (ε) for fully turbulent flow. 

The details of the transport equations were explained by Launder and Spalding (1972). 

 RNG k-ε model 

The RNG k-ε model is derived from the standard k-ε model carrying out a 

mathematical technique called “renormalization group” (RNG). In this turbulence 

model some refinements for accurate results have been outlined. Adding an extra term 

in the “ε” equation improves the accuracy for rapidly strained flows. Besides, the 

effects of swirl on the turbulence are included in the RNG k-εmodel, enhancing the 

precision for swirling flow. Orszag et al. (1993) have documented a complete 

application of the RNG concept for turbulence modelling.  

 Realizable k-ε model 

This turbulence model is a relatively new approach to resolve the Reynolds stresses 

(Shih et al., 1995). Its differences from the standard k-ε model are twofold: a new 

formulation for the turbulent viscosity and a vorticity-based new transport equation for 

the turbulent dissipation, ε. These modifications are reported to provide superior 

performance for swirling flow. 

 Standard k- model 

The standard k- model used in this paper is based on the Wilcox k- model 

(Wilcox, 1998). Wilcox has derived this empirical turbulence model based on the 

transport equations for turbulence kinetic energy (k) and the specific turbulent 

dissipation (). 

 Shear-Stress Transport (SST) k- model 

Blending the robust formulation of the k- model in the inner parts of boundary 

layer with the applicability of the k- model in the bulk flow is the backbone of this 

model. The SST k- turbulence model was developed by Menter (1994). 

 Transition SST model 

The transition SST model is another derivative of the k- model taking advantage 

of two more transport equations, one for intermittency and one for the transition onset 

criteria. 
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2.1.3. Three-equation model 

 k-kl- transition model 

Since the k-kl- model has three transport equations for the turbulent kinetic 

energy, the laminar kinetic energy, and the inverse turbulent time scale (), it is 

considered as a three-equation model. This model benefits from predicting the 

boundary layer development and the calculating transition onset. Using this model one 

can effectively address the evolution from laminar flow to turbulence in the boundary 

layer. 

2.2. Large Eddy Simulation (LES) 

The entire concept of the Large Eddy Simulation (LES) model is based on eddies 

that are the main characteristics of the turbulent flow. In this model, the motion of 

large eddies is resolved directly, while the small eddies are implicitly modelled using a 

sub-grid scale model. Thus, a filtering operation should be conducted to separate the 

velocity field into two resolved parts; large eddies and a sub-grid part. Filtering the 

time-dependent Navier-Stokes equations results in a set of the solved part (large scale) 

and the residuals (small scale). The filtered equations are expressed as: 
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τij
sgs

 is the stress tensor composed of all the information about small scales. It can be 

related to the eddy viscosity by the following equation:  
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In this research, solving the eddy viscosity, μt, has been conducted by three 

different methods: Smagorinsky-Lilly (Smagorinsky, 1963), WALE model (Nicoud 

and Ducros, 1999), and dynamic kinetic energy (Kim and Menon, 1997). 

2.3. Detached Eddy Simulation 

The DES model is a hybrid turbulence model that applies the RANS model to solve 

the flow near the wall, and other regions far from the walls are computed by the LES 

approach. In the modelling of stirred tanks in this study three combinations of RANS 

models with the LES have been considered including the Spalart-Allmaras, realizable 

k-ε and the SST k-(Shur et al., 1999). It should be noted here that computational 
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cost of using DES model is greater than the RANS computational cost, but less than 

the LES. 

3. Numerical approach 

The 3D unsteady flow of water inside a 293 mm diameter unbaffled tank agitated 

by a six-blade impeller with 73 mm clearance (Fig. 1) was simulated using CFD 

package ANSYS FLUENT 12.1. Since the finite volume method is implemented in 

this solver, the computational domain, adopted from (Armenante et al., 1997), was 

discretized into different cells. To conduct the MRF method for modelling of impeller 

motion, recommended by Lane et al. (2000) and Deglon and Meyer (2006), the entire 

vessel was divided into the bulk flow region and the rotational zone. In this way, 

governing equations are solved in a rotating reference frame to handle the impeller 

rotation, while in the rest of the vessel the flow is calculated by solving the RANS 

equations in a stationary reference frame. The SIMPLE algorithm coupled the 

continuity and momentum equations to derive the pressure field inside the tank, and 

the momentum discretization was computed by a second-order upwind method. It 

should be mentioned that to perform the LES and DES turbulence models the 

discretization scheme was altered to the bounded central differencing method. In this 

study, the impeller speed was 450 rpm. A 45
◦
 sector of vessel was simulated using 

periodic boundary conditions.  

Different time steps corresponding to 5, 10, 12 and 15 degrees of rotational angle 

of the impeller have been simulated. Each simulation was initialized with the standard 

k-ε turbulence model for 10 revolutions of the impeller. All the simulations were 

performed on an Intel Corei7 CPU 1.6 GHz workstation in this study. 

One of the main issues that have been considered in this article is how sensitive the 

CFD results are to the various mesh schemes. The grid density should be dense 

enough to embody all the underlying flow features. To explain this effect, different 

grids have been built up. In each case, different numbers of elements in the two 

separate regions, the bulk flow and the rotational zone, have been distinguished. The 

details of each structured hexagonal mesh are described in Table 1. The number of 

elements in the three directions of cylindrical coordinate system is shown in Table 1.  

In order to capture the time-dependent fluctuations of turbulence inside the 

boundary layer, y+ value was taken into account. These parameters are defined as the 

dimensionless distance from the wall to the first grid point. The value of y+ is 

computed for the boundary cells on the specified wall zones. Then, those cells with the 

y+ values within a specified range will be marked for refinement during the solution 

process. The y+ can be computed by the following equation: 

v

yu
y

*
 ,     (7) 

where u*, the friction velocity can be defined by Eq. (8), y is the distance to the wall 

and  is the kinematic viscosity: 
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 wu * ,     (7) 

where τw is the wall shear stress and  is the fluid density at the wall. 

Skewness has also been used in this study to investigate the quality of each control 

volume. As is shown in Table 1, even the maximum skewness is in the excellent range 

of commonly used for the mesh quality (ANSYS Inc, 2009). 

 

Fig. 1. Schematic of the whole vessel adapted from Armenante et al. (1997) 

Table 1. Properties of the mesh schemes used in this article 

Case# 
Bulk flow Rotational zone No. Cells Skewness 

  z   z Original Adapted Min Max Ave 

C1 31 20 65 11 20 5 40,300 59,375 0.0125 0.1086 0.0242 

C2 40 24 78 14 24 6 74,880 110,762 0.0104 0.1429 0.0190 

C3 48 29 94 17 29 8 130,848 176,306 0.0050 0.0990 0.0211 

C4 58 35 113 20 35 10 229,390 296,478 0.0041 0.1077 0.0168 

C5 70 42 126 24 42 12 370,440 472,129 0.0034 0.1260 0.0210 

C6 84 50 139 29 50 14 583,800 704,818 0.0029 0.1436 0.0208 

C7 92 60 154 35 60 17 850,080 1,024,317 0.0015 0.1606 0.0309 

* the numbers in the ,, and z columns represent the number of elements in each direction of cylindrical coordinate system 
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4. Results and discussion 

4.1. Grid study 

As the grid determines the control volume on which all governing equations for the 

stirred tank are resolved, the numbers of cells directly affect the solution accuracy and 

the required CPU time. One of the main aspects of this study is to examine the 

influences of different cell numbers on the prediction of flow behaviour. Therefore, 

finding the optimized number of cells wherein almost all the local turbulent events are 

captured, yet the computational time is affordable, is one of the focal points of this 

work. Meanwhile, the quality of an efficient mesh should be good enough so that the 

solution is not affected by the bad-quality elements. Owing to the facts mentioned 

above, the skewness and values of the y+ were utilised for surveying the mesh quality 

in the bulk flow and the viscous layer near the wall. 

4.1.1. Systematic study of y+ 

In the turbulent flow in a stirred tank, the mean flow is strongly affected by the 

turbulence. The numerical results for this type of flow depend on the mesh size. It 

would be expected that a sufficiently fine mesh for the regions where the mean flow is 

influenced by the existence of the rapid changes and the shear layers with large strain 

rates can resolve the flow field pattern. Values of y+ can be an indicator for checking 

the near-wall mesh quality. Two different wall functions namely, the standard wall 

function, which is the most widely used in the industrial flows and the enhanced wall 

treatment, appropriate for the fine mesh schemes, were applied for capturing the near-

wall flow features. It is recommended (ANSYS Inc, 2009) that for using the standard 

wall function, the value of y+ in the first cell should be within the logarithmic law 

layer, whereas the enhanced wall treatment requires y+ as low as possible (y+<5). 

Testing the value of y+ at all bounding walls showed that the most problematic area is 

the blade region. Figure 1 shows the value of y+ on the centre line of the blade for 

different number of meshes. It is clearly shown that the highest value in all cases is at 

the tip and close to the impeller-shaft junction point. 

To reduce the value of y+ on the blade, the solution-adaptive mesh refinement 

feature of ANSYS FLUENT was used. In this way, additional cells can be added 

where they are needed, which is in this case on the tip and close to the shaft. The main 

advantage of this method is that one can locally increase the number of cells based on 

the solution and analyse the impacts of supplementary cells on the results without 

regenerating of the mesh. Different refinement methods have been applied on the 

problematic areas. After comparing different adaptation methods, results of the best 

refinement that decreases the value of y+ more than other approaches are depicted in 

Fig. 2. The number of cells after refinement is reported in Table 1. 

In order to assess how much the extra cells change the maximum y+ value on the 

blade, the simulations were repeated after the refinement. All other simulation 

parameters were kept constant. The values of y+ on the centre line of the blade are 
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displayed in Fig. 2. Except for the first case, maximum y+ value on the blade in all the 

other cases is significantly decreased. 

 

Fig. 2. Value of y+ on the centre line of blade for seven different cases before refinement. C1 to C7 

represent the number of cells before refinement for case1 to case7 described in Table 1 

 

Fig. 3. Value of y+ on the centre line of blade for seven different cases after refinement. C1 to C7 

represent the number of cells after refinement for case1 to case7 described in Table 1 

It can also be seen from Fig. 2 that for case 6 and case 7 the values of y+ are 

coincident. Thus, adding more cells did not lead to improvement in the value of y+. To 

elaborate more on this behaviour the maximum y+ on the centre line for the seven 

different cases is plotted with respect to computational time in Fig. 3. The number of 

cells in Fig. 3 is adopted after the refinement. Although the reduction rate of y+ 

maximum on the blade for the first three cases (i.e. C1 with 59375 cell, C2 with 

110762 cells and C3 with 176306 cells) is too high, it is clearly demonstrated that 

beyond certain number of cells the maximum value of y+ does not differ significantly. 

Since the computational time and number of cells are following a linear correlation, 
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using high number of cells results in increasing the required CPU time without 

reducing the maximum y+. Also, an extreme case with 2 million cells was investigated 

and the effect on the y+ was found to be insignificant while the computational time 

was around 48 hours. The systematic study of y+ suggests that successful computation 

of turbulent flow close to the walls of the stirred tank can be achieved by a grid 

density between 500,000 to 700,000 cells. Figure 4 illustrates the contour plot of y+ 

for the case with 704, 818 cells. The final refined surface mesh on the blade is also 

shown in this figure. 

 

Fig. 4. Maximum y+ value on the centre line of the blade for seven different cases 

 

Fig. 5. Contour plot of y+ value for 45° sector and blade 

4.1.2. Grid independence study 

Any small fluctuations of velocity and other features of the flow within the tank 

should be captured by an efficient mesh scheme. However, a very fine mesh 

refinement leads to increased computational time. Thus, a grid independence study has 

been performed to find optimize number of cells for which the solution is independent.  
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To achieve this aim, four points on five planes in different parts of the vessel were 

defined (Fig. 5). As shown in Fig. 5, the planes covered all the hydrodynamically 

significant zones of the tank such as lower bottom of the vessel, top and bottom of the 

impeller and two planes for the upper parts of the vessel. The points are also situated 

in the locations where the data close to the impeller, shaft, middle of vessel and close 

to the wall can be derived. After running the simulations for seven cases (Table 1) the 

values of the velocity components (tangential, radial and axial) and the turbulent 

kinetic energy were collected for all the nominated points, shown in Fig. 5, to quantify 

how much each of these components vary over the wide-ranging numbers of cells. 

Because of space constraints, only the results of tangential velocity and turbulent 

kinetic energy in the middle of each plane, depicted by the balls in Fig. 5, are shown 

here. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Locations of points and planes for the grid 

sensitivity test (the whole vessel and 45º sector) 

Figures 7 and 8 show the variations of tangential velocity and turbulent kinetic 

energy at the selected points for the different numbers of cells. It is clearly 

demonstrated here that there exists a specific grid size beyond which both the velocity 

components and the turbulent quantities show little variation. It is seen in Fig. 6 a-c 

and e that variations of tangential velocity are negligible after the number of 472,000 

elements (case 5), although for the plane 160 mm from the bottom of vessel (Fig. 6d) 

this observation is seen for 704,000 cells. 

From Fig. 8 it can be seen that increasing the number of cells to 1000,000 means 

that one can detect only very small eddies inside the computational domain and the 

mean quantity of turbulent kinetic energy does not change significantly. It must be 

noted that the simulated data (the velocity components and the turbulent kinetic 

energy) for the other points were also checked but results, for the sake of brevity, are 

not included in the present paper. 
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Therefore, in order to have the precise and computationally economical solution 

the y+ systematic study in combination with the grid independence study should be 

conducted. The results of these two examinations show that the adopted grid system 

applied in the case 6 (Table 1) can computes the flow close to the boundary layers, 

while at same time the general phenomenon of the bulk flow can be predicted 

thoroughly. As a result the methodology used for case 6 (Table 1) was chosen to 

investigate the effects of different turbulence models in the simulation of flow field 

within the stirred vessel. 

 

Fig. 7. Tangential velocities for the mid-points in five different palnes, shown in Fig. 6, for different grids 

 

Fig. 8. Turbulent kinetic energy for the mid-points in five planes for different grids 
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4.2. Turbulence models study 

There is no generally accepted turbulence model that can be applied in all types of 

engineering flow simulation problems. Therefore, a comparison of different turbulence 

models for prediction of flow inside the stirred tank is another aim of this work. To 

attain this objective all the turbulence models available in ANSYS FLUENT 12.1 

were categorized into various groups based on their methodology of calculation of the 

term τij
Re

 in Eq. (2). Also, the experimental data, adopted from Armenante et al. 

(1997), were used to compare the performance of each turbulence model for 

estimation of the velocity components and the turbulence quantity. The selected 

results for each group are discussed in the following sections. 

4.2.1. Validation of RANS turbulence models 

As discussed in the methodology section, this type of turbulence model implements 

the Boussinesq assumption that relates Reynolds stresses to the mean velocity 

gradient. Because this group of turbulence models solves the averaged flow quantities 

they are computationally preferable.   

For the validation of each model, the velocity components (tangential, radial and 

axial) as well as the turbulent kinetic energy were compared with the experimental 

data over five different planes (Fig. 5). It should be mentioned among all the RANS 

models, using the Reynolds Stress Model (RSM) led to diverged solutions. Attempt to 

remedy this by decreasing the under-relaxation factors, initializing with the other 

turbulence models, gradually increasing the angular velocity and varying the time step 

were unable to achieve a converged solution.  

Figure 9 shows the tangential velocity profile predicted by the RANS models 

together with the experimental data. It is clear that the choice of turbulence models 

plays an important role in the simulation of the flow inside the stirred tank. Among the 

models with the scalar assumption of turbulent viscosity, the k-ε RNG and the 

Transition-SST turbulence models provided a better fit to the experimental data. 

Although the Transition-SST predicted the maximum of velocity closer to the 

experimental data, the general trend of the k-ε RNG data for the rest of the vessel 

compared well with the experimental data.  

Comparing the axial and the radial velocity profiles on the other planes showed 

that the performances of the above mentioned models, the k-ε RNG and the 

Transition-SST, were better than other RANS models. Transition SST for predicting 

the axial velocity was the efficient option, while the radial velocity profiles predicted 

with the k-ε RNG were more accurate. In the regions with high turbulence, i.e. the 

impeller discharge zone and the bottom of the vessel, the prediction of turbulent 

kinetic energy with the three-equation turbulence model, k-kl-, was significantly 

improved and the transition SST worked better for the top part the vessel where the 

flow was not influenced too much due to the rotation of the impeller. 
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Fig. 9. RANS predictions of tangential velocity compared with experimental data for plane 160 

4.2.2. Validation of Large Eddy Simulation (LES) 

The tangential velocity profile on plane 160 predicted by the LES is compared with 

the experimental data in Fig. 10. In order to assess the performance of LES model for 

calculation of eddy viscosity, μt (Eq. (6)), three approaches have been applied. As is 

demonstrated in Fig. 10, these three subgrid-scale models have very good agreement 

with the LDV results. The maximum of velocity at the tip is slightly over-predicted by 

the Smagorinsky-Lilly and the WALE approaches, though it is captured by the 

“kinetic energy transport” method. This conclusion is also valid for the other planes. 

To predict the axial velocity the WALE model provides results comparable to the 

“kinetic energy” alternative and both of them have captured the trends of the axial 

velocity measurements. 

The radial velocity profile predictions with these three subgrid-scale models fit the 

measurements fairly well, and none of the subgrid-scale models has any merit in terms 

of having closer agreement with the experimental data. As the fluctuation range of this 

velocity component is very narrow, having exact fit with the experimental data is 

computationally very expensive. It is interesting to note that among the three subgrid-

scale models one may select the “kinetic energy” method to justify the term optimized 

methodology, i.e. having both adequate agreement with experimental data and 

reasonable computational cost. 

4.2.3. Validation of Detached Eddy Simulation (DES) 

The Detached Eddy Simulation model draws advantages from the RANS models to 

predict the flow behaviour close to the wall and the LES in the rest of the stirred tank. 

Three RANS models involving the Spalart-Allmaras, realizable k-, and SST k- in 

combination with the LES have been tested to simulate the flow pattern inside the 

vessel. As a case to illustrate the performance comparison, Fig. 11 shows the 

tangential velocity profile on the plane 160 mm from the bottom of the tank. There is 
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not much difference among these three turbulence models, nevertheless the maximum 

velocity predicted by the combination of LES/realizable k‒εwas in better agreement 

with the experimental data.  

Generally, for prediction of the radial and axial velocity components, the above-

mentioned combination fits the LDV data fairly well. Comparison of the simulated 

turbulent kinetic energy with the experimental data showed that the Detached Eddy 

Simulation method was not suitable to predict the measured data. Its under-predictions 

of turbulent kinetic energy are problematic for its use as a turbulence model for a 

stirred tank. 

 

Fig. 10. LES predicitons of tangential velocity compared with experimental data for plane 160 

 

Fig. 11. DES predictions of tangential velocity compared with experimental data for plane 160 

4.2.4. Comparison of different turbulence models 

Validation of each turbulence model in the previous sections showed that the 

choice of turbulence model was an inseparable part in the simulation of stirred tanks.  
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The models in which the Boussinesq hypothesis is applied found to be more 

adequate for the stirred tank modelling. The Spalart-Allmaras, k-ε family, k- family 

are computationally efficient and inexpensive. The Spalart-Allmaras was found to be 

the least expensive model in this paper. However, LES, based on the modelling of the 

large-scale eddies, needed longer CPU times to obtain a stable solution compared to 

the RANS model. The advantage of using the RANS/LES hybrid model might be that 

the computational cost falls between LES and RANS models.  

All the three groups of turbulence models have also been compared with 

experimental data. To accomplish this comparison, the optimized model was selected 

in such a way that two criteria of having short computational time and acceptable 

agreement with the experimental data were satisfied. Figure 12 is an example of 

comparing the turbulence models for prediction of the tangential velocity on the plane 

160 mm from bottom of the tank. As can be seen, LES over-predicts the maximum of 

velocity, while RNG k-ε suffers from under-prediction. However, the maximum of 

tangential velocity on this plane is correctly captured with the DES turbulence model.  

Other components of velocity and the turbulent kinetic energy predicted by the 

optimized model of each group on all planes were compared with the experimental 

data. The comparisons showed that the tangential velocity can be modelled with the 

renormalization group of k-ε turbulence model. Although the LES was successful for 

the computation of the radial and the axial velocity in some of the planes, its 

agreement with the experimental data did not show improvement over that achieved 

by RANS models such as RNG k-ε and transition SST. To predict the turbulent kinetic 

energy efficiently two of the RANS models, the three-equation model and the 

transition SST, had acceptable agreement. The Detached Eddy Simulation model, on 

the other hand, tended to under-predict the turbulent quantity which made it unsuitable 

candidate for the CFD problem of stirred tanks. 

 

Fig. 12. Comparison of turbulence models with experimental data for tangential velocity on plane 160 
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5. Conclusion 

Two underlying aspects of the numerical simulation of stirred tanks, namely the 

efficient grid scheme and the choice of suitable turbulence models, have been 

investigated. Through various criteria we have established the meshing methodology 

which ensures both results’ independency and adequate agreement with experimental 

data. The widely used skewness factor was also tested to understand the optimal cell 

size in the bulk flow. The value of the y+ showed the problematic elements near the 

wall boundary conditions. Solving the problematic elements was carried out using 

different refinement methods to locally increase the number of cells. The grid 

independence study suggested that the solutions tend to converge at around 700,000 

cells by which most characteristics of the turbulent flow can be captured.  

In this study, the performances of RANS, LES and DES turbulence models for 

prediction of velocity components and turbulent kinetic energy have been investigated 

and compared with experimental data. 

It was found that the RNG k-ε and the transition SST turbulence model produced 

better agreement for both velocity components and turbulent quantity. Likewise, the 

LES turbulence model in conjunction with the “kinetic energy” as subgrid-scale model 

was found to capture the trends of velocity components. However, the required CPU 

time for having converged solution made this model computationally intensive. 

Application of DES as the turbulence model for the stirred tank also gave accurate 

results for all the velocity components. It should be noted that the turbulent kinetic 

energy was under predicted.  

Overall, this study demonstrated that for the consistent solution one needs to 

investigate the quality of mesh near the walls and the independency of the results from 

the number of cells. In addition, RANS turbulence models which implemented the 

Boussinesq hypothesis such as RNG k-ε and transition SST yielded better simulation 

of the flow behaviour inside the stirred tank. These recommendations might also be 

useful for the multiphase modelling of stirred tanks. 
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Abstract. In the coarse particle flotation, turbulence which can be treated as energy dissipation 

rate, is one of the most significant parameters effecting the recovery and grade. Therefore, 

determination of energy dissipation rate is very beneficial for delineation of coarse particle 

flotation and determining the maximum floatable particle size in any cell. In this study, 

Computational Fluid Dynamic (CFD) modelling for the Jameson cell has been carried out to 

determine the high turbulent regions and the effect on the upper floatable size limit. The CFD 

modelling has been utilized for determining the flow characteristics and hydrodynamic 

behaviour of the Jameson flotation cell. In parallel with this purpose the turbulence map of the 

cell has been determined and energy dissipation rate determined by using the CFD modelling. 

According to the result acquired from the CFD modelling, there are two main turbulent regions 

which are mixing zone in the upper part of the downcomer and critical region at the separation 

tank. While the high turbulence at the mixing zone supplies fine bubbles and fast collection of 

particles, the turbulence at the separation tank causes the main detachment of the bubble-

particle aggregate. Then, the increase in turbulence in the tank causes the decrease of the 

maximum floatable size of particles. In addition, the average energy dissipation rate in the 

critical region has been determined and used for estimation of the maximum floatable particle 

size in the Jameson cell. Moreover, the effect of hydrophobicity has been discussed. 

keywords: Jameson cell, coarse particle flotation, turbulence, CFD modelling 

1. Introduction 

Flotation is a dynamic process used for separation of hydrophobic minerals from 

hydrophilic ones. The size of particles is one of the most important parameters in 

flotation.  While the flotation recovery of intermediate particles is high, the recovery 

of both fine and coarse particles is usually remarkably low (Trahar, 1981). Thus, 

particle size versus recovery figures leads to the inverted U-shape curves (Trahar, 

1981; Nguyen, 2003). The reason of low recovery of coarse particle is mostly the 

turbulence within the cells (Schulze, 1982; Oteyaka and Soto, 1995; Drzymala, 

http://www.minproc.pwr.wroc.pl/journal/
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1994a). Even though particles may have high hydrophobicity, they cannot be reported 

as a “float” due to the instability of the aggregate as a result of high turbulence. On the 

other hand, the low recovery of fine particles can be attributed to low collision 

probability of fine particles (Schulze, 1989; Çinar et al., 2007). Therefore, new and 

modified conventional technologies are under investigations to increase flotation 

performance of fine and coarse particles (Rodrigues and Rubio, 2007; Uçurum and 

Bayat, 2007; Jameson, 2010; Şahbaz, 2010;). Moreover, determination of particle size 

limits in flotation cells is prepossessed (Nguyen, 2003; Gonjito et al., 2007; 

Kowalczuk et al., 2011). 

The Jameson cell is relatively new flotation device used especially in the flotation 

of fine particles (<100 µm) with a high performance (Evans et al., 1995; Cowburn et 

al., 2006; Cinar et al., 2007). However, the collision probability of fine particles 

increase in the Jameson cell due to the fine bubble (400-700 µm) generation in the 

upper part of the downcomer, called the mixing zone, which is one of the main parts 

of the cell and primary contacting zone of bubble and particle (Evans et al., 1995). On 

the contrary, the performance of the Jameson cell shows tendency to decrease with the 

increase of particle size due to turbulence (Cowburn et al., 2006; Cinar et al., 2007). 

However; due to operational and maintenance issues, it is becoming necessary to 

recover the coarse particle by using the Jameson cell in existing mineral processing 

plants (Cowburn et al., 2006).  In some applications of coal flotation the feed size can 

be greater than 500 µm for the Jameson cell (Cowburn et al., 2006). Therefore, the 

turbulent region causing the detachment should be determined and maximum floatable 

particle size should be ascertained in the cell.  

Computational fluid dynamic (CFD) modelling, which has been recently applied to 

flotation cells to elucidate complexity of the hydrodynamic characteristics of cells,  

has been used in flotation science by Koh et al. (2000), Koh and Schwarz (2003 and 

2006), Lane et al. (2002), Liu and Schwarz (2009), Sahbaz (2010) etc. In CFD 

modelling, a flotation cell is discretized into particular finite volumes where local 

values of flow fields are calculated. The detailed understanding of flows using this 

approach allows determination of flow characteristics by means of velocity magnitude, 

pressure changes, turbulence dissipation rate etc.  Also this information provides the 

possibility for investigating where the attachment and detachment occur (Koh et al., 

2000; Koh and Schwarz, 2003; 2006). The CFD modelling has become a popular 

method as it yields informative results and insights to mechanisms, and because of the 

relatively low labour and equipment costs involved as a result of ever-increasing 

computer speed and capacity (Liu and Schwarz, 2009). Finally, the CFD modelling 

seems to be a very useful tool for determination of turbulence, resulting from energy 

dissipation rate, and related particle size limits in flotation. 

In the present study, the turbulence has been quantitatively determined and its 

effect on the upper particle size limits in the Jameson flotation cell has been 

ascertained by using the CFD modelling. Furthermore, the effect of particle 

hydrophobicity on maximum floatable particle size has been elucidated. 
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2. Material and method 

2.1. Material 

In the present study high purity quartz (95%±1%, obtained from Muğla-Milas 

Region in Turkey) sample was used.  

The particle size range of the sample “as received” was -1+0.5 mm. The sample 

was ground in a porcelain mill and sieved for the experiments in different relatively 

coarser size groups, which are -150+106 μm, -180+150 μm, -212+180 μm, -250+180 

μm and -300+250 μm. 

In the experiment, dodecylamine (DDA) was used as a collector. Different amounts 

of DDA were used to assure required contact angle of 50º and 78º resulting from the 

180 g/Mg and 1000 g/Mg DDA, respectively. Aerofroth 65 (AF65) frother, received 

from Cytec Industries, was added in the form of droplets using a disposable syringe. 

The amount of AF65 used in the experiments was 10 ppm. The flotation experiments 

were carried out at natural pH of 8-9 using the domestic tap water. 

2.2. Experimental method 

The Jameson cell which was used in this study has two main parts, which are 

“downcomer” with the diameter of 20 mm and “separation tank” with a diameter of 

200 mm. The upper part of the downcomer was equipped with a nozzle (Fig. 1) having 

4 mm aperture to supply a high pressure water jet and mixing zone at the upper part of 

the downcomer.  

 

Fig. 1. Meshed view of nozzle, downcomer and separation tank 

A conditioned slurry has been pumped (110 kPa ) into the downcomer which is the 

primary contacting zone of particle with bubbles. Air is sucked into downcomer 

because of the venturi effect of the plunging jet. The sucked air is broken up into fine 

bubbles produced due to the shearing action of the water jet. Then, micro processes of 
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flotation, which are encountering, collision, attachment and detachment, start and 

turbulent region with a high rate occurs at the tip of the nozzle. The three phase 

mixture is transported into the separation tank due to the gravity flow under high 

pressure. The second turbulent region occurs at the exit of the downcomer during 

transportation. This turbulence can be accepted as the turbulence causing the majority 

of detachment. Therefore, the turbulence, which occurs during the operation must be 

satisfactorily understood to describe the flotation of coarse particles in the Jameson 

cell.  

During the study all parameters of experiments, such as feeding velocity, solid 

ratio, air to pulp ratio, have been tried to be kept at optimum conditions considering 

the previous studies carried out by Evans et al. (1995), Harbort et al. (2002), Çınar et 

al. (2007), and Sahbaz et al. (2008; 2010). 

3. Theory 

3.1. The maximum floatable particle size 

Flotation of particle depends on the balance of forces acting on bubble-particle 

aggregate. These forces are the attachment forces between bubble and particle in 

relation to detachment forces in the environment (Ralston et al., 1999; Pyke et al., 

2003; Kowalczuk et al., 2011). The main forces operating at the moment of spherical 

particle – gas phase rupture are given in Table 1 (Drzymala, 1994b; Pyke et al., 2003; 

Kowalczuk et al., 2011). 

The more realistic force balance for a spherical particle in the liquid/gas interface 

can be written as in Eq.1 (Kowalczuk et al, 2011): 

0max  agphbc FFFFFF ,    (1) 

The sum of the forces is zero at equilibrium. At the equilibrium, particle has the 

same chance to sink or float. If attachment forces are greater than the detaching forces, 

particles can float. Therefore; maximum floatable particle size in flotation can be 

determined by the ratio of the attachment and detachment forces. The probability of 

stabilisation or destabilisation of the bubble–particle aggregate is based on the Bond 

number, Bo (Schulze, 1993): 

att

det
o

F

F
B  ,      (2) 

In this equation, the parameter “a”, which is used to determine the inertia force, is 

hard to determine. Additional acceleration, a, determines the detachment forces and 

depend on the structure and intensity of the turbulent flow field, therewithal on the 

energy dissipation in a given volume of apparatus (Schulze, 1993). It can be calculated 

by using the maximum energy dissipation (ε) and aggregate size (Dagr) (Pyke et al, 

2003): 
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where aggregate size is 

pbagr ddD  .     (4) 

Thus, the final equation (5) is obtained to determine the additional acceleration by 

using Eq. (3) and Eq.(4): 
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In addition, the detachment contact angle, θd, in the equations (Table 1) refers to 

experimental (advancing) contact angle (Kowalczuk et al, 2011).  

The maximum floatable size of any particle can be found by using the Bond 

number calculating the values of forces acting on bubble-particle aggregate by 

iteration. All terms can be found easily, except for energy dissipation rate, ε, in the 

cells. The CFD study is one of the useful methods to determine the energy dissipation 

rate in the flotation cells. 

Table 1. Main forces acting on aggregate 

Symbol Force Equation and Explanation Effect of force 
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capillary force 

)cos1(π
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where dmax is a maximum floatable particle size, 

θd is a detachment contact angle, and σ is a surface 
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3.2. CFD modelling 

The required simulation results for the Jameson flotation system has been 

numerically modelled using the commercial the CFD code of Fluent. The geometry of 

the Jameson cell has been defined and a grid has been generated using Gambit 2.4.6 

which is the pre-processor for geometry modelling and mesh generation. For all cases 

studied in this paper, mixtures of triangular and quadrilateral elements have been 

generated. The computational domain and grid structure in 3D flow field is shown in 

Fig. 1. The Fluent 6.3.26 commercial computer program for modelling fluid flow, has 

been used to carry out the modelling of the experimental process. Computations have 

been performed using Eulerian multiphase approach, for turbulent flows depending on 

water and air inlet velocity in thr 3D space. The CFD simulations have been 

performed using a pressure based steady-state segregated implicit solver. A standard 

k- mixture model has been employed for flow simulation. Pressure based implicit 

solver with green-gauss node based has been used. The relationship between velocity 

and pressure corrections has been calculated using a simple algorithm. A second order 

upwind discretization scheme has been employed for momentum, turbulent kinetic 

energy, turbulent dissipation rate and for volume fraction. Gravitational acceleration 

has been included in the computation and the governing equations for flow and 

turbulence have been solved iteratively until convergence has been obtained. The inlet 

velocities of air and water have been entered as 1.4 m/s, volume fraction of air has 

been set as 43.75%. Outlets have been adjusted as outflow and ratio of the outlets are 

20% at mixing outlet and 80% at water outlet. The simulation has been converged 

after more than 2500 iterations. Grid independence tests for different mesh sizes have 

been carried out. It was found that the solution has not been affected by the mesh 

quantity. 

4. Results and discussion 

The CFD predictions have helped to figure out a complex flow field within the 

Jameson cell. It has been used to visualize the main turbulent regions within the cell. 

In addition, values of energy dissipation rates have been determined by the use of the 

the CFD modelling. Thus, the maximum floatable sizes of particles having contact 

angles of 50⁰ and 78⁰ have been revealed by the use of the CFD results and the force 

balance. 

The CFD results include turbulence intensity values which indicate that there are 

two main turbulent regions in the Jameson cell (Fig. 2). It is seen in Fig. 2 that these 

regions arise from the upper part of the downcomer and at the exit of the downcomer. 

The turbulence intensity of 1% or less can be considered as low, while the turbulence 

value greater than 10% can be considered as high (Fluent 6.3 User’s Guide). The 

turbulence intensity at the tip of the nozzle (mixing zone) and downcomer has 

exceeded the scale and was more than 10% in Fig. 2. But this turbulence may not 

cause the main detachment because of the compact design and nature of the system. 
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The high turbulence occurring in the mixing zone is responsible for fine bubble 

generation (< 1 mm) and faster bubble-particle connection (Evans et al., 1995). In 

addition to this, detached particles have various chances to attach to bubble again and 

again along with the downcomer. However, the level of micro-turbulence in the 

separation tank, as predicted by k-epsilon turbulence model, is highest at the region of 

the downcomer exit (Fig. 2.). The turbulent region at the exit of the downcomer can be 

considered as critical region where the main detachment occurs (Harbort et al., 2002; 

Sahbaz, 2010). The part about 20-25 cm deep from the downcomer exit is the critical 

part causing the bubble-particle detachment (Fig. 2). Thus, the intensity of turbulent in 

this critical region in separation tank determines the maximum floatable size of 

particles (Sahbaz et al., 2010). Turbulence intensity increased to the value of 23% at 

this region and decreased along with the separation tank (Fig. 2). The degree of 

intensity finally diminished to less than 1% around the froth phase (upper part) of the 

separation tank (Fig. 2). 

   

Fig. 2. Contours of turbulence intensity, % 

Furthermore, the local turbulent energy dissipation rates are obtained by the CFD 

modelling of the Jameson cell. The CFD modelling provides a realistic approach to 

flotation models without additional assumptions on turbulent energy dissipation rates 

(Evans et al, 2008). Energy dissipation rates obtained from the CFD predictions has 

also given satisfactory results to comprehend the flow characteristics in the cell (Fig. 

3). Furthermore, the value of the energy dissipation rate gives the detachment force 

acting on bubble particle aggregate within the explicit regions. According to the result 

obtained from the CFD simulation, the rate of energy dissipation increases at the exit 

of downcomer and starts to decrease along with the separation tank (Fig. 3). Based on 

the turbulent dissipation rate, the aggregate stability is mostly disturbed in the 

separation tank. The local dissipation rate changes between 2.1 m
2
/s

3
 and 0.075 m

2
/s

3
 

(Fig 3). The calculation performed by the use of the exact volume, in which the main 

detachment zone determined in Fig 4. is about 0.9 m
2
/s

3
 (Fig.4-b) according to the 
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CFD solutions (Fig.4). Thus, the maximum floatable particle size for the laboratory 

scale Jameson cell can be determined by using this result. 

  

Fig. 3. Energy dissipation rate, m2/s3 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. The critical region determination 

 by the use of the CFD modelling 

The relation between theoretical maximum floatable size of particle, dmax, and 

energy dissipation rate is shown in Fig. 5. According to Fig. 5, there is an inverse 

relation between dmax and energy dissipation rate as expected. The figure also shows 

the same trend for dmax having different contact angle values. In addition, Fig. 5 

indicates that the capture of large particles is favoured by a low energy dissipation rate 
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and high contact angles. Finally, theoretical dmax for the average dissipation rate have 

been determined as 260 µm and 345 µm for the contact angle of 50⁰ and 78⁰, 
respectively (Fig. 5). 

The experimental results which were also published by Şahbaz (2010) are shown in 

Fig.6. It is seen that the recovery decrease with the particle size increase for both low 

and high contact angle values (Fig.6). In the same turbulent conditions, the only way 

of recovery increase of coarse particle is the increase of hydrophobicity. But, even if 

hydrophobicity is increased, there is still a limitation for floatable particle size. That 

means that as long as the particle size increases in flotation, the recovery starts to 

diminish at a critical point. Therefore; there is a dmax  in every environment and 

determination of it is beneficial for the operations.  
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Fig. 5. Relation of dmax and energy dissipation rate 

dmax is defined as the size for which the recovery of floatable particles is equal to 

50% (d50). It is a good measure of dmax because at that point the particle has equal 

chance to float and to sink. This was discussed and applied by different authors 

including Schulze (1977), Drzymala (1994, 1999), Chipfunhu et al. (2011), and 

Kowalczuk et al. (2011). Therefore, the maximum floatable particle has been found as 

235±20 µm and 330±20 µm for the particles having contact angle of 50⁰ and 78⁰, 
respectively (Fig. 6). 

According to Figs. 5 and 6 there is a close relationship between theoretical and 

experimental results. Especially these results are nearly the same for the coarser sizes 

(Figs. 5 and 6). It is possible to speak of a good compliance of high hydrophobicity 

values between simulation and experimental results (Figs. 5 and 6). It is natural for 

dmax value to increase with the increase of hydrophobicity. Thus, degree of attachments 



542 O. Sahbaz et al. 

forces has increased and the recoverable particle size is also increased. However, it 

can be seen in those figures that there is still a small differences between the 

experimental and theoretical results for both sizes, specifically for finer ones. The 

main reason of these differences comes from the difficulty of determination of all 

detachment regions in the cell. It has been seen that at the turbulent region, particles 

with a low hydrophobicity are affected more than expected by the model. Bubble-

particle aggregate is more prone to detach while passing through the critical region at 

the exit of the downcomer. This situation causes some differences between CFD 

simulation results and practical values. As a result, while particles of a size around 250 

µm can float in Jameson cell at a low hydrophobicity value; it can reach to 330 µm at 

a high contact angle value (Figs. 5 and 6). 

 

Fig. 6. Experimental results (Şahbaz et al., 2010) 

5. Conclusions 

In this study, CFD modelling for the Jameson cell has been carried out to 

determine the hydrodynamic behaviour and effect of turbulence on the upper floatable 

size limit. The study shows that there are two main turbulent regions which are mixing 

zone in the upper part of the downcomer and critical region at the separation tank. 

While the high turbulence at the mixing zone causes fine bubble generation and fast 

collection of particle, the turbulence at the separation tank causes the main detachment 

of the bubble-particle aggregate. Thus, the increase in turbulence in the tank causes the 

decrease the maximum floatable size of the particle. 
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According to the CFD simulation the turbulence intensity is higher at the exit of the 

downcomer than in the whole separation tank. Value of energy dissipation rate within 

the cell changes between 2.5 m
2
/s

3
 and 0,025 m

2
/s

3
. In addition to this, the local energy 

dissipation rate within the critical region is around 0.9 m
2
/s

3
.  This means that the 

maximum floatable particle size within the cell is approximately 250 µm and 350 µm 

for the contact angle rate of 50⁰ and 78⁰, respectively. The experimental results have 

been confirmed by the theoretical results.   
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Abstract. The paper presents a method of calculating the Net Smelter Return or Revenue 

(NSR) formula for copper ore mines based on heuristic models of functional relationships 

between concentration of metals in ore and copper concentrates, the operational efficiency, and 

the metal prices in the global markets. A method has been proposed to identify these 

relationships as well as a way of estimating their parameters. The NSR optimization 

calculations have been performed for the data coming from the mining and smelting practise of 

KGHM Polska Miedź S.A., which demonstrate its practical usefulness in assessing the 

efficiency of production based on the current quality of ore, the efficiency of its beneficiation, 

and the market prices of metals. 

keywords: NSR, copper grading, recovery, costs, revenue, modelling 

1. Introduction 

The Net Smelter Return or Revenue (NSR) method is commonly used to analyse 

the economic impact of the degree of concentration of enriched minerals in light of 

processing costs and metal market prices (Czeczott, 1937; Paulo and Strzelska-

Smakowska, 2000; Wills, 2006). It involves calculating the profits achievable from the 

sale of the main product of the mine, i.e. the concentrate after deducting the processing 

costs. It is an important piece of information for the mine, which may be a criterion for 

optimizing extraction and beneficiation of ore according to the quality of the 

concentrates. This method also provides the basis for the structure of settlement 

contracts between the mine and the smelter, but it can also be used as a tool for 

studying the efficiency of investment projects (Płaneta et al., 2000) or optimization 

projects (Krzemińska, 2012).  

In such a settings the mine, i.e. mining units and the processing plant taken 

together represent one side of the settlements, while the smelter is on the other side. 

Combining ore excavation and beneficiation into one technological body is due to the 

fact that shipment of ore over great distances to the processing plant and then to the 

smelter without beneficiation would be, for obvious reasons, completely 

uneconomical. Therefore, the processing plant is usually an integral part of the mine, 

http://www.minproc.pwr.wroc.pl/journal/
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whereas smelters can be located anywhere in the world because they are not dependent 

on a specific mine and can operate safely through the concentrates markets or by 

entering into direct contracts with specific providers. The global mining practise is 

such that about half of that industry operates without processing while the other half 

operates in the form of mining and smelting groups (Fig. 1). 

In the Polish copper industry metal production is organized in terms of technology 

and management as a mining and smelting group, which is functionally divided into 

extraction, ore beneficiation, and smelting divisions (Monografia KGHM, 2007). The 

divisions settle their mutual accounts according to the volume and quality of the main 

product, but not financially. Consequently, it is interesting to determine what 

maximum revenue can be achieved by the mine (extraction + ore beneficiation plant) 

from mining production (quality of the ore and concentrate) considering the 

processing costs and the price movements on the global market of non-ferrous metals. 

For this purpose we will use own structure of the NSR settlement formula built on 

relationships between the quality of ore, quality and yield of the concentrates, 

processing costs, and finally, metal prices in the open market. 

 

 

Fig. 1. The structure of production of the 10 largest producers of raw materials. Source: MMSD, CRUI 

report 2001 

Figure 2 shows the revenue limits at each stage of production. In this article we 

will confine ourselves to the analysis of the cost and quality relationships between the 

mine and the Ore Beneficiation Plant (OBP) on one hand and the smelter on the other 

hand. However, it is also possible to put extraction on the one side and the OBP with 

the smelter on the other side, where the potential revenue of mining would be called 

Net Smelting & Processing Revenue (NSPR).  

The final beneficiary of the mining and smelting production is the investor, whose 

expected benefit from the investment is the revenue after deducting total production 

costs, i.e. Net Smelting & Processing & Mining Revenue (NSPMR). The volume 
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calculated this way is useful for analyzing the efficiency of investment projects, e.g. at 

the stage of the feasibility study. 
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Fig. 1. The diagram of the expected revenue from final production 

2. The structure of the NSR formula 

The NSR formula determines how much income can be obtained from the sales of 

the main product at a given stage of production taking into account its current 

quality/price and the processing costs at subsequent operations to the final level of 

quality acceptable in the open market. It is commonly known (Strzelska-Smakowska 

and Paulo, 1995; Wills, 2006) as the following expression: 

1])()([    BPDCMCpNSR i

i

ii ,   (1) 

where 

NSR – net smelter return measured in $ per 1 Mg of ore, 

βi - share of i-component (metal) in the main product (concentrate) (grade) 

I - payable part of metal in concentrate 

pi - price of the i-component in the open market 

MC=TC+RC- metallurgical charge  

TC - treatment (smelting) charge  dependent on quality of concentrate. 

RC - refining charge, $/unit of metal 

DC- cost of delivery ex-recipient 

P - penalties for the presence of harmful components (according to contract terms) 

B - bonuses for the presence of desirable components (according to contract terms) 

γ1=1- γ2 denotes yield of the concentrate from the feed (ore),  
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where   γ2- yield of tailings, and γ0=1 -  amount (unit) of feed (ore). 

Formula (1) may additionally introduce costs of chemical analyses of quality 

testing, and other contractual limitations. 

3. Concept of calculation 

In the optimization analyses the basic problem is to identify the relationship 

between the efficiency of beneficiation operations (recovery) () and the concentration 

of the enriched minerals. In the case of complex ores the producer may be interested in 

any one component (metal, mineral), but not each one is the subject of beneficiation 

even though it will be recovered in subsequent smelting operations. This is precisely 

the case that will be considered in this work on the example of copper production 

technology at KGHM Polska Miedź S.A.  

Under the qualitative and quantitative calculations of the yield of the main 

component (Cu) depending on the efficiency of the beneficiation operations we use a 

relationship that is well-known in the processing, which is derived from the mass 

balance of the processing operation (Drzymala, 2007): 

1



  ,      (2) 

where  is a metal (Cu) content in the feed (ore) or concentrate, β is a metal (Cu) 

content in the concentrate. 

The second relationship useful for further calculations will be the empirical 

hypothesis (Malewski, 2008) of a relationship between Cu recovery and the desired 

concentration of that metal in the concentrate which we will write down as follows: 

A




















max

1 ,      (3) 

where: 

A=f(π,z,t) is a function of current values of the operation parameters {π}, 

environmental variables{z} and duration of the beneficiation operation t,.  

βmax – limit of the metal (Cu) content in processed minerals, 

, β – as in (2); γ1  as in (1). 

So, from (3) we can determine recovery for a given quality of concentrate and then 

from (2) calculate actual concentrate yield, or after appropriate transformations we 

obtain a formula for yield of the main component in the concentrates as follows 

max

max

1 ,1 
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Parameter A in formula (3) can be determined experimentally by using a series of 

observations {} and {β} or by using the hypothesis that it will progress as in Fig. 3a. 

Then, by knowing the current value  and β
 
 parameter A can be adjusted iteratively 

for compliance of the calculated result with the measured one. 

The hypothesis (3) also has a physical meaning because it determines the limits of 

metal beneficiation depending on its stoichiometric concentration in the mineral. 

Confirmation of the shape of that function in practical ranges β can be found in many 

studies and publications (Strzelska-Smakowska and Paulo, 1995; Łuszczkiewicz and 

Chmielewski, 2006; Wills, 2006; Drzymała, 2007). 

 

)(

0.1



 max
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fixed costs

VC- variable costs
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Fig. 3. Models/hypotheses: (a) efficiency of industrial beneficiation of copper minerals, (b) cost of 

smelting of concentrates depending on the metal content in the concentrate 

4. Costs of production 

Calculation of formula (1) requires costs of processing of the concentrates to the 

form of pure metals as the metallurgical costs impact on revenue charge. At the 

metallurgical stage there are two operations: one is smelting of copper matte and fire 

refining to the anode copper (99% Cu), second - is electrolytic refining to commercial 

purity (99.99% Cu). The smelting TC and refinery RC charge will depend strictly on 

the amount of Cu in concentrate.  

Determining the functional dependence of the metallurgical processing costs on the 

results of the preceding technological operations  is a relatively difficult issue without 

performing appropriate experiments on real objects. In such case certain heuristic 

models of those relationships may be useful, as presented in Fig. 3b. This is energy 

dependence relationship extracting amount  [%] metallic Cu by smelting 1 Mg of 

concentrate. The model in general form may be of the type: 

DC
TC

TC k  )(
** 


,     (5) 

where 

β, β*- actual and observed grade of concentrate, respectively, 
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C=VC
*
/TC

*
 – constant, representing relative variable treatment costs, 

D=FC/TC
*
– constant, representing relative fixed treatment cost, 

TC
*
 – observed treatment costs 

k –curve form factor determined experimentally by iteration in a way similar to how it 

was described in the case of formula (3). 

If β=β
*
 and TC=TC

*
 then from formula (5) we have  C+D=1.  

The metallurgical costs, however, depend on the presence of components harmful 

to the refining technology or the environment. Therefore, the formula (1) introduces 

optionally the penalty component (P ) for the presence of undesirable components in 

the concentrate.  

Content and recovery of precious metals from refining tailings is usually beyond 

the control of concentrates production but could theoretically be the subject of 

considering more sophisticated technology for this aim on the stages of deposit 

exploitation or ore beneficiation.  

The content of accessory metals will be taken into account in our NSR equation in a 

simplified manner from the relationship: 

**
Cu

Cu
Cu

i

i b







 .    (6) 

Thus, βi≈bCuβi* is a current grade βi of i-component proportionally to the relative 

change of copper grade of concentrate. 

The same approach is applied to calculate the i-component of ore for the need of 

current ore value calculation, i.g. αi≈aCuαi*. 

5. Sample calculations 

Now, we will perform calculations to optimize the quality of the concentrate for the 

content of copper and/or accessory metals using the previously derived relationships. 

We will use industrial data of metals content in the operations streams throughout the 

copper production cycle. Input data for calculations are presented in Table 1. 

Treating the data in Table 1 as empirical (αi*, βi*), we will calculate the relative 

yield of the concentrate γ1. Taking αCu*=1.67%, βCu*=25.76, εCu*=88% and assuming 

metal content in the mineral βmax*=70% applying iterative method we will assess the 

parameters of the function (3) that it crosses the empirical point as shown in Fig. 4. 

Knowing the relationship as described above and comparing it to (4) we will 

calculate the yields γCu=f(aCuβCu) for the current values of copper grading in the 

concentrate and in the ore. 

The next task is the estimation of smelting costs. Using approximation method as 

above for the parameters as in Table 2 we will obtain the result presented in Fig. 4. 

When we have the dependence models and assessment of their parameters, we can 

simulate revenue limits from production of concentrates for the mine and processing 

plant complex. Figures 6-7 show the results of such calculations for a practical scope 
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of metal grading in ore and concentrate. The NSR values are presented with reference 

to the values of metals in the concentrate in two variants: (a) without accessory metals, 

and (b) taking those metals into account in the revenue calculation. Penalties (P) for 

undesirable components and bonuses (B) for desirable ones are neglected in these 

examples. 

Table 1. The data adopted for calculations. Component grades of the main product of 

operations. Prices on the LME of 23 Dec. 2011 

Concentrate Factor Components Mine Concentrator Smelter Market 

CF(i) Metal  Grade, % Price $/Mg 

15.43 Cu 1.67000 25.76000 98.50 7 590 

13.00 Ag 0.00462 0.06010 0.23 942 581 

15.00 Au 0.00002 0.00034 0.00 51 838 710 

11.11 Pb 0.19777 2.19713 8.57 0 

11.16 As 0.14492 1.61666 4.85 0 

1.60 C 4.49703 7.19495 0.00 0 

1.75 H2O 4.87000 8.51000 0.00 0 

 Cu 100.00 88.00 98.50  

 γ1 100.00 5.70 1.42  

Table 2. Parameters and calculations of =f(Cu
*
, Cu

*
) function 

  () 1 

1.67% 25.76% 0.880 0.057 

βmax=0.7 1.67% 1.000 1.000 

 15% 0.962 0.107 

A=2 20% 0.928 0.072 

 25% 0.883 0.059 

 30% 0.828 0.046 

 35% 0.762 0.036 
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Fig. 4 Approximation of the recovery function εCu=f(βCu) for the parameters A=2 and βmax=70%.  

The square marks the empirical value 
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Fig. 5. Base (base point) and calculated costs of treatment (TC), refining (RC) and total metallurgical 

costs (MC) according to the data and parameters in Table 2 

Table 3. Parameters of TC function and calculations of metallurgical costs 

 TC RC MC 

 $/Mg concentrate 

15% 142 17 158 

20% 88 22 110 

25% 63 27 91 

25.76% 60 28 88 

30% 49 33 82 

35% 41 39 79 

40% 35 44 79 

k C D  

2 0.7 0.3  

* TC* RC*  

25.76% 60 110  

6. Conclusions 

Calculations of the NSR revenue show that there is a certain optimum region of 

mining operations () and beneficiation () at which we achieve the greatest benefits 

from the concentrates. This method of analysis will be useful to establish or modify 

contractual terms in settlements between the mine and the smelter but the results of the 

calculations do not mean at all that the component concentrations that are optimal in 

the formula will be optimal at the investor level (the NSPM formula), that is after 

taking into account the costs of mining and beneficiation, which obviously depend on 
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the quality of mineral and the desired quality of ore and concentrates. This is a topic 

worthy of further investigation in that interesting field of study. 
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Fig. 6. The NSR revenue of the mine for different quality  of ores and concentrates: (a) paid (δ=0.95) 

copper only, (b) paid (δ=0.95) Cu and accessory metals: Ag and Au 
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Fig. 7. (a) Relative NSR (only Cu in concentrate)/(value of Cu in ore), (b) Relative NSR (concentrate 

Cu)/NSR (concentrate Cu+Ag+Au) 
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Abstract. The flocculation performance of new generation of flocculants (Magnafloc 5250 and 

6250) possessing unique molecular architecture (UMA) and conventional polyacrylamide 

based SB 1836 was investigated for the solid-liquid separation of travertine processing 

wastewater. The settling rate and turbidity values were considered as the performance criteria. 

Based on the settling rate and turbidity values the anionic UMA flocculant 6260 showed better 

performance compared to the other anionic flocculants, SB 1836, which is currently used in the 

travertine processing plant, and the UMA flocculant 5250. The results obtained from this study 

clearly indicated that the type of the flocculants showed no significant effect on the adsorption 

of the polymers on the travertine particles at natural pH. The settling rates of the travertine 

particles and the turbidity of the suspensions were greatly affected by the surface charge of the 

flocculants at high and low pH regimes. The flocculation tests results with the medium charge 

flocculants (Magnafloc 5250 and SB 1836) were slightly affected by pH, and resulted in poor 

performance in terms of turbidity. 

keywords: travertine processing, wastewater, flocculation, settling rate, turbidity 

1. Introduction 

The use of natural stones such as marble and travertine in construction industry has 

been growing rapidly during the last few years. Particularly, there is a significant 

increase in production level for both domestic consumption and export markets in 

Turkey. However, processing of marble and travertine for the end use generates fine 

dust. In addition, a significant amount of water is used for cutting, shaping, and 

polishing operations. For this reason recovery and reuse of water from these processes 

has become an important topic of interest from both environmental and a dust 

suppression point of view.  

Although thickeners may be utilized to settle and remove particles less than 75 µm, 

some colloidal particles (<1 µm) may still remain in water which adversely affects 

surface polishing and cause plugging in pipes (Acar, 2001; Önenç, 2001). 

Sedimentation, another method used to dewater travertine processing wastes is often 

applied with addition of water soluble polymers which accelerate the settling of 

http://www.minproc.pwr.wroc.pl/journal/
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particles. An effective solid–liquid separation of tailings is crucial for producing good 

quality circulating water and also for obtaining an underflow with high percentage of 

solids which in turns enhances the performance of mineral processing equipment in 

plant and tailing dam. 

Developments of future flocculants including polyacrylamide-based ones is likely 

to be based on the “molecular architecture” concept. That will enable to produce the 

flocculants of required performance to meet the increasing and changing demands of 

solid–liquid separation processes in mineral industry. The UMA
TM

 approach is an 

unconventional way of thinking in polymer design and presents multiple pictures 

(Pearse et al., 2001). For example, highly branched and reactive polymer chains 

produce flocculant solutions containing a proportion of semi-particulate entities and 

polymer chains reticulated in three dimensions which produce flocs of different 

characteristics than those formed by conventional flocculants. Another aspect of UMA 

technology is manipulation of the molecular mass distribution to produce fractions 

that have greater activity in efficient flocculation. Benefits to be seen from this 

approach are better overall dosage efficiency, better clarification at a given settling 

rate and better rheological properties of settled solids than shown with conventional 

flocculants in terms of higher solids concentrations for a given yield stress (Pearse, 

2003). 

The aim of this study was to investigate the type and concentration of flocculants 

for solid-liquid separation of travertine processing wastewater. The new generation 

flocculants (Unique Molecular Architecture) were used to obtain a high settling 

velocity, hence a solid waste at high solid ratio, and finally circulation water with low 

turbidity. The settling rate and turbidity values were considered as the performance 

criteria. The characterization of the particles and the process water were also 

performed. 

2. Experimental 

2.1. Materials 

The travertine processing wastewater used for the flocculation tests was obtained 

from a local travertine company in Afyonkarahisar region in Turkey. Figure 1 shows 

the sample port on the plant schematic diagram. The representative samples were 

taken according to TSE 5667-10. Three high molecular weight polyacrylamide based 

polymers were used for the flocculation tests. The detailed characteristics of the 

polymers used for the tests are presented in Table 1. HCl and NaOH (analytical grade) 

solutions were used to adjust the suspension pH. 

Table 1. Basic characteristics of polymers 

Commercial name Type Molecular Weight Charge density (%) Supplier Effective pH range 

SB 1836 anionic high 40* (medium) Snf Floerger 4-12* 

Magnafloc 5250 anionic high 30* (medium) Ciba 4-10* 

Magnafloc 6260 anionic high 49.4* (high) Ciba 4-10* 

* According to the manufacturer description 
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Fig.1. A schematic illustration of travertine processing plant 

2.2. Methods 

The hardness and cation (Mg
2+

 and Ca
2+

) concentrations in water were determined 

by volumetric methods. The chemical composition of the particles was analyzed by X-

ray fluorescence. The size distribution of the sample was determined using Malvern 

Mastersizer Particle Size Analyzer. The mineral composition of the travertine particles 

was determined by X-ray diffraction (XRD), using Rigaku-Giger Flex diffractometer. 

The zeta potential measurements for the travertine fines were conducted by Zeta-

Meter 3.0, which is equipped with a microprocessor unit capable of directly measuring 

the average zeta potential and its standard deviation. The pH measurements were 

conducted with a WTW 526 pH Meter. The zeta potential experiments were carried 

out at 0.1% solid ratio. 

A stock solution (0.1% w/v) of polymer was prepared using distilled water for the 

flocculation tests. A diluted solution (100 mg/dm
3
) was prepared from this stock 

solution, and used throughout the flocculation tests. The sedimentation experiment 

was initiated by taking the representative suspension from the slurry. Then, the 

suspension was placed in a 500 cm
3
 mixing cylinder with a glass stopper, and 

continuously agitated using a mixer at 350 rpm (DIN 12217, 2003). A specified 

amount of flocculant was then added to the suspension. The suspension was 

vigorously shaken three times. The height of the sediment bed was measured at 

selected time intervals after the agitation was completed (DIN 23007, 1985). After 15 

min of settling of the suspension, an aliquot of the supernatant was taken for turbidity 

measurements using a WTW Turb 550 turbidimeter. 

The operating conditions were adjusted at the required levels according to the Box-

Behnken experimental design and the results have been interpreted by SPSS 15.0 

software package to evaluate optimum parameter values.  
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3. Results and discussion 

3.1. Characterization of travertine samples 

3.1.1. Mineralogical and chemical analyses 

The X-ray diffraction (XRD) and chemical analysis (Table 2) revealed that the 

travertine sample is predominately composed of calcite. 

Table 2. Chemical compositions of travertine fines 

CaO MgO Fe2O3 SiO2 Al2O3 Na2O K2O LOI 

% % % % % % % % 

55.27 0.42 0.06 0.32 0.05 0.27 0.06 43.55 

3.1.2. Particle size distribution  

As shown in Fig. 2 more than 90% of the sample is composed of particle with the 

diameter less than 38 µm. The average particle size was found to be 10.3 µm. 

 

Fig. 2. Particle size analysis of travertine fines 

3.1.3. Zeta potential  

Zeta potential is a measure of surface charge acquired on particles in a liquid. Zeta 

potential provides important information about the behavior of particles in dispersing 

medium and stability of the dispersion. Figure 3 shows the zeta potential of the sample 

as a function of pH. In these experiments, NaOH and slaked lime (Ca(OH)2) were 

used to adjust the pH of the suspension. The zeta potential value of the particles at 

natural pH (8.23) was found to be -13.7 mV. As shown in Fig. 3, the tailings exhibit 

negative charge at all pH values with no apparent point of zero charge (pzc) when 

NaOH was used to adjust the pH. However, the negative charge of the particles 

reversed and became positive at high pH values (11-12) when Ca(OH)2 was used to 

adjust the suspension pH. As shown in the speciation diagram for Ca
2+

, in aqueous 

solution Ca
2+

 concentration is higher at the pHs 11-12. In addition, CaOH
+
 

concentration increases with pH increasing from 10 to 12. The concentration of Ca
2+

 

and CaOH
+
 has a profound effect on the zeta potential of travertine fines acquiring 
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negative charge in water. The increasing concentration of Ca
2+

and CaOH
+
 ions in the 

suspension caused the zeta potential values to shift toward more positive values due to 

Ca
2+

 and CaOH
+
 adsorption on negatives sites of the travertine surfaces. Generally, 

polyvalent ions (e.g. CO3
2-

, Mg
2+

, Ca
2+

) tend to change the surface charge by 

adsorption onto oppositely charged surface sites on travertine fines. On the other hand, 

the zeta potential of travertine fines in the presence of monovalent cations such as Na
+
 

did not show similar trend. The increase in the concentration of OH
-
 ions with the 

increasing pH also increases the negative charge of the travertine particles, hence the 

zeta potential values shift toward more negative values. 
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Fig. 3. Zeta potential of the travertine fines as a function of pH 

3.2. Characterization of travertine suspensions 

The ionic composition of water is important in flocculation of fine and colloidal 

particles. When hardness of water is less than 9
0
F, interaction between polymer 

molecules and colloidal particles weakens due to relation between hardness of water 

and effectiveness of a flocculant. Therefore, not only an inferior settling rate but also 

low turbidity is observed (Sabah and Erkan, 2006). 

The flocculation experiments were carried out with the travertine processing water. 

The hardness of the travertine processing water from which tailings are dewatered is 

26ºF. This is well above the proposed limiting value and falls within the class of very 

hard waters because of high bivalent ion concentration (29.7 mg/dm
3
 Mg

2+
 and 54.4 

mg/dm
3
 Ca

2+
). These colloidal suspensions usually exhibit relatively high 

conductivity. 

Figure 4 shows the effect of pH on settling behavior of the particles in the 

travertine processing wastewater at 1.1% (w/w) solid ratio without any flocculants. 

According to ASTM D-4187 Standard Test Method (1990), if zeta-potential of 

colloids in water or waste slurry is above -60 mV, the stability of the system is 
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classified as ‘perfect’. The maximum zeta potential values for the travertine slurry for 

this work was reported to be –17.7 mV and +19 mV at pH 7 and 12 respectively. 

Therefore, the stability of the travertine processing slurry is considered to be weak and 

could be improved by using coagulation or flocculation. The settling rate and the 

turbidity results shown in Fig. 6 also confirm this behavior. 
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Fig. 4. Influence of pH on settling rate and turbidity for original travertine processing 

wastewater without flocculants 

3.3. Flocculation tests 

Figures 5a and b show the effect of flocculant dosage on the settling rate and the 

turbidity using two new generation flocculants (Magnafloc 5250 and 6260) along with 

a conventional flocculant SB 1836. As seen in Fig. 5a, the settling rate of the particles 

gradually increases with an increase in flocculant dosage for all flocculants. On the 

other hand, it was observed that the travertine suspensions can have similar clarity of 

supernatant with lower flocculant addition as shown in Fig. 5b. Based on these results, 

an optimum flocculant dosage at 900 mm/min setting rate occurs at 37.5 g/Mg of 

solids. This settling rate is higher compared to the settling rates for the same size coal 

settling speeds and wastes from ceramic processing plants (Cengiz et al., 2004). 

These results indicate that the best settling performance for the fine particles was 

obtained with Magnafloc 6260 flocculant in terms of both settling rate and supernatant 

turbidity. An optimum flocculant dosage for Magnafloc 6260 appears to be about 12.5 

g/Mg-solids. This concentration resulted in a turbidity of 6.25 NTU and a settling rate 

of about 558.6 mm/min. It is interesting to note that although the flocculant and the 

travertine fine particles are negatively charged, a higher sedimentation performance 

was achieved. The possible mechanism for polymer adsorption on the fine particles 

may be listed as follows: (i) the presence of the polymer COO
-
 pendant group, 
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although leads to a more expanded polymer chain conformation at natural pH, 

apparently mitigates the adsorption onto the negatively charged travertine particles. 

(ii) at low concentrations of Magnafloc 6260 (12.5 g/Mg of solids), the high settling 

rates and low turbidities were achieved due to chemical bonding between metal sites 

on the travertine surfaces and the flocculants’ high charge density anionic groups. 
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Fig. 5. Effects of polymer type and dosage on the settling rate (a) and turbidity  

(b) (solid concentration: 4%, pH 8.23) 

Figure 3 clearly shows that the surface charge of travertine fines is low at natural 

pH of 8.23. Under these circumstances, the acceleration of particle aggregations 

should be expected. As a result, the bigger aggregates will settle faster due to gravity. 

Therefore, all flocculants showed good performance with regard to settling rate and 

turbidity. On the other hand, Magnafloc 5250 which has a relatively low charge 

density compared to other flocculants showed a dispersive effect at low dosages. In 
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such systems, with negatively charged particles, this is an expected behavior with 

polymers of high molecular weight and low to high charge density. At low 

concentrations of Magnafloc 6260 (12.5 g/Mg of solids), the high settling rates and 

low turbidities were achieved due to chemical bonding between metal sites on the 

surface of the travertine fines and the flocculants’ high charge density anionic groups. 

The type of the flocculant showed significant effect on the adsorption of the 

flocculants on the travertine particles at natural pH, as seen in Fig. 6a and b. However 

at pH values lower or higher than the natural pH these flocculants show different 

performance in terms of settling rates and turbidity. This behavior is understandable 

since each polymer has different chemical structure and different affinity for a given 

particle surface. 

The settling rate and the turbidity of the travertine fine particles was significantly 

affected by the charge density of the flocculants at high and low pH values. The 

suspensions with low turbidities were obtained at low and high pH values with the use 

of high surface charge density Magnafloc 6260 floculant. The flocculation tests with 

Magnafloc 5250 (medium charge density) were slightly affected by pH, and hence 

exhibited a poor sedimentation performance in terms of turbidity. However, the 

flocculation tests with the conventional flocculant SB 1836 (medium charge density) 

showed an unstable behavior with a pH dependent flocculation of colloidal particles. 

The high charge density Magnafloc 6260 formed small and compact flocs in the 

travertine process water at natural pH. This caused a decrease in the settling rate of the 

travertine fine particles with a clear supernatant. The decrease in the settling rate is 

due to the decrease in the number of carboxyl groups of the anionic polymer which 

can be hydrolyzed in the acidic pH. It is plausible that the intra molecular bonds 

between carboxyl groups may cause the polymer molecule to form a ring shape and 

thus weakening the bridge formation. The suspension pH can change charge 

characteristics of polymer chain and their conformation in solution and thus may 

directly affect the flocculation power of polymer (Foshee et al., 1982; Reuter and 

Hartan, 1986). The flocculation power of anionic polymers by bridging decreases as 

the polymer molecules are in a random coil conformation in sections, whereas at 

relatively high pH the configurations of the polymer extends due to electrostatic 

repulsion between the charged groups on the polymer chain. Taylor et al. (2002) and 

Sworska et al. (2000) reported that the addition of Ca
2+

 and Mg
2+

 ions prior to the 

addition of the flocculant improves the clarity of the supernatant in alkaline 

environment in the presence of stable clay suspensions. 

Obtaining a fairly clear supernatant (with low turbidity) is important since water 

used in cutting and polishing operation is generally recycled. In order to achieve a 

suspension with a lower turbidity, the suspension pH was adjusted using slaked lime. 

The tests results with Magnafloc 6260 indicated that the best flocculant performance 

can be achieved by utilizing lime for the adjustment of the suspension pH. The lime 

resulted in much lower turbidity (0.33 NTU) and also reduced the required flocculant 

dosage (25 g/ton-solids). However, the settling rate decreased to 371 mm/min which is 
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tolerable level. These results indicate that Ca
2+

 adsorption at the travertine-H2O 

interface involves the transfer of Ca
2+

 ions into Stern plane without the release of an 

equivalent number of protons into the diffuse layer and bulk solution. The subsequent 

decrease in the zeta-potential due to adsorption of Ca
2+

 ions may be related to unstable 

colloidal suspension and very small, dispersed floc particles in the presence of Ca
2+

 

solutions when lime was used as pH modifier. This may imply that if lime solutions 

were to be added to the travertine slime suspension prior to Magnafloc 6260 addition, 

there is a good probability that the flocculation would be “activated” because of the 

presence of Ca
2+

 ions in the system. In addition, Ca
2+

 ions may also act as bridges 

between the anionic sites on the ionized polymer chain and travertine fines at pH 9 as 

shown in Fig. 7 
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Fig. 6. Effect of suspension pH on settling rate (a) and turbidity (b) at optimum 

polymer dosages (solids concentration: 4%, pH 8.23, dosage 37.5 g/Mg of solids) 
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Fig. 7. Schematic illustration of Ca2+ activation on adsorption of high molecular weight anionic 

flocculant onto a negatively charged suspended travertine fines 

3.4. Modeling of settling rate and turbidity 

The regression analysis was chosen to determine the relationship between the 

response functions (settling rate and the turbidity) and the operating conditions 

(dosage and pH). A two factor matrix three level Box-Behnken design was used to 

determine the response (settling rate and turbidity). Two significant variables of 

flocculation performance are flocculant dosage and pH. When the number of tests at 

the central points is three, the total number of tests required for the two variables 

comes out to be 3
2
+2+2=13 for the Box-Behnken design (Souzaa et al., 2005). The 

variables and their levels used in this study are shown in Table 3.  

Table 3. The level of variables chosen for the Box-Behnken design. 

Variable 

Variable level 

Low Center High 

-1 0 +1 

Dosage, g/Mg of  solids x1 6,25 37,5 75 

pH x2 7 9 12 

For the three-level two-factorial Box-Behnken experimental design, a total of 13 

experimental runs are needed. Using the relationships in Table 3, the levels of the 

variables for each of the experiments in the design matrix were calculated as given in 

Table 4. 

For the settling rate of travertine: 

SRSB 1836= 77 + 10.3D + 44.3pH; R
2
 = 0.832 

SRMG 5250= 579 + 8.41D - 4.5pH; R
2
 = 0.778 

SRMG 6260= 182 + 8.35D + 31.3pH; R
2
 = 0.702. 
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For the turbidity of travertine: 

TSB 1836= - 43.3 + 0.738D + 6.38pH; R
2
 = 0.681 

TMG 5250=30.9 + 0.087D-1.72pH; R
2
 = 0.022 

TMG 6260=13 + 0.056D + 0.13pH; R
2
 = 0.012. 

Table 4. The level of variables x1 and x2 

Run no. Dosage (g/Mg of solid) pH 

1 0 1 

2 0 -1 

3 -1 0 

4 1 -1 

5 1 0 

6 0 0 

7 -1 1 

8 0 0 

9 -1 -1 

10 0 0 

11 0 0 

12 0 0 

13 1 1 

SRSB 1836 is the settling rate (mm/min) of the travertine suspension with SB 1836, 

SRMG 5250 is settling rate (mm/min) of the travertine with Magnafloc 5250, SRMG 6260 

settling rate (mm/min) of the travertine with Magnafloc 6260, TSB 1836 turbidity (NTU) 

of the travertine with SB 1836, TMG 5250 turbidity (NTU) of the travertine with 

Magnafloc 5250, TMG 6260 turbidity (NTU) of the travertine with Magnafloc 6260, D 

polymer dosage in flocculation tests (6.25-75 g/Mg) and pH (7-12) is pH solution in 

flocculation tests.  

The match of predicted values with the actual data points indicates a good fit (R
2
 

value of 0.832, 0.778, and 0.702 with SB 1836, Magnafloc 5250, and Magnafloc 

6260, respectively) of the equation for settling rate of travertine. For the turbidity of 

travertine, the predicted values and the observed data points, indicating a poor fit with 

SB 1836 (R
2
 value of 0.681) and a very poor fit with Magnafloc 5250 and Magnafloc 

6260 (R
2
 value of 0.022 and 0.012, respectively) of the equations. 

4. Conclusions 

The results from the zeta potential experiments for the fine particles indicated that 

the particles are negatively charged at all pH values with no apparent point of zero 

charge. On the other hand, the zeta potential of the particles measured using slaked 

lime showed positive charge at high pH values. This can be attributed to the specific 

adsorption of the dissolved ions such as Ca
2+

 and CaOH
+
 on the particles. 
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In terms of the settling rate and turbidity, the UMA Magnafloc 6260 anionic 

polymer showed a better flocculation performance compared to UMA Magnafloc 

5250 and conventional SB 1816 at natural pH of travertine suspension. 

The polymer charge density at high and low pH regimes played a crucial role in the 

flocculation of the travertine particles. On the other hand, the medium charge density 

polymers (Magnafloc 5250 and SB 1836) were slightly affected by pH, and exhibited 

a very bad performance in terms of the turbidity. In the case of the pH dependant 

flocculation of colloidal particles, conventional flocculant SB 1836 presented an 

unstable behavior. 

The decrease in the polymer dosage and turbidity (0.33 NTU) can be achieved by 

Magnafloc 6260 when slaked lime is used to adjust the suspension pH due to the 

presence of Ca
2+

 ions in the system. 
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Abstract. This study investigates the effectiveness of gravity and magnetic concentration 

techniques for the beneficiation of a Sudanese iron ore, the newly discovered Wadi Halfa iron 

ore deposit. It is a low-grade type of ore with high silica content, more than 45% SiO2, and an 

average iron content of about 35% Fe. Based on the fact that there are appreciable differences 

in specific gravity and magnetic susceptibility between the desired iron minerals and the 

gangue minerals, it was suggested that gravity separation and/or magnetic separation may be 

useful to concentrate this type of ore. These two techniques were adopted for the beneficiation 

of the Wadi Halfa low-grade iron ore. As a result of the fine dissemination of the iron minerals 

and the most abundant gangue mineral, quartz, the optimum degree of grinding is around 150 

micrometers. The rougher tests of both the gravity separation and magnetic separation 

produced concentrates of about 44% Fe. Each of these two concentrates was cleaned in a 

second stage of processing using high intensity magnetic separator. Final iron concentrates, 

assaying about 64% Fe at a recovery of about 70%, were achieved. 

keywords: Wadi Halfa iron ore, low-grade iron ore, gravity concentration, magnetic 

concentration, combined gravity/magnetic concentration 

1. Introduction 

With increasing global demand of iron ores due to the huge requirement of steel all 

over the world, important iron ore producing countries have increased their production 

by initiating steps to utilize the low-grade iron ores, fines, and slimes. The main 

difficulty in processing and utilization of low-grade iron ores primarily stems from 

their mineralogical characteristics as well as the soft nature of some ores and their 

high silica content. Thus, beneficiating the low-grade iron ores to remove the gangue 

minerals and enhancing their grade is an attractive proposition today. Among the 

known iron deposits in Sudan, many are of low-grade which require beneficiation to 

produce an acceptable feed for steel making plants. 

Wadi Halfa iron ore, in Northern Sudan, is one of these types. The problem in up-

grading this deposit is two-fold. Firstly, the iron minerals occur as a mixture of 

http://www.minproc.pwr.wroc.pl/journal/
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goethite and hematite in an oolitic pisolitic texture. Secondly, the iron minerals are 

finely disseminated in silica and silicates. This requires fine grinding to obtain 

adequate degree of liberation of the desired iron mineral and the gangue constituents.  

The location of Wadi Halfa iron ore deposit, in the Northern State, is bounded by 

latitude 21º 45' and 22º 00' N and longitudes 31º 15' and 31º 45' E. The iron ore 

deposits of this area are located on both sides of Lake Nasser.  The ore exists in 

several layers in stratified succession. The iron ore tonnage is estimated for only one 

layer of the deposit to be about 400-800 Tg (teragrams or million tons) at an average 

assay of 36% Fe. Since the ore is multi-layered, the tonnage given could be an 

underestimation of the whole reserves. In addition, the western part of the area is not 

yet assessed but it could add some additional reserves (Ali et al., 2004; Moslim, 2010).  

The processing of this particular iron ore is worthy to be considered for many 

reasons. It’s occurrence beside the Nile River; hence water will be available in terms 

of quantity and quality. Electricity is underway in the near future when the national 

grid reaches Halfa from Merawe Dam. Railway line connects Halfa to the rest of the 

country. Skilled labor is available in the area.  

The most commonly used beneficiation methods for iron ores are the gravity and 

magnetic separation methods. Recovery of valuables from natural ores by gravity 

concentration process is one of the oldest and most economic techniques (Brut, 1999). 

Although in the twentieth century gravity concentration has been partially replaced by 

other techniques, notably, flotation and magnetic separation, they have not made it 

obsolete. Gravity separation techniques are widely used in mineral beneficiation 

practices for its low-cost, ease of operation, and eco-friendly nature. They are based 

on the differential settling velocities of the constituting particle of the ore. 

The settling velocity of particles is governed jointly by weight (volume and 

density), buoyancy, and drag forces. The most commonly used gravity techniques for 

beneficiation of iron ores are shaking tables, jigs (Roy, 2009) and spirals. Upgrading 

iron ores by jigging has been an emerging trend (Mukherjee, 2006). Flowing film 

gravity concentration using Wilfley table is a powerful technique for the recovery of 

fine iron minerals. Many theoretical and experimental investigations of Wilfley table 

performance have been reported (Gaudin, 1987; Mansar, et al., 1999; Shivamohan, 

and Forssberg, 1985). Tabling efficiency is quite high when the specific gravity 

difference between valuable and gangue minerals is high (Samykina et al., 2005). In 

addition, for upgrading iron ores, magnetic separation may be preferred solely or in 

combination with gravity separation, depending on the ore characteristics (Svoboda, 

and Ross, 1989; Svoboda, 1994; Svoboda and Fujita, 2003). 

Beneficiation of Camdag iron (oolitic) hematite ore containing limonite-hematite 

or goethite-limonite using gravity separation and high intensity magnetic separation, 

increases the grade of ore about 5-7% in concentrates with about 60% recovery by 

both methods (Guney et al., 2000). Abouzeid (1967) studied the possibility of using 

high intensity magnetic separator for the beneficiation of El-Gedida iron ore. An ore 

sample containing 51.6% Fe, 8.76% SiO2 and 3.06% BaO was used for the study. He 
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found that high intensity magnetic separator tests were limited to very close range of 

sizes between 2 and 0.125 mm. The final magnetic product assayed 61% Fe at an iron 

recovery of 90.3%.  However, 5% by weight was obtained as middling assaying 

31.4% Fe. These middling products, together with the fine fraction minus 0.125mm 

which constitute 35% by weight of the whole sample, were not possible to be 

upgraded by magnetic separation. The barite-riche iron ore of the same deposit was 

treated by anionic flotation using Na-DDS as a collector for floating barium sulfate, 

and sodium silicate as a depressant for iron minerals (Mossallam, 2004). The feed size 

fraction for the flotation cell was -250+80 μm assaying 36.5% Fe and 23% BaO. After 

several cleaning stages by flotation, an iron concentrate assaying 62% Fe with less 

than 2% BaO  at a recovery of 71.3% was obtained. 

Rowayshed (1983) studied the possibility of using high intensity magnetic 

separator for beneficiation of El-Gedida. He found that high intensity magnetic 

separator is limited by a much-closed range of sizes less than 2 mm, neither the coarse 

nor the very fine sizes can be treated by this method. The dominant iron minerals 

present in this ore are the hydrated minerals, goethite and hydro-goethite, which are 

difficult to treat through the high intensity magnetic separator. 

Fatma et al. (1999) studied the beneficiation of an iron ore sample containing 44% 

Fe, 1.59% SiO2 and 20% BaO. By magnetic separation, two products of iron ore and 

barite concentrates were obtained by using a high intensity magnetic separator. The 

fine fraction (-0.125 mm) is about 20% by weight assaying 54.6% Fe, and 3.91% 

BaO, which needs further cleaning to reduce the barite content to meet the smelter 

specifications (52% Fe, and 2% BaO).  The size (0.74 +0.106 mm) fraction, after 

concentration by H.I.M.S., still contains 41.9% Fe and 11.55% BaO. After cleaning 

several times using H.I.M.S, an iron concentrate assaying 58.48% Fe, and 0.73% BaO 

is obtained. Final iron concentrate was obtained assaying 64.2% Fe, and 0.24% BaO.  

Faraghaly (2002) studied an iron ore containing 23.5% Fe and 34% BaO using a 

dry high intensity magnetic separator for the processing of a feed size fraction of -

1+0.125 mm (about 69% by weight of the original feed size). A concentrate 

containing 56.78% Fe and 1.61% BaO at a recovery of 82.76% was obtained. 

Reduction roasting process was carried out on the fine fraction (-0.125mm) which 

represents about 31% by weight of the head sample. A concentrate assaying 

56.78%Fe, and 1.61%BaO, with recovery of 82.76% was obtained. 

The iron ore at Wadi Halfa is intercalated with Nubian sedimentary rock faces and 

overlies these rocks. The stratigraphy of the area from bottom to top is composed of 

whitish to violet clayey sandstone, followed by iron-bearing rocks (usually varied in 

thickness), conglomerates, and then ferruginous layes intercalated with Nubian 

sandstone, which is usually capped with oolitic ironstone. The stratigraphy is 

repetitive in nature indicating several or multiple depositional sedimentary cycles. 

Chemically and structurally, the oolitic iron ore of Wadi Halfa can be classified into 

three types. These are: 1) hematitic oolitic type is red in color because hematite is 

domination in the ore. It is fine grained and is always found at the base of the iron 
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oolitic form colony, 2) oolitic goethitic iron ore which is black in color indicates 

supergene sedimentary conditions associated with the precipitation of the iron ore, 3) 

brown oolitic iron formation is an intermediate species between the above two 

mentioned types in terms of composition and color (Ali et al., 2003). 

It is worth mentioning that the Wadi Halfa iron ore deposit was discovered recently 

by the Geological Research Authority of Sudan (GRAS) (Ali et al., 2004). No 

beneficiation studies have been reported concerning this deposit until now.         

The main objective of this study is to investigate the amenability of Wadi Halfa 

(Northern Sudan) low-grade iron ore for upgrading by gravity and magnetic separation 

techniques. The main parameters affecting the effectiveness of a shaking table 

(exploiting the difference in specific gravity of the main ore constituents), and a high 

intensity magnetic separator (exploiting the differences in magnetic susceptibility of 

the ore constituents) were investigated 

2. Experimental 

Ore sample. A composite sample of about 200 kg was collected from the iron ore 

deposit at Wadi Halfa area. The sample was collected from different pits in the deposit 

area to represent, to some extent, the actual deposit. It was crushed, well mixed, and 

quartered to small samples of about 1 kg each. Representative samples were prepared 

for chemical analysis and mineralogical studies.   

Feed preparation. Some of the samples were ground in a ball mill to different 

degrees of fineness: -500 μm, -350 μm, and -150 μm to be used in the beneficiation 

experiments. These fractions were deslimed using a hydro-cyclone at a cut size of 20 

μm, which made the feed fractions to be: -500+20 μm, -350+20 μm, and -150+20 μm.   

Beneficiation techniques. A laboratory shaking table of dimensions 50 cm x 120 

cm was used to exploit the difference in specific gravity between the iron minerals and 

the gangue minerals. Also, as a result of the significant difference in magnetic 

susceptibility between the desired and no desired minerals, a High Intensity Magnetic 

Separator (H. T. Readings, PTY LTD, Series No. 88.1) was used as an alternative 

technique for upgrading this type of iron ore. 

3. Results and discussion 

3.1. Characterization of the ore 

Mineralogy of the ore. Using X-Ray Differential Analysis, it was found that the 

iron ore sample consisted of goethite, hematite, quartz, calcite kaolin, and feldspar. 

The major constituents were goethite as an iron mineral and quartz as a gangue 

mineral, and the rest were minor minerals. Under the optical microscope, it was 

observed that the iron minerals and quartz are finely disseminated. The ore exists in 

the form of oolitic and pesolitic texture.    

Chemical analysis. Table 1 gives the chemical analysis of the iron ore sample used 

in this research work.  It is clear that the iron content is relatively low, in the range of 
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36% Fe, and the major gangue mineral is quartz, in the range of 48% SiO2. The rest of 

the undesired constituents is less than 2% each. 

Table 1. Chemical analysis of Wadi Halfa iron ore sample 

Constituent Fe2 O3 Fe (Total) SiO2 CaO MgO MnO Al2 O3 SO4 P2 O5 

Percent 45.3 36.1 47.5 1.6 0.3 0.3 1.8 nil 0.1 

Desliming of the ore sample. The three ball mill products: -500 μm, -350 μm, and -

150 μm were deslimed using a hydro-cyclone to remove the -20 μm particles. Table 2 

shows the results of the desliming tests. The slimes fraction ranges from 6% by weight 

in the coarse size fraction, -500 μm, to 10% by weight in the fine size fraction, -150 

μm, with rejected amounts of 2.5% Fe and 8.0% Fe, respectively. 

Table 2. Classification of the feed fractions 

Size fraction, μm Fraction weight, % Assay, Fe % Metal distribution, % 

-500+20 

-20 

Total 

94.3 

5.7 

100.0 

36.7 

34.7 

36.6 

97.5 

02.5 

100.0 

-350+20 

-20 

Total 

92.4 

7.6 

100 

37.0 

31.9 

36.6 

94.7 

5.3 

100 

-150+20 

-20 

Total 

90.5 

9.5 

100 

37.7 

30.0 

36.9 

92.0 

08.0 

100 

Liberation study. The degree of liberation of the iron minerals was studied by the 

point counting technique. Polished sections of the different size fractions were 

prepared and studied under the microscope in reflected light mode. Both the free 

particles of iron minerals and the grains of iron minerals locked with gangue minerals 

in the microscope view were counted, and the percentage of free iron minerals grains 

relative to the sum of the two types of particles was calculated. Table 3 gives the 

counting results and the degree of liberation of the iron minerals 

Table 3. Degree of liberation of Wadi Halfa iron ore as a function of size fraction 

Size fraction, μm 
No. of free iron 

minerals grains 

No. of locked 

grains 

Total number 

(free +locked) 

Degree of 

liberation, % 

-500+20 2957 2254 5211 56.7 

-350+20 3053 960 4013 76.1 

-150+20 2396 235 2631 91.1 

-105+20 2408 105 2513 95.8 

The above counts suggest that the degree of liberation increases as the grain size 

gets finer, which is obvious. 

Concentration of the Wadi Halfa iron ore. Gravity and magnetic separation 

techniques seem to be two suitable candidates for upgrading this type of iron ore due 
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to the significant differences in specific gravity and magnetic susceptibility between 

the desired and no desired constituents in the ore. The important parameters in both of 

these techniques were investigated to find out if one of them or both could be applied 

to concentrate the Wadi Halfa iron ore. The following is a brief discussion of the 

results obtained throughout this study. 

3.2. Gravity separation  

Effects of the two important operating parameters of the shaking table,-feed size 

range and table tilt were investigated. The following summarizes the obtained results. 

Effect of feed size range. The feed size ranges used in this study were +500-20 μm, 

-350+20 μm, and -150+20 μm. Table 4 summarizes the effect of the feed size fraction 

to the table on the assay and metal distribution of the iron concentrate. 

Table  4. Effect of feed size fraction on the efficiency of tabling (table tilt is 5 degrees) 

Size fraction, μm Product 
Product 

weight, % 
Assay, Fe % 

Metal 

distribution 

% 

Metal distribution 

relative to original 

sample, % 

-500+20 

Concentrate 

Tailing 

Total 

70.0 

30.0 

100 

38.8 

31.4 

36.7 

74.3 

25.7 

100.0 

72.5 

25.1 

97.6 

-350+20 

Concentrate 

Tailing 

Total 

72.6 

27.4 

100.0 

41.5 

23.6 

36.5 

82.3 

17.7 

100.0 

77.9 

16.8 

94.7 

-150+20 

Concentrate 

Tailing 

Total 

72.5 

27.5 

100 

44.9 

18.2 

37.6 

86.7 

13.3 

100.0 

79.9 

12.1 

92.0 

The assay of the concentrate obtained using the coarse feed is not significantly 

different from that of the feed. The assay of the concentrate as well as the metal 

recovery continued to increase as the feed size fraction decreased. The assay increased 

from 38.8% Fe to 44.9% Fe and the recovery increased from 74.3% to 86.7% as the 

feed size fraction decreased from -500+20 to -150+20 μm, respectively. These effects 

are logical because the degree of liberation increases as the size fraction decreases 

(Fig. 1). 

Effect of angle of table inclination (table tilt). The tilt angle was changed between 

3º and 5º.  Table 5 presented the results as a function of the table tilt angle. 

The optimum tilt angle is 5º. At 5º table inclination large amount of middling 

particles are driven towards the concentration end of the table, which increased the 

recovery and decreased the assay. At higher tilt angle, the wash water washes away 

large amounts of the iron-bearing particles towards the tailing section of the table (Fig. 

2). 

The above results show that the optimum parameter values for using the shaking 

table as a roughing stage for concentrating this type of iron ore are: feed size fraction 

of -150+20 μm when the table tilt angle was 5º. At these parameter values, the 
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concentrate assay was 44.9%Fe and the stage recovery was 86.7%.  Taking the lost 

material in desliming into consideration, the overall recovery was 79.9%. 

  

Fig. 1. Concentrate assay and metal recovery as  

a function of the feed size fraction to the table.  

The size labels are: 1 for -500+20 μm, 2 for -

350+20 μm, and 3 for -150+20 μm 

Fig. 2. Concentrate assay and metal recovery as a 

function of the table tilt angle 

Table 5: Effect of Table inclination.  Feed size fraction is -150+20 μm 

Table inclination, 

degree 
Product 

Product 

weight, % 

Assay, 

Fe % 

Metal 

distribution, 

% 

Metal distribution relative 

to original sample, % 

3 

Concentrate 

Tailing 

Total 

83.8 

16.2 

100 

41.1 

18.0 

37.4 

92.1 

07.9 

100.0 

79.2 

06.8 

86.0 

5 

Concentrate 

Tailing 

Total 

72.5 

27.5 

100.0 

44.9 

18.2 

37.6 

86.7 

13.3 

100.0 

79.9 

12.1 

92.0 

8 

Concentrate 

Tailing 

Total 

66.0 

34.0 

100.0 

40.5 

31.0 

37.3 

71.7 

28.3 

100.0 

66.0 

28.3 

94.3 

3.3. Magnetic separation  

Three parameters affecting the performance of the high intensity magnetic 

separator, feed size fraction, magnetic field intensity, and drum rotating speed were 

investigated. The effect of each of these operating parameters will be discussed in the 

following paragraphs. 

Effect of feed size fraction. The feed size fractions used in this study were: 

-500+20 μm, -350+20 μm, and -150+20 μm. Table 6 summarizes these results. 
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Table 6: Effect of feed size fraction on efficiency of magnetic separation at 0.3 Ampere and 100 rpm 

Size fraction 

μm 
Product 

Product 

weight, % 

Assay 

Fe % 

Metal 

distribution, % 

Metal distribution relative 

to original sample, % 

-500+20 

Magnetic 

Non-magnetic 

Total 

65.1 

34.9 

100 

38.8 

31.4 

36.7 

74.3 

25.7 

100.0 

72.5 

25.1 

97.6 

-350+20 

Magnetic 

N0n-magnetic 

Total 

75.3 

24.7 

100.0 

41.5 

23.6 

36.5 

82.3 

17.7 

100.0 

77.9 

16.8 

94.7 

-150+20 

Magnetic 

Non-magnetic 

Total 

81.5 

18.5 

100.0 

42.4 

16.0 

36.5 

92.4 

7.8 

100 

84.9 

7.1 

92.0 

As it was observed in the gravity separation, the optimum results were obtained at 

feed size fraction of -150+20 μm, where the iron assay of the concentrate was 42.4% 

Fe at a recovery of 92.2%.  Again, this is because the finer the size fraction, the more 

is the liberation of the desired minerals from the gangue minerals (Fig. 3). However, 

the selectivity was low because of the high percentage of silica. 

 

 

 

 

 

 

Fig. 3. Effect of feed size fraction on the 

concentrate assay and metal recovery 

using high intensity magnetic separator. 

The size labels are: 1 for -500+20 μm, 2 

for -350+20 μm, and 3 for -150+20 μm 

Effect of electric current intensity to the electromagnetic coil. The current intensity 

to the coil is an indication to the magnetic field intensity, as the current increases the 

field intensity increases. The range of the current variation in the magnetic separator 

that was used is from 0.1 to 0.5 Amperes. Table 7 and Figure 4 give the results of the 

effect of the current intensity on the assay and recovery of the concentrate. 

From Table 7, it can be seen that the assay of the concentrate decreases with 

increasing the magnetic field intensity. This result is due to the degree of selectivity as 

a function of the field intensity. At low field intensity only the high magnetically 

susceptible particles are picked up by the rotating drum, which produces a relatively 

high grade concentrate (45.0% Fe) at low recovery (79.6%). The low recovery is due 

to the fact that a large portion of the locked particles goes with the non-magnetic 

fraction. The optimum result was obtained at a current intensity of 0.3 Ampere. 
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Table 7. Effect of magnetic field intensity. The magnet drum runs at 100 rpm 

Current 

Ampere 
Product 

Product 

weight, % 

Assay 

Fe % 

Metal 

distribution, % 

Metal distribution relative to 

original sample, % 

0.1 

Magnetic 

Non-magnetic 

Total 

66.0 

34.0 

100.0 

45.0 

22.5 

37.4 

79.6 

20.4 

100.0 

73.2 

18.8 

92.0 

0.2 

Magnetic 

Non-magnetic 

Total 

76.5 

23.5 

100.0 

42.7 

20.2 

37.4 

87.3 

12.7 

100.0 

80.3 

11.7 

92.0 

0.3 

Magnetic 

Non-magnetic 

Total 

81.5 

18.5 

100.0 

42.4 

16.0 

37.5 

92.2 

07.8 

100.0 

84.8 

07.2 

92.0 

0.4 

Magnetic 

Non-magnetic 

Total 

82.0 

18.0 

100.0 

41.9 

17.0 

37.4 

91.8 

08.2 

100.0 

84.4 

07.6 

92.0 

0.5 

Magnetic 

Non-magnetic 

Total 

83.0 

17.0 

100 

41.2 

18.3 

37.3 

91.7 

08.3 

100.0 

84.3 

07.7 

92.0 
 

 

 

 

 

 

 

Fig. 4. Iron assay and metal recovery of the 

concentrate as a function of current intensity to 

the electromagnetic coil at this current intensity, 

the magnetic intensity 

Effect of the drum rotational speed. The drum rotational speed was varied from 60 

to 220 rpm. The main effect of the drum rotational speed is the induced centrifugal 

force to the flowing particles which is a function of the particle mass. However, 

because of the nature of the main ore constituents, iron minerals and quartz, during 

size reduction, the quartz particles are coarser than the iron minerals particles although 

less in density than the iron minerals. Also the particle weight (density multiplied by 

volume) is a main parameter in this case because of the gravitational force acting on 

the individual particles. This means that there are several forces which act on the 

flowing particles, namely, centrifugal force, gravitational force, and magnetic force. A 

combined effect of these acting forces determines the optimum operating conditions in 

this case. As a result of this combination of forces, the optimum result, as represented 

by the concentrate assay and recovery, was obtained at drum revolution of 100 rpm 

(Table 8 and Fig. 5). 

The above results show that the conditions under which the optimum concentrate 

was obtained, using the high intensity magnetic separator, are feed particle size of -

150+20 m, electric current intensity of 0.3 A, and 100 rpm drum rotational speed. 
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This concentrate assays 42.4% Fe, at a metal recovery of 92.2%. However, as we have 

seen from the presented results of both the gravity separation and the magnetic 

separation processes, the concentrate assay under optimum operating conditions is 

low, 44.9% Fe, at a recovery of 86.7% in the case of the gravity separation process 

and 42.4% Fe, at a recovery of 92.2% in the case of the magnetic separation process. 

These results suggest that a cleaning stage of the concentrate obtained from the first 

stage may improve the assay of the final product. Based on this conclusion, the 

concentrates obtained from the shaking table and from the high intensity magnetic 

separator were, separately, subjected to a second run on the high intensity magnetic 

separator. 

Table 8. Effect of drum speed (current to the electromagnetic coil 0.3 Ampere,  

feed particle size fraction is -150+20 micrometers) 

Drum speed 

rpm 
Product 

Product 

weight, % 

Assay 

Fe % 

Metal 

distribution, % 

Metal distribution relative 

to original sample, % 

60 

Magnetic 

Non-magnetic 

Total 

84.0 

16.0 

100.0 

40.3 

20.0 

37.1 

91.2 

08.8 

100.0 

83.9 

08.1 

92.0 

100 

Magnetic 

Non-magnetic 

Total 

81.5 

18.5 

100.0 

42.4 

16.0 

37.5 

92.2 

07.8 

100.0 

84.8 

07.2 

92.0 

140 

Magnetic 

Non-magnetic 

Total 

56.0 

44.0 

100 

43.0 

30.5 

37.5 

64.2 

35.8 

100.0 

59.1 

32.9 

92.0 

180 

Magnetic 

Non-magnetic 

Total 

41.3 

58.7 

100.0 

44.3 

31.9 

37.0 

49.5 

50.5 

100.0 

45.5 

46.5 

92 

220 

Magnetic 

Non-magnetic 

Total 

36.2 

63.8 

100.0 

44.3 

33.0 

37.1 

43.2 

56.8 

100.0 

39.7 

52.3 

92.0 

 

 

 

 

 

 

 

Fig. 5. Effect of drum rotational speed on the 

performance of the magnetic separator 

3.4. Cleaning of the Rougher Concentrates 

The rougher concentrates obtained from the shaking table as well as the magnetic 

separator were both relatively low in grade. The shaking table concentrate assayed 

44.9% Fe at metal recovery of 86.7%, and the magnetic separator concentrate assayed 
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42.4% Fe at metal recovery of 92.2%. These two rougher concentrates were passed 

through the high intensity magnetic separator, at its optimum operating conditions 

(current to the coil is 0.3 Ampere, drum rotation speed 100 rpm), for cleaning. Table 9 

presents the results of the cleaning stage of the shaking table concentrate. The final 

assay of the concentrate is 65.4% Fe, at an overall metal recovery of 69%. 

The rougher concentrate from the magnetic separator was passed again on the high 

intensity magnetic separator, at its optimum operating conditions, for cleaning. The 

cleaned concentrate assayed 63.5% Fe at an overall metal recovery of 67.7%. Table 10 

shows the results of the cleaning stage for the magnetic separator rougher concentrate. 

Table 9. Cleaning of the table concentrate using the high intensity magnetic separator  

(magnetic field intensity is at 0.3 A, drum speed 100 rpm) 

Product 
Product  

wt. % 

Assay 

Fe % 
Metal distribution, % 

Metal distribution relative to 

original sample, % 

Magnetic 60.1 65.4 87.2 69.0 

Non-magnetic 39.9 14.5 12.8 10.2 

Total 100 45.0 100 79.2 

Table 10. Cleaning of the magnetic rougher concentrate  

(magnetic field intensity at 0.3 A, drum speed 100 rpm) 

Product 
Product 

 wt. % 

Assay 

 Fe % 
Metal distribution,% 

Metal distribution relative  to 

original sample, % 

Concentrate 

Tailing 

Total 

53.2 

46.8 

100.0 

63.5 

18.4 

42.4 

79.7 

20.3 

100.0 

67.7 

17.3 

85.0 

4. Conclusions 

The low-grade iron ore sample obtained from the Wadi Halfa iron ore deposit, 

North of Sudan, was analyzed mineralogically and chemically. The major mineral 

constituents were hydrated iron minerals and quartz. The trace constituents were 

calcium, magnesium, aluminum, manganese, and phosphorus oxides. The average iron 

assay was about 36% Fe, and the silica content was about 57% SiO2. Three samples 

were ground such that the first sample passed 500 μm, the second passed 350 μm, and 

the third passed 150 μm. Each of the three samples were deslimed to remove the -20 

μm fraction, such that the feed size ranges to be tested were -500+20 μm, -350+20 μm, 

and -150+20μm. The ore was beneficiated using the shaking table and the high 

intensity magnetic separator. The beneficiation took place in two stages: roughing and 

cleaning. The optimum operating conditions for the table were: feed size fraction of -

150+20 μm and table tilt angle of 5
ο
, and those of the magnetic separator were: feed 

size fraction of -150+20 μm, 0.3 Ampere, and drum rotational speed of 100 rpm. The 

rougher concentrates from both the gravity separation and the magnetic separation 

were, separately, subjected to the second stage of concentration, the cleaning stage. In 

the cleaning stage, the rougher concentrates were passed on the high intensity 

magnetic separator at its optimum operating conditions: 0.3 Ampere and 100 rpm 
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drum speed.  The cleaned concentrate obtained by using the shaking table followed by 

magnetic separator assayed 65.5% Fe, at a recovery of 69.0%, and the cleaned 

concentrate obtained by passing the ore twice on the magnetic separator assayed 

63.5% Fe, at a recovery of 67.7%. The obtained results suggest that the Wadi Halfa 

iron ore could be beneficiated using either of the two routes: gravity separation 

(shaking tables) followed by high intensity magnetic separation, or two stage high 

intensity magnetic separation. 
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Abstract. The paper presents research results of the possibility to beneficiate coal slurries 

deposited in 21 impoundments located in the region of Silesia, Poland. Coal slurries of particle 

size diameter below 1 (0.5) mm were subjected to beneficiation tests with the use of the 

following methods: centrifugal separator, hydrocyclone, Reichert spiral separator and flotation. 

Applied methods showed significant differences in obtained results. The most effective method 

was flotation where yield was on average 64% with concentrate of high calorific value. In case 

of centrifugal separator and Reichert type spiral average yield was 22% and 25%, respectively. 

In case of hydrocyclone classifier-separator, a high yield of low quality concentrate was 

obtained. The study revealed that such impoundments have a high energetic potential which 

can be effectively used by applying a proper beneficiation technology. 

keywords: coal slurry, tailings, impoundments, gravity separation 

1. Introduction 

The most common gravity separation methods are used successfully for particle 

size fractions larger than 0.1 mm. Nevertheless, below this limit with appropriate 

technological parameters and with the use of appropriate equipment (application of 

additional centrifugal force) an effective separation of finer particle sizes with high 

density difference is carried out. A summary of gravity separation methods taking into 

account particle sizes is presented in Table 1. 

The latest technology of gravity separation using devices that allow to obtain high 

centrifugal forces significantly reduce particle size lower limit suitable for effective 

separation. These technologies which employ equipment of Mozley, Falcon, Knelson 

and Kelsey are not in use currently in Poland. 

Results of coal slurries beneficiation tests from twenty one impoundments are 

presented in the paper. The tests were performed at the Technological Laboratory of 

Department of Mineral Processing and Waste Utilization within the framework of 

development project N R09 0006 06/2009 entitled “Identification of energetic 

potential of coal slurries in the national fuel balance and technological development 

strategy of their usage”. The project is implemented by the Institute of Mechanized 

http://www.minproc.pwr.wroc.pl/journal/
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Construction & Rock Mining in Warsaw in cooperation with the Department of 

Mineral Processing and Waste Utilization of the Silesian University of Technology 

(Blaschke et al. 2011, Baic and Blaschke 2010). 

The purpose of the Project is quantitative and qualitative identification of coal 

slurries deposited in impoundments located in the area of mining activity.  Coal slurry 

impoundments are the effect of long term activity of coal beneficiation plants. 

Material deposited there consists of slurries and post-flotation muds of particle size 

smaller than 1 (0.5) mm. Up to the thirties i.e. the time of development and 

introduction of froth flotation technology small size fraction gangue was difficult to 

remove using conventional beneficiation methods which, as a result, was significantly 

lowering the coke quality. Therefore, particle size smaller than 1 mm were treated as a 

waste. The same situation was in the case of steam coal as it was impossible to burn 

small particles in stoker-fired boilers. 

Nevertheless, the coal slurries deposited in impoundments have an energetic 

potential that should be effectively utilized. Recovering the coal matter is one of such 

methods, effective use of the energetic potential (Lutyński and Blaschke 2009; Hycnar 

et al. 2005; Hycnar and Bugajczyk 2004; Karbownik and Haber 1999). 

Table 1. Gravity separation chart. Adapted from (Abols and Grady, 2006)  

Equipment type Feed particle size [μm] 

 10 20 50 100 200 500 103 104 105 

Inline pressure jig           

Diaphragm jig           

Dense medium separators            

Dense medium cyclones            

Mozley Multi-Gravity Separator            

Spirals          

Fan-shaped trough separators           

Frue vanners           

Centrifugal separators            

Falcon separators             

Knelson separators           

Kelsey Centrifugal jig              

Reichert cones            

2. Description of tests 

Beneficiation tests of coal slurries were carried out in our laboratory on a semi-

technical scale. Three different separation methods were tested: 
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 centrifugal force separation method with the use of hydrocyclone classifier-

separator and centrifugal separator (Honaker et al. 1994; Driessen 1945), 

 wet gravity separation method with the use of Reichert spiral separator LD4 

(Atesok et al. 1993), 

 physicochemical method – flotation (Tao et al. 2002). 

Beneficiation tests of coal slurries were carried out with a hydrocyclone classifier-

separator of ø150 mm diameter located at the Technological Laboratory of our 

Department. The feed of selected density was pumped to the hydrocyclone with 

overflow in order to maintain constant hydrostatic pressure. Before proceeding to the 

tests with proper samples, several tests on waste material of similar properties were 

carried out. The purpose of preliminary tests was to determine the range of appropriate 

feed density and the feed flow rate. It was found that the preferred density of the 

beneficiated material is 150 g/dm
3
. The testing device was equipped with 

electromagnetic flowmeter FM 300 DN25 SPT. The testing device is designated for 

separation of slurries with the upper particle size limit of 1(2) mm. 

Results of coal slurry beneficiation tests carried out in the hydrocyclone are 

presented in Table 2 and Table 3. 

In gravity separation methods the quality of concentrate is lowered by the finest 

gangue fraction (<0.1 mm) that passes with larger and lighter coal particles to 

concentrates. Improvement of concentrate quality can be achieved by removing sludge 

from the feed or by removing the sludge from the concentrate. Sludge can be removed 

in the hydrocyclone. Therefore, the concentrate from the hydrocyclone was used as the 

feed in the beneficiation tests in the centrifugal and spiral separator. 

Centrifugal separator uses a centrifugal force to separate material. It is designated 

to beneficiate slurries with the upper particle size limit of 1(2) mm. Vortex is created 

by rotating blades on a vertical shaft driven by an electric engine with transmission 

belt which allows changing the rotation speed. Set of blades is rotating in the cone-

shaped bowl where the feed is introduced under hydrostatic pressure. Feed slurry 

enters centrally and is distributed outwards at the base of the cone by centrifugal force 

and then flows up the inclined surface of the bowl, segregating in the process, with 

high specific gravity particles on the outside closest to the bowl surface and low 

density particles on the inside which discharge over the lip at the top of the bowl. 

The feed of proper density (100-150 g/dm
3
) is pumped to the cone which provides 

a constant hydrostatic pressure. Received products are collected by gravity in two 

tanks.  

Beneficiation tests were carried out for two feed densities of 100 and 150 g/dm
3
. 

Due to favorable outcome only test results for the feed density of 150 g/dm
3
 are 

presented in the paper (see Table 4). 

In case of spiral separator, a Reichert LD4 type separator was used. The testing 

device consists of feed tank, LD4 spiral separator with two trough of six coils and a 

dewatering screen. 
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Table 2. Quality parameters of coal slurry products classification in hydrocyclone classifier-separator 

 of diameter 150 mm. Slurry density 150 g/dm3 

Impoundment 

underflow overflow feed 

Yield Ash content Yield Ash content Ash content 

 gk  [%] Aa [%]  go [%] Aa  [%] Aa  [%] 

1 47.5 31.64 52.50 35.93 33.89 

2 55.58 26.12 44.42 47.53 35.63 

3 49.52 39.64 50.48 45.94 42.82 

4 50.03 57.45 49.97 68.84 63.14 

5 59.66 71.63 40.34 74.01 72.59 

6 51.05 42.51 48.95 55.30 48.77 

7 77.35 43.87 22.65 53.63 46.08 

8 63.4 56.87 36.6 62.17 58.81 

9 57.89 25.13 42.11 44.34 33.22 

10 44.23 46.22 55.77 61.82 54.92 

11 52.08 43.91 47.92 47.96 45.85 

12 50.58 32.2 49.42 24.00 28.15 

13 59.24 24.21 40.76 34.78 28.52 

14 57.43 22.36 42.57 34.88 27.69 

15 45.61 30.96 54.39 42.80 37.4 

16 47.57 34.88 52.43 38.28 36.66 

17 50.5 34.21 49.5 38.07 36.12 

18 50.74 35.67 49.26 37.29 36.47 

19 43.79 48.63 56.21 62.90 56.65 

20 47.50 44.06 52.5 51.77 48.11 

Av. 53.10 39.60 46.94 48.11 43.57 

The feed was supplied by gravity from a tank with a high-speed stirrer and further 

agitated with air from a compressor. Rotation of stirrer and air-lift prevent from 

sedimentation of feed in the tank and provide constant feed density. 

Initial tests were carried out in order to determine the preferred range of feed 

density, feed flow rate and to adjust settings of feed driving blades and product 

collectors. 

Tests were carried out on samples from seventeen and nineteen impoundments 

with two feed densities (300 g/dm
3
 and 400 g/ dm

3
). Favorable results were observed 

for feed density of 400 g/ dm
3
. Results are presented in Table 5. 

Laboratory flotation tests of coal slurries were carried out in laboratory froth 

flotation cells with volume of 1 dm
3
. The density of the coal slurry was 100 g/dm

3
. 

It should be mentioned that the experience of the Department employees shows 

that in case of flotation process, results obtained in the laboratory differ significantly 

from the results obtained in industrial flotation cells.  

Two flotation agents which are in common use in coal beneficiation plants, were 

used for the tests. Initial tests were performed in order to determine the optimum 

amount of flotation agent. Further tests were carried out for flotation agent 
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concentration of 0.4, 0.5 and 0.6 kg per Mg of dry material. Best results were obtained 

for the concentration of flotation agent of 0.6 kg per Mg of dry material. 

Table 3. Quality parameters of concentrate (underflow from hydrocyclone classifier-separator) 

 obtained for classification of 0.1 mm sorted particle size 

Impoundment  

Concentrate  (underflow) 

Yield Ash content Hydroscopic moisture Sulfur content Calorific value 

k Aa [%] Wex [%] Sc
a [%] Qa [%] 

1 47.50 31.64 6.65 1.34 18121 

2 55.58 26.12 6.43 0.76 20362 

3 49.52 39.64 5.30 1.02 17281 

4 50.03 57.45 4.41 0.58 9295 

5 59.66 71.63 4.59 0.66 8576 

6 51.05 42.51 5.32 0.96 15990 

7 77.35 43.87 1.33 3.42 16277 

8 63.40 56.87 1.22 2.04 12027 

9 57.89 25.13 2.89 0.70 24234 

10 44.23 46.22 4.09 1.09 13444 

11 52.08 43.91 1.50 1.05 17972 

12 50.58 32.2 2.19 0.35 24363 

13 59.24 24.21 1.99 0.61 24,557 

14 57.43 22.36 2.02 0.83 25501 

15 45.61 30.96 1.88 0.86 21415 

16 47.57 34.88 2.21 0.85 21085 

17 50.50 34.21 1.69 1.12 21161 

18 50.74 35.67 2.22 1.06 21844 

19 43.79 48.63 3.30 0.82 12008 

20 47.50 44.06 2.12 0.74 18022 

Av. 53.10 39.60 3.16 1.04 16950 

Tests were conducted on samples from all impoundments. A positive flotation test 

result was assumed when 80% of the samples had a positive flotation effect. In case of 

samples from one impoundment a positive test was considered when 66% of the 

samples had a yield greater than 30% and the ash content in concentrate was lower 

than 25%. These criteria were fulfilled for the samples from 12 impoundments. 

Results of tests for the flotation agent 2 which was considered as preferable are 

presented in Table 6. 

3. Results of investigation 

Results of tests carried out were summarized in Tables 2 to 8. In Tables 7 and 8 a 

comparison of selected results from different separation methods is shown. Presented 

results are both for concentrate and tailings. It seems that obtained results indicate the 

efficiency of selected method (Fig. 1). In Figures 2 and 3 washability curves for the 

two most favorable results of hydrocyclone separation are presented. 
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Fig. 1. Comparison of concentrate yields obtained with each separation method 

Table 4. Concentrate parameters after sludge removal in centrifugal separator for feed density 

 of 150 g/dm3 

Impoundment  

Concentrate Tailings Concentrate 
yield with 

regard to 

the feed Yield 
Ash 

content 

Calorific 

value 

Hydroscopic 

moisture 
Yield 

Ash 

content 

Calorific 

value 

Hydroscopic 

moisture 

o [%] Aa [%] Qa 
[kJ/kg] Wex [%] o [%] Aa [%] Qa 

[kJ/kg] Wex [%]   kc  [%] 

1 48.88 21.14 18916 5.32 51.12 41.68 14199 4.09 23.22 

2 65.08 20.68 20654 5.46 34.92 36.26 16158 6.12 36.17 
3 19.54 20.31 22042 4.11 80.46 44.33 14065 3.99 9.68 

4 - - - - - - - - - 

5 - - - - - - - - - 
6 7.84 22.06 21043 5.71 92.16 44.25 14409 4.51 4.00 

7 18.20 21.59 25840 1.26 81.8 48.83 14015 1.19 14.08 

8 - - - - - - - - - 
9 83.67 20.47 24104 2.51 16.33 49.01 13403 1.84 48.44 

10 6.59 21.68 18965 4.72 93.41 47.95 12260 4.25 2.91 
11 15.84 19.93 25046 1.73 84.16 48.42 14723 1.78 8.25 

12 55.41 20.47 24095 1.93 44.59 46.78 15914 2.51 28.03 

13 78.61 21.14 24164 2.06 21.39 35.49 19068 2.25 46.57 
14 89.92 21.56 24315 2.31 10.08 29.50 20484 1.12 51.64 

15 54.23 20.46 24430 2.23 45.77 43.40 16531 2.60 24.73 

16 45.68 21.51 24043 1.96 54.32 46.12 15398 2.22 21.73 
17 51.41 21.86 23802 2.39 48.59 47.28 15173 2.49 25.96 

18 43.33 21.15 24281 2.06 56.67 46.77 15604 2.38 21.99 

19 6.12 22.35 18519 6.13 93.88 50.34 12165 4.38 2.68 
20 17.62 21.82 24124 2.83 82.38 48.82 15294 2.64 8.37 

Av. 41.64 21.19 22846 3.22 58.35 44.42 15227 2.96 22.26 
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Table 5. Parameters of separation of concentrate after sludge removal beneficiated in six coils LD4 of 

Reichert spiral separator for the feed density of 400 g/dm3 

Impoundment  

Concentrate Tailings Yield Concentrate 

yield with 

regard to 

the feed 
Yield Ash 

content 

Calorific 

value 

Hydroscopic 

moisture 
Yield  

Ash 

content 

Calorific 

value 

Hydroscopic 

moisture 
Ash content 

o [%] Aa [%] Qa 
[kJ/kg] Wex [%] o [%] Aa [%] Qa 

[kJ/kg] Wex [%] Aa [%]   kc  [%] 

1 61.15 21.10 18825 5.64 38.85 48.23 12680 3.19 31.64 29.05 

2 73.12 22.14 20271 5.51 26.88 36.95 15950 6.18 26.12 40.64 

3 35.62 21.86 21523 4.40 64.38 49.48 12480 3.79 39.64 17.64 

4 8.69 22.07 21042 4.83 91.31 60.82 7114 3.10 57.45 4.35 

6 28.43 22.81 20760 5.72 71.57 50.34 12581 4.16 42.51 14.51 

7 29.14 21.20 25843 1.22 70.86 53.19 12113 1.19 43.87 22.54 

8 9.21 23.81 24258 1.13 90.79 60.22 9479 1.59 62.17 5.84 

9 86.12 20.47 24335 2.36 13.88 54.04 11518 2.65 25.13 49.85 

10 19.63 21.45 19136 4.71 80.37 52.27 11272 4.17 46.22 8.68 

11 27.47 22.31 24241 1.70 72.53 52.09 13545 1.80 43.91 14.31 

12 60.25 20.33 24459 1.90 39.75 50.19 14831 2.63 32.20 30.47 

13 84.38 22.52 23763 2.08 15.62 33.34 19879 2.21 24.21 49.99 

14 91.33 21.84 24333 2.19 8.67 27.84 21879 2.19 22.36 52.45 

15 65.61 23.26 23352 2.10 34.39 45.65 15528 2.97 30.96 29.92 

16 57.63 22.27 23666 2.15 42.37 52.03 13192 2.03 34.88 27.41 

17 58.73 21.46 24035 2.31 41.27 52.35 13581 2.62 34.21 29.66 

18 52.35 21.39 24195 2.25 47.65 51.36 14012 2.23 35.67 26.56 

19 16.11 20.82 18756 5.83 83.89 53.97 11486 4.23 48.63 7.05 

20 29.42 21.35 24256 2.67 70.58 53.53 14008 2.67 44.06 13.97 

Av. 47.07 21.81 22687 3.19 52.93 49.36 13533 2.93 35.66 24.99 

Table 6. Coal slurry flotation results, flotation agent # 2 

Impoundment Feed ash content 

A
a
,  % 

 

Product 

 

Yield 

% 

Ash content in 

products 

A
a
 % 

Calorific value of 

concentrate, 

Q
a
 kJ/kg 

8 50.8 
C 

T 

44.8 

55.1 

22.7 

73.3 
24 687 

9 60.9 
C 

T 

41.5 

58.5 

31.2 

82.9 
20 670 

10 27.2 
C 

T 

73.7 

26.3 

14.5 

65.8 
27 620 

11 28.6 
C 

T 

79.6 

20.4 

15.9 

80.3 
27 120 

12 28.6 
C 

T 

81.1 

18.9 

16.4 

81.1 
26 880 

13 48.0 
C 

T 

65.3 

34.7 

29.4 

82.9 
21 525 

14 60.9 
C 

T 

41.5 

58.5 

31.2 

82.9 
24 520 

16 44.3 
C 

T 

58.4 

41.6 

23.6 

76.8 
24 670 

17 36.7 
C 

T 

71.7 

28.3 

19.2 

79.8 
25 875 

18 36.2 
C 

T 

71.1 

28.9 

19.5 

76.7 
25 810 

19 37.3 
C 

T 

70.0 

30.0 

19.3 

77.4 
25 845 

20 36.5 
C 

T 

71.7 

28.3 

21.3 

76.3 
25 465 

C – concentrate, T – tailings 
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Table 7. Comparison of selected coal slurry concentrate parameters beneficiated by different methods 

Imp. 

Hydrocyclone 
Centrifugal separator, 150 

g/dm3 
Reichert spiral, 400g/dm3 

Flotation, flotation agent 

# 2 

Yield 
Ash 

content 
Calorific 

value 
Yield 

Ash 
content 

Calorific 
value 

Yield 
Ash 

content 
Calorific 

value 
Yield 

Ash 
content 

Calorific 
value 

k Aa Qa [%] k Aa
Qa 

[kJ/kg] 
k Aa

Qa 

[kJ/kg] 
k Aa

Qa 

[kJ/kg] 

1 47.50 31.64 18121 23.22 21.14 18916 29.05 21.10 18825 - - - 

2 55.58 26.12 20362 36.17 20.68 20654 40.64 22.14 20271 - - - 

3 49.52 39.64 17281 9.68 20.31 22042 17.64 21.86 21523 - - - 

4 50.03 57.45 9295 - - - 4.35 22.07 21042 - - - 

5 59.66 71.63 8576 - - - - - - - - - 

6 51.05 42.51 15990 4.00 22.06 21043 14.51 22.81 20760 - - - 

7 77.35 43.87 16277 14.08 21.59 25840 22.54 21.20 25843 - - - 

8 63.40 56.87 12027 - - - 5.84 23.81 24258 44.8 22.7 24 687 

9 57.89 25.13 24234 48.44 20.47 24104 49.85 20.47 24335 41.5 31.2 20 670 

10 44.23 46.22 13444 2.91 21.68 18965 8.68 21.45 19136 73.7 14.5 27 620 

11 52.08 43.91 17972 8.25 19.93 25046 14.31 22.31 24241 79.6 15.9 27 120 

12 50.58 32.2 24363 28.03 20.47 24095 30.47 20.33 24459 81.1 16.4 26 880 

13 59.24 24.21 24.557 46.57 21.14 24164 49.99 22.52 23763 65.3 29.4 21 525 

14 57.43 22.36 25501 51.64 21.56 24315 52.45 21.84 24333 41.5 31.2 24 520 

15 45.61 30.96 21415 24.73 20.46 24430 29.92 23.26 23352 - - - 

16 47.57 34.88 21085 21.73 21.51 24043 27.41 22.27 23666 58.4 23.6 24 670 

17 50.50 34.21 21161 25.96 21.86 23802 29.66 21.46 24035 71.7 19.2 25 875 

18 50.74 35.67 21844 21.99 21.15 24281 26.56 21.39 24195 71.1 19.5 25 810 

19 43.79 48.63 12008 2.68 22.35 18519 7.05 20.82 18756 70.0 19.3 25 845 

20 47.50 44.06 18022 8.37 21.82 24124 13.97 21.35 24256 71.7 21.3 25 465 

Av. 53.10 39.61 16950 22.26 21.19 22846 24.99 21.81 22687 64.2 22.02 25057 
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Fig. 2. Washability (Henry) curves of coal slurry from impoundment 9 
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Table 8. Comparison of selected coal slurry tailings parameters from different separation methods 

Imp. 

Hydrocyclone 
Centrifugal separator, 150 

g/dm3 
Reichert spiral 400g/ dm3 

Flotation, flotation agent 

# 2 

Yield Ash content Yield Ash content Yield Ash content Yield Ash content 

k Aa k Aa k Aa k Aa

1 52.50 35.93 51.12 41.68 70.95 48.23 - - 

2 44.42 47.53 34.92 36.26 59.36 36.95 - - 

3 50.48 45.94 80.46 44.33 82.36 49.48 - - 

4 49.97 68.84 - - 95.65 60.82 - - 

5 74.01 74.01 - - 85.49 50.34 - - 

6 55.30 55.30 92.16 44.25 77.46 53.19 - - 

7 53.63 53.63 81.8 48.83 94.16 60.22 - - 

8 62.17 62.17 - - 50.15 54.04 55.1 73.3 

9 44.34 44.34 16.33 49.01 91.32 52.27 58.5 82.9 

10 61.82 61.82 93.41 47.95 85.69 52.09 26.3 65.8 

11 47.96 47.96 84.16 48.42 69.53 50.19 20.4 80.3 

12 24.00 24.00 44.59 46.78 50.01 33.34 18.9 81.1 

13 34.78 34.78 21.39 35.49 47.55 27.84 34.7 82.9 

14 34.88 34.88 10.08 29.50 70.08 45.65 58.5 82.9 

15 42.80 42.80 45.77 43.40 72.59 52.03 - - 

16 38.28 38.28 54.32 46.12 70.31 52.35 41.6 76.8 

17 38.07 38.07 48.59 47.28 73.44 51.36 28.3 79.8 

18 37.29 37.29 56.67 46.77 92.95 53.97 28.9 76.7 

19 62.90 62.90 93.88 50.34 86.03 53.53 30.0 77.4 

20 51.77 51.77 82.38 48.82 75.01 49.36 28.3 76.3 

Av. 46.90 48.11 58.35 41.68 75.01 48.23 35.8 78.02 
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Fig. 3. Washability  (Henry) curves of coal slurry from impoundment 13 
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4. Conclusions 

Four separation methods presented in the paper show significant differences in 

results. The most effective method is the froth flotation where yield was on average 

64%, calorific value of the concentrate was approximately 25 MJ/kg and the ash 

content approximately 22%. Moreover, tailings showed high ash content. Performed 

tests reported that due to flotation agent used this method cannot be applied to all 

tested coal slurries. Thus, if this method is to be applied for fine particle size coal 

tailings, other more efficient flotation agents must be applied (Laskowski 2004). 

Much less favorable results were obtained with the centrifugal separator and 

Reichert type LD4 spiral separator. In material used in these types of separators 

particle size below 0.1 mm was initially separated in the hydrocyclone. The average 

yield for the Reichert spiral was 25% and for the centrifugal separator 22%. The 

calorific value of the concentrate was 22.687 MJ/kg and 22.846 MJ/kg, respectively, 

and ash content 25% and 22%, respectively. Low ash content was observed in tailings 

which was approximately 48% and 58% for the Reichert spiral and centrifugal 

separator respectively.  

In case of hydrocyclone separation of particle below 0.1 mm in size, a significant 

yield (53%) was obtained, while the quality was low. The concentrate had a high ash 

content (39.6%) and low calorific value (16.95 MJ/kg) whereas tailings had low ash 

content (48.11%). Thus, the separation was inefficient due to the fact that the 

concentrate had approximately 38% particles smaller than 0.1 mm fraction and 

according to the study of Szpyrka and Lutyński (2012) these particle have a high ash 

content. 

In conclusion, it should be noted that there is a possibility to upgrade fine coal 

particles. This process is of great importance because of considerable amount of coal 

deposited in impoundments. An alternative for fine coal beneficiation is a direct 

combustion in fluidized bed furnaces. Such furnaces are designed and manufactured 

taking into account individual characteristics of the fuel, i.e. particle size and quality 

parameters. Some of the materials tested fulfill these criteria (Blaschke 2005, 

Grudziński 2005). 
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Abstract. In this study, the possibilities of using Manisa-Gördes district tuffs having important 

deposits rich of clinoptilolites have been investigated for the removal of heavy metal ions from 

industrial wastewaters. Adsorption of ammonium and metal cations such as Pb
++

, Cu
++

, Cd
++

 

and Zn
++

 ions from aqueous solution onto sulphuric, hydrochloric and nitric acid activated 

samples were studied. Experimental data were obtained from batch equilibrium tests on 

samples activated at different acid concentrations at two different size fractions. It has been 

found that selectivity of the zeolite is sequentially Pb
++

 > NH4
+
 > Cu

++
, Cd

++
 > Zn

++
. 

Experimental results show that the NH4
+
 ion exchange capacity of 95 meq/100 g for the raw 

material can be increased to 140 meq/100 g after activation with sulphuric acid. In general, 

acid activation was observed to increase the ion exchange capacity, sulphuric acid responding 

better than hydrochloric and nitric acids. 

keywords: zeolite, clinoptilolite, acid activation, ion exchange 

1. Introduction 

Natural zeolite minerals are hydrated aluminosilicates of alkaline and alkaline-

earth cations with indefinitely extending three dimensional network of (Si, Al)O4 

tetrahedral linked to each other by sharing all of the oxygen. Their structure contain 

channels and pores that are occupied by mobile cations and water molecules. Due to 

their structural characteristics, natural zeolites especially clinoptilolites are used for 

many purposes related with their ion exchange, adsorption, dehydration and 

rehydration properties (Castaldi et al., 2008; Girgin et al., 1996; Englert and Rubio, 

2005; Wang and Peng, 2010, Cincotti et al., 2001; Korkuna et al., 2006). 

Clinoptilolites are capable of exchanging alkaline and alkaline-earth cations in 

aqueous solutions and studies have been conducted on the waste water and nuclear 

waste treatment for the removal of some harmful cations (Ata and Girgin, 1994; 

Erdem et al., 2004; Curkovic et al., 1997; Toprak and Girgin, 2000; Gunay et al., 

2007; Motsi et al., 2009; Ouki and Kavannagh, 1999; Abusafa and Yucel, 2002; Borai 

et al., 2009). They offer advantages over organic-ion exchangers due to their high 

chemical, thermal and radiation stabilities. Their ion-exchange and adsorption 
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properties can be improved by thermal and acid activation methods (Girgin et al., 

1996; Wang and Peng, 2010; Curkovic et al., 1997; Inglezakis, 2005; Modale et al., 

1995; Toprak and Girgin, 1999) . 

This study was aimed at determining the cation-exchange capacity of Manisa-

Gördes clinoptilolites for Pb
+2

, NH4
+
, Cu

+2
, Ca

+2
 and Zn

+2
 after activation with H2SO4, 

HCl and HNO3. 

2. Experimental 

2.1. Chemicals and reagents 

Merck grade HCl, H2SO4 and HNO3 were used in the acid-activation experiments. 

Solutions used in ion exchange tests were prepared using CH3COONH4, 

Cu(CH3COO)2
.
H2O, Pb(CH3COO)2

.
3H2O, Zn(CH3COO)2

.
2H2O, Cd(CH3COO)2

.
2H2O 

and KCl (analytical grade Merck reagents). 

2.2. Preparation and characterization of the sample  

Clinoptilolite-rich tuff samples taken from Manisa-Gördes region was used in the 

experiments. Representative samples were crushed using jaw, cone and roll crushers, 

and then wet screened to -0,3 mm. After washing with distilled water and acetone, -

707 +595 µm and -500 +298 µm fractions were obtained in ion-exchange 

experiments.  

The chemical composition of the sample determined by XRF analysis (Rigaku 

RIX-3000 Spectrometer) is given in Table 1. 

Table 1. Chemical composition of the sample used 

Component % 

SiO2 71.29 

Al2O3 13.55 

Fe2O3 1.15 

CaO 2.45 

MgO 0.70 

Na2O 0.60 

K2O 3.50 

LOI 6.43 

XRD analysis (Rigaku Geiger Flex X ray) shows that the main mineral is 

clinoptilolite and cristobalite is present in minor quantities (Fig. 1a). XRD patterns of 

the sample treated between 100-1000ºC (Fig. 1b) show lowering in the peak intensities 

of clinoptilolite lattice concentration and thermal collapse of the framework at 800
0
C . 

The TG/DTA data (Rigaku TAS 100 Thermo flex TG 8110) is in agreement with the 
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XRD results showing continuous hydration up to 7000C with release of water and an 
exothermic event at around 924ºC due to the collapse of the structure (Fig. 2).  

Considering the K, Na, Ca, Mg contents of the sample, theoretical cation exchange 
capacity was calculated as 120.74 meq/100g. Also, specific surface area, pore 
diameter, pore volume and the density (Quantachrome Nova 2000) of the sample were 
determined as 43.91 m2/g, 0.018 μm, 0.1717 cm3/gr, 2.12 g/cm3, respectively. 

Figure 3 shows the electronmicroscopic view of the sample (FEI Qanta 400 MK2 
electronmicroscope) where macro and micropores can clearly be seen between the 
clinoptilolite crystals (Fig. 3d). 

 

 
(a) (b) 

Fig. 1. a)XRD pattern of the sample b) XRD patterns of the sample between 100−1000ºC 

 

Fig. 2. TG/DTA curves of the sample 
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(a) 

 
(b) 

 

(c) 

 

(d) 

Fig. 3. An electronmicroscopic view of Manisa-Gördes clinoptolite (a) ~1000x magnification,  

(b) ~4000x magnification, (c) ~6000x magnification, (d) ~8000x magnification 

2.3. Acid activation and ion exchange tests 

In the acid activation experiments, the sample was treated with acid solutions of 

varying concentrations (0.1, 0.5, 1.0, 2.0 M) for one hour at room temperature. 

Following filtration, the samples were washed with water, then with acetone and 

finally were dried at 105ºC for 24 hours. 

In the cation exchange tests, 1 gram of sample was treated with 100 cm
3
 of solution 

for 8 hours in a 250 cm
3
 beaker with mechanical agitation at constant speed to keep all 

the particles in suspension. After completion of the reaction, the samples were 

separated by filtration and rinsed with methanol. For the stripping of exchanged 

cations, loaded samples were treated with 100 cm
3
 of KCl solution for 8 hours, filtered 

and the solutions were analyzed. As the adsorption of Pb
+2

 on clinoptilolite was 

irreversible, the samples were exchanged with K
+
 before treatment with Pb

+2
 solution 

and the extent of Pb
+2 

exchange was determined by K
+
 analysis in the solution. 
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Ammonium ion was determined by colorimetric method and the other ions were 

analyzed using the atomic absorption spectrophotometric method. 

The batch technique was used for measurement of cation exchange capacity of 

samples (Sub-Committee, 1994) and the cation exchange capacities (CEC) in 

meq/100g were determined using equation: 

CEC (meq/100g) = (milimoles of sorbed ion / 100g sample)  (cation valence). 

3. Results and discussion 

The NH4
+ 

exchange capacities for the raw sample were determined as 94 meq/100g 

and 100 meq/100 g for sample sizes of +595  m and +298  m, respectively. The 

effect of particle size and acid concentration were considered in the ion exchange 

experiments and the results for acid activated samples are given in Fig. 4. 
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Fig. 4. NH4

+ exchange capacity of the acid 

activated samples 

Fig. 5. Zn2+ exchange capacity of the acid  

activated samples 

Although HCl does not have a significant effect on the ion exchange capacity for 

+595 m sample, ion exchange capacity decreases from 93.4 meq/100 g to 78.3 

meq/100 g for +298 m sized sample. The highest value obtained for 0.1 M HCl 

activated sample for both sizes was determined as 98.5 meq/100 g. Ion exchange 

capacity values for +595 m sample activated with 0.1 and 0.5 M HNO3 were reached 

to 107.6 meq/100 g and 111 meq/100 g, respectively. But, upon increase of the acid 

concentration in the activation, ion exchange capacities were decreased considerably. 

Compared to others, better results were obtained with the sample activated using 1 M 

H2SO4 and the CEC value was reached to 140.8 meq/100 g for both sizes. 

Zn
++

 exchange capacity of the raw sample for both sizes were quite close to each 

other being around 7 meq/100 g. Considering the Zn
++

 exchange capacities for acid 

activated samples (Fig. 5) HCl and HNO3 activated samples showed slight increases in 

the exchange capacities. Best results again were obtained with H2SO4 activated sample 

and the highest value reached was 11.5 meq/100 g for +595 m size when the 
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activation was done using 2 M H2SO4. For all the acid activated samples better results 

were obtained for +595 m sample. 

Pb
++

 exchange capacities for the raw samples were determined as 25.6 meq/100 g 

for +595 m and 26.7 meq/100 g for +298 m sizes. It can be seen from Fig. 6 that 

acids did not show big differences. The values varied between 27 meq/100 g to 31.3 

meq/100 g on 595 m sample, except 0.1 M HCl with which the value reached was 

20.1 meq/100 g. It seems that particle size does not have any effect on ion exchange 

capacity for Pb ion. The best value obtained on +595 m sized sample was around 

31.3 meq/100 g for samples activated with 0.1 M HNO3 and 2 M H2SO4 . 
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Fig. 6. Pb++ exchange capacity of the acid  

activated samples 

Fig. 7. Cu++ exchange capacity of the acid 

activated samples 
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Fig. 8. Cd++exchange capacity of the acid activated samples 

For Cu
++

 ion, ion exchange capacity was 23.6 meq/100 g for +595 μm raw sample 

which was better than that of +298 μm sample. Also, this value was the highest 

compared to the acid activated ones (Fig. 7). Accordingly, although H2SO4 activation 

gives better results, acid activation does not improve the Cu
++

 exchange capacity of 

the raw material. 
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Cd
++ 

exchange capacities for the raw material were found as 9.2 meq/100 g for 

+595 μm and 9.7 meq/100 g for +298 μm sizes. No significant changes were observed 

for acid activated samples (Fig. 8) and a value of 11.9 meq/100 g with +298 μm 

sample was reached for the sample activated using 2 M H2SO4. 

4. Conclusions 

Ion exchange tests using NH4
+
, Zn

++
, Pb

++
,  Cu

++
and Cd

++ 
ions

 
show that Manisa-

Gördes clinoptilolites have exchange capacities for these ions in the order Pb
++

 >NH4
+
 

> Cu
++

, Cd
++

 > Zn
++

. This determination is very similar to what had been stated for 

heavy metals before (Concotti et al. 2001, Modela et al. 1995). 

Acid activation generally affected the cation exchange capacities positively. If it is 

necessary to take a concise look to the results obtained separately, better cation 

exchange capacity values were reached at both particle sizes with every three acids for 

NH4
+
, except one that the cation capacity values decreased as M concentration of HCl 

increased at 298 m sample. After acid activation, while the cation exchange 

capacities for Pb and Zn increased, the values somewhat dropped for Cu, especially 

when HNO3 used. On the other hand, it can be said for Cd that activation showed just 

very slight effect. It can be concluded that better results were usually obtained with 

H2SO4. 

The results obtained in the batch experiments are worthy. However, in order to 

determine the industrial applicability, pilot size tests should also be conducted. 
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Abstract. In this paper sulfuric acid leaching of four different stainless steel production flue 

dusts is studied. The main objective is to study and compare the valuable metal Zn, Cr, Ni, Fe, 

Mo dissolution present in the EAF 1&2 (electric arc furnace) and AOD 1&2 (argon oxygen 

decarburization converter) dusts. The effect of sulfuric acid concentration, temperature and 

liquid-to-solid ratio are tested for maximum and selective Zn leaching into solution for 

recycling purposes. Leaching tests were done in 0.1 M, 0.5 M and 1.5 M sulfuric acid, at 

temperatures of 30ºC, 60ºC and 90ºC with liquid-to-solid ratios L:S = 10 and 20 under 1 bar 

pressure for 120 minutes. Maximum Zn dissolution yield was achieved with 1.5M, 90ºC, L:S = 

10 where the Zn dissolution yield varied from 65% to almost 100%, depending on the dust type 

(AOD, EAF) and production line (1 or 2). At the same time Cr was leached 7 – 17%, Ni 37 – 

48%, Fe 48 – 89% and Mo 82 – 100%. The best zinc selectivity vs. Cr, Ni, Fe, Mo was 

achieved with 0.5 M, 30ºC and L:S 10. The Zn dissolution varied between 33 – 72%, Cr 2 – 

4%, Ni 6 – 9%, Fe 2 – 9% and Mo 1 – 55%. Higher temperature and acid concentration 

resulted in faster dissolution of metals. AOD dust in both lines 1 and 2 has better valuable 

metal recycling possibilities than EAF dust due to better maximum Zn dissolution and better 

selective dissolution of Zn vs. Cr, Ni, Fe, Mo. 

keywords: stainless steel dust leaching, EAF, electric arc furnace AOD, argon oxygen 

decarburization converter, hydrometallurgy, recycling 

1. Introduction 

Various amounts of wide range metal containing dusts are generated in separate 

parts of stainless steel process. In electric arc furnace (EAF), for example, about 1-2% 

of the charge is turned into dust (Steinlechner and Antrekowitsch, 2010; Tsakiridis 

and Oustadakis, 2010). Both the EAF and AOD dusts contains various amounts of 

chromium, nickel, iron, zinc and other heavy metal oxides and the weight percent of 

these elements usually varies from batch to batch basis (Nyirenda, 1991; Machado and 

Brehm, 2006; Tsakiridis and Oustadakis, 2010). Due to stricter environmental 

regulation laws and high price of stainless alloying elements, the valuable segment 

(Cr, Ni, Mo) of the stainless steel dusts are in the interest to be recycled back to 
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process, and the rest, small part of the harmful materials that are now landfilled, to be 

neutralized or minimized.  

Today, most part of the carbon steel and stainless steel dusts are treated in separate 

plants mainly by pyrometallurgical methods to recover majority of the valuable 

materials (Zn, Cr, Ni, Mo) for re-use. However, some part of the flue dusts are still 

stored as landfill, mainly in developing countries (Nasmyth and Cooper, 2010; 

Ruetten 2010; Steinlechner and Antrekowitsch, 2010).  

Hydrometallurgical methods instead of pyrometallurgical ones can offer energy 

savings and lower CO2 emissions. Still, many hydrometallurgical processes have been 

investigated in the past three decades but virtually none of them have passed to wider 

industrial scale use. The main problem in steel dust leaching is the low yield and 

separability of zinc. Usually over 50% of Zn in the dusts exists in zinc ferrite structure 

ZnFe2O4 (franklinite) which makes the selective leaching of Zn without Fe difficult, 

whereas ZnO (zincite) phase does not cause problems and dissolves easily (LeClerc et 

al., 2003; Havlik et al., 2005; Havlik et al., 2006; Langová and Matýsek, 2010). 

Depending on its current price, the recovery method and amount in the dust, zinc is a 

valuable material resource for recycling to primary zinc production but a major 

impurity if recycled back to stainless steel process with Cr, Ni, Mo and Fe. Zinc is a 

volatile component which recirculates and adds up in the furnace and ventilation 

system (Nyirenda, 1991). In hydrometallurgical research, Zn - Fe separation and zinc 

recovery especially from carbon steel dusts, mainly from EAF dusts, has been the 

most researched topic. However, very few research projects have been focused on 

other types of dusts, i.e. AOD dust, or in general, on stainless steel dusts to recover Cr, 

Ni, Mo and Fe. Thus, a developed method to recover these valuable elements by 

hydrometallurgical means is relatively unknown. This might be due to the fact that 

stainless steel dust recycling by pyrometallurgical methods is well established and the 

value and concentration of the recovered elements has been sufficiently high to offset 

the high-energy consumption, the generation of worthless residues to landfill and high 

CO2 emissions (Nyirenda, 1991; Tsakiridis and Oustadakis, 2010).  

There are numerous reports of EAF carbon steel dust leaching and treatment 

experiments in atmospheric pressure with sulfuric acid but the results vary greatly 

depending on the dust composition and leaching conditions (Nyirenda, 1991; Cruells 

et al., 1992; Strobos and Friend, 2004; Havlik et al., 2005; Shawabkeh, 2010; 

Tsakiridis and Oustadakis, 2010). Hydrochloric acid is found to be a quite effective 

lixiviant for the steel dusts zinc ferrite spinel (Baik and Fray, 2000). Jha et al. (2001) 

have done a review of different hydrometallurgical dust treatment processes for zinc 

recovery from industrial wastes. Havlik et al. (2004), Nyirenda (1991) and Zunkel 

(2001) discuss generally hydrometallurgical methods and problems encountered in 

carbon steel (EAF) dust treatment. For example, it is known fact that Cl and F are 

detrimental elements with very small ppm level amounts in the liquid phase if 

considering recycling zinc back to Zn primary metallurgy. The same problems and 

methods apply to some extent also in stainless steel dust treatment, for example 
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leaching harmful Zn as an impurity from the recyclable solids (Cr, Ni, Mo, Fe) and 

waste liquid management. 

The main focus of the present work is on four stainless steel production dusts (EAF 

1&2 and AOD 1&2) and the dissolution characteristics of Zn, Cr, Ni, Mo and Fe with 

sulfuric acid. The main objective at this first stage is to i) maximize zinc extraction 

into solution for recovery and ii) selectively leach maximum amount of zinc leaving 

the valuable elements Cr, Ni, Fe, Mo in the solid residue for further treatment and 

possible recycling back to stainless process. 

2. Experimental 

Four stainless steel production dust materials, from EAF 1&2 furnace and AOD 

1&2 converter, were used for the leaching experiments. These dusts were collected 

from bag house filter containers behind each furnace or converter. These dusts are a 

mixture of different production batches, so each dust is a representative sample of an 

average dust composition. 

The chemical composition of received stainless steel production dusts is presented 

in Table 1. The chemical analysis was done by a standardized method with molten 

sodium peroxide and atomic emission spectrometry (ICP-AES) for the most typical 

metals and earth alkaline metals in the dust. The main elements are Fe, Zn, Cr, Ca, Ni 

and Mn. Calcium is present due to its presence in fluxes and slag. 

The chemical and mineralogical composition of dust depends on the batch feed 

material and the operating parameters of furnace or converter during production. In 

carbon steel EAF dusts, the zinc amount is typically from 15 to 35 wt.%, or even up to 

40%, which is generally much higher than in dusts generated in stainless steel 

production (Havlik et al., 2004, 2006) (Table 1.) 

Table 1. Chemical composition of received dust material from stainless steel production 

Sample wt-% Zn Fe Cr Ni Mo Mn Mg Ca K Pb Cd Cu Al S 

EAF1  8 23 10 1.5 0.02 3 2 10 1.3 0.6 0.1 0.3 0.9 0.5 

EAF2  6 20 10 2.6 0.1 3 1 13 1.4 1 0.3 0.5 1 0.4 

AOD1  10 33 10 0.7 0.03 3 1.3 5 0.9 0.1 0 0.2 0.1 0.1 

AOD2  5 26 10 2.9 1.3 3 2.5 15 0.8 0.5 0 0.3 0.2 0.2 

Leaching experiments were done in a 1000 cm
3
 glass reactor in a temperature 

controlled water bath with a cap that had sealable holes for dust material feed, 

thermometer, stirrer (300 rpm) and a condenser for water evaporation (Fig. 1). Total 

volume of 600 cm
3
, 0.1 M, 0.5 M and 1.5 M sulfuric acid was used for the leaching 

experiments. The dust sample weight was 60 g and 30 g for liquid-to-solid ratios of 10 

and 20, respectively. The temperature was 30ºC, 60ºC and 90ºC and the liquid samples 

for chemical analysis were taken and after 10, 20, 60 and 120 minutes. 

The samples (10 cm
3
) were filtered and sealed before sending them to multi-

element ICP-AES analysis.  
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Fig. 1. Schematic picture of the leaching 

reactor. 1-stirrer, 2-thermometer, 3-sample 

off take, 4-glass reactor, 5-vapour cooler, 

6-reactor cover, 7-temperature controlled 

water bath 

3. Results and discussion 

High acid concentration 1.5 M and high temperature 90 ºC results in faster leaching 

and higher yield of elements into solution versus 0.5 M and 30ºC (Fig.2) for all tested 

dust materials. With 0.1 M acid concentration the total dissolution was even lower or 

the elements did not dissolve at all. 

 

Fig. 2. The effect of temperature and acid concentration (in mol/dm3) on Zn dissolution 

 (L:S=10, 120 min) 

The temperature and acid concentration effect trend is clear, except for 0.5 M, 90ºC 

AOD 2 dust where Zn probably started to precipitate. Thermodynamically certain 

elements dissolution depends on pH and Eh, so the pH increase in AOD 2 dust has 

probably reached Zn precipitation pH limit.  
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Between L:S 10 or L:S 20 liquid-to-solid ratios we did not notice a clear trend for 

Zn dissolution (Fig. 3). This could be due to the fact that with both L:S 10 and L:S 20 

ratios there were enough free acid left and pH remained sufficiently low for Zn 

dissolution during the experiment. However, for Fe, it seems that with L:S 20 Fe 

dissolves somewhat faster and results in slightly higher yield than L:S 10. Exception is 

0.5 M, L:S 10, 30ºC EAF 2 dust where acid-alkaline reactions seem to increase the 

system’s pH into an area where Fe starts to precipitate (Fig. 3). This effect is not seen 

at 1.5 M, 90ºC (Fig. 4). Fe precipitation is a beneficial effect where zinc selectivity 

into solution is an objective 

 

Fig. 3.The effect of liquid-to-solid ratio on Zn and Fe yields, 0.5 M, 30ºC, 120 min 

 

Fig. 4.The effect of liquid-to-solid ratio on Zn and Fe yield -%, 1.5 M, 30ºC, 120 min 

For all dusts, maximum Zn dissolution yield was achieved with 1.5M, 90ºC, and 

L:S = 10 where the Zn dissolution yield varied from 65% to almost 100%. At the same 

time: Cr was leached 7 – 17%, Ni 37 – 48%, Fe 48 – 89% and Mo 82 – 100% (Fig. 

5.). The best zinc selectivity vs. Cr, Ni, Fe, Mo was achieved with 0.5 M, 30ºC, and 

L:S 10. Zinc dissolution varied between 33 – 72%, Cr 2 – 4%, Ni 6 – 9%, Fe 2 – 9% 

and Mo 1 – 55% (Fig. 6.). 
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A large variation of the yield results is probably due to chemical and mineralogical 

differences between the original dusts. Additionally, another important factor to affect 

the yield is to control the dissolution and precipitation reactions by careful pH control. 

 

Fig. 5. Maximum extraction yields for Zn, 1.5 M, 90ºC, L:S 10, 120 min 

 

Fig. 6. Best selectivity (Zn vs. Cr, Ni, Fe, Mo, 0.5 M, L:S 10, 120 min) 

4. Conclusions 

Sulfuric acid leaching of different stainless steel production flue dusts was studied. 

The main objective was to study valuable metals (Zn, Cr, Ni, Fe, Mo) dissolution 

yields for the dusts. The effect of sulfuric acid concentration, temperature and liquid-

to-solid ratio were tested for maximum and selective Zn extraction into solution. The 

aim was to maximize zinc extraction for recovery and selectively leach maximum 

amount of zinc leaving the valuable elements Cr, Ni, Fe, Mo in the solid residue for 

further treatment. 

Higher temperature and acid concentration resulted in faster dissolution and 

increased yield. Used L:S ratio and chemical composition of a dust has a presumable 
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effect on pH and, by that, on dissolution of a certain element. The AOD dust in both 

sample lines 1&2 had better maximum and selectivity results for Zn. The differences 

in leaching results were presumably from variations in chemical and mineralogical 

composition between the dusts. Nonetheless, experiments for more efficient selectivity 

with minimal amount of Fe and as high amount of Zn as possible in liquid phase are 

still needed for better valuable element (Zn, Cr, Ni, Fe, Mo) recycling possibilities. 

Understanding chemical and mineralogical effect on leaching is equally important. 
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Abstract. Biosurfactants produced by Bacillus circulans and Streptomyces sp. were used for 

biomodification of both serpentinite and quartz surfaces. The biosurfactants produced by 

bacteria possess the ability to decrease the surface tension of water from 72 to 28.6 mNm
-1

 

(Bacillus circulans) and to 29.3 mNm
-1

 (Streptomyces sp.). 

This paper demonstrated biomodification of quartz and serpentinite surfaces by the 

biosurfactants adsorption. The effect of biosurfactants adsorption onto mineral surface 

properties was investigated by microflotation. Additionally, IR-ATR spectroscopy was used for 

characterisation of the biomodificated surfaces of quartz and serpentinite. Flotation 

experiments indicated that these biosurfactants effectively changed the properties of mineral 

surfaces and the separation of minerals can be realized. 

keywords: biosurfactant; flotation; surface tension; quartz, serpentinite 

1. Introduction 

Biosurfactants are amphiphilic compounds produced by microorganisms that 

exhibit surface activity. These metabolite products can be categorized into four groups 

(i) lipopeptides, (ii) lipoproteins, (iii) glycolipis, (iv) phospholipids. In comparison to  

synthetic surfactants, biosurfactants possess several advantages such as a low 

irritancy, high biodegrability and low toxicity. For these reasons, they are ecologically 

acceptable. 

Biosurfactants are applied in pharmaceutical, cosmetic, detergent and food 

industries (Banat et al., 2000). A spectacular application of biosurfactants is the 

microbial enhanced oil recovery (MEOR) and viscosity reduction of heavy crude oil 

for pipeline transport. Biosurfactants enhance emulsification of hydrocarbons and 

accelerate oil remediation. 

Application of biosurfactants as bioreagents in mineral processing operations 

(bioflotation or bioflocculation) is a new way for upgrading minerals (Rao et al., 

2010). In recent years, several studies have been carried out on the use of 

biosurfactants as flotation reagents. Knowledge of adsorption of biosurfactants at the 

solid-liquid interface is essential for understanding the basic mechanism of flotation 

and lubrication. Adsorption of biosurfactant on a substratum surface alters 

http://www.minproc.pwr.wroc.pl/journal/
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hydrophobicity of the surface and causes a facilitation of microbial adhesion. For 

mineral processing, bioflotation is very important to understand the role of metabolic 

products in biomodification of the mineral surface.  

Chemoautotrophic bacteria such as Acidithiobacillus ferrooxidans, 

Acidithiobacillus thiooxidans, and Leptospirillum ferrooxidans, which usually live in 

aqueous acid solution in mines, are able to depress sulfide minerals. It is a result of  

surface oxidation. Selective flotation of complex sulfide ores, particularly 

chalcopyrite, sphalerite, and pyrrotite using xanthate as collector, needs application of 

bioreagents (Pecina et al., 2009). 

Bacteria attach to the surface by a complex of exopolysaccharides, called 

glycocalyx, forming a biofilm. The colonization of the surface by bacteria can lead to 

modification of the surface property (Das et al., 2009). 

Magnesium silicate can be used for storage of CO2 by mineral carbonation. 

Dissolution of natural serpentinite in acids and precipitation of magnesium carbonate 

require quartz to be removed. Carbonation of natural serpentinite seems to be an 

interesting alternative to geological reservoirs for storage of CO2 (Teir et al., 2009). 

Serpentinite can be used as a conventional raw material in the ceramic industry. 

Mechanical resistance of serpentinite depends on the quantity of quartz in the raw 

materials (Diaz, Torrecillas 2007). 

The aim of this paper was to investigate flotation of quartz and serpentinite in the 

presence of biosurfactants  and nickel ions as an activator. 

2. Materials and methods 

2.1. Microorganisms and biosurfactant production 

Bacteria were isolated from soil samples. Soil samples were collected from a gas 

station soil. The samples were collected in sterilized glass bottles. The isolation 

procedure was carried out using the serial dilution-agar plating technique. Two pure 

cultures (Bacillus circulans and Streptomyces sp.) were selected. The strains were 

grown on a liquid mineral salt medium consisting of K2HPO4 (7 g/dm
3
), KH2PO4 (3 

g/dm
3
), MgSO4·7H2O (0.1 g/dm

3
) (NH4)2SO4 (1 g/dm

3
), Yeast extract (0.5 g/dm

3
), 

saccharose (10 g/dm
3
) and glycerin. Microorganisms were cultures in 500 cm

3
 shake 

flasks containing 250 dm
3
 of medium. The cultures were incubated in a rotary shaker 

at the temperature of 26 °C. The cell growth and surface tension were monitored with 

respect to time. The cultures from the end of exponential growth phase were 

centrifuged (3500 rpm for 25 min) and the cell-free culture broth was used as the broth 

for flotation experiments. The cell concentration was determined by the optical density 

measurements at wavelength 550 nm (OD550) using a spectrophotometer.  

2.2. Mineral samples 

Mineral samples of quartz and serpentinite (Mg3(Si2O5)OH4) were obtained from 

Osiecznica mine and Grochow mine, respectively. Both mines are located in Lower 

Silesia (Poland). 
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The mineral samples were dry ground using a porcelain ball mill and then wet 

sieved. The +125 - 250 µm fraction was used for microflotation experiments. The 

particle size distribution of the sample was determined using Malvern Mastersizer 

2000. The particle size analysis showed that the mean diameters for quartz and 

serpentine were 231.1 µm and 227.5 µm, respectively. The specific surface area of the 

samples was measured using FlowSorb II 2300, according to the BET method. Helium 

and nitrogen was used as the gas mixture. The BET surface area was found to be 0.19 

g m
-2 

for quartz and 7.62 g m
-2

 for serpentine. The X-ray powder diffraction analysis 

indicated that the sample of quartz was of high purity. 

2.3. Microflotation experiment 

The flotation experiments have been conducted using a glass Hallimond tube 

(height of 43 cm, diameter of 3.8 cm, and total volume of column about 500 cm
3
). 

Pure nitrogen at a flow rate of 50 cm
3
/min for 20 min was used for flotation. For 

flotation tests, 1 g of mineral samples of size +125 - 250 µm was added to 0.12 dm
-3

 

total volume suspensions. The suspension containing biosurfactants or anionic 

surfactant sodium dodecyl sulphate (SDS was purchased from POCh) was transferred 

to the microflotation tube and floated. Flotation recovery was calculated as the ratio of 

floated to unfloated material. 

Before flotation, mineral samples were activated with a variable concentration of 

hexahydrate nickel chloride solution (5·10
-4 

M, 10
-3 

M 3·10
-3 

M, 5·10
-3 

M, 10
-2 

M, 

5·10
-2 

M respectively) for 1 hour. The biosurfactants and SDS were conditioned with 

activated mineral for 2 hour.  

2.4. Surface tension measurement 

The surface tension of the culture broth was measured using a Krüss 12 T (Kruss 

Optische-Mechansche Werkstatten, Hamburg, Germany) ring tensiometer as a 

qualitative indicator of biosurfactant production. The surface tension measurements 

were carried out at temperature of 20±1
0
C. All of the measurements were repeated 

five times and their average values were plotted. 

2.5. Zeta potential measurements 

The zeta potential of mineral samples were measured using Malvern ZetaMaster. 

The mineral samples (< 40 µm) were dispersed in a 1 mM NaCl solution (indifferent 

electrolyte) and the pH was adjusted using diluted solutions of HCl and NaOH. All 

experiments were conducted with the pH progressively changed from pH 10 to 1.5, 

with a 15 min equilibration time at each new pH value. The zeta potential profiles for 

serpentinite and quartz were carried out in the absence and presence of biosurfactants 

(broth solution). 
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3. Experimental studies 

Separation of pure bacterial surfactant from the broth is complicated. For this 

reason the whole fermented solution as a mixture of biosurfactants and metabolic 

products was used. In this study, the microorganism growth and surface tension 

changes during the incubation period are presented in Figs. 1 and 2 for the Bacillus 

circulans and Streptomyces sp. The reduced surface tension of broth was an indicator 

of biosurfactant production. The cultures growth was controlled by measuring the 

changes in culture medium turbidity as a function of the bacteria cell density. Figure 1 

shows that the highest bacterial cell density appears at cultivation time of 20 h. In this 

period a sharp drop in surface tension value (from 49.0 to 30.48 mNm
-1

) was 

observed. Under the studied conditions the stationary phase of growth was reached 

and microbial surfactants synthesis was noticed. The highest surface tension reduction 

of the broth was achieved after 24 h (28.4 mNm
-1

). The surface tension value remains 

unchanged for further cultivation, which indicates that culture was stable. 
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Fig. 1. Growth curve of Bacillus circulans and 

broth surface tension changes as a function of 

time 

Fig. 2. Growth curve of Streptomyces sp. and broth 

surface changes as a function of time 

Figure 2 illustrates that the highest turbidity of the culture medium correlated with 

cell density was noticed after about 8 hours from inoculation. In this period the culture 

moved from the logarithmic phase of growth to stationary phase and the strain of 

Streptomyces sp. started production of biosurfactants. Moreover, the surface tension 

value at the equilibrium phase reached 29.7 mNm
-1

 and stayed strongly reduced to the 

end of the experiments.  

Biosurfactants have amphiphilic nature. For this reason, the biosurfactant 

molecules adsorb readily at the solid-liquid interface and results in biomodification of 

the mineral surfaces. Physical adsorption is realized by electrostatic interactions 

between the biosurfactant head group and oppositely charged surface. Chemisorption 

demands chemical interaction between surfactant and mineral (Gallos et. al., 2007). In 

this paper microbial surfactants adsorption onto quartz and serpentine surfaces in the 
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presence of several of nickel ions concentrations as an activator was investigated. 

Also, a possible use of biosurfactants as a quartz and serpentinite collector or modifier 

was examined by microflotation tests. Results of quartz and serpentinite flotation 

using SDS, Streptomyces sp. broth and Bacillus circulans broth as the collector are 

presented in Figs 3-5, respectively. Nickel chloride at concentrations of 5·10
-4 

M, 10
-3 

M, 3·10
-3 

M, 5·10
-3 

M, 10
-2 

M, and 5·10
-2 

M was used as an activator of mineral 

surface. The pH value maintained during the flotation experiments was in the range of 

5.9-7.6, which was constant for samples with Streptomyces sp. broth, Bacillus 

circulans broth and SDS, respectively. Figures 3-5 show a strong effect of the 

activator concentration on the rate of quartz and serpentinite flotation. 
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Fig. 3. Flotation recovery of quartz and serpentinite 

using SDS (5·10-3 M) as collector in a function of 

activator concentration (Ni 2+ ions) 

Fig. 4. Flotation recovery of quartz and serpentinite 

using Bacillus circulans  broth as collector in a 

function of activator concentration 

The microflotation tests in the present of SDS clearly show that both minerals 

flotation recovery increases when the concentration of the activator ions increases. At 

pH close to 8 adsorption of Ni(OH)
+
 ions takes place on the silica and serpentinite 

surfaces and their amount increases with the concentration of NiCl2. The presence of 

these ions on the silica and serpentinite surfaces results in the appearance of local 

positive charges. That allows interacting with the anionic surfactant molecules and 

thereby increasing surface hydrophobicity. The stable surface structure of quartz 

favors physical adsorption of the collector. Anionic nature of SDS and positive charge 

of the activated quartz surface cause that the collector is electrostatically attracted to 

the surfaces. That allows to carry out silica flotation process with yield of 37% at the 

concentration of activator ions about 5·10
-2

 M. One can see that at the same activator 

concentration the recovery of serpentine reaches a value of 87% (Fig. 3). It is related 

to a different mechanism of adsorption. In the case of serpentinite SDS interacts both 

with Ni
2+ 

ions (physical adsorption) and the surface ions Mg
2+

 (chemical adsorption). 

Moreover, the observed differences between the recovery of quartz and serpentinite 

can be caused by different specific surface areas of used minerals.  
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An analysis of experimental results of activated silica and serpentinite (Fig. 4-5) 

flotation indicates that for both medium broths the flotation yield increases with 

increasing activation ions concentration. The flotation profile is similar to the flotation 

using anionic collector. It can be concluded, according to the previous assumptions, 

that the two cultivation media contain anionic biosurfactants in their composition. 

Biomolecules were able to adsorb onto mineral surfaces, causing their modification. In 

the case of culture medium derived from Bacillus circulans, the flotation recovery of 

silica reached a high value of 68%, while the yield of the silica flotation using the 

broth from Streptomyces sp. is more than twice lower (30%). 
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Fig. 5. Flotation recovery of quartz and serpentinite 

using  Streptomyces sp. broth. as collector  as a 

function of activator concentration 

Fig. 6. Zeta potential of activated quartz and pure 

serpentinite as a function of pH (indifferent 

electrolyte 1 mM NaCl solution) 

Figures 4 and 5 show the results of flotation experiments using activated 

serpentinite. As for silica, we are dealing with biomodification of mineral surface. 

However, in this case, the flotation recovery is much lower. The analysis of the results 

indicates that serpentinite flotation using culture medium from Bacillus circulans gave 

flotation yield about 18%, while flotation testes carried out after the interaction with 

broth solution from Streptomyces sp. made it possible to obtain only 5% recovery. As 

one can see, there are large differences in the flotation recoveries of both minerals. 

Therefore, it seems possible to selectively float quartz from serpentinite. The obtained 

lower bioflotation results, when compared to the flotation test with SDS, can be 

attributed to the fact that broths containing polysaccharides, proteins and organic acids 

make the surface of serpentine and quartz more hydrophilic. Moreover, large yields 

differences between quartz and serpentinite flotation for the same medium broth result 

from differences in interacting of broth compounds with activated mineral surfaces 

(interaction and complex formation between Mg
2+

 and broth compounds could occur), 

and consequently from the different adsorption degrees of these elements on both 

mineral surfaces. 
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Differences in the flotation yields for serpentinite and quartz resulting from the 

application of different broths can be caused by different composition of the broth, as 

well as differences in pH values of the flotation feed solutions. 

The flotation data are in accordance with the zeta potential evaluation. The zeta 

potential and isoelectric point of serpentine and quartz were measured for pure mineral 

samples and for samples in the presence of biosurfactant as a surface modifier. 

Figures 6 and 7 show the changes of the zeta potential as a result of the activation 

of the mineral surface. In the presence of Ni
2+ 

ions significant changes in the value of 

zeta potential is observed. Increasing amount of activator ions at the particle surface 

increased the zeta potential values. Moreover, the isoelectric point (IEP) of pure quartz 

is around 2.5, which is close to the IEP values reported in literature (Kosmulski, 

2009). The IEP of serpentinite was above 4.3. The isoelectric point of serpentine is 

strongly dependent on the mineralogical composition of the mineral. The presence of 

activator ions (Ni
2+

) caused the IEP of both minerals to increase. Figure 8 depicts the 

result of electrokinetic measurements for biomodified serpentinite and quartz. 
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Fig. 7. Zeta potential changes of pure and activated 

serpentinite as a function of pH (indifferent 

electrolyte: 1 mM NaCl solution) 

Fig. 8. Zeta potential changes of biomodified 

(broth of Bacillus circulans) minerals as a function 

of pH (indifferent electrolyte: 1 mM NaCl 

solution) 

Surfactant molecules from the bulk can adsorb on the particle and control the 

surface charge as well as the hydrophobic character of the surface. The surface 

became more hydrophobic resulting in changing the surface properties of mineral and 

zeta potential values. It can see that the pH of IEP for both minerals has shifted 

towards lower pH. The zeta potential values of serpentinite and quartz were decreased 

when the broth from Bacillus circulans was added. Moreover, the zeta potential 

profiles for both minerals after interaction with the metabolite solution were similar.  

Additionally, the IR-ATR spectroscopy and optical microscope were used for the 

characterization of surface properties of pure samples of quartz and serpentinite before 

and after interaction with biosurfactants. 



614 A.M. Didyk and Z. Sadowski 

Figure 9 and 10 illustrate IR-ATR spectroscopy spectra of activated surfaces of 

silica and serpentine. Silica is the final products of silicates decomposition caused by 

water and carbon dioxide. A general formula of silica (SiO2) does not fully reflect the 

interactions between atoms. The structure of quartz surface shows a large amount of 

OH groups. It can be noticed that the most important role in the adsorption process on 

the mineral surface is played by siloxane bonds (≡ Si-O-Si ≡) and silanol groups (Si-

OH) (Mesquita, 2003). In the spectrum of Ni
2+

 ions activating silica, six characteristic 

vibrations were observed (Fig. 9). The absorption peak at 650 cm
-1 

 corresponds to the 

stretching vibrations of diatomic O-H units. The absorption bands at 777.62 - 794.40 

cm
-1

 are characteristic for the symmetric stretching vibration of the ≡ Si-O-Si ≡ bond. 

The peak at 1062.93 cm
-1

 represents vibrations of the ≡ Si-O-Ni- bond and peak at 

1082.51 cm
-1

 is due to asymmetric stretching vibration of the Si-O-Si bond. Finally, 

the absorption pick at 1163.63 cm
-1 

is from vibrations of the valence Si-O bond.  

 

Fig. 9. ATR-IR spectrum of quartz surface activated by Ni 2+ ions 

Serpentinite (Mg3(Si2O5)OH4) is a layered silicate, which belongs to the group of 

clay materials. The spectrum of activated serpentinite (activation using nickel ions) 

contains four characteristic bands (Fig. 10). Adsorption band at 672.35 cm
-1

 

corresponds to the vibrations of O-H bonds. Peak at 885.11 cm
-1

 represents deforming 

vibrations of Si-OH groups. The IR band at about 963.48 cm
-1

 is attributed to the 

stretching vibrations of ≡ Si-OH bonds, and the band at 1011.88 cm
-1

 is characteristic 

for the vibrations of ≡ Si-O-Ni- bond. 

In this paper the changes in the IR spectra of activated minerals, as a result of 

biomodification, were examined. Figures 11 and 12 illustrate the IR-ATR spectra of 

silica and serpentine after the biomodification process. The broth from Bacillus 
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circulans was used for biomodification. The spectrum of biomodified silica shows 

some significant differences compared to the spectra of silica activated by Ni
+2

 ions. 

 

Fig. 10. ATR-IR spectra of serpentine surface activated by Ni 2+ ions 

The adsorption band at 1170.78 cm
-1

 corresponds to vibrations of valence Si-O 

bond. The peak at 700.38 cm
-1 

represents the vibrations of O-H bonds. It is less intense 

compared to the band observed for the activated silica. A weaker band was observed at 

1053.11 cm
-1

.It is characteristic for the vibrations of ≡Si-O-Ni- bond. Additionally, the 

IR spectrum of biomodified silica has showed two new bands. These bands did not 

exist in the case of activated mineral. The first band at 797.64 cm
-1

 represents the  

symmetric stretching vibrations of the ≡Si-OH bonds. The second adsorption peak at 

700.38 cm
-1

 is attributed to rocking vibrations of - (CH2) n - (n ≥ 4) bonds. Moreover, 

the IR spectra of silica which was biomodified by broth from Streptomyces sp. show 

similar changes when compared to the spectrum of silica biomodified by Bacillus 

circulans.  

The IR spectrum of biomodified serpentine is presented at Fig. 12. The distinct 

changes in the absorption frequency profile can be observed for the spectra of the 

activated mineral. The adsorption peak at 683.98 cm
-1 

is due to vibrations of O-H 

bond. However, it is less intense than the frequency corresponding to the activated 

serpentinite.  

A weaker band, apparent at 1015.48 cm
-1

. It corresponds to the vibrations of ≡ Si-

O-Ni- bonds. Additionally, we can see the band, which does not occur in the spectrum 

of the activated serpentine. The adsorption peak at 746.06 cm
-1

 represents the rocking 

vibration of the -(CH 2) n - (n ≥ 4) bond. Finally, the IR band at  834.55 cm 
-1

 is 

attributed to the vibration of C(CH3)3 bonds. Furthermore, the IR-ATR spectrum was 

collected for biomodified serpentinite by the contact with the broth received from 



616 A.M. Didyk and Z. Sadowski 

Streptomyces sp.   The observed changes in the IR spectrum of minerals were exactly 

the same as for the biomodification using Bacillus circulans. 

 

Fig. 11. ATR-IR spectrum of quartz surface biomodified by adsorption of Bacillus circulans 

It was shown that biomodification of both minerals causes significant changes of 

the spectra. The intensity reduction of adsorption bands corresponding to vibrations of 

≡Si-O-Ni- bonds was noted. It indicates that the biosurfactants adsorption on the 

minerals surface occurs through the ≡Si-O-Ni- center. Similarly, the intensity decrease 

of the band, characteristic to the vibration of O-H group, is probably due to the 

adsorption of biological surfactants onto the mineral surfaces. 

Moreover, the appearance of new adsorption bands for biomodified silica and 

serpentine surfaces correspond to the hydrophobic tails of adsorbed biosurfactants.  

By comparing the spectra of the biomodified silica and serpentine surface it can be 

concluded that many new groups appear onto the modified surface of serpentinite. 

Generally, the profile changes in the surface structure of both minerals, caused by 

biomodification using culture media, are similar. However, full explanation of 

biosurfactants adsorption mechanism onto the silica and serpentinite surfaces requires 

further detailed studies. 

4. Conclusions 

In this paper biomodification of quartz and serpentinite by biosurfactants 

adsorption was investigated. Biosurfactants from Bacillus circulans and Streptomyces 

sp. served as modifying agents for serpentinite and quartz flotation. The application of 

these modifying agents makes the separation process possible.  
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1. Biosurfactants adsorption is a result of interactions of hydrophilic parts of 

biomolecules with nickel center on the surfaces of minerals or with magnesium center 

on the serpentinite surface.  

2. Flotation recovery of modified quartz and serpentine increases with increasing  

activating ion concentration. The maximum flotation yield (68%) corresponds with the 

maximum Ni
2+

 ion concentrations. This correlation was obtained for the activation 

process using silica and the culture medium of Bacillus circulans. 

3. Adsorption of nickel ions on the mineral surfaces changes the value of zeta potential 

and isoelectric point. An increase of the activator concentration caused an increase in 

zeta potential values.  

4. Biomodification of both investigated mineral surfaces caused a decrease of zeta 

potential values.  

5. Biomodification of quartz and serpentinite caused important changes in the ATR-

FTIR spectra of their surfaces. The appearance of new bands in the adsorption spectra 

of modified serpentine correspond to the presence of hydrocarbon groups on the 

mineral surface.  

6. Most changes in the silica and serpentine surfaces as a result of biomodification 

have a similar nature. 

 

Fig. 12. ATR-IR spectrum of serpentine surface biomodified by adsorption of Bacillus circulans 
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Abstract. Hepta(isobuthyl)ethyltriethoxysilyloctasilsesquioxane was synthesized by hydro-

silylation of hepta(isobuthyl)vinyloctasilsesquioxane with triethoxysilane, over Karstedt 

catalyst and tetrahydrofuran. Hybrid systems of silica and monofunctional silsesquioxane 

(SiO2/POSS) were obtained by solvent evaporation, using emulsion silica (ES) and hydrated 

silica (HS), obtained by precipitation in emulsion or water media. For their surface 

modification hepta(isobuthyl)ethyltriethoxysilyloctasilsesquioxane was used. The hybrids were 

characterized by dispersion analysis (NIBS method and laser diffraction technique) and 

morphological analysis (transmission electron microscopy) as well as wettability profiles in an 

aqueous system. The adsorptive properties of the hybrids were evaluated on the basis of 

surface area BET, pore volume and size. The effectiveness of modification of the hybrid fillers 

was tested by FTIR and 
29

Si CP MAS NMR.  

keywords: silica, surface modification, silsesquioxanes cage, hybrid nanofillers  

1. Introduction 

Polyhedral Oligomeric Silsesquioxanes or POSS make an important group of 

organic-inorganic hybrid materials. They occur in many varieties differing in the size 

of cages, the number and type of side groups (Iyer, 2007). Particularly stable is T8 

silsesquioxane in which the organic groups R are attached to the inorganic fragments 

of each vertex of a silsesquioxane cage containing Si–O–Si group (Wallace, 2000).  

The chemistry of silsesquioxanes is dominated by the chemistry of T8 and its 

derivatives, which is related to its easy synthesis, easy isolation from the reaction 

mixture and high yields of the processes in which it is involved when compared to 

those of the other POSS (Janowski, 2008). POSS show many interesting properties 

http://www.minproc.pwr.wroc.pl/journal/
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such as thermal stability, easy chemical modification and tendency to formation of 

nanometric size particles (Madhavan, 2009).  

POSS containing 8 silicon atoms in its molecule (T8) is most often used in 

synthesis of polymers (Tang, 2009; Lin, 2009), in dentistry (Wu, 2009), 

microelectronics and optics (Matisons, 2010). Silicas modified with cage POSS have 

been so far used only for determination of catalytic properties of metallocenes 

(Bianchini, 2005).  

The main aim of this work was the synthesis of hepta(isobuthyl)-

ethyltriethoxysilyloctasilsesquioxane and its application as a modifier of hydrated and 

emulsion silicas. Moreover, the influence of such modification process on the 

physicochemical properties of hybrid fillers obtained was evaluated. 

2. Experimental 

2.1. Synthesis of hepta(isobuthyl)ethyltriethoxysilyloctasilsesquioxane 

Hepta(isobuthyl)ethyltriethoxysilyloctasilsesquioxane (K-POSS) was synthesized 

in the hydrosilylation reaction of previously synthesized hepta(isobuthyl)- 

vinyloctasilsesquioxane (Żak, 2009) with triethoxysilane (Fig. 1). The process was 

carried out in the presence of a Karstedt catalyst and THF as a solvent. 

Hepta(isobuthyl)vinyloctasilsesquioxane (5 g, 5.9 mmol), triethoxysilane with 10% 

excess (1.1 g, 6.7 mmol) together with 100 cm
3
 of THF as a solvent were placed in  a 

three necked, round bottom flask equipped with a thermometer, condenser and 

magnetic bar. The Karstedt catalyst (3.7 mg, 4.0710
-7

 mol Pt) was added at room 

temperature and the solution was heated to 60°C and kept at this temperature 

overnight. Then, the solvent and the excess of triethoxysilane were evaporated under 

vacuum to give the product as white powder (5.8 g, 98% of theoretical yield). 

To control the course of synthesis and to verify the products structure the spectra: 
1
H NMR (300 MHz), 

13
C NMR (75 MHz) and 

29
Si NNR (59 MHz) were recorded on a 

Varian XL 300 spectrometer at room temperature using C6D6 as solvent. All chemicals 

were used as received from suppliers without any further purification. 

 

Fig. 1. Synthesis of hepta(isobuthyl)ethyltriethoxysilyloctasilsesquioxane (K-POSS) 
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2.2. SiO2/POSS hybryd synthesis 

The process was begun with production of silicas on a large laboratory scale. Two 

types of silica were prepared, obtained in the emulsion (ES) or in the aqueous (HS) 

system. The idea of production of silica fillers was presented in detail by Jesionowski 

(2003, 2009). The SiO2/POSS hybrids were obtained by solvent evaporation. At first a 

fraction of ES or HS silica was introduced into the reactor and then on the silica 

surface a mixture made of a monosubstituted silsesquixane cage and 30 cm
3
 toluene 

was introduced in doses by the atomization method. The modifying substance was 

introduced in the amounts of 3, 5 or 10 weight parts by mass of SiO2. After 

introduction of the whole portion of the mixture, the contents were moved into a flask 

of 500 cm
3
 in capacity and placed in a vacuum evaporator  Rotavapor RII made by 

Büchi Labortechnik AG to perform the modification and to evaporate the solvent. 

Finally the product was subjected to convection drying at 120C for 48h (chamber 

drier SEL–I3, made by Memmert). The idea of synthesis of hybrid fillers is 

schematically presented in Fig. 2. 

 

Fig. 2. A scheme of synthesis of SiO2/POSS hybrids 

The final product was characterized by a number of methods. The particle size 

distributions of the samples were measured using Zetasizer Nano ZS and Mastersizer 

2000, both made by Malvern Instruments Ltd., enabling measurements in the range 

0.6–6000 nm (NIBS method) and 0.2–2000 μm (laser diffraction technique). 

Microstructure of the samples was analyzed by using the transmission electron 

microscopy images (Joel 1200 EX II). The wettability with water was measured by a 

tensiometer K100 made by Krüss equipped with necessary attachments. For selected 

hybrid systems the nitrogen adsorption/desorption isotherms were recorded using an 

ASAP 2020 analyzer, made by Micromeritics Instrument Co. On the basis of the 

isotherms the specific surface area BET (SBET) was calculated and the pore size (SP) 

and volume (VP) were found from BJH equation. The effectiveness and degree of 
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modification of SiO2 with POSS were estimated using the FTIR IFS 66v/S 

spectrophotometer made by Bruker. The 
29

Si CP MAS NMR spectra analysis of 

unmodified and modified silicas was conducted with a DSX spectrometer (Bruker). 

3. Results and discussion 

Results of NMR analysis of the silsesquioxane product confirmed its structure: 
1
H NMR (C6D6, 298K, 300 MHz) ppm: 0.78–0.92 (CH2), 1.02–1.09, 1.23–1.38 (CH3), 

1.93–2,14 (CH), 4.32–4.54 (–OCH2), 
13

C NMR (C6D6, 298K, 75.5 MHz) ppm: 6.3 (CH2Si), 13.4 (SiCH2), 18.8 (CH3), 22.5, 

(CH2), 23.9 (CH), 26.2 (CH3), 53.3 (OCH2), 
29

Si NMR (C6D6, 298K, 59,6 MHz) ppm: -64.6, -66.9, -67.7, -68.2. 

Functionalization of silica was performed with monosubstituted hepta-

(isobuthyl)ethyltriethoxysilyloctasilsesquioxane (K-POSS). Table 1 presents the data 

characterizing dispersive and physicochemical properties of the hybrids obtained. 

Table 1. Dispersion characterization and physicochemical properties of the hybrid systems made 

 of hydrated silica (HS) and hepta(isobuthyl)ethyltriethoxysilyloctasilsesquioxane 

Sample 

No. 

Amount  

of POSS 

modifiers 

(wt./wt.) 

Polydispersity 

index 

(PdI) 

Diameters 

from 

Zetasizer 

Nano ZS 

(nm) 

Diameters from Mastersizer 2000 

(μm) 

d(0.1) d(0.5) d(0.9) D[4.3] 

1  0.514 
91–220 

3090–6440 
5.91 15.40 30.64 17.18 

2 3 0.663 122–342 5.84 28.68 83.06 66.00 

3 5 0.543 122–342 5.72 28.48 91.58 76.00 

4 10 0.749 
91–220 

1110–3580 
6.03 31.93 96.57 79.00 

The hybrids obtained were subjected to particle size determination to check a 

possible relation between the degree of agglomeration and the amount of the modifier 

used. Moreover, for the unmodified silicas and the hybrids, the TEM images were 

recorded.  

Analysis of Table 1 data for the hybrid made with HS has revealed that sample 3, 

obtained with 5 weight parts by mass of K-POSS shows the lowest degree of 

agglomeration. Moreover, the polydispersity index for this sample is 0.543. The 

particle size distribution measured for sample 3 shows only one band covering the 

particle diameters from the range 122–342 nm. The same range of particle diameters 

was also found for sample 2, although the maximum volume contributions of particles 

were different for these two samples. The greatest tendency towards agglomeration 

was noted for sample 4, which is related to the use of the greatest amount of the 

modifier for its preparation 

The sizes of particles in samples 2–4, measured by Mastersizer 2000 (Table 1), 

varied in practically the same ranges of diameters. In sample 3 obtained with 5 weight 
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parts by mass of K-POSS (sample 3) 10% of particles had diameters not greater than 

5.72 μm and 50% of particles had diameters not greater than 28.48 μm and 90% not 

greater than 91.58 μm. The mean diameter of particles in this sample D[4.3] 

corresponded to agglomerations of the maximum diameter of 76.00 μm. TEM images 

of samples 2, 3 and 4 obtained with 3, 5 and 10 weight parts by mass of K-POSS (Fig. 

3) inform about their inhomogeneous structure and the presence of primary particles 

and secondary agglomerates. Particles of irregular shapes making larger clusters are 

observed for samples 2 and 3, (Figs. 3b, c). Despite the worse dispersion parameters, 

sample 4 (Fig. 3d) has particles of the greatest refinement, they are much smaller and 

the clusters they make are also small. 

The hybrid systems obtained by functionalization of emulsion silica (ES) with K-

POSS show much different dispersive and morphological character. The relevant data 

are presented in Table 2. As follows from these data, sample 7 (ES grafted with 5 

weight parts by mass K-POSS) is characterised by the greatest degree of homogeneity, 

which is confirmed by the particle size distribution measured by Zetasizer Nano ZS. 

The polydispersity index of this sample is 0.219. Sample 7 also shows the lowest 

tendency towards agglomeration (Fig. 4b). Its particles have spherical shape and their 

adhesion to irregular K-POSS particles is rather strong. 

Samples 6 and 8 obtained with 3 and 10 weight parts by mass of K-POSS have 

definitely inhomogeneous character, their particles are greater and their polydispersity 

indices are higher. The differences in dispersion characteristics are illustrated by TEM 

images (Fig. 4b,d). These samples have spherical shape particles, making primary and 

secondary agglomerations. Because of significant hydrophobicity of these samples, no 

measurements of particle size distribution by the laser diffraction method were made. 

The SiO2/POSS hybrid systems obtained by mechanical method were characterized by 

much different dispersive and morphological properties (Szwarc 2012). The final 

products obtained by the mechanical method with the use of mortar mill, were made of 

particles with diameters of the order of 200 nm, despite the use of micrometric 

hydrated silica as the matrix for functionalization. 

Table 2. Dispersion and physicochemical characterization of hybrid systems made of emulsion silica  

and hepta(isobuthyl)ethyltriethoxysilyloctasilsesquioxane (K-POSS) 

Sample 

No. 

Amount  

of POSS 

modifiers 

(wt./wt.) 

Polydispersity 

index 

(PdI) 

Diameters 

from Zetasizer 

Nano ZS 

(nm) 

5  0.252 255–712 

6 3 0.268 531–1480 

7 5 0.219 255–1280 

8 10 0.447 825–2300 

At the next step of hybrids characterization they were subjected to a water 

wettability analysis. Figure 5 presents the wettability profiles of the initial hydrated 
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silica and the hybrids based on HS obtained with the use of 3, 5 and 10 weight parts 

by mass of K-POSS (samples 1–4), while Fig. 6 shows the wettability profiles of ES 

and the hybrids made of ES and K-POSS (samples 5–8). The greatest tendency to 

water absorption was found for sample 1, while the lowest amount of water was 

absorbed by sample 4, modified with 10 wt./wt. of K-POSS. The character of the 

wettability profiles indicates that with increasing amount of the modifying 

monofunctional POSS, the hydrophobic character of the product increases 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Fig. 3. TEM microphotographs of (a) pure hydrated silica and hybrid modified with (b) 3, (b) 5, and  

(d) 10 weight parts by mass of hepta(isobuthyl)ethyltriethoxysilyloctasilsesquioxane (K-POSS) 
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(a) (b) 

  

(c) (d) 

Fig. 4. TEM microphotographs of (a) pure emulsion silica and hybrid modified with (b) 3, (b) 5, and  

(d) 10 weight parts by mass of hepta(isobuthyl)ethyltriethoxysilyloctasilsesquioxane (K-POSS) 

The hybrids with K-POSS based on silica precipitated from the emulsion system 

show similar tendencies to water absorption, although sample 5 has the highest 

sorption capacity expressed by a mass increase of 0.32 g. The smallest mass increase 

was noted for sample 8, obtained with the use of 10 wt./wt. of K-POSS. It should be 

emphasised that the initial silicas differed significantly in hydrophilic character. 

Hydrated silica absorbed about 50% more water than emulsion silica.  
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Fig. 5. Wettability profiles obtained for hydrated 

silica (HS) and selected SiO2/POSS hybrids 

Fig. 6. Wettability profiles obtained for emulsion 

silica (ES) and selected SiO2/POSS hybrids 

  

(a) (b) 

Fig. 7. Nitrogen adsorption/desorption isotherms and adsorptive properties for: (a) unmodified HS 

(sample 1), (b) unmodified ES (sample 5) and silicas modified with 3, 5 or 10 weight parts by mass 

 of hepta(isobuthyl)ethyltriethoxysilyloctasilsesquioxane (K-POSS) 

To evaluate the adsorptive properties of the samples studied, they were subjected to 

determination of nitrogen adsorption/desorption isotherms. Analysis of the isotherms 

permitted determination of the surface area as well as pore volume and diameters (see 

Fig. 7). Figure 7 presents the nitrogen adsorption/desorption isotherms for the 

unmodified hydrated silica (HS) and emulsion silica (ES) samples and for the hybrids 

modified with 3, 5 or 10 wt./wt. of K-POSS. The isotherms show a systematic increase 

in the volume of adsorbed nitrogen with increasing relative pressure till reaching a 

maximum value of 240 cm
3
/g for sample 1 at p/p0=1 (Fig. 7a). For hybrids the 
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increase in the volume of adsorbed nitrogen after the threshold value (p/p0 = 0.7) is not 

so steep and the maximum values for p/p0 = 1 are much lower. Also the specific 

surface area, pore volume and pore size were drastically lower than those for 

unmodified samples, e.g. ABET = 30 m
2
/g for sample 4 modified with 10 wt./wt. of K-

POSS. A similar effect is observed for the hybrids based on ES; for the unmodified 

silica the specific surface area (ABET) was 40 m
2
/g and for sample 8 it has decreased to 

14 m
2
/g (Fig. 7b). These changes are consequences of blocking the active centres on 

the SiO2 surface by the molecules of silsesquioxane. The pore size determined proves 

the mesoporous character of the hybrids obtained. 

Figure 8 presents the FT-IR spectra of the unmodified silicas (HS and ES) and the 

hybrids obtained after the silicas modifications with 10 wt./wt. of K-POSS. 

 

 

(a) (b) 

Fig. 8. FT-IR spectra of unmodified silicas (samples 1 and 5) and the hybrids obtained  

by their modification with 10 wt./wt. of K-POSS (samples 4 and 8) 

The FT-IR spectra (Fig. 8) revealed signals typical of K-POSS used for silica 

surface modification. In the range 3700–3200 cm
-1

 the spectra show the signals 

corresponding to the stretching vibrations of hydroxyl groups from the adsorbed water 

molecules. In each spectrum there was a signal assigned to δ(CH) in the range 2900–

2850 cm
-1

. At 1350 cm
-1

 there is a band assigned to the bending vibrations of γ(C–H) 

groups. The bands appearing in the range 1500–1450 cm
-1

 and 860–700 cm
-1

 are 

characteristic of the vibrations of SiC bond. Strong bands at 1100 cm
-1

 and 500 cm
-1

 

correspond to the stretching vibrations of SiOSi. At about 850 cm
-1

 there is a band 

assigned to δ(CC) from isobutyl groups of K-POSS. Comparing the spectra presented 

in Fig. 8a and 8b, no significant differences were found in the content of characteristic 

functional groups in the filler structure, irrespective of the type of silica used.  

The effectiveness of silica modification with K-POSS was verified by the 
29

Si CP 

MAS NMR spectra, which are presented in Figs. 9 and 10. 

The 
29

Si CP MAS NMR spectrum of unmodified HS (Fig. 9) shows two signals at 

−110 and −100 ppm. The main signal at 110 ppm is assigned to three siloxane groups 
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and one silanol group (Q
3
), while the signal at 100 ppm corresponds to four siloxane 

bridges (Q
4
, SiOSi). The spectra of samples modified with K-POSS besides the 

Q
3
 and Q

4
 signals also have a band assigned to T

3
 group at −67 ppm. Although the 

presence of T
2
 and T

3
 structures testifies to the chemical modification of SiO2 surface, 

we cannot draw such conclusions as no changes in the intensities of Q
3
 and Q

4
 signals 

were observed as a result of functionalization with K-POSS. 

 

Fig. 9. 29Si CP MAS NMR spectra of unmodified HS (Sample 1) and silica functionalized  

with 5 wt./wt. K-POSS (Sample 3) 

 

Fig. 10. 29Si CP MAS NMR spectra of unmodified ES (sample 5) and silica functionalized  

with 5 wt./wt. of  K-POSS (sample 7) 

The spectrum of unmodified ES (sample 5) reveals three characteristic signals at  

110, 100 and 99 ppm. The latter small signal is assigned to the double silanol 

groups, to the so-called silicon site Q
2
. The spectrum of sample 7 shows additionally 

the T
3 

structure (67 ppm), characteristic of condensation of the modifier (K-POSS) 

with the silica support. As a result of silica functionalization, a change in the intensity 
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of signals corresponding to the silanol (Q
3
 100 ppm) and siloxane (Q

4
, 110 ppm) 

groups, which could indicate that chemical adsorption have taken place. However, 

because of the lack of T
2 

structure, we can conclude only about the adhesion of cage 

POSS to the silica surface. 

Recently, the interest in the hybrid systems has been increasing. A combination of 

inorganic matrix with organic-inorganic cage POSS gave products showing a number 

of interesting physicochemical and dispersive-morphological properties.  

Modification of silica supports gives changes in the dispersive and morphological 

properties and enhances the hydrophobic character of the products. The process of 

silica modification with K-POSS proved effective as evidenced by the results of FTIR, 

NMR analysis and adsorption parameters. Functionalization of silica with selected 

POSS compounds permits controlling of the physicochemical properties of the 

products to meet specific target demands. 

4. Conclusions 

The proposed method of silica modification involving solvent evaporation has 

brought products of homogeneity lower than that of the initial silicas. 

Functionalization of the silica surface with hepta(isobuthyl)ethyltriethoxy 

silyloctasilsesquioxane (K-POSS) gave products containing greater size particles, 

showing a tendency to formation of primary and secondary agglomerates. Much better 

dispersive properties were obtained for the products based on the amorphous hydrated 

silica. 

With increasing amount of the monosubstituted POSS used for functionalization, 

the products obtained showed increasingly higher hydrophobic character.  

The functionalization with K-POSS also resulted in a significant reduction of the 

surface area BET, e.g. from 110 m
2
/g for the unmodified hydrated silica to 30 m

2
/g for 

the hybrid filler (sample 4). The same tendency was noted for the emulsion silica. The 

other parameters characterizing adsorptive properties such as the pore diameters and 

pore volume as well as the amount of nitrogen adsorbed, were also much decreased.  

The proposed method of silica modification with K-POSS had advantageous effect 

on the physicochemical parameters as evidenced by the FT-IR results. 

Analysis of 
29

Si CP MAS NMR spectra confirmed no chemical interactions 

between the silica support and the K-POSS modifier. The results indicated the 

condensation phenomenon and strong adhesion of the modifier to the support. 
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Abstract. Synthesis of magnesium hydroxide using different magnesium salts and ammonium 

hydroxide is described. The reaction was performed in the presence of non-ionic compounds 

representing the group of poly(ethylene glycols) as modifiers. Dispersive properties of the 

products were characterised by polydispersity index, particle size, as well as SEM and TEM 

images. Adsorptive properties of the products were evaluated on the basis of their specific 

surface area, pore volume and diameter determination.  Physicochemical characterisation of the 

products was extended by the degrees of their surface coverage with PEG, calculated on the 

basis of elemental analysis and specific surface area BET. Crystalline structures of the products 

were determined by the WAXS method and then using the Scherrer formula the crystallite size 

was calculated for selected samples. Wettability profiles in aqueous systems were measured 

and selected samples were subjected to TG/DTA analyses. The properties of the products were 

found to be significantly dependent on the molecular mass of PEG and type of magnesium salt 

used. 

keywords: Mg(OH)2, poly(ethylene glycols), particle size distribution, surface morphology, 

adsorptive properties, crystal structure,  elemental analysis, TG/DTA analysis 

1. Introduction 

Magnesium hydroxide is a very attractive compound because of a wide range of its 

important applications. Besides, Mg(OH)2 is one of the most important precursors of 

magnesium oxide. It is used as a neutraliser of acidic pollutants of water and gases, 

filler in paper industry, antibacterial agent, and fertiliser additive (Dziubek, 1984; 

Giorgi, 2005; Dong, 2010). One of its interesting properties is the diversity of its 

microstructure. It crystallises as needles, plates, rods, tubes and flowers (Yan, 2005; 

Wang, 2011;Song, 2011). Its non-toxic character and high thermal stability make it an 

attractive additive to polymers used to restrict polymers flammability. The appearance 

of many papers on Mg(OH)2 indicate increasing interest in this inorganic filler. The 

main subject of these papers are new methods of synthesis of nano-Mg(OH)2 and ways 

http://www.minproc.pwr.wroc.pl/journal/
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of modification of the Mg(OH)2–polymer system aimed at improvement its 

compatibility (Lv, 2007; Chen, 2009; Jurkowski, 2010; Gul, 2011). 

Recently, much attention has been paid to the methods of synthesis of 

nanomolecular Mg(OH)2. The methods proposed include: precipitation, solvo- and 

hydrothermal, microwave, electrochemical, sol-gel and the method based on watering 

of the commercial MgO with the use of dolomite and sea water (Ding, 2001; Du 2009; 

Yildirim, 2010; Bae, 2011; Pilarska, 2011). The above-mentioned methods, except 

precipitation, need a long time, complex and expensive equipment, which means that 

the process of magnesium hydroxide production becomes economically unattractive. 

The method based on precipitation is easy to conduct also on an industrial scale. It 

permits control of the particle size and is rather inexpensive. No wonder that it has 

been intensely studied in a number of research groups (Jiang, 2009; Meshkani, 2009; 

Meshkani, 2010). 

According to the recent literature reports, the properties of the final product, in 

particular its morphology, are closely related to the type of precursor and the 

precipitating agent. Much interest is devoted to the use of modifiers. Modification of 

the reaction system, understood as direct participation of an additional organic or 

inorganic chemical substance in the process of synthesis, is undertaken to modify the 

original properties of the product, including its surface properties. Modifications of 

this type are most often applied upon precipitation of magnesium hydroxide (Wang, 

2007; Huang, 2008; Wang, 2009; Pilarska, 2011). Functionalisation of the surface of 

fillers is aimed first of all at control of the shape and size of particles and at making 

the product more hydrophobic to permit binding of inorganic fillers with organic 

polymer matrices (Rothon, 2003). 

This paper reports the synthesis of Mg(OH)2 of plate morphology realised by the 

method of precipitation with the use of magnesium salts, ammonium hydroxide and 

non-ionic compounds from the group of poly(ethylene glycols) as modifiers. The 

influence of molecular weight and type of magnesium precursor on the dispersive-

morphological and physicochemical properties of the products has been mainly 

analysed. 

2. Experimental 

The substrates used for the synthesis of magnesium hydroxide were: hydrated 

magnesium sulfate (MgSO4·7H2O, analytical grade), magnesium chloride  

(MgCl2·6H2O), magnesium nitrate (Mg(NO3)2∙6H2O, analytical grade), ammonium 

hydroxide (NH4OH, analytical grade) as a precipitation agent (all made by POCh SA.) 

and non-ionic compounds from the group of poly(ethylene glycols): PEG 200, PEG 

400, PEG 8000 and PEG 20000 (purchased from Sigma-Aldrich), as solutions  

of appropriate concentration. Magnesium hydroxide was obtained from a 5 % solution  

of a given magnesium salt and a solution of ammonium hydroxide prepared to 

maintain the stoichiometric amount of reagents. Precipitation was carried out at 60°C. 

A technological scheme of the process is shown in Fig. 1. 
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Portions of 200 cm
3
 of a given magnesium salt solution and 200 cm

3 
of ammonium 

hydroxide were simultaneously dosed into 50 cm
3
 of water with a modifier, placed in a 

reactor of 500 cm
3
 in capacity, equipped with a high speed stirrer (1800 rpm) 

(Eurostar Digital, IKA Werke). The reagents were vigorously stirred. The reagents 

were dosed by a peristaltic pomp of Ismatec ISM833A type, at a constant rate of 2.3 

cm
3
/min. The reactor was placed in a thermostat (MP14, Julabo), to control and keep a 

constant temperature. The precipitate was washed out, filtered and subjected to 

conventional drying at 105ºC for about 8 h. 

 

Fig. 1. Technological scheme of  Mg(OH)2 synthesis from a magnesium salt and ammonium hydroxide 

with a modifier 

The particle size of the precipitate was measured by Zetasizer Nano ZS (0.6–6000 

nm) and Mastersizer 2000 (0.2–2000 μm) made by Malvern Instruments Ltd., 

operating by the NIBS method and laser diffraction techniques, respectively. The 

Zetasizer Nano ZS instrument was also used for determination of the polydispersity 

index (PdI), which is a measure of the sample homogeneity. The morphology and 

microstructure of the products were characterised on the basis of observations by a 

scanning electron microscope Zeiss EVO 40 and a transmission electron microscope 

(Joel 1200 EX II).  The adsorption activity of the products was evaluated on the basis 

of specific surface area BET, pore volume and pore diameter measurements performed 

using the ASAP 2020 instrument made by Micromeritics Instrument Co. Selected 

samples were subjected to elemental analyses (Elementar model Vario EL III), whose 

results together with the surface area BET allowed calculation of the degree of 

coverage with the modifier. Analysis of the products wettability in water systems was 

made using the K100 tensiometer with a special instrumentation made by Krüss. The 

crystalline structure of selected magnesium hydroxide samples was determined by 
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WAXS. The X-ray diffractograms were recorded by a computer-controlled horizontal 

diffractometer, equipped with a HZG-3 type goniometer. From the Scherrer formula 

the crystallite size in the samples was calculated. Selected samples of the products 

were also subjected to thermal analyses TG/DTA (Jupiter STA 449F3 – Netzsch).  

3. Results and discussion 

Table 1 presents the dispersive and adsorptive properties of magnesium hydroxide 

samples precipitated during a simultaneous dosing of reagents prepared in 

stoichiometric amounts into the aqueous system at the rate of 2.3 cm
3
/min at 60°C. 

Table 1. Physicochemical properties of magnesium hydroxide precipitated with the use of 5% solution of 

a magnesium salts, ammonium hydroxide in stoichiometric amount and a 2% solution of one of the 

following non-ionic compounds PEG 200, 400, 8000, 20000 

 

 

 

 

Sample 

No. 

 

Precipitation process 

conditions 

 

Dispersive properties Adsorptive properties 

Type 

of salt 

Mean 

molecular 

weight of 

PEG 

PdI 

Particle 

diameter 

from Zetasizer 

Nano ZS 

(nm) 

BET 

surface 

area 

(m2/g) 

Total 

volume 

of pore 

(cm3/g) 

Mean 

size of 

pore 

(nm) 

   

S_unmod. 

magnesium 

sulfate 

─ 0.225 21 – 106 21 0.01 2.7 

1S_mod. 200 0.688 59 – 220 28 0.01 2.6 

2S_mod. 400 0.346 59 – 142 42 0.22 28.2 

3S_mod. 8000 0.435 68 – 459 30 0.01 2.6 

4S_mod. 20000 0.387 79 – 255 32 0.01 2.7 

Cl_unmod. 

magnesium 

chloride 

─ 0.196 220 – 396 3.3 0.02 2.8 

1Cl_mod. 200 0.287 51 – 459 10 0.01 3.5 

2Cl_mod. 400 0.312 122 – 459 8 0.01 3.5 

3Cl_mod. 8000 0.571 68 – 2670 12 0.02 3.6 

4Cl_mod. 20000 0.496 59 – 342 6 0.01 3.1 

N_unmod. 

magnesium 

nitrate 

─ 0.365 
106–255; 

1110–1990 
3 0.01 1.5 

1N_mod. 200 0.380 33 – 396 4 0.01 2.2 

2N_mod. 400 0.428 51 – 825 4.5 0.01 2.6 

3N_mod. 8000 0.520 79 – 3090 7 0.01 2.5 

4N_mod. 20000 0.321 68 – 190 6 0.01 2.1 

The following magnesium salts, in 5% solutions, were used: magnesium sulfate 

(samples S_unmod., 4S_mod.), magnesium chloride (samples Cl_unmod., 4Cl_mod.) 

and magnesium nitrate (samples N_unmod., 4N_mod.) with an addition of a 2% 

solution of a modifier of different molecular mass PEG 200, 400, 8000, 20000 – for 

each salt. The modification was performed to obtain the products with particles of 

smaller size than that of unmodified sample, hydrophobic character and larger surface 

areas.   
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As follows from the above results, the particles of each modified sample were 

greater than those of unmodified samples or more or less of the same size. No 

reduction in the particle size upon modification was observed. The smallest diameters 

(59–459 nm) were noted for the samples precipitated from the solution of magnesium 

sulfate, the same samples also showed the most homogeneous and regular morphology 

(Fig. 2a). The samples obtained with magnesium chloride or magnesium nitrate 

revealed the presence of particles of diameters reaching 3090 nm (sample 3N_mod.). 

The increase in the particle diameters is particularly well seen in the samples obtained 

with magnesium nitrate (Fig. 2c). An analysis of dispersive and adsorptive properties 

of the products obtained with magnesium chloride and magnesium nitrate has shown a 

positive effect of modification with PEG 200 and PEG 20000. Dispersive properties 

and microstructure of the modified samples determined their specific surface area. For 

all the modified samples (see Table 1) the specific surface area BET is greater than in 

their unmodified correspondents. The best adsorptive parameters were found for the 

samples obtained with magnesium sulfate, S series, in particular sample 2S_mod., 

modified in situ with PEG 400, whose surface area BET was 42 m
2
/g, which was 

twofold greater than that of  sample S_unmod. Unusually, a high value of the pore 

volume (0.22 g/cm
3
) and pore diameter (28.2 nm), indicated mesoporous structure of 

this material. Figure 3 presents the nitrogen adsorption/desorption isotherm for sample 

2S_mod and the pore size distribution. According to the IUPAC classification it is a 

type IV isotherm with a hysteresis loop H3 type, which is related to the capillary 

condensation in mesopores between two planes. Sample 2S_mod. is the best candidate 

to be an adsorbent, catalysts support or a catalyst, among all samples studied in this 

experiment. 

The inorganic salts MgCl2, MgSO4 or Mg(NO3)2 are commonly used as precursors 

of magnesium hydroxides. According to the literature, Mg(OH)2 obtained in the 

reaction with ammonium hydroxide has particles in the form of hexagonal plates 

(Dong, 2010; Wang, 2011). TEM microphotographs (Fig. 4a) show the particles of 

magnesium hydroxide with plate-like structures (2S_mod. sample). In samples 

obtained with magnesium chloride (1Cl_mod., Fig. 4b) – the particles are of star-like 

shape. In a recent work (Wang, 2011) on magnesium hydroxide precipitated with the 

use of the same reagents (i.e. magnesium chloride and ammonium hydroxide) the 

same morphology was described as a broom shape. Wang (2011) presented in details 

the mechanism of formation of such unusual shapes. He claims that in these samples 

the process of nucleation depends considerably on the relation of  surface diffusion 

and surface integration in the crystal growth process. In the same paper Wang (2011) 

analysed also the influence of a modifier (poly(ethylene glycol), PEG 12000) on the 

phenomenon of plate formation at different reaction temperatures (determining the 

way of PEG adsorption). At 60ºC and 80ºC magnesium hydroxide particles develop as 

plates as PEG is adsorbed exclusively on the (001) crystalline surface. Restricted 

growth of Mg(OH)2 crystals along the (001) surface leads to formation of plates. At 

lower temperatures PEG adsorption leads to formation of needles. These 
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morphological features can determine the type of application of the products obtained 

(catalysis, adsorption, flame retardancy). 

 

(a) 

 

(b) 

 

(c) 

Fig. 2. Particle size distribution (Mastersizer 2000) of magnesium hydroxides obtained with the use of: (a) 

magnesium sulfate, (b) magnesium chloride and (c) magnesium nitrate 

Physicochemical characterisation of the products was supplemented with X-ray 

diffraction studies. The X-ray diffraction patterns shown in Fig. 4 reveal the maxima 

typical of the crystalline structure of brucite Mg(OH)2, identified by the program X-

RAYAN
 
(Marciniak, 1999). The X-ray patterns were almost the same for the products 

obtained with the same magnesium salt irrespective of the molecular mass of the PEG 

applied. Changes in the shape of the peaks were clearly related to the type of 

magnesium salt used. The structure of brucite is much better developed for samples 

Cl_mod. (Fig. 5b) and N_mod., than in sample S_mod, as indicated by the height and 

shape of relevant diffraction maxima. The differences in the crystalline structure are 

confirmed by the different sizes of crystallites in the samples in selected directions. 

For example the crystallite size calculated from the Scherrer formula for the direction 

perpendicular to (001) plane (maximum at 2θ=18.5°), for samples 1Cl_mod. and 
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1N_mod., reach about 35 nm, while the crystallite size in sample 1S_mod. is of about 

12 nm. Similarly for the direction perpendicular to the (101) plane (maximum at 

2θ=37.9°), the crystallite size in samples 1Cl_mod. and 1N_mod. is of an order of 40 

nm (39 nm and 43 nm, respectively), while for sample 3S this size is almost twice 

smaller (18 nm). The above values are comparable with literature data (Ding, 2001; 

Klug, 2001; Wang, 2011). 

 

Fig. 3. Nitrogen adsorption/desorption isotherm and pore size distributions of magnesium hydroxide 

2S_mod. grafted by PEG 400 

 

(a) 

 

(b) 

Fig. 4. TEM images of magnesium hydroxides (a) 2S_mod. and (b) 1Cl mod. obtained with the use 

magnesium sulfate and magnesium chloride 
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(a) 

 

(b) 

Fig. 5. X-ray diffraction patterns of magnesium hydroxides obtained with the use of (a) magnesium 

sulfate and (b) magnesium chloride and with addition of different non-ionic compound from the group 

 of poly(ethylene glycols) 

The modifier is also applied in order to endow the samples of magnesium 

hydroxide with hydrophobic properties, which is essential to enhance their stability 

and extend their application possibilities as active fillers. The hydrophilic surface of 

Mg(OH)2 nanoparticles is highly unfavourable for their dispersion in polymers. Poor 

compatibility between Mg(OH)2 and polymer causes degradation in the mechanical 

and physical properties of the composites. Literature provides examples of facile 

methods to synthesize hydrophobic Mg(OH)2 nanoparticles with good dispersibility 

and compatibility in organic phase with the use of octadecyl dihydrogen phosphate 

(ODP), oleic acid, poly(methyl methacrylate) (PMMA) etc. (An 2009, Yan 2009). 

Figures 4a, b, and c present the wettability profiles recorded for the samples 

precipitated with the use of the three magnesium salts studied and 2% solutions of 

PEG of different molecular weight. The highest tendency towards water absorption 

was observed for strongly hydrophilic unmodified hydroxides, while the lowest 

tendency towards water absorption was recorded for samples modified with PEG 200 

(1S_mod., 1Cl_mod., 1N_mod.) PEG 400 (1S_mod.) and PEG 20000 (4Cl_mod.), 

irrespective of the salt used for precipitation. As follows from the calculated degree of 

coverage (see Table 3), PEG 200 undergo permanent absorption forming most 

probably a compact protective layer. Moreover, PEG 200 is built of shorter carbon 

chains and contains a lower number of hydroxyl groups. Significant hydrophobicity of 

samples modified with PEG 20000 (4Cl_mod., Fig. 4b) can be explained by 

favourable changes in magnesium hydroxide microstructure it causes (see Table 1). 

The results of elemental analysis presented in Table 2 show that almost in all 

samples the contents of carbon and hydrogen increased in proportion to the molecular 

mass of the PEG applied. The differences in the contents of carbon and hydrogen in 

the samples modified with PEGs of the shortest and longest carbon chains are not 

significant. For example the content of carbon in sample 1N_mod. (PEG 200) is 

0.595%, while in sample 4N_mod. (PEG 20000) it increases only to 0.735%. Much 
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more pronounced dependence on the molecular weight of PEG is observed for the 

degree of coverage of magnesium hydroxide surface with the modifier, calculated on 

the basis of elemental analysis results and the specific surface area. The coverage 

degree (Table 2) takes the highest value for samples modified with PEG 200 and for 

those modified with PEG 20000 it takes a value by one order of magnitude lower.  

Such a rapid decrease in the degree of coverage with increasing length of the modifier 

means that the adsorption of long-chain PEGs is rather ineffective. Among the 

samples analysed, the highest degree of coverage was obtained for PEG 200. The 

results of elemental analysis are well correlated with those of wettability (Figs. 5a, b, 

c). A high degree of coverage of magnesium hydroxides modified with PEG 200 can 

explain their strongest hydrophobicity (samples 1S_mod., 1Cl_mod., 1N_mod.). The 

observation that adsorption of PEGs of short carbon chains is the most effective is 

corroborated by the dispersive, adsorptive and surface properties of the samples 

modified with them. 

 

(a) 

 

(b) 

 

(c) 

Fig. 6. Wettability profiles of magnesium hydroxides obtained with the use of: (a) MgSO4,  

(b) MgCl2 (c) Mg(NO3)2 
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Another interesting observation was that the highest degree of coverage was 

calculated for the samples precipitated with the use of magnesium chloride and 

magnesium nitrate, which is related to small surface area BET of these samples. The 

degree of coverage found for the sample precipitated with magnesium sulfate having 

smaller surface area is considerably lower. 

Table 2.  Elemental content of carbon and hydrogen in modified samples of magnesium hydroxide 

precipitated with the use of magnesium sulfate and magnesium chloride and the calculated degree of their 

coverage with PEG compounds  

 

Sample 

No. 

Elemental content 

(%) 

 

Coverage degree 

(µmol/m2) 

        C          H    

S_unmod.   ─  ─  ─ 

1S_mod.   1.177  6.135  7.467 

2S_mod.   1.276  6.335  4.091 

3S_mod.   1.480  6.675  3.683 

4S_mod.   1.613  6.878  0.106 

Cl_unmod.   ─  ─  ─ 

1Cl_mod.   0.784  2.825  31.325 

2Cl_mod.   0.919  2.893  18.426 

3Cl_mod.   0.821  2.924  10.194 

4Cl_mod.   1.107  3.056  0.446 

N_unmod.   ─  ─                   ─ 

1N_mod.   0.595  2.568  26.023 

2N_mod.   0.645  2.825  14.124 

3N_mod.   0.690  2.937  9.036 

4N_mod.   0.735  2.989  0.323 

 

 

Fig. 7. TG/DTA curves of magnesium hydroxides S_unmod. and 2S_mod. 
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The products obtained were also subjected to TG/DTA thermal studies in order to 

establish the character of chemical and structural transformation induced by high 

temperature and to compare mass changes between the modified and unmodified 

samples. Figure 6 presents the TG/DTA curves recorded for the unmodified sample 

(S_unmod.) the sample modified by a 2% PEG 400 solution (sample 2S_mod.). The 

DTA curve recorded for the unmodified sample shows an exothermic effect appearing 

in the range 99 to 330ºC, corresponding to the loss of physically bound water. The 

endothermic effect appearing in the range from 420 to 900°C corresponds to 

decomposition of magnesium hydroxide and reorganisation of Mg(OH)2 structure to 

that of pure crystalline form of MgO (Wang, 2007), accompanied by the loss of 

constitutional water. The rapid mass decrease corresponding to this endothermic effect 

was manifested in the TG results. The DTA curve recorded for the modified sample is 

slightly shifted towards higher temperatures. The corresponding TG results point to a 

greater, by about 4%, mass loss for the modified sample, which confirms the presence 

of the modifier. 

4. Conclusions 

Functionalisation of magnesium hydroxide (precipitated with the use of a 

magnesium salt and ammonium hydroxide) with non-ionic compounds from the group 

of poly(ethylene glycols) has not brought favourable changes in the dispersive 

properties of the products. The size of particles in the modified samples was greater or 

comparable to that in the unmodified magnesium hydroxide. The modification with 

PEG has resulted in increased specific surface areas BET of all samples. Relatively 

large specific surface area was obtained for the samples synthesized with the use of 

magnesium sulfate. The best dispersive properties (particle size range from 59 to 142 

nm) and adsorptive properties (surface area BET of 42 m
2
/g) were found for sample 

2S_mod., modified with PEG 400. Introduction of the modifying PEG compounds to 

the reaction system in situ has brought beneficial changes in the character of the 

products’ surface.  The majority of modified samples were observed to show reduced 

ability to absorb water (to about 0.2 g). Particularly high reduction in water 

absorbability was found for the samples modified with G 200 (1S_mod., 1Cl_mod., 

1N_mod.) and PEG 400 (2S_mod., 2Cl_mod.). The increased hydrophobicity of these 

samples can be related to the degree of coverage of their surface with the modifier 

(which reaches the highest values for PEGs of the shortest carbon chains) and with 

microstructural changes. Because of large BET surface area of the samples 

precipitated with the use of magnesium sulfate (1S_mod., 4S_mod.) the coverage of 

their surfaces with the modifier is smaller than that for the other samples 
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Abstract. In the present study, the role of particle size of mica with flaky shape on the 

separation efficiency of mica from feldspar by the shaking table and Reichert spiral (Model 

HG7) concentrators were investigated. An albite ore containing mica from the Cine region of 

Turkey was treated under various test conditions. During the study, particle size distribution, 

solids content of the feed and flow rate of the feed were changed in the spiral tests. Then, the 

flow rate of the feed was kept constant as 1 dm
3
/s in the shaking table tests. It was observed 

that mica could be separated from feldspar, owing to its laminar morphology. Accordingly, the 

particle size, directly related to the laminar morphology of mica, is the most effective 

parameter in the separation process. The best results were obtained with spiral concentrators, 

which met the requirements of the glass industry. 

keywords: shaking table, spiral, mica, shape factor, gravity concentration 

1. Introduction 

Mica is the primary source of iron in feldspar minerals, which causes colouring in 

ceramic and glass. The most common method for separating mica from feldspar is 

flotation. Nevertheless, flotation has some disadvantages such as detrimental effects 

on the environment because of chemical use, high investments and operation costs 

(Akar, 1994; Bayraktar et al., 1999; 2002; Celik et al., 1998; 2001). The separation 

does not always take place under conditions which are convenient for the 

concentration criterion. In order to allow for the differences in the particle shape, the 

concentration criterion must be multiplied by the shape ratio factor (Burt, 1984). 

When there is a marked difference in particle shape, the concentration criterion, which 

is the density of the heavy species minus the density of suspending fluid, divided the 

density of light species minus density of suspending fluid, approaches 1.0.  Typical of 

this is the separation of mica from quartz and feldspar (Browning, 1973).
 
  

Mica and feldspar are close to each other in respect to their density. The densities 

of feldspar and mica minerals are approximately 2.65 and 2.7-3.4 g/cm
3
, respectively 

(Ipekoglu and Asmatulu, 1996). As mentioned by Iverson (1932) the difference 

http://www.minproc.pwr.wroc.pl/journal/
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between their densities is not sufficient in achieving the efficient separation of these 

minerals by using gravity methods. Coarse mica grains are nearly equi-dimensional 

and spherical. However, in fine sizes the flaky shape character of the mica minerals is 

revealed. Mica normally takes the form of numerous single flakes, which are pliable, 

resilient and tough, and can be separated like the pages of a book (Schoement, 1989). 

This physical characteristic of the mineral has been responsible for its separation by 

gravity from feldspar. This distinguishing property of fine mica particles was first 

reported by Iverson (1932). He managed to separate mica from feldspar by tabling. 

Later, Adair et al. (1951) also showed the possibility of concentration of mica in the 

Humphrey spiral. Therefore, this method is considered as an alternative method to 

mica flotation.  

The purpose of this study was to investigate the separation characteristics of mica 

from feldspar in a shaking table and the Reichert spiral by determining the role of the 

shape factor of mica in terms of particle size distribution and feed solids content on the 

separation efficiency. Industrial scale equipments were used in this study, in order for 

the results to be applied to the industry directly. 

2. Materials and methods 

The Na-feldspar (albite) samples were obtained from a feldspar deposit in the Cine 

Akmaden, which is in the Southwest of Turkey.  The chemical composition of the 

samples used in the tests is given in Table 1. The samples were crushed with a jaw 

crusher to 2 cm of size, and then were gradually reduced with a roll crusher.  The 

particles, finer than 74 µm, were removed by dry screening in order to prevent their 

adverse influence on the separation. Five samples with different size fractions and 

grades were prepared and tested (Table 2). The particle size distributions were given 

in Fig. 1. 

Table 1. Chemical composition of feldspar sample 

Content % 

SiO2 65.01 

Al2O3 20.09 

Fe2O3 0.73 

MgO 0.20 

CaO 1.82 

Na2O 10.20 

K2O 0.48 

TiO2 0.25 

L.O.I 0.42 

Total 99.40 

First of all, the tests were carried out in the Reichert spiral (HG7). The spiral was 

operated in a closed circuit, which included a tank and a pump. There were two 

splitters at the discharge. The position of the outer splitter was not suitable for 



The role of particle size and solid contents separation in gravity concentration       647 

 

controlling product streams due to the occurrence of a big gap largely free of particles 

between the tailing and the concentrate streams during the tests (Fig. 2). Therefore, 

this splitter was fixed for all conditions in the main series of the tests. The position of 

the inner splitter was adjusted to ¼, ½ and ¾ of the maximum opening (16 mm, L). 

Samples were fed into a spiral. Feldspar minerals, in the samples in the form of pulp, 

were moved close to the centre of the spiral, whereas the mica minerals were moved to 

the wall side of the spiral. 
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Fig. 1. Particle size distributions of feed sample 
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Fig. 2. The view of the spiral discharge 

At the beginning of the tests, primary and secondary concentrates, and tailing were 

obtained as shown in Fig. 2. The Fe2O3 grades of the concentrates were determined by 

chemical assaying. The results showed that there was no significant difference 

between the primary and secondary concentrates. 
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Table 2. Chemical compositions of spiral feed and fines (–74 µm) fractions 

Size fraction 

(m) 

Wt. % 

(Fines, -74m) 

Fe2O3 % 

(Fines, -74m) 

Fe2O3% 

(Feed) 

-850 +74 4.20 0.03 0.74 

-600 +74 5.28 0.06 0.74 

-425 +74 7.10 0.07 0.76 

-300 +74 8.54 0.08 0.77 

-212 +74 10.25 0.12 0.78 

Therefore, only one set of concentrate data representing the average characteristics 

of the two concentrates, and one set of the tailing data were used in the evaluation of 

the effect of particle size, solids % of feed and flow rate of feed on separation process. 

It was also not necessary to take a middling stream by using a second splitter in the 

separation process. Particle size distributions were:- 850 + 74 m, - 600 + 74m, - 425 

+ 74 m, - 300 + 74 m and – 212 + 74 m.  Pulp solids contents for these particle 

sizes were 15%, 20% and 25% by weight and flow rates were 1 dm
3
/s, 1.5 dm

3
/s and 2 

dm
3
/s in all tests. The 45 different conditions were tested and results of chemical 

assays were evaluated. Accordingly, the flow rate was fixed to its best value as 1 

dm
3
/s. The favourable conditions were tested in shaking table and results were 

compared to spiral concentrator. 

The shaking table was operated as batch processes. There were two determined 

discharge units in the equipment. The positions of the discharge units were fixed for 

taking products as a primary concentrate, secondary concentrate and tailing. Samples 

were fed into the shaking table; the samples were moved in specific directions, which 

the mica minerals were moved with water in a vertical direction to the movement of 

the table because of the flaky shape while the feldspar minerals were followed table 

movement (Fig.3). 

 

Fig. 3. The view of the shaking table discharge 
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Samples were taken simultaneously of primary and secondary concentrates and 

tailings during the tests in both concentrators. Prior to each test, the equipment was 

discharged, cleaned, and then operated in a manner appropriate to the new feed and 

solid contents. In order to make a comparison between the two methods, the 

concentrates of the shaking table were treated in the same way, one set of concentrate 

data representing the average characteristics of the two concentrates, as spiral 

concentrator. This enables the process to be used and controlled easily on the plant-

scale 

3. Results and discussions 

In this study, the effect of the solids density of feed, the flow rate of feed and the 

flaky shape of mica, which depends directly on particle size, on the separation 

efficiency of mica from feldspar in a spiral concentrator were investigated. The 

favourable conditions were tested in shaking table by keeping flow rate constant at the 

value of 1 dm
3
/s. The particle size distributions were varied between and -850 +74 m 

and -212 +74 m and solids % of feed were varied 25% to 15% by weight. These 

ranges stayed within the normal industrial operational limits of both equipments.   

In the spiral concentrator, the major parts of the water in the feed were 

accumulated at the outside of the separation surface, carrying most of the flaky mica 

with it. The feldspar particles were moved predominantly to the inner part of the 

surface, forming a natural gap between the concentrate and the tailing streams. 

Therefore, the outer splitter was not very effective in controlling the concentrate 

quality. During the separation, the outer splitter was roughly adjusted by a visual 

judgement of the best position. The chemical analysis of the concentrate results for 

both concentrators (spiral and shaking table) are shown in Table 3. 

Table 3. Fe2O3 grade of concentrates and mass recovery 

  

Particle 

Size          

(µm) 

15%  

Solids 

Grade  

(%) 

20%         

Solids 

Grade        

(%) 

25%  

Solids 

Grade      

(%) 

15%  

Solids Mass 

Recovery  

(%) 

20%  

Solids Mass 

Recovery  

(%) 

25%  

Solids Mass  

Recovery  

(%) 

Spiral 

-212+74 0.07 0.11 0.17 70.74 69.85 67.70 

-300+74 0.11 0.19 0.26 72.86 72.34 71.10 

-425+74 0.29 0.41 0.50 75.66 74.88 74.07 

-600+74 0.62 0.78 0.84 79.81 78.38 77.57 

-850+74 0.85 0.85 0.85 82.08 81.15 79.20 

Shaking 

Table 

-212+74 0.27 0.32 0.34 76.88 79.21 81.39 

-300+74 0.31 0.34 0.38 79.29 82.39 83.51 

-425+74 0.42 0.56 0.61 81.43 85.48 87.71 

-600+74 0.69 0.81 0.80 83.12 87.06 89.92 

-850+74 0.83 0.82 0.82 85.88 89.64 90.08 

The minimum and maximum sizes of operating particle were determined according 

to the specifications of the spiral and shaking table used in the tests. Thus, three 
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different solid contents that were 15%, 20% and 25% by weight, were selected and 

performed. The effects of the solid content on the Fe2O3 grade of concentrate, Fe2O3 

removal, and the mass recovery were investigated for each feed size. The results are 

shown in Figs. 4–6 for the spiral concentrator and Fig. 7 for the shaking table. 
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Fig. 4. A relationship between grade, recovery and maximum particle size in spiral concentrator 

 at 1 dm3/s flow rate 
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Fig. 5. A relationship between grade, recovery and maximum particle size in spiral concentrator 

at 1.5 dm3/s flow rate 
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Fig. 6. A relationship between grade, recovery and maximum particle size in spiral concentrator 

 at 2 dm3/s flow rate 
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Fig. 7. A relationship between grade, recovery and maximum particle size in shaking table 

 at 1 dm3/s flow rate 

From Figs. 4-7 it can be seen that the particle size distribution is the most effective 

parameter in the separation in both methods. In general, the separation efficiency of 

the gravity concentration methods is better for coarse particles than fine particles 

because the gravity force is more effective on coarse particles. However, the coarse 
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mica grains are nearly equi-dimensional, and the difference in the specific gravity is 

not sufficient to make the separation of these minerals possible in this case. On the 

other hand, the flaky shape character of the smaller mica particles made the separation 

of the mica from the feldspar possible in the fine particle sizes. This situation is not 

related to the differences in the degree of liberation since mica was in the form of 

liberated particles even in the coarse fractions. 

The Fe2O3 grade of the concentrate and the Fe2O3 removal and recovery of the 

feldspar were directly related to the change in the particle size. An increase in the 

particle size occurs with the Fe2O3 grade of the concentrate (Table 3) and decreases 

with the Fe2O3 removal. The removal recovery was calculated from equation: 

1001 
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F

C
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where RR is removal recovery (%), C mass of concentrate (kg), F mass of feed (kg), c 

Fe2O3 content in concentrate (%), f  Fe2O3 content in feed (%). 

The mass recovery decreased slightly with the finer particle size since the amount 

of particles carried by water to the tailings stream increased.  This behaviour was 

observed in both concentrators. According to Table 3, increasing the solids % of the 

feed increased the Fe2O3 grade of the concentrate and decreased the mass recovery, 

except for the feed top size fraction of - 850 m + 74 m. As well as reducing the 

separation efficiency, an increase in the solids content slightly reduced the amount of 

concentrate.  

In classical gravity concentration, the purpose of separation is to get maximum 

grade of metallic ore with maximum possible mass recovery. In this case, most 

important terms are Fe2O3 content of concentrate, removal recovery and mass 

recovery. That is why the purpose of separation is to remove Fe2O3 from the feldspar 

minerals and to get the minimum Fe2O3 contents, the best Fe2O3 removal and mass 

recovery values in order to meet the glass industry requirements. So, the lower Fe2O3 

content is favourable for this kind of separation. The spiral concentrate has 0.07% 

Fe2O3 content with a 93% Fe2O3 removal recovery and approximately 70% mass 

recovery, whereas the shaking table concentrate has 0.27% Fe2O3 content with a 72% 

Fe2O3 removal recovery and approximately 76% yield. Although the mass recovery of 

shaking table is higher than spiral concentrator, % Fe2O3 content and Fe2O3 removal 

recovery do not meet the desired specifications of glass industry. 

The results showed that the spiral concentrator is more favourable than the shaking 

table for this kind of separation process. According to the concentrators operating 

principles, the spiral concentrator has a very significant advantage such as the 

centrifugal force contribution. The most favourable results of both concentrators are 

given in Fig. 8. 
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Fig. 8. Comparison of both concentrators in their best conditions 

4. Conclusions 

In this investigation, the role of mica flaky shape characteristics, which is achieved 

by decreasing the particle size of the feed, flow rate and the effect of the solids % in 

the feed on the mica separation from feldspar mineral, were examined. The results 

revealed that the increasing in particle size had an extreme effect on separation 

efficiency.  Separation was not possible when the particle sizes were - 850 m + 74 

m or  - 600 m + 74 m. 

The separation efficiency of the mica removal increased as the particle size 

distribution got finer, the most suitable particle size fraction being - 212 m  + 74 m 

in both concentrators. In the spiral, the Fe2O3 content of the concentrate was reduced 

from 0.73% to 0.07% with 93% removal of the Fe2O3 and mass recovery of 

approximately 70%, whereas the Fe2O3 content of the concentrate was reduced from 

0.73% to 0.27% with a 72% removal of the Fe2O3 and a mass recovery of 

approximately 76% in the shaking table concentrator.  

The most favourable results were obtained in the spiral concentrator. There was a 

certain separation occurring in the shaking table, but the values did not meet the 

required specifications for the glass industry. On the other hand, the iron content, 

which was obtained in the spiral tests, met these specifications.   Firing buttons with a 

pale pink colour confirmed these results.  

It appeared that the particle size needed to be reduced to minus 212 µm in order to 

ensure that the mica had a flaky shape characteristic, which had the desired distinctive 

behaviour in these concentration processes. 
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Although the effect on the separation efficiency of the solids in the feed was less 

pronounced than that of the particle size, the increasing solids  significantly reduced 

the separation efficiency. Only the concentrate obtained with the minimum solids  

(15%) met the desired specification. 
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