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FLOTATION KINETICS AND SEPARATION  
SELECTIVITY OF COAL SIZE FRACTIONS 

Yanfeng LI, Wenda ZHAO, Xiahui GUI, Xiaobo ZHANG 

School of Chemical Engineering and Technology, China University of Mining and Technology, Xuzhou 221116, 
Jiangsu, China. E-Mail: lyf3344@126.com 

Abstract: Flotation recovery and kinetics for three size fractions of coal were investigated. Flotation of 
combustible matter recovery was approximated with the first order kinetic equation while flotation of the 
ash forming minerals with the second order equation. Next, the equations for each size fraction were 
combined and a formula was obtained which was used for approximation of the experimental results using 
the so-called Fuerstenau upgrading curve, which relates the recovery of combustible matter recovery and 
recovery of ash forming minerals, both in concentrate. The Fuerstenau upgrading plot showed that the best 
selectivity was obtained for the middle size fraction of 0.25–0.075 mm, while the flotation selectivity of 
larger 0.5–0.25 mm and smaller –0.075 mm particles was diminished. This finding agrees with many other 
investigations.   

Keywords: coal, flotation rate, combustible matter recovery, ash, particle size 

Introduction 

China is a country in which coal is the main energy source and in a very long period of 
time it will not change (Xu, 2003). The fine particle mineral processing technology has 
become one of the most important development directions in current field of mineral 
processing (Jameson, 2010; Albijanic et al., 2010; Bhattacharya and Dey, 2008). Flo-
tation is the most widely used and effective method of separation of fine and very fine 
materials. The principle of flotation is based on different surface properties of mineral 
matter (Fan et al., 2010; William et al., 2010; Muganda et al., 2011). Very important 
aspect of flotation is its kinetics. The flotation rate is measured as the recovery change 
of the floating material in the flotation product per unit time and it is characterized by a 
rate constant and kinetics order (Vapur et al., 2010; Gui et al., 2011, Brozek and Mly-
narczykowska, 2013). It is known that the coal particles of different sizes have different 
flotation rates. This has been confirmed with industrial data (Song et al., 2001).  

http://dx.doi.org/10.5277/ppmp130201 

http://www.minproc.pwr.wroc.pl/journal/
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Most flotation rate tests show that the fine coal particles can be described by the first 
order kinetic model and its rate constant changes with the increasing  reagents dose 
(Chelgani et al., 2010; Abkhoshk et al., 2010; Ucurum and Bayat, 2007; Aktas et al., 
2008; Brozek and Mlynarczykowska, 2007, 2013). The relationship between flotation 
rate constant and flotation recovery with particle size was found to be nonlinear (Ab-
khoshk et al., 2010). Particle size has also a great effect on the attachment/detachment 
of bubbles and particles (Ireland and Jameson, 2012).  

It was shown recently by Drzymala and Luszczkiewicz (2011) as well as Bakalarz 
and Drzymala (2013) that having kinetics of flotation of the useful component of coal or 
ore and kinetics of the remaining components in the feed, it is possible directly produce 
the Fuerstenau upgrading plot. This is so because the Fuerstenau upgrading plot relates 
recovery of both components while the kinetic curves also relate both recoveries 
through the time of the process. The aim of this paper is to utilize this approach for coal 
by taking into account the kinetics of flotation of different size fractions present in  
ground coal.  

Experimental  

Analysis of coal sample 

Table 1 provides the size composition of the coal sample. As the size becomes smaller, 
the ash content becomes greater. The ash content in the –0.045 mm size fraction was 
30.36%. It is more than 5.60 percent points greater than the average ash content. The 
yield of dominant 0.25–0.125 mm size fraction is 43.56%.  

Table 1. Size analysis data of coal sample 

Oversize  Undersize  Size fraction, 
mm 

Yield,% Ash,% 
Yield,% Ash,% Yield,% Ash,% 

0.50–0.25 21.47 23.25 21.47 23.25 100.00 25.31 

0.25–0.125 43.56 23.73 65.03 23.57 78.53 25.88 

0.125–0.075 
0.075–0.045 

13.97 
11.10 

26.73 
29.22 

79.00 
90.10 

24.13 
24.76 

34.97 
21.00 

28.55 
29.76 

–0.045 9.90 30.36 100.00 25.31 9.90 30.36 

Total 100.00 25.31 – – – – 

 
From Table 2, one can see that the dominating density fraction of the investigated 

coal is 1.4–1.5 g/cm3. Its yield is 37.93% with the ash content of 10.54%. The yield of 
the -1.5 g/cm3 density fraction is 57.03% with the ash content of 9.04%. Data for other 
fractions are given in Table 2. The data show that there is significant amount of ash 
forming matter in the coal fractions. 
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Table 2. Density analysis of coal sample 

Float 
accumulation 

Sediment 
accumulation 

(Separation den-
sity±0.1) 

Density, g/cm3 Yield,% ash,% 

Yield,% ash Yield,% ash 
Density, 

g/cm3 
Yield,% 

–1.3 0.26 4.21 0.26 4.21 100.00 24.55 1.30 19.10 

1.3–1.4 18.84 6.10 19.10 6.07 99.74 24.61 1.40 56.77 

1.4–1.5 37.93 10.54 57.03 9.04 80.90 28.92 1.50 58.27 

1.5–1.6 20.34 24.49 77.37 13.10 42.97 45.14 1.60 27.08 

1.6–1.7 6.74 38.14 84.11 15.11 22.63 63.70 1.70 9.48 

1.7–1.8 2.74 54.06 86.85 16.34 15.89 74.54 1.80 3.74 

1.8–2.0 1.99 63.60 88.84 17.40 13.15 78.81 1.90 1.99 

+2.0 11.16 81.52 100.00 24.55 11.16 81.52 – – 

Total 100.00 24.55 – – – – – – 

Experimental procedure  

Coal was mixed with distilled water and stirred for 120 s. Next collector was added and 
stirred for 60 s. The foaming agent contact time was 10 s, and then flotation was initi-
ated. The clean coal collection intervals were 30, 30, 60, 60, and 120 s. The total flota-
tion time was 5 min. The obtained six flotation (cleaned coal) products were labeled as 
concentrates J1, J2, J3, J4, J5 and tailings T. The reagents dosage and other operational 
parameters were: 320 g/Mg of collector (kerosene), 110 g/Mg of foaming agent (2-octyl 
alcohol), flotation feed pulp mass concentration was 90 g/dm3, air flow 0.37 m3/min, 
and the stirring speed during flotation was 1800 rpm. 

Results and discussion 

The flotation kinetics of size fractions of the investigated coal (Table 3 and Fig. 1) can 
be expressed by the classical first order equation:  

  (1) 1(1 )k te  
 

where ε is the combustible matter recovery in concentrate, ε∞ maximum combustible 
matter recovery in concentrate, t flotation time and k1 is the first order kinetics constant. 
The values of ε∞ and k1 were determined with the Matlab software and they are pre-
sented in Table 4.  
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Table 3. Results of  coal size fractions flotation  

Combustible matter recovery (%) Ash content (%) 
Products 

0.50–0.25 0.25–0.075 –0.075 0.50–0.250 0.25–0.075 –0.075 

J1 79.64 67.87 62.23 10.58 11.05 10.78 

J2 14.07 15.36 19.14 11.28 12.06 12.97 

J3 1.82 8.60 10.25 13.99 12.48 15.20 

J4 0.59 1.82 2.36 15.65 13.50 20.40 

J5 0.74 1.93 1.14 44.30 25.26 28.38 

T 3.14 4.42 4.88 84.88 83.47 80.75 

Total 100.00 100.00 100.00 22.99 25.93 25.23 

Figure 1 shows changes of the combustible matter recovery with time. The data were 
approximated with the first order kinetic equation (Eq. 1). It can be seen from Fig. 1 and 
Table 4 that the rate of flotation of the combustible matter increases with the particle 
size. This is so becuse the fine particles exhibit low collision efficiencies due to  their 
low mass and inertial force while the coarse particles have a high degree of heteroge-
neity. The flotation rate of the 0.5–0.25 mm, 0.25–0.075 mm and –0.075 mm size 
fractions changes from fast to slow. This agrees with the results of other researchers 
(Brożek and Mlynarczykowska, 2013; Jameson, 2012; Polat et al., 1993; Gaudin et al., 
1931). 

 

Fig. 1. Relationship between cumulated combustible  
matter recovery for different size fractions of investigated coal and flotation time  
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In the case of the ash forming minerals flotation, the second order kinetic equation 
was used 

 
2

2

21
a

a
a

k t

k t











  (2) 

where εa is the ash matter recovery in the concentrate, εa∞ maximum ash matter recovery 
in concentrate, t flotation time and k2 is the second order kinetics constant. The values of 
εa∞ and k2 were determined with the Matlab software and they are presented in Table 4.  

Table 4. Kinetics of flotation  

Kinetic equation Size fraction/mm or a   k1 or k2 Correlation coefficient 

0.50–0.25 97.8 3.52 0.998 

0.25–0.075 96.0 2.47 0.988 
First order 

(combustible) 
–0.075 95.9 2.17 0.998 

0.50–0.25 41.7 0.16 0.972 

0.25–0.075 38.2 0.09 0.997 
Second order 

(ash) 
–0.075 43.5 0.05 0.996 

Figure 2 shows the change of ash recovery to concentrate and its approximation with 
the second order kinetic equation presented in Eq. 2. It can be seen from Fig. 2 and  
 

 

Fig. 2. Relationship between cumulated ash in  concentrate 
for different size fractions and flotation time  
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Table 4 that the rate of flotation of ash is different from that of combustible matter 
because the finest fraction floats better that the 0.25–0.075 mm size fraction and worse 
than the 0.5–0.25 mm  size fraction. This can partly be explained by a combined effect 
of collision and attachment/detachment sub-processes, dominant for small and large 
sizes, respectively. The cleaned coal –0.075 mm particles has the most obvious change 
and the highest cumulated ash content due to a high content of ultrafine ash forming 
matter. This agrees with the results of other researchers (Brozek and Mlynarczykowska, 
2013; Rahman et al., 2012; Vapur et al., 2010; Polat and Chander, 2000; Al Taweel et 
al., 1986). 

As presented recently by Drzymala and Luszczkiewicz (2011) as well as Bakalarz 
and Drzymala (2013) the flotation kinetics, that is relations between recoveries and time  
can be combined providing the Fuerstenau upgrading curves (Drzymala and Ahmed, 
2005; Drzymala, 2006) relating recovery of the combustible mater and recovery of ash 
in the concentrate. The Fuerstenau upgrading curves for the investigated size fractions 
are given in Fig. 3. The experimental points were approximated with the equation  

 1
1

2k ( )( e )
a

a a a

k 
     




   (3) 

resulting from Eqs 1 and 2 after removing time as the parameter. The obtained equations 
for each size fraction of the investigated coal are given in Table 5.    

Table 5. Upgrading equations used for approximation of data points  
of the Fuerstenau upgrading curve for each size fraction 

Size 
fraction/mm 

ε – t εa – t The derived ε – εa 

kinetic equation 1(1 e  
  )k t

 

2
a 2

a
21 a

k t

k t











 

0.50–0.25 ε∞ = 97.79, k1 = 3.52 a  = 41.72, k2= 0.16 

0.25–0.075 ε∞ = 96.04, k1 = 2.47 a  = 38.20, k2= 0.09 

–0.075 ε∞ = 95.89, k1 = 2.17 a  = 43.53, k2 = 0.05 

1
1

2k ( )( e )
a

a a a

k 
   




    

Figure 3 indicates that the selectivity of flotation is the best for the middle size 
fraction while both smaller and larger size fractions have diminished selectivity. This 
observation agrees well with numerous flotation data.  For each size fraction, the re-
covery of combustible matter in concentrate is greater than the recovery of ash in 
concentrate.  
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Fig. 3. The Fuerstenau upgrading curve  

showing flotation results for different size fractions of investigated coal 

Conclusions  

According to the tests conducted for coal narrow size fractions, the flotation rate of 
the 0.5–0.25 mm, 0.25–0.075 mm and –0.075 mm size fractions changes from fast to 
slow. As the flotation proceeds, the cumulated combustible matter recovery gradually 
increases and reaches a plateau level at about 95%. The combustible matter recovery in 
concentrate can be approximated with the first order kinetic equation while the ash 
matter recovery in the concentrate can be approximated with the second order kinetic 
equation. 

Combination of kinetic equations for combustible and ash matter provides an 

equation ( 1
1

2k ( )( e
a

a a

k 
     




  )a  which can be used for approximation of the data 

points for each flotation size fraction in the recovery-recovery Fuerstenau upgrading 
curve. The Fuerstenau upgrading curves show that the best selectivity of separation 
occurs for the middle size fraction of coal.  
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Abstract: Many methods based on machine vision were used to estimate coarse particles size distribution 
in recent years, but comparison of accuracy parameters representing particle size has not been carried out 
and a related representing analysis has not been yet proposed. Nine parameters were investigated. The 
results indicated the minor axis of equivalent ellipse and breadth of the best-fit rectangle were the most 
suitable for representing particle size. The former accuracy ratio was 86.43% and the latter accuracy ratio 
was 85.39%, while the accuracy of other parameters was less than 70%. A related representing analysis 
was proposed to explain this phenomenon. This research is instructive and meaningful for the size distri-
bution estimation by machine vision. 
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Introduction 

Particle size and size distribution are important variables in many industrial sectors 
(Tasdemir et al., 2011; Zhang et al., 2012), especially in mining and mineral proc-
esses. Most mineral processing operations rely on the size distributions measurement 
as a key factor in improving process efficiencies (Xia et al., 2012a; Xia et al., 2012b). 
Sieving has been used to measure particle size distribution traditionally, but it is very 
time-consuming and cannot be quick enough to provide real-time feedback informa-
tion to direct production. So machine vision has been used for particle size measure-
ment in the last twenty years. 

Many problems such as the way of image acquisition, the algorithm of image seg-
mentation, parameters of particle size and error correction of the system had all been 
extensively investigated in recent years. However, a comparison of all parameters in 
accuracy aspect has not been carried out and related representing analysis has not yet 
proposed. Authors argue that the size parameters extracted from images to represent 
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sieving particle size should satisfy two demands, i.e., be rotationally-invariant and 
have a selecting basis. 

In image analysis, different ways of measuring particle size, such as equivalent cir-
cle diameter (Maerz et al., 1987; Mcdermott et al., 1989; Grannes et al., 1986; Donald 
and Kettunen, 1996; Maerz et al., 1996; Rholl et al., 1993), maximum size (Montoro 
et al., 1993; Ord et al., 1989; Kemeny et al., 1994), size of equivalent ellipse (Girdner 
et al., 1996; Schleifer et al., 1993), Ferret diameter (Kwan et al., 1999; Mora et al., 
1998; Mora et al., 2000; Al-Thyabat et al., 2006; Al-Thyabat et al., 2007) and best-fit 
rectangle (Wang, 2006; Tobias et al., 2012) have been used. All the above parameters 
are rotationally-invariant, but are optionally selected to estimate size distribution with 
no representing analysis and selecting basis. 

In this paper, 467 coal particles in four size fractions were selected through a strict 
screening to compare the accuracy of the above mentioned parameters, and a represent-
ing analysis combined with a screening principle was proposed to explain the results.  

Experiments 

Sample preparation 

The experiment sample was anthracitic coal from the Tai-Xi coal preparation plant in 
China. Basically, the sieving operation attempts to divide the coal sample into frac-
tions, each consisting of particles within specific size limits. In China’s coal cleaning 
standards, the mesh apertures are 100, 50, 25, 13, 6, 3, 0.5 mm. When necessary, the 
mesh apertures can increase or decrease, so a series of sieves with square apertures 3, 
6, 13, 25, 50 mm were used in our experiment. As to the coal particles smaller than  
3 mm, the outline accuracy by digital image processing is low, and the particles 
greater than 50 mm are not suitable for experiment and test. For the reasons given 
above, the particles smaller than 3 mm and greater than 50 mm were discarded. 120 
particles (3–6 mm), 146 particles (6–13 mm), 109 particles (13–25 mm) and 92 parti-
cles (25–50 mm) were selected to accomplish this research.  

Image acquisition and parameters calculation 

A high quality picture of the coal particles is needed before any digital image process-
ing is performed. Some researchers noted the shadows cast by the objects, and the 
interior texture could be confusing to edge detection algorithms (Wang, 2006; Guyot 
et al., 2004; Casali et al., 2001). A backlit system, shown in Fig. 1A, was built to 
eliminate these problems. This system was designed as a closed box for avoiding the 
outside light effect. Digital camera (Nikon S220) was put in the camera hole of this 
system, and we fixed the height from the hole to the platform as 41.5 cm, just right 
above of the sample platform. Four fluorescent lamps (TCL 8W) were set equidis-
tantly under the sample platform. Figure 1B is an image of one coal particle taken in 
the normal daylight, and Fig. 1C is an image of the same coal particle taken in the 
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backlit system. It is obvious that the image taken in the backlit system can eliminate 
the shadow and the interior texture, which provide a good basis for extracting features 
accurately.  

 

Fig. 1. A – backlit system, B – image of one coal particle taken in normal daylight,  
C – image of the same coal particle taken in backlit system; 1 – closed box,  

2 – camera hole, 3 – sample platform, 4 – lights 

The pixel size of the captured image is 1024×768. The image from Fig. 2 (A) was 
used to measure the shooting coverage and the conversion ratio between pixel size and 
actual size. The shooting coverage is 366 mm×274.5 mm, and one pixel is approxi-
mately equal to 0.357 mm. When the coal particles are placed on the sample platform, 
they are carefully spread out, making certain that they are in the stable position and 
without touching or overlapping each other to insure the accurate edge extraction. 
Figure 2 (B) is a gray histogram of the image after removing the ruler seen in Fig. 2 
(A). The optimal threshold was determined manually as 50 for the twin-peaks method. 
Sometimes there will be several dirty spots or dust on the platform. In this case the 
area threshold will be used to remove these isolated micro-regions and filling proc-
esses will be used to fill the interior of particles completely. Through the above image 
processes, all our images can be segmented accurately, like in Fig. 2(C). In this part, 
some researchers used some methods to segment images, like filtering, dilating, erod-
ing, top-hat, bottom-hat and watershed and so on (Al-Thyabat et al., 2007; Banta et al., 
2003). Many morphological processes will cause an inaccurate outline of particles 
because the regions handled by structure elements chosen in these operations may be 
changed, especially during dilating and eroding processes. So, we used in our experi-
ments no touching particles and the simple but credible segmentation method to insure 
the experiment precision. 

Nine parameters were investigated. A sketch map of parameters which are easy to 
express were shown in Fig. 2(D): 
DA  – equivalent circle diameter: the circle area is equal to the target area, 
Dmax  – maximum size: the maximum distance between two pixels on the perimeter, 
Dmajor – major axis of equivalent ellipse: the length of the major axis of the ellipse 

that has the same normalized second central moments as the target region, 
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Dminor – minor axis of equivalent ellipse: the length of the minor axis of the ellipse 
that has the same normalized second central moments as the target region, 

Dmean1 – the average of dmajor and dminor, 
DF  – Ferret’s diameter: the mean value of distances cross the centroid between two 

parallel tangents which are on opposite sides of the target region in 0°, 45°, 
90° and 135°, 

DB  – the breadth of best-fit rectangle of target region. The method of best-fit rec-
tangle is a combination of the Ferret method and the least 2nd moments 
minimization, requiring only calculation of the three moments about the cen-
ter of gravity, and maximum and minimum co-ordinates in a co-ordinate sys-
tem oriented in the direction of the axis of the least 2nd moments, and a sim-
ple area ratio (Weixing, 2006), 

DL  – the length of best-fit rectangle of target region, 
Dmean2 – the average of dB and dL. 

     

   

Fig. 2. Image acquisition and processing: (A) coal particles image taken in the backlit system, (B) gray 
histogram of image after removing ruler in the image (A), (C) binary of image (B) processed by twin-
peaks method and removing isolated points, (D) sketch map of DA, DF, DB, DL, Dmax, Dmajor and Dminor 

In order to test and verify the accuracy of this image technique, the length and 
breadth of best-fit rectangle were used to carry out the comparison. A vernier caliper, 
minimum range of which is 0.02 mm, was used to measure the actual length and 
breadth of best-fit rectangle according to the rectangular position after image proc-
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esses, like Fig. 3A. Figures 3B and 3C show the actual measurement of breadth and 
length of one coal particle. Twelve coal particles, three in each size fraction, were 
chosen randomly to test and verify the accuracy using the above method, and the re-
sults were shown in Table 1. The average and variance of absolute value of errors 
were 0.23 mm and 0.03 mm2, respectively, indicating that the difference between ac-
tual size and estimated size is small. Furthermore, the T-test was used to verify 
whether the average error is zero. The significance level  is determined as 0.05. The 
T-value and p-value are 0.4934 and 0.6264, respectively, indicating that the average 
error can be considered as zero in the above significance level, that is, the errors’ fluc-
tuation is normal. All the results show that the accuracy of this image analysis is high 
and satisfied. 

 

Fig. 3. A. The best-fit rectangle of one coal particle, B. Measuring the actual breadth  
of this particle best-fit rectangle, C. Measuring actual length of this particle best-fit rectangle,  

according to the rectangular position of image A 

Table 1. Accuracy test of breadth and length of best-fit rectangle by image technique  
according to actual measurement by vernier caliper 

Length of best-fit rectangle, mm Breadth of best-fit rectangle, mm 
Num 

Actual Estimation Error Actual Estimation Error 

1 5.10 5.12 –0.02 3.30 3.59 –0.29 
2 5.26 5.06 0.2 3.16 3.36 –0.2 
3 4.56 4.32 0.24 4.08 3.95 0.13 
4 6.58 6.21 0.37 6.00 5.81 0.19 
5 10.36 9.95 0.41 8.04 7.88 0.16 
6 7.96 7.86 0.1 6.20 5.91 0.29 
7 14.02 14.09 –0.07 6.70 6.81 –0.11 
8 21.10 21.08 0.02 20.20 20.43 –0.23 
9 20.66 20.49 0.17 18.80 18.67 0.13 
10 28.54 28.53 0.01 24.40 23.78 0.62 
11 33.24 33.17 0.07 23.10 23.54 –0.44 
12 44.06 44.51 –0.45 33.30 33.89 –0.59 

Average of absolute  
value of errors, mm 

0.23 
Variance of absolute  
value of errors, mm2 

0.03 

t-value 0.4934 p-value 0.6264 
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Results and discussion 

Totally 467 coal particles in four size fractions were selected through strictly screen-
ing to compare the accuracy of the investigated nine parameters. The accuracy ratio of 
each parameter in each size fraction was calculated as follows: 

 
Correct number

Accuracy ratio 100%
Total number

  . (1) 

The results shown in Fig. 4 indicate that Dminor and DB were more suitable to repre-
sent the real particle size. The mean value of DB accuracy ratio is 86.43%, and the 
mean value of Dminor accuracy ratio is 85.39%. The others were no more than 70%. 

Particle is a 3-D object having length, width and thickness. Dminor and DB were like 
the width of particles. Width must be smaller than the length. Weixing (2006) indi-
cated that the particle width distribution curve is between the length and thickness 
curves. Authors verified this phenomenon previously. The real thicknesses of 496 
particles were calculated by their real mass, real density and projected area. The width 
is instead of the breadth of the best-fit rectangle because it is near the real width. Fig-
ure 5 shows the results of comparing the real thickness and the breadth of the best-fit 
rectangle, indicating most particles’ thickness are smaller than the width.  

In the process of on-line analysis, particles are constantly shaking on the belt, so 
most particles stand on the stable side, i.e. sit on the biggest bottom area of particle. Of 
course the collision between particles will also affect the particle standing way. In the 
laboratory, particles lie mostly on the biggest bottom area, so length and width of the 
projected area are almost bigger than particle thickness. Thus:  

 Thickness ≤ Width ≤ Length. 

When particles pass through a screen hole, according to the screening principle, 
there are two sizes smaller than the size of the screen hole. Therefore, the width of the 
particle determines whether this particle can pass through the screen hole. The values 
of Dminor and DB are near the width of particles, so they are accurate for the analysis. 

Conclusion 

A set of 496 particles was selected from four size fractions by accurate sieving to com-
pare the accuracy of representing the particle size by nine parameters. Results indi-
cated the Dminor and DB were the most suitable to represent the real particle size. The 
mean value of DB accuracy ratio was 86.43%, and the mean value of Dminor accuracy 
ratio was 85.39%. The mean values of others parameters were no greater than 70%. 
The representing analysis combined with screening principle was proposed to 
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Fig. 4. A comparison of the accuracy of nine parameters in each size fraction 

 

Fig. 5. Real thickness vs. breadth of the best-fit rectangle for the 496-particle sample 

explain the results. This research is instructive and meaningful for the size distribution 
estimation by a machine vision system, especially for the coarse coal particles, based 
on which the on-line analysis for size distribution can be improved. 
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Abstract: The article presents investigation on the grinding rate constant. A selection function was 
measured for different raw materials using a ball mill, and effects of the grinding ball diameter and feed 
particle sizes on the materials grinding rate constant were investigated. The study was conducted for the 
mill on a semi-technical scale. The process was carried out periodically using several sets of grinding 
media. Relations for all investigated materials were expressed by the modified Snow equation. 
Additionally, the descriptions of the grinding rate was examined. The tendency in the variation of the 
grinding rate constant with the particle size was similar for all materials used, and was independent of the 
ball diameter. The author used two selection functions derived theoretically by Tanaka.  

Keywords: ball mill, specific grinding rate,  contact points, size distribution 

Introduction 

The industry producing ceramic materials most often uses milling devices, operating 
principle of which is based on the energy of free grinding media in order to grind the 
feed. The simplest constructional solution is ball mill with steel or alubit grinding 
media. Material particles grinding in mills of this type takes place mainly between 
grinding elements and to a much lesser extent between grinding media and the internal 
surface of the drum. Ground material particles which are between moving surfaces of 
the adjacent balls (this movement can result from both progressive and rotary ball 
motion) are mainly abraded and sheared with a possibility of the crushing mechanism 
participation. With a cataract ball motion (very desirable in ball mills) there will also 
occur an impact mechanism of the balls falling down. The ball size and related to it 
their number also have effect on the contribution of grinding mechanisms. It is 
obvious that at the same volume of the bed of balls (and at the same time the degree of 

http://dx.doi.org/10.5277/ppmp130203 

http://www.minproc.pwr.wroc.pl/journal/


 T.P. Olejnik 408 

filling the drum with balls) the larger are the balls, the smaller will be the number of 
balls. Larger balls means larger mass of a single ball and higher forces of their mutual 
interaction. The smaller number of balls related to this means  smaller number of 
contact points, thus reducing mini-areas in which at any given time loads damaging 
the ground material particles may occur.  

Selection of balls diameter depends on the ground material strength as well as the 
diameter of raw material particles. Generally, for larger particles, which require higher 
forces to be damaged, larger balls should be used, while in the case of smaller particles 
(materials weak in strength) better results are obtained by increasing the number of 
balls’ contact points, i.e. by increasing their number at the expense of diameter.  

The simplicity of the mill construction is not accompanied by the effectiveness of 
the grinding process. The low efficiency of the grinding process, caused by the 
grinding media energy dissipation, forces process engineers to search for such a ball 
composition for which the decrease of the mean particle dimension is the fastest. This 
will provide an opportunity to use the operation time of the mill more efficiently. 

For many years, the grinding process in ball mills is the subject of statistical 
analyses and description of kinetics (Epstein 1948; Herbst and Fuerstenau 1968). 
During grinding in batch ball mills, the mass flow between the separate size classes is 
analyzed. The selection function, describing the probability of particle grinding, and 
grinding function, describing the size distribution of raw material ground particles, 
among others are used for the description of this phenomenon. The mentioned 
functions enable the description of mass balance for particle size classes by means of 
an expression (Gaudin and Meloy 1962; Reid 1965): 
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   ,      i = 1,2,…n, (1) 

where mi(t) is the mass of particle fractions from the size range i, Si is the selection 
function, bi,j is the rate in which the feed particles from the size range j become 
particles from the size range i, while t is grinding time. Additionally, it is assumed that 
in the case of the first size class (particles with the largest size), that is for i = 1, the 
rate of decreasing of this class can be described by the following first order equation: 
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1 1
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The form of the selection function S1 was determined and analyzed by many 
researchers for ball mills differing in construction, process and equipment conditions, 
including Kelsall et al. (1968), Austin et al. (1976), Kanda et al. (1978), Zhao and 
Jimbo (1988), Nomura et al. (1991) or Olejnik (2012). Despite this, the issues of 
efficiency and rate of the feed comminution process continue to arouse interest. Also 
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Obraniak and Gluba (2012) used the general form of equation (1) for the description 
of the granular material granulation rate. 

Equation (2) shows that the feed particles disappearance rate decreases. 
Disappearance in time of the largest feed particles m1(t) can be described by a 
dependence: 

 1
dR

K R
dt

   (3) 

where R is the mass of the feed contained in the largest size fraction, while K1 

corresponds to the constant value of the grinding rate (selection function S1) for the 
largest size fraction of particles.  

Aim of the study 

The author's earlier publications pointed to the dependence between the rate of 
grinding, the value of partition function and the selection function for batch grinding 
in a ball mill for variable process parameters. Studies were conducted in a limited 
range and the obtained results were encouraging enough to undertake further studies 
and analyses of the process kinetics, with particular emphasis on the rate of grinding 
the largest particle size fractions (Olejnik 2010, 2011). 

Experimental studies 

Three rock materials were used for the studies they were: granite, quartzite and 
graywacke. The value of the batch density and hardness according to the Mohs scale is 
included in Table 1.  

Table 1. Bulk density and mineral hardness 

Raw material Density, kg·m-3 Mohs hardness 

Granite 1402 6 

Quartzite 2315 7 

Greywacke 1267 5 

Mineral raw materials used in the studies were characterized by various of 
flexibilities and grindabilities initially were crushed to a give particle size in the range 
of 5÷8 mm. 

Granite is a solid, acidic magma-deep rock, medium or thickly-crystalline of 
overtly-crystalline structure distinguished by clear symmetry planes, usually in three 
orthogonal directions (Cappell and White 2001). The bulk density of granite was 
determined after a free drop and after 10 minutes of shaking of the measurement 
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sample. The bulk density was, equal to 1394 kg/m3 and 1410 kg/m3, respectively, and 
its average value was equal to 1402 kg/m3. 

Cambrian sedimentary quartzite was from the Swietokrzyskie Mountains. 
Majority of the sedimentary quartzite consisted of closely adherent particles bound by 
silica. Bulk density was, respectively, equal to 1236 kg/m3 and 1298 kg/m3, and its 
average value was equal to 1267 kg/m3.  

Greywacke is a sedimentary elastic multi-component rock rich in chippings of 
various finely crystalline rocks (above 25% of dendrite material). Granite is a lithic, 
acidic, magmatic-intrusive rock, medium or thickly crystalline rock of clearly 
crystalline structure displaying a visible joint in three perpendicular directions. 
Greywacke bulk density average value was equal to 1267 kg/m3.  

The comminution was conducted in a dry mode. The milling kinetics tests were 
carried out in a semi-technical mill. The internal diameter of the mill’s chamber was 
0.5 m, whereas its total capacity 0.112 m3. The mill’s rotational frequency was 
constant and amounted to 0.517 s–1, which constituted 54% of its critical rotational 
frequency. Filling of the mill (grinding media and feed) was determined for circa 35% 
of mill capacity. The process of milling was conducted in a periodical mode using 
balls of different diameters. Ball sets, differing in diameters, are presented in Table 2. 
Total mass of balls applied for milling was about 40 kg. Feed sampling was performed 
every 20 minutes, collecting mass of about 0.6 kg for the particle size analysis. The 
samples were subjected to a particle size analysis using a laser particle size analyzer 
Analysette 22 (FRITSCH). The analysis of the shape of particles and granulometric 
composition was carried out with the analyser AWK 3D made by Kamika 
Instruments. The results of analyses allowed to determine the granulometric 
composition of the milled material in particular moments of comminution. The 
particles’ shape was determined using the classification according to Zingg (1935). 

Table 2. Ball specification for particular compositions 

Series A B C D 

Ball diameter, mm Ball mass, kg  

10 – 6  1 – 

20 – 12.3 12.5 11 

30 – 12.3  12.5 15 

40 – 10 15 15 

60  40  – – – 

Sum 40 40.6 41 41 

Results and discussion 

In diagrams (Figs 1–4), a dependence between the mass of the fraction of the feed, 
found on a sieve with the largest size of 3 mm and grinding time for four measurement 
series, differing in ball composition, is presented. They show almost a linear 
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dependence in a semi-logarithmic system between the particle composition with the 
largest size class and grinding time. Therefore, it is possible to determine constant K1 

from Eq. 3. The course of curves variation points to the influence of K1 value on the 
percentage of the feed particles in the largest size fraction. Austin et al. (1976) and 
Zaho and Jimbo (1988) proposed the following equation to express the relationship 
between the change in K1 = S1 and the size of the feed particles: 

  
 

1

ln

ln

f
f f

x
S ax Q z ax Q  



 
  
 
 

 (4) 

where a and α are constants. Q(z) is a Gaussian distribution function, xf describes the 
value of the feed particles size while z is a dimensionless parameter. The feed particles 
size for Q(z) = 0.5 was labeled with μ, while ln σ determines the standard deviation. 
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Fig. 1. Dependence between mass of the largest feed particle fraction 
 and grinding time. Ball composition A 

From the studies of Austin et al. (1976) and Zhao and Jimbo (1988) it resulted that 
dependence (4) can be used for describing grinding of very fine particles. For big 
particles (Eq. 4) was not applicable. Snow (1973) citing data of Kelsall et al. (1968) 
proposed that the dependence between S1 and the feed size can be described by Eq. (5) 

 1 expf f

m m m

x xS

S x x


   

    
   

  (5) 

where xm is the feed size, at which S1 reaches the maximum value of Sm. 
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Using the concept of Austin et al. (1976) and assuming that for the feed, equality 
holds between the constant of grinding, determined from equation Eq. 3, and S1 for 
each composition of balls and ground raw materials, the constant of grinding rate was 
determined.  
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Fig. 2. Dependence between mass of the largest feed particle fraction  
and grinding time. Ball composition B 
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Fig. 3. Dependence between mass of the largest feed particle fraction  
and grinding time. Ball composition C 

Figure 5 contains a dependence between the constant of grinding rate K1 and the 
feed granulometric composition xf for grinding of quartzite. The diagram was drawn in 
the logarithmic form. Different compositions of grinding media were the parameter. 
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Fig. 4. Correlation between weight of feed particles largest fraction  
and grinding time. Balls composition D 

The feed granulometric composition was determined in terms of weight for 
separate size fractions after 30 minutes of grinding. A significant effect of the grinding 
media size on the value of the grinding constant K1 can be observed for particles above 
2 mm.  
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Fig. 5. Change of grinding constant value K1, with feed granulometric composition  
after 30 minutes of grinding of quartzite for four ball sets 
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Fig. 6. Change of grinding constant value K1 and feed granulometric composition  
after 30 minutes of grinding for sgreywacke for four ball sets 
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Fig. 7. Change of grinding constant value K1 and feed granulometric composition  
after 30 minutes of grinding of granite for four ball sets 

Analysing the course of constant K1 variability presented in Figs 5–7 it can be 
stated that they are similar in nature to the three investigated materials. 
Simultaneously, the course of the dimensionless parameter K1/Km value variability 
presented in Figs 8–10 for the dimensionless feed particle xf/xm is arranged along 
straight lines, while the grinding media diameter had no significant effect on its value. 
A possible explanation of this intriguing fact can be that in the first grinding stage, the 
grinding rate depended on the grinding medium diameter determining mechanisms 
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playing a key role in grinding of the feed particles with the largest size (Notake et al. 
2002). 
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Fig. 8. Change of dimensionless constant of grinding K1/Km for quartzite 
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Fig. 9. Change of dimensionless constant of grinding K1/Km for greywacke 

Figure 11 shows a graphical dependence between the mean particle dimension for 
the largest size fraction xm, and the equivalent diameter of grinding media dB, 
calculated for each ball set for the three ground materials. The nature of the course of 
the correlation curves for granite and greywacke is different from the course of the 
correlation curve for quartzite. Different nature of the course of curves is caused by 
different morphological structures of raw materials. Quartzite is the material with 
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almost perfect elastic properties while greywacke and granite are structures with 
granular structure, characterized by significant grindability. 
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Fig. 10. Change of dimensionless constant of grinding K1/Km for granite 

Correlation curves, dependencies of the optimum composition of the feed xm and 
diameters of grinding media dB, are described by equations 6-8: 

   0.14561.7169m B Bx d d  (quartzite) (6) 

   0.530417.267m B Bx d d   (greywacke) (7) 

  (granite). (8)   0.822228.983m B Bx d d 

For the investigated range of ball compositions, in two cases, there is a negative 
correlation between the ball size and the size of dominating particles contained in the 
feed. This concerns greywacke and granite. It is assumed that in the considered range 
of the grinding media variability, for the largest particles of the feed, the relationship 
between the size and number of balls decides about grinding rate. For grinding media 
large in size, there is more energy which is used for damaging the internal structure of 
particles. In the case of raw materials with very heterogeneous particle morphology, 
also the number of contact points of grinding media with the feed is important. There 
the ball compositions are differentiated, and with such conditions we had to do in the 
case of the conducted studies, then with maintaining a constant total mass of grinding 
media with simultaneous reduction of their size, there is an increase in the probability 
of finding a particle in the grinding medium impact area. Therefore, for greywacke 
and granite, grinding media smaller in size enable grinding the feed particles larger in 
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size. Also abrasive interactions, not only impact interactions, of grinding media decide 
about the grinding kinetics (constant K1). 
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Fig. 11. Correlation between optimum feed size xm and ball diameter dB 

For quartzite, which is characterised by a high elasticity, the feed particles larger in 
size must be ground by grinding media larger in size. The direct impact interactions of 
grinding media decide about rate of the feed grinding K1. The larger the size, the more 
energy necessary for damaging the regular quartzite structure. This correlation is 
consistent with the literature data by Zhao and Jimbo (1988). 

Conclusions 

The article discusses the results of batch grinding in a ball mill of rock materials such 
as quartzite, greywacke and granite, and the effect of grinding media composition on 
the grinding rate constant value (selection function) of the feed particles. Among 
conclusions concerning the scope of the study, the following should be enumerated:  
1. The change in dimensionless parameter describing the grinding rate constant 

K1/Km, depending on the feed particle size, is independent of the size of grinding  
media.  

2. There are correlations between the optimum feed particle xm and grinding media 
size as well as between the largest value of the grinding rate constant K1 and size 
composition of balls for the three investigated rock materials.  

3. The number of contact points, apart from the grinding media size, decides about 
the grinding rate. 
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Abstract: Iron ores located in the Alswaween area (Saudi Arabia) are of finely disseminated nature. They 
require ultrafine grinding for considerable degree of liberation. In this paper, different upgrading tech-
niques were tried for their processing. The applied upgrading techniques included selective flocculation 
and column flotation as recent efficient technologies in fines upgrading. Each technique was investigated 
and optimized separately. Results showed that neither selective flocculation nor column flotation can be 
successfully used alone to produce high quality iron concentrate especially when using iron ore of size 
fraction 100% -0.075 mm. The best quality concentrate was found to have 55% Fe and 57% Fe when 
applying selective flocculation and column flotation, respectively at their optimum operating conditions. 
Meanwhile, the previously obtained results can be significantly improved when grinding the ore below 45 
µm and applying selective flocculation as cleaning step for the concentrate obtained from the column 
flotation. Thus, it is possible to obtain concentrate having iron content of 63.55% Fe with 52.3% yield, 
which means an iron recovery in concentrate of ~80%. 

Keywords: iron ore fines, flocculation, column flotation, selectivity, dissemination, starch  

Introduction 

Iron and its products as steel and cast iron are key players in many industries. The 
main supply of iron and its products are ores with minor recycled amounts. Conse-
quently, research concerned with the different possible processing techniques of run-
of-mine iron ores and iron tailings is in progress (Pradip, 1994; Stephen and Misty 
2007; Royand and Das, 2008). Furthermore, the increasing market pressure for im-
proved quality has forced iron concentrate producers to re-examine their process flow-
sheets and evaluate alternate or supplemental processing routes. For example, the re-
quirement for higher quality pellets imposes that the silica content should be lowered 

http://dx.doi.org/10.5277/ppmp130204 
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to levels ranging from 2.0% SiO2 to below 1.0% SiO2 (Elmidany and Ahmed, 2008). 
Thus, it can be said that although there are many typical techniques for upgrading of 
iron ores (Colombo, 1986; Luo et al., 2005; Elmidany and Ahmed, 2008), the previ-
ously mentioned restricted industrial specifications coupled with the depletion of the 
high-grade ores make it difficult to select suitable upgrading flowsheets. This can be 
considered as a challenge, knowing that the techniques applied for successful process-
ing of ultra-fine low grade iron ores are limited and require sharp operating conditions 
(Weissenborn et al., 1994a, 1994b; Ahmed et al., 2007). This challenge is typical in 
Saudi Arabia. There exist huge reserves of iron ore in the Alsawaween area. The valu-
able minerals are highly disseminated in the associated gangues. To liberate both 
components from each other it requires ultrafine grinding. The finely ground ores are 
usually difficult-to- process with classical upgrading technologies (Stephen and Misty 
2007;  Royand and Das, 2008). As a result this work aims at applying recent upgrad-
ing technologies like selective flocculation and/or column flotation to recover the iron 
bearing minerals from the gangue minerals of the Alswaween area ore. Selective floc-
culation and column flotation are considered for that ore because they are among the 
most efficient techniques applied for treatment and separation of valuable minerals 
from their associated gangues at high degree of fineness (Iwasaki and Lipp, 1982; Rao 
et al., 1985; Arol and Iwasaki, 2003; Ahmed et al., 2007). During testing of the ore 
using such techniques to upgrade the ore, different operating parameters will be inves-
tigated. This includes investigating the pH, dose of dispersant (sodium silicate) in 
addition to the dose and type of flocculant (starch) as parameters affecting selective 
flocculation technique. On the other hand, parameters considered in studying the col-
umn flotation for the same purpose will include collector dose and flotation pH. As 
a final step in the study, a set of experiments will be implemented to answer the ques-
tion what will be the effect of the two techniques, that is column flotation and selec-
tive flocculation, if they do exist at the same iron processing flowsheet?     

Experimental 

Iron ore sample preparation  

A Saudi iron ore sample from the Alswaween area was selected for this study. The 
sample was subjected to primary and secondary crushing using jaw and roll crushers, 
respectively. The secondary crushed product was further ground in a ball mill working 
in a closed circuit with a 5 cm diameter cyclone rig. The cyclone operating conditions 
were adjusted to make cut off at 0.075 mm or 0.045 mm size fraction. The purpose of 
the ball mill close circuit was to yield a 100% -0.075 or 100 % -0.045 mm product that 
will be considered as a feed for a series of selective flocculation and column flotation 
laboratory tests. The uppermost liberated sample (100% -45 µm) was upgraded using 
a sequence of column flotation followed by selective flocculation, applying the prede-
termined optimum conditions for each of them i.e. when using the 100% -75µm feed, 
to improve the process recovery, and thus its economics. 
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Characterization of the iron ore and its concentrates  

The considered iron ore sample was physically and chemically characterized. Physical 
characterization of the sample was conducted by size analyses and petrographic mi-
croscope studies in addition to XRD testing to identify the mineralogical distribution 
and nature of dissemination among the valuable minerals and their associated gangues. 
However, mineralogical composition of the sample was conducted by X-ray diffrac-
tion patterns of the specimen, using X-ray Philips -PW 1010 diffractometer operated 
with a cobalt radiation target having Fe-filter at 30 kV and 20 mA. During the investi-
gation, characterization was implemented by a routine chemical analysis. In this 
analysis, Fe was determined using standard method of sample fusion and dissolution 
(Ahmed et al., 2007).   

Selective flocculation tests 

In this series of tests, the procedure adopted by Ahmed and his coworkers (2007) was 
strictly followed. In this procedure, sample dispersibility in aqueous solution was con-
sidered as a prerequisite for flocculation.  As a result the optimum pH and sodium 
silicate dosage for highest dispersibility was first investigated. In this series, samples 
(100% -0.075 mm) were agitated in distilled water for 5 min at 1500 rpm in a 2-dm3 
container (at 0.5 % solid) with the required dosage of sodium silicate at the desired pH 
(HCl and NaOH as pH regulators). The sample was allowed to settle freely in a 0.5-
dm3  cylinder for 3 minutes. The mass settled after 3 min was then determined. The 
percent dispersion was calculated by expressing the mass still dispersed after three 
minutes as mass percent compared to the sample total mass (Ahmed et al., 2007). Af-
ter determining the optimum dispersion conditions different series of selective floccu-
lation tests were carried out. The series was designed to study effect of starch type and 
dosage. Different types of starches (potato, corn, wheat, and dextrin) were used as 
natural polymers. They were freshly prepared as 1% solutions in an alkaline media. 
A 1% starch solution was prepared by dissolving 1 g of starch and 0.5 g of sodium 
hydroxide to a volume of 100 cm3 of distilled water. The resultant solution was heated 
to 84 oC and then rapidly cooled to room temperature using ice. The heating and cool-
ing of the solution was carried out within five minutes. In each series the dispersed 
sample was transferred to a 38 cm in length and 4.7 cm in diameter glass cylinder 
fitted with side outlets at 4 cm and 11 cm from the bottom. The required dose of floc-
culants was added from a slow running pipette for further one min. The set-up was 
inverted 10 times at 180 and then left to settle for 3 min. The non-flocculated fraction 
(tailing) was withdrawn through the side outlets. Both the flocculated (concentrates) 
and non-flocculated fractions (tailings) were separately collected, dried, weighed and 
subjected to necessary chemical analyses as previously mentioned. 
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Column flotation of iron samples 

The column flotation setup used in this study is shown in Fig. 1. For each test, 3 kg of 
the ground iron ore (100% -0.075 mm feed) was conditioned (for 2 min) in 45-dm3 
tank at 60% solids at alkaline pH for depressing gangue bearing minerals using 
0.3 g/Mg sodium silicate. Later on, the pulp was further conditioned for 4 minutes 
with the targeted dosage of collector. The conditioned pulp was then diluted to 10% 
solids by weight and the required dose of frother was added. The slurry was next fed 
into the column by pumping until the pulp level reached a defined fixed height where 
the rest of the column height was assigned for the mineralized froth. In the whole se-
ries of tests, the froth height was kept at approximately 0.25 m. As a result slurry 
pumping rates as a feed to the column were calibrated to keep constant level allowing 
froth to form above this level. Air was introduced to the column for 10 minutes. Con-
centrate was collected and the slurry left in the column and tanks were collected as 
flotation tailing. Flotation and conditioning parameters (Table 1) were held constant 
throughout the test unless otherwise stated. Chemicals used in flotation tests were 
oleic acid as iron collector, sodium silicate as silica depressor, and MIBC as frother. 
All these chemicals were of reagent grade. 

Table 1. Parameters of Alswaween iron ore flotation using column flotation  

Conditioning* Flotation* 

Parameter value Parameter value 

Solids % 60% Solids % 10% 

Time (minutes) 4 Flotation time (minutes) 10 

pH 11 Wash water 0.2 dm3/min , (0.019 cm/s) 

Impeller speed (RPM) 1200 Collector 
Oleic acid dosage  

(variable) 

Solids charge (g) 3000 Froth height (mm) 250 

Water type Tap water Frother dosage (MIBC) (g/Mg) 0.2 

*Operating conditions were selected according to previous studies (Flint et al., 1992; Bhaskar et al., 1993) 
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Reagentizing  
tank 

Fig. 1. Experimental setup for column flotation of the tested iron ore 

Results and discussion 

Sample characterization  

Complete chemical analyses of the original iron sample indicate that the sample con-
tains 41.58% Fe. The sample was high in SiO2 and CaO contents (29% and 4.2%, 
respectively, Table 2). The contents of MgO, MnO, K2O, Na2O, Cl, ZnO, TiO2, P and 
Al2O3 were minor. On the other hand, the XRD pattern shows that the iron bearing 
minerals are mainly hematite and magnetite while the main gangue minerals in the 
sample are quartz and calcite (Fig. 2). 

Table 2. Complete chemical analyses of the original investigated iron sample 

Constituent Fet SiO2 Al2O3 CaO MgO Mn TiO2 

 41.58 29.1 1.5 4.2 1.5 0.07 0.15 

Constituent S P K2O Na2O V2O5 ZnO  

 0.11 0.31 0.016 0.021 0.002 0.005  
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Fig. 2. XRD pattern of the “as received” powdered iron sample 

Microscopic liberation analysis (Fig. 3) of the ore shows that in the coarser size 
fractions percentage of interlocking is very high where the percentage of free iron 
minerals in the first coarse fractions is less than 35%. However, complex interlocking  
 

 

Fig. 3. Liberation pattern of iron minerals in the considered ore 
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and disseminated nature of the ore can be seen as below 87% of the iron bearing min-
erals can be liberated below the 45 μm size. Achieving high purity concentrate in ben-
eficiation of this ore is probably quite difficult due to the complexity of interlocking. 
Proper comminution is required to break the interlocking and attain good liberation in 
this case. 

Iron upgrading applying selective flocculation 

 Dispersibility tests 

Figures 4a and 4b show the effect of pH and sodium silicate dosage on iron dispersi-
bility. Figure 4a indicates that an improvement of the ore dispersibility can be ob-
tained by increasing the pH. The phenomenon can be fitted with a polynomial curve 
with a correlation coefficient of 0.99. This indicates that the iron dispersibility is di-
rectly proportional to the pulp pH with a plateau reached at pH of 10.5−11. On the 
other hand, at this ideal pH (10.5), an increasing the dose of sodium silicate improves 
the dispersibility for the whole-investigated pH range (Fig. 4b). Thus, from both Fig-
ures 4a and 4b, it can be concluded that the optimum dispersibility conditions are at 
pH 10.5 and sodium silicate dose of 1 kg/Mg.  

a)     

b)  

Fig. 4. Effect of pH and sodium silicate on iron ore dispersibility a) effect of pH  
at sodium silicate dosage of 1 kg/Mg, b) effect of sodium silicate dosage,  

at pH = 10.5 used feed in both series is 100% – 0.075 mm 
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Selective flocculation optimization 

Effect of flocculant type 

Basing on the results presented in Figure 4, several preliminary flocculation tests, 
using different types of starches as flocculants, were conducted. The operating condi-
tions applied in this series were as follows: pH 10.5, 1 kg/Mg sodium silicate, solid 
percent 5%, flocculant dose of 1.0 kg/Mg and iron feed size is 100% -0.075 mm. The 
results of this series show that the different used flocculants return different responses 
and potato starch provides the best results among the group in reference to the concen-
trate yield and iron assay and hence the iron recovered in the concentrate fraction (Fig. 
5). The iron concentrate obtained when using potato starch was containing ~55% Fe 
with iron recovery approaching 80% while all other starches returned worse responses. 
It can be seen that the obtained results are supported with literature interpretations 
(Subramanian and Natarajan, 1991; Weissenborn et al., 1994 b; Panda et al., 2011), 
where adsorption of potato starch on the surface of the iron bearing minerals is higher 
compared to that of other starches at the conditions under investigation.  

 

Fig. 5. Effect of starch type on the selective flocculation of iron ore  
(feed size 100% – 0.075 mm, pH = 10.5, sodium silicate dose 1 kg/Mg,  

flocculation solid percent 5%; and starch dose 1.0 kg/Mg)  

Effect of flocculant dose 

The hitherto results concluded the preference of potato starch in selective flocculation 
of the iron sample under investigation. As a result optimization of the potato starch 
dosage was implemented. Results of such tests are shown in Figure 5. It can be seen 
that the most pure iron concentrate can be attained at the dosage of potato starch of 1 
kg/Mg. This concentrate has iron content approaching 55% Fe with iron recovery of 
approximately 80%. However, potato starch doses higher than 1 kg/Mg hampers the 
process selectivity (Table 6). This may be attributed to liberation considerations. 



 Processing of iron ore fines from Alswaween, Kingdom of Saudi Arabia 427 

 

Fig. 6. Effect of potato starch flocculant dose on selective flocculation of iron ore  
(feed size, 100% – 0.075 mm, pH = 10.5, sodium silicate dose 1 kg/Mg,  

and flocculation S/L ratio = 5)  

Column flotation of iron ores 

Optimization of selective flocculation, as a technique for processing of the investi-
gated iron ore, lead to the conclusion that it is not possible to obtain iron concentrates 
of commercial applications. Therefore, the column flotation was adopted as an alterna-
tive for selective flocculation. The technique will be investigated regarding the pH 
values suitable for iron flotation from their gangues besides the most suitable amount 
of oleic acid collector that should be used.  

 

Fig. 7. Effect of flotation pH on the column flotation response of iron ore (feed size,  
100% – 0.075 mm, oleic acid collector dosage = 0.5 kg/Mg, MIBC frother dosage 0.2 kg/Mg,  

sodium silicate dose as depressant 0.3 kg/Mg, and flotation solid percent 10%)  
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Effect of flotation pH 

The quality and quantity of the iron concentrate obtained when it is floated using oleic 
acid as collector applying column flotation technique varies with changing flotation 
pH. In the case of the investigated iron ore, the results show that pH 6 represents the 
optimum pH (Fig. 7). This is because at this pH the cleanest concentrate was attained.  
At pH values higher or lower than 6 the iron concentrate obtained have neither good 
assays nor high recoveries. As a result in the subsequent study pH value of 6 will be 
considered. In fact this may be attributed to the adsorption of oleic acid collector on 
the surface of the iron bearing minerals (Flint et al., 1992; Bhaskar et al., 1993; 
Xinghua et al., 2012).   

Effect of collector dose 

Considering the results shown in Figure 7, further tests were implemented for the pur-
pose of knowing the most suitable dosage of oleic acid as a collector. Results obtained 
from this series are presented in Figure 8. It clearly shows that the most clean iron 
concentrate can be achieved at collector dosage of 1.2 kg/Mg. At this collector dosage 
a concentrate having iron assay of ~57 % Fe with a recovery of approximately 86% 
which is much better compared to the purest concentrate achieved in the case of selec-
tive flocculation. In spite of the preference of the results obtained when applying the 
column flotation technique, yet still the obtained concentrate is beyond the commer-
cial application for pellets production. To solve this problem further improvement will 
be tried by further grinding of the ore for achieving higher degree of liberation.  

 

Fig. 8. Effect of oleic acid collector dosage on the column flotation response of iron ore  
(feed size, 100% – 0.075 mm, pH = 6, MIBC frother dosage 0.2 kg/Mg, sodium silicate dose  

as depressant 0.3 kg/Mg, and flotation solid percent 10%)  
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Process further improvement 

From the hitherto discussed results, it is obvious that the maximum grade that can be 
achieved using either selective flocculation or column flotation alone is low i.e. 55% 
Fe and 57% respectively at the optimum conditions. Even when the floated concen-
trate was cleaned by selective flocculation, the concentrate quality is still low (Fe% = 
58.9%). This is mainly attributed to the low degree of liberation of the considered iron 
ore. Thus seeking for a higher degree of liberation, the ore was further ground to 100% 
-45 µm as previously mentioned in the experimental section. Table 3 shows different 
tests applied for the iron ore sample considered previously obtained results and opti-
mum conditions. 

Table 3. Different tests implemented for improvement of iron concentrate specifications 
 to meet commercial applications 

Obtained iron concentrate 
Test # Technique Operating conditions 

Yield, % Fe, % Fe recovery, % 

1 Column flotation  
followed by selective 

flocculation 

–0.075 feed at previously  
determined optimum conditions

56.3 58.90 79.75 

2 Selective flocculation 
alone 

–0.045 feed at previously  
determined optimum conditions

61.3 55.89 82.40 

3 Column flotation alone –0.045 feed at previously  
determined optimum conditions

62.7 57.83 87.20 

4 Column flotation  
followed by selective 

flocculation 

–0.045 feed at previously  
determined optimum conditions

52.3 63.55 79.93 

Conclusions 

The results of this investigation clearly established that effective separation of iron ore 
concentrate from finely disseminated iron ore sample of Alswaween area in Saudia 
Arabia by column flotation and selective flocculation is possible. The effectiveness of 
separation is greatly influenced by the feed particle size and pH (in both techniques), 
type of flocculant (in flocculation), collector dosage (in flotation). The separation effi-
ciency is better in case of fine particle size because of liberation considerations of the 
iron particles from the associated gangues. The results of the investigations showed 
that it is possible to obtain concentrate having iron content of 63.55% Fe with 52.3% 
yield, which correspond to an iron recovery in concentrate of ~80% when grinding the 
ore to below 45 µm and applying selective flocculation for the column flotation con-
centrate. This product can be utilized in the steel plant as a sinter feed material.  
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HYDROMETALLURGICAL PROCESSING  
OF EGYPTIAN BAUXITE 
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Abstract: A bauxite ore from Um Bogma, Southwestern Sinai, Egypt was mineralogically characterized. 
It contains 70% gibbsite, 13.2% quartz and 11.0% kaolinite. Beneficiation of the ore reduced the quartz 
content to 2.4%. Hydrometallurgical processing of the beneficiated gibbsitic bauxite was performed by 
hot leaching with sodium carbonate and lime in an attritor. Aluminium was converted to soluble sodium 
aluminate low in SiO2 (<0.1%) and the recovery was over 95% for a short leaching duration of 30 min-
utes at 90 °C. The residue was essentially composed of calcium silicate.  

Keywords: processing, bauxite, Egypt 

Introduction 

Bauxite is a chief raw material for aluminum and at present 95% of primary aluminum 
is produced from this ore. In the last two decades, the discovery of bauxite in Austra-
lia, Guinea and Brazil has changed the world bauxite distribution map very signifi-
cantly. In NE-Africa (Egypt), bauxite laterites are preserved in relictic weathering 
crusts on the variety of Precambrian basement rocks, as well as on Cretaceous vol-
canic, and sedimentary type kaolin main periods of lateritic weathering occurred dur-
ing Early Paleozoic and middle to late Cretaceous times (Andeev et al., 1972). 

The Paleozoic and Cretaceous bauxite laterites have in common a complex polys-
tage chemical evolution which comprises either secondary resilication of bauxites or 
desilication of kaolins. In both cases, the products result in comparably low bauxites 
or alumina grades. The potential of NE-Africa to supply high-grade bauxites was fur-
ther reduced due to repeated tectonically induced erosion. 

Indigenous non-bauxite materials for alumina production include clays and 
nepheline syentie, Clays with more than 35% Al2O3 are reported to occur in Sinai and 
Aswan and the estimated reserves are around 35 Tg (million tons). This material is 
technically suitable for alumina production by sintering as well as acid leaching proc-
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esses. Of these, the lime sintering and the nitric acid leaching processes (Scotford and 
Glastonbory, 1972; Liu et al. 2008) seem to be the most attractive routes. Nepheline 
syenite with 20% Al2O3 and 14% alkali oxides is present in various localities in the 
Eastern Desert. The estimated reserves is about 25 Tg. These ores are also amenable to 
processing by lime sintering. However, the alumina production economics have 
showed that neither of these raw materials would be able to compete with bauxite. 
This is due to the high investment cost required for their processing which is from 1.5 
to 2-fold higher than the conventional Bayer process. 

Said et al. (1976) were the first to report the presence of bauxitic material in Egypt 
in various localities in the Eastern Desert in the weathered crust covering the Nubia 
complex effusive. Germann et al. (1987) and Fisher et al. (1991) have indicated the 
possibility of bauxitisation in the southern part of Egypt (south of Kalabsha) and 
Northern Sudan. Further work was carried out by Segev (1984) on gibbsite minerali-
zation in SW-Sinai. 

Among many methods of bauxite processing alkali digestion with NaOH (Cregledi 
et al., 1981 and Zhao et al. 2010) and acid digestion with HCl have found wider appli-
cation (Smith, 2009).  

The present study deals with mineralogy, beneficiation and hydrometallurgical 
processing of the Egyptian bauxite deposit. Leaching with sodium carbonate and lime 
was used in the investigations.  

Experimental 

Materials and Apparatus 

The bauxite sample was obtained from the Um Bogma deposits (Table 1). Pure so-
dium carbonate and lime were used as leaching and desilication agents, respectively. 

Table 1. Chemical analysis of buxite 

Component % 

Al2O3 
H2O 
SiO2 
CaO 

Fe2O3 
MnO2 
MgO 

50.17 
27.80 
18.22 
1.50 
0.32 
0.21 
0.12 

Leaching experiments were carried out in an attritor – a reactor equipped with high 
speed stirrer and small balls (Fig.1). The attritor was heated by a thermostatically con-
trolled heating mantle and agitation of the reaction mixture was done mechanically. 
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Fig. 1. Sketch of the attritor 

Technique of work 

Gibbsite and kaolinite were separated from detrital quartz by first pulverizing in a ball 
mill and then screening through a 63 micron screen. The fines were repulped in water, 
dispersed thoroughly and then allowed to settle. The suspended fraction was decanted 
and dried. This fraction contained only 2.4% quartz indicating removal of about 82% 
quartz. 

Calculated amounts of sodium carbonate solution and lime were added in the attri-
tor and heated up. The amount of lime was adjusted to be in stoichiometric proportion 
to the silica present in the bauxite. On attaining the required temperature calculated 
amount of bauxite was added under agitation. Samples were withdrawn periodically 
for analysis of aluminum and silicon in the leach liquor. 

Results and discussion 

Mineralogy 

X-Ray diffraction study  

X-ray diffraction analysis of the bauxite sample (Fig. 2) revealed the presence of gibb-
site (Al2O3·3H2O), kaolinite (Al2O3·2SiO2·2H2O) and goethite (FeO·OH). 
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Fig. 2. X-ray diffraction pattern of Um Bogma bauxite  
sample using filtered Co Ka radiation.  

Gi: gibbsite, Q: quartz, K: Kaolinite, Go: Geothite 

Diffraction thermal analysis 

From the differential thermal analysis of the bauxite sample (Fig. 3) the following 
observations are made.  

(i) A small endothermic peak occurs at about 90 ºC due to the loss of surface ad-
sorbed water. 

(ii) A large endothermic peak is formed at a temperature of about 320 ºC due to the 
loss of interlayer OH of water which is associated with a significant weight loss 
of about 17.6 to 21.1% with an average of 19.35%. This peak is characteristic of 
gibbsite mineral (Belyaev et al., 1964; Cregledi et al., 1981; Kuznetsova et al., 
1964). 

(iii) A small endothermic peak is seen at a temperature of 550 ºC due to dehydration 
of kaolinite. The temperature is influenced by the degree of crystallinity of kao-
linitic material. 

(iv) The re-occurrence, of an endothermic DTA peak at about 950 ºC is seen as the 
structural peak attributable to the formation of gamma-alumina and tridymite. The 
complete mineralogical analysis of the bauxite sample is given in Table 2. 

Table 2. Mineralogical analysis of studied bauxite sample  

Mineral capacity, % 
Gibbsite, Al2O3·3H2O 

Quartz, SiO2 
Kaolinite, Al2O3·2SiO2·2H2O 

Gypsum, CaSO4·2H2O 
Geothite, FeO·OH 

70.1 
13.2 
11.0 
3.1 
1.5 
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Fig. 3. Derivatogram of representative bauxite sample 

Hydrometallurgical processing 

The main parameters affecting the efficiency of the leaching process were systemati-
cally studied. 

Effect of temperature and time 

Figure 4 shows the effect of temperature (50–90 ºC) and time (30–120 min) on the 
leaching behavior of gibbsitic bauxite. The experiments were carried out using 0.3 M 
sodium carbonate solution and lime to correspond to CaO/SiO2 ratio of 2.0 at solid 
content around 30%. Aluminum recovery increases with increasing temperature from 
50 ºC MP to 90 ºC and time. The optimum Al recovery was >95% for leaching condi-
tion of 90 ºC and 30 min.  

Further increase in the leaching time to 40 min had no significant effect on the Al 
recovery. 

 
Fig. 4. Effect of temperature on the extraction of aluminum 
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Effect of sodium carbonate concentration  

Figure 5 shows effect of sodium carbonate concentration (0.1–0.9 M) on the Al recov-
ery. Leaching was done under the optimized conditions. It is seen that Al recovery 
increases with increasing sodium carbonate concentration up to 0.3 M. Further in-
crease in the carbonate concentration did not improve the recovery. 

 

Fig. 5. Effect of sodium hydroxide concentration on the extraction of aluminum 

 

Effect of CaO/SiO2 mole ratio 

Figure 6 shows the effect of CaO/SiO2 mole ratio under the optimum leaching con-
ditions. It is noticed that there is a direct proportionality between the aluminum recov-
ery and the CaO/SiO2 ratio in the mole ratio range of 0.5 to 2.0. The optimum Al re-
covery achieved was 92% at the CaO/SiO2 ratio of 2.0. An increase in the CaO/SiO2 
ratio beyond 2.0 led to a significant decrease in the Al recovery, essentially due to the 
formation of sodium calcium aluminum silicate by the reaction of calcium silicate and 
sodium aluminate. 

 

 

Fig. 6. Effect of ratio of CaO/SiO2 on Al recovery 
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Table 3. Chemical analysis of leach liquor 

Component % 

Al2O3 
Na2O 
SiO2 

Caustic molar ratio* 
Alumina/Caustic ratio, A/C** 

Density. g/ml 

10.010 
11.190 
0.096 
1.839 
0.520 
1.269 

* Caustic ratio = (Na2O, g/dm3 X 102) / (Al2O3, g/dm3 X 62) 
** A/C = (Al2O3, g/dm3) (Na2O, g/dm3), (Na2O expressed as Na2CO3) 

Desilication 

The sodium aluminate leach liquor analyzed less than 0.1% silica (Table 3). This is 
due to the very low reaction rate of silica with sodium carbonate at the leaching tem-
perature (90 ºC) 12. Thus, there is no need for a desilication step in the further process-
ing of the leach liquor to produce alumina. 

Kinetic aspect  

The chemical reactions of gibbsite with sodium carbonate and lime are given bellows: 

  Na2CO3 + Ca(OH)2 → 2NaOH + CaCO3 (1) 

  Al2O3·3H2O + 2NaOH → 2NaAlO2 + 4H2O. (2) 

Silica reacts with sodium hydroxide to from sodium silicate, which then reacts with 
calcium carbonate to form calcium silicate: 

  SiO2 + 2NaOH → Na2SiO3 + H2O (3) 

  Na2SiO3 + CaCO3 → CaSiO3 + Na2CO3. (4) 

The leaching rate does not increase linearly with the concentration of sodium car-
bonate above 0.3 M. The rate seems to be limited by the concentration of hydroxide 
adsorbed on the surface of bauxite. If bauxite reacts with hydroxides already adsorbed 
on the surface of the bauxite, then the rate of reaction at the surface of sphere of radius 
r may be expressed as: 

 
2 3

2
Na CO4

dn
r kC

dt
   (3) 

where n is the number of bauxite moles in the particle at time t, k is the surface react-
ing rate constant (taking into account the shape factor and surface roughness), r is the 
radius of the unreacted core of the particle and CNa2CO3 is the concentration of hydrox-
ides adsorbed on the surface of the bauxite (mole/unit area). 
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First-order dependence on CNa2CO3 was assumed in Eq. (3). The adsorption of hy-
droxide takes place faster than the leaching rate and the concentration of CNa2CO3 is 
much higher than stoichiometry required. Eq. (3) can be integrated to give 

 1 – (1 – ) 1/3 = Kt (4) 

where  is the extent of extraction of aluminum, and t is  the leaching time. The 
dependence of grinding time in attritor is illustrated in Fig. 7. The empirical rate 
constant is compared with the specific surface area of the ground sample in Fig. 8. It 
is concluded that the rate is a linear function of specific surface area in the interval 
1.0–3 m2/g. Such dependence is quite consistent with the leaching theory. It is also 
concluded that there is practically no dependence of the rate constant on surface area 
higher than 3 m2/g. The formation of agglomerates, as a consequence of grinding 
may be the reason. 

 

 
Fig. 7. Linear plots according to the surface reaction model for the effect  

of grinding time in attritor on leaching rate 

 

Fig. 8. Dependence of reaction rate (k) on specific surface area of ground bauxite 
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The surface reaction model was applied to determine the activation energy. The 
date are presented in Fig. 9. The apparent rate constants were determined from the 
straight lines of Fig. 9. and plotted according to the Arrhenius equation as shown in 
Fig. 10. 

 

Fig. 9. Linear plots according to the surface reaction model for the effect  
of temperature on leaching rate. Data are given from Fig.4 

 

Fig. 10. Arrhenius plot of the apparent rate constants 

The activation energy was determined to be 34 kJ/mole and the magnitude of this 
value confirms the proposed surface reaction control mechanism (Habashi, 1989 and 
Amer, 1996). The data of Fig. 5, which represents the effect of sodium carbonate con-
centration on Al recovery, plotted according to Eq. (4), give a linear relationships 
shown in Fig. 11. The slopes of the straight lines represent the apparent rate constant 
which are plotted as a function of sodium carbonate concentration in Fig. 12. The ap-
parent rate constant increase and then levels off as the concentration of sodium hy-
droxide increases. This means that the apparent reaction order with respect to sodium 
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hydroxide concentration varies from first to zero as the concentration of sodium car-
bonate increases. 

 

Fig. 11. Linear plots according to the surface reaction model for the effect  
of NaCO3 concentration on leaching rate. Data from Fig.6 

 

Fig. 12. Variation of the apparent rate constant (k) with Na2CO3 concentration 

Conclusions 

The bauxite ore from Um Bogma, Southwestern Sinai consists mainly of gibbsite 
(70.1%) and kaolinite (11.0%). Beneficiation of the ore has brought down the silica 
content from 13.2 to 2.4%. Hydrometallurgical processing of the beneficiated bauxite 
in an attritor has given a high Al recovery of 95% for a short leaching duration of 30 
min at 90 ºC. The sodium aluminate leach liquor obtained under the above conditions 
contains less than 0.1% silica. There is no need for a desilication step in the conver-
sion of the leach liquor to alumina. It can also be concluded that there is practically no 
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dependence of the rate constant an surface area higher than 3 m2/g. The activation 
energy was determined to be 34 KJ/mol and its magnitude confirms the proposed sur-
face reaction control mechanism.  
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Abstract: It was shown in the paper that kinetic equations relating recoveries of two components in 
separation products and time, when combined together to eliminate the time parameter, provide 
mathematical equations which relate recoveries of the two considered components in concentrate. The 
obtained one-adjustable-parameter type equations are very useful for approximation of the separation 
results plotted as the so-called Fuerstenau upgrading curves. Most empirical mathematical formulas 
presently used for the Fuerstenau plots were derived using various kinetic equations while some are still 
awaiting for their kinetic derivation.  

keywords: separation, upgrading, kinetics, Fuerstenau curve, beneficiation, recovery, selectivity 

Introduction 

Kinetics is one of the most important aspects of separation process (Arbiter, 1951; 
Arbiter and Harris, 1982; Laskowski, 1989; Wills and Napier-Munn, 2006). The rate 
of separation determines the time needed for removal of valuable components of ores 
(Schumann, 1942; Kelly and Spottiswood, 1989). The kinetics of separation is also 
a basic element of separation models relating components recovery, products grade 
and properties of the feed. These models can be based on probabilities, energies, 
forces and their combinations concepts (Drzymala, 2007b). The rate at which 
a separation process occurs depends on the specificity of the process and process 
parameters. As a result the kinetic equations relating recovery of an ore component 
with separation time can assume different mathematical forms (Schumann, 1942; 
Somasundaran and Lin, 1973; Yuan et al., 1996). Presently more than a dozen kinetic 
models are available and applied in separation science and technology (for instance 
Somasundaran and Lin, 1973; Agar et al., 1998; Xu, 1998; Polat and Chander, 2000; 
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Cilek, 2003; Wills and Napier-Munn, 2006; Brozek and Mlynarczykowska, 2007). 
The list of selected kinetic equations is presented in Table 1.  

In this paper application of kinetic equations for approximation of separation 
results will be presented. It will be shown that the kinetics of two selected components 
of the ore provide an equation which can be directly used for construction and 
interpretation of the recovery–recovery Fuerstenau upgrading curves.   

Table 1. Selected kinetic equations (ε – recovery of a component in separation product, εmax – maximum 
recovery of the same component in separation product, k – rate constant of separation, t – separation time)  

Model Formula  

Zeroth-order model ε k t  (1) 

First-order model  max 1 ktε ε e   (2) 

First-order with rectangular distribution  
of floatabilities  max

1
1 1 k tε ε e

k t
 

   
 

 (3) 

Fully mixed reactor model max
1

1
1

ε ε
t
k

 
 

  
 
 

 
(4) 

Improved gas/solid adsorption model max 1

k t
ε ε

k t

 
   

 (5) 

2

3 -order model 
max 2

max

1
1

1
1

2

ε ε

k t ε

 
 
  
       

 
(6) 

Second-order model 
2
max

max1

ε k t
ε

ε k t



 (7) 

Second-order model with rectangular  
of floatabilites 

 max
1

1 ln 1ε ε k t
k t

 
      

 
 (8) 

Kinetic curves 

In minerallurgy the kinetic curves relate recovery of a selected component and time of 
the process. According to Table 1, the kinetics of separation can assume different 
mathematical forms. Separation of components according to the first and second order 
kinetics is presented in Fig.1a. Figure 1a shows the kinetics of separation of one 
component and also the remaining components of the feed. It has to be emphasized 
that the sum of the considered and remaining components of the system provides the 
kinetics of concentrate formation (Fig. 1b).  
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Fig. 1. Separation results plotted as a relationship between recovery of each component in concentrate and 
separation time (a), yield of components forming concentrate vs. separation time (b) 

Separation and upgrading  

The characterization of separation results can be accomplished in a number of ways. 
The most common is upgrading in which quality and quantity of separation products 
are analyzed (Drzymala et al., 2010; Kowalczuk and Drzymala, 2011). The results of 
upgrading can be presented either in a tabular or graphical form. Theoretically, there is 
an infinite number of upgrading curves while in literature about fifty of them can be  
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Fig. 2. The Fuerstenau upgrading curves: a) relationship between recovery of a component 1  
in concentrate 1,c and recovery of a second component in the tailing 2,t: I - recovery of component 1  
in concentrate is greater than recovery of component 2 in concentrate, II - recovery of component 2  

in concentrate is greater than recovery of component 1 in concentrate, b) relationship 1,c vs. 2,c:  
III – recovery of component 1 in concentrate is greater than recovery of component 2 also in concentrate, 

IV – recovery of component 1 is smaller than recovery of component 2 in the same concentrate  
(after Drzymala and Ahmed, 2005) 
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found (Drzymala, 2006, 2007a, 2008). All of them are based on the same data but 
show the separation elements in different mathematical, graphical an esthetical forms. 
One of the upgrading curve is the Fuerstenau plot which relates recoveries of two 
components in the same or different products (Fig. 2). It has been recently quite 
frequently used because there are simple empirical equations which can be used for 
the approximation of separation results present as the Fuerstenau graphs (Drzymala 
and Ahmed, 2005). 

The Fuerstenau plot and kinetics of separation   

Since the kinetics of separation relates recovery of feed components in products with 
separation time while the Fuerstenau curve relates recoveries of components, it 
becomes obvious that elimination of time from the kinetic equations provides the 
Fuerstenau plot (Fig. 3).  
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Fig. 3. The kinetics of separation of feed components (a) provide separation results 
 in the form of the Fuerstenau upgrading curve (b) 
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Mathematical formulas of the Fuerstenau curves based on kinetic 
considerations 

Since the kinetic equations applied to delineate separation results with time are well 
known (Table 1), their combinations provide mathematical formulas for 
approximation of the upgrading results plotted as the Fuerstenau curves. They are 
collected in Table 2. In all the equations, k = k1/k2, where k1 and k2 are rate constants of 
component 1 and component 2, respectively. The equations shown in Table 2 are also 
plotted as the Fuerstenau curves and presented in Table 3 as Figs. 4–13. The shape of 
each curve depends on the k value. The curves are asymmetrical, except the one 
shown in Fig. 13, which is symmetrical in relation to the diagonal line of the graph 
and results from separation of both components according to the second order kinetics.  

Table 3. The Fuerstenau plots for different combinations of kinetics of separation (εmax = 100%).  
Kinetic and separation curves equations are presented in Table 2 
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A comparison of the derived here equations indicates that most empirical equations 
proposed by Ahmed and Drzymala (2005) can be predicted from the kinetic 
considerations except equation: 

 2,
1, ( 1)100

b
c

c b


    (19) 

which is awaiting for kinetic justification. 

Conclusions 

The Fuerstenau upgrading plots relate recovery of components in products. It results 
from this paper that most mathematical equations that are used for approximation of 
separation results using the Fuerstenau upgrading curves can be derived from kinetic 
considerations. Since kinetics relates recovery of a component in a product and time, 
elimination of time in the kinetic equations for two components provide mathematical 
equations characterizing separation, which can be plotted as the Fuerstenau curves. 
The separation curves, including the Fuerstenau upgrading plot, are very useful for 
approximation, characterization and interpretation of laboratory and industrial results 
of separation.    
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Abstract: Andreyivanovite was found in the Kaidun meteorite as individual grains and linear arrays of 
grains with a maximum dimension of 8 µm within two accumulations of Fe-rich serpentine present in the 
meteorite. Florenskyite was found as four dispersed grains with a maximum dimension of 14 µm within a 
single particle of Fe-rich serpentine within the Kaidun meteorite. Their general chemical formulas are 
FeCrP and FeTiP while stochiometric formulas are Fe0+Cr0.58Fe0+

0.15V
0+

0.1Ti0.08Ni0.06Co0.002P and 
Fe0+

0.98Ni0.13Ti0.85P, respectively. We simulated interactions between these two substances and neutron 
particles (fusion neutrons by reactors, 241Am-Be and 252Cf neutrons used in many scientific investigations 
and industrial applications). The FLUKA code was used to calculate such interaction parameters as 
macroscopic cross sections, neutron fluencies and isotope production. Macroscopic cross sections of 
andreyivanovite and florenskyite are better than concrete (widely used neutron shielding processes). Also 
radioactive isotopes produced after neutron interactions with these materials are stable. This information 
may be useful in space and chemistry investigations.  

Keywords: Kaidun meteorite, andreyivanovite, florenskyite, Monte Carlo simulations 

Introduction  

The Kaidun meteorite fell on Earth on 3 December 1980 in Yemen (15° 0' N, 48° 
18' E). Out of the nearly 60 minerals found within the meteorite, several have not been 
found in nature, including florenskyite (FeTiP). The meteorite has 842 g of mass and it 
contains carbonaceous chondrite material. Two phospide based minerals were 
discovered in the meteorite (Ivanov et al., 2000; Zolensky et al., 2008). They were 
named andreyivanovite for Andrey Ivanov (Russian geochemist and mineralogist) and 
florenskyite for Cyrill P. Florensky (Russian geochemist).  

Basically, the structure of andreyivanovite consists of Fe, Cr and P elements 
(Zolensky et al., 2008). Its luster is metallic, transparency is opaque and it has a 
creamy white color.  Crystal system of andreyivanovite is orthorhombic and it belongs 

http://dx.doi.org/10.5277/ppmp130207 

http://www.minproc.pwr.wroc.pl/journal/
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to the dipyramidal class. The density of andreyivanovite is calculated as 6.65 g/cm3. 
The empirical formula of andreyivanovite found in the Kaidun meteorite is 
Fe0+Cr0.58Fe0+

0.15V
0+

0.1Ti0.08Ni0.06Co0.002P. Since andreyivanovite is a newly discovered 
mineral, studies on its properties are limited. 

Elements that form the structure of are iron, nickel, titanium and phosphorus. It is a 
Fe-rich serpentine like andreyivanovite (Ivanov et al., 2000). The empirical formula of 
florenskyite found in the Kaidun meteorite is Fe0+

0.98Ni0.13Ti0.85P. 
There are many studies on the Kaidun meteorite. The studies generally are focused 

on chronology (Petitat et al., 2011), geochemistry (Ivanov et al., 2010) and space 
research (Ivanov et al., 2004). Interactions between different Kaidun’s minerals and 
cosmic rays were studied to determine the history of Kaidun meteorite (Kashkarov et 
al., 1995). It appears that the studies about Kaidun meteorites are inadequate. In this 
paper we investigated neutron and gamma interactions with andreyivanovite 
(Fe0+Cr0.58Fe0+

0.15V
0+

0.1Ti0.08Ni0.06Co0.002P) or generally FeCrP and florenskyite 
(Fe0+

0.98Ni0.13Ti0.85P) or generally (Fe, Ni)TiP. 

Monte Carlo simulations 

The Monte Carlo method is based on random numbers and mathematical algorithms 
(Ramírez-López et al., 2011). It can be applied for physical systems, especially in 
nuclear science.  In this study we used FLUKA (Ferrari et al., 2005; Battistoni et al., 
2006) as a Monte Carlo simulator. FLUKA is a Monte Carlo package used in 
interactions between all subatomic particles and matter. It has many advantages in 
terms of wide energy range. For example, it can simulate neutrons from thermal level 
to 20 TeV. Also it is useful in many scientific areas (high energy experimental physics 
and engineering, shielding, detector and telescope design, cosmic ray studies, 
dosimetry, medical physics and radio-biology). We used the FLUKA Monte Carlo 
code to simulate neutron and gamma radiation with different materials in our latest 
studies (Korkut et al., 2010; Korkut et al., 2011; Korkut et al., 2012). In some of these 
studies we compared FLUKA results with experiments. The FLUKA Monte Carlo 
Simulation code was used to calculate neutron attenuation coefficients, neutron 
fluencies and radioisotope productions. These two Monte Carlo packages are open 
codes and their usage is very simple. Firstly, an input file was created in accordance 
with experimental conditions. This file includes several parameters as primary beam 
type and energy, material definitions, geometrical setups, some physical sets (if 
required), desired outputs (transmission, radioisotope production etc…) and finally 
total number of particles. And then simulation is run and results are read from the 
output files.  

Simulation setups  

We used the 2011.2.8 version of FLUKA. For reactor neutrons 14.1 MeV, for 241Am-
Be source a neutron spectrum from 100 keV to 12 MeV and  for gamma beam 59.54 



 FLUKA Monte Carlo simulations on neutron interactions with FeCrP and FeTiP 455 

keV primary energies were used in the simulations. Number of primary particles was 
entered as 106 in simulations. Andreyivanovite consists of 2.79% Ti, 4% V, 21.99% 
Cr, 46.27% Fe, 0.08% Co, 2.54% Ni and 22.32% P while florenskyite includes 
30.36% Ti, 40.83% Fe, 5.69% Ni and 23.11% P. We used these numbers in our 
simulations. The shape of sample is cylindrical. Thickness of mineral samples is 
entered in simulations as 5 cm. Detector area and volume values were taken as 
defaults of the code. We wanted to get particle transmissions, neutron fluencies and 
radioisotope production after neutron interactions with mineral samples. 

Results and discussions 

We have simulated neutron interactions with two meteoritic minerals by the FLUKA 
Monte Carlo simulation code. Also the FLAIR (Vlachoudis, 2009) tool was used to 
perform data analysis, simulation geometry and create plots. Simulation results 
obtained for these two minerals are given below into two sections. 

Simulation results for andreyivanovite 

Microscopic cross section () is related to probability of interaction of neutrons with 
the target material. The sum of the microscopic cross sections of the individual nuclei 
in the target material per unit volume is called the Macroscopic Cross Section ()  

  = N (1) 

where N is the atomic density of the target. To obtain neutron transmissions by 
simulations, we used USRBDX score card. Neutron transmission values were used 
from 

 
lnT

x
   (2) 

where x is sample thickness. Neutron transmissions and total neutron macroscopic 
cross sections for three different three neutron energies are shown in Table 1.  

Isotope products after neutron irradiations on mineral samples were calculated by 
using RESNUCLEI score options in FLUKA. As shown in Tables 2 and 3 different 
isotopes are formed as a result of interactions. As a result of interactions 56Fe was 
formed in high amounts for the three neutron energies. 

Table 1. Neutron transmissions and total macroscopic cross sections for andreyivanovite 

Source Energy (MeV) Transmission Total Macroscopic Cross Section (cm-1) 
241Am-241 4.5 0.26 0.27 

252Cf 2.16 0.32 0.23 

Reactor 14.1 0.39 0.19 
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Table 2. Isotope yields after neutron irradiations as a function of mass numbers for andreyivanovite 

Am-Be Cf-252 Reactor 

A 
Isotope yield  

(nuclei/cm3/pr) A 
Isotope yield  

(nuclei/cm3/pr) A 
 Isotope yield 

 (nuclei/cm3/pr) 

65 8.38E–08 65 4.94E–08 65 5.31E–09 

64 7.18E–06 64 3.36E–06 64 2.42E–06 

63 7.82E–09 63 9.96E–08 63 4.17E–06 

62 2.09E–05 62 1.11E–05 62 1.33E–05 

61 7.78E–06 61 8.82E–06 61 1.50E–05 

60 1.62E–04 60 7.90E–05 60 1.11E–04 

59 3.06E–04 59 2.25E–04 59 1.53E–04 

58 1.43E–03 58 8.40E–04 58 8.16E–04 

57 8.77E–03 57 8.22E–03 57 3.79E–03 

56 3.13E–01 56 2.25E–01 56 2.43E–01 

55 2.83E–05 55 2.77E–05 55 1.08E–01 

54 2.10E–02 54 1.03E–02 54 1.23E–02 

53 1.22E–03 53 9.73E–04 53 1.94E–02 

52 9.25E–03 52 5.08E–03 52 8.88E–03 

51 1.35E–04 51 1.06E–04 51 3.55E–03 

50 7.84E–04 50 5.34E–04 50 6.38E–04 

49 4.36E–04 49 2.09E–04 49 7.48E–04 

48 5.77E–03 48 3.83E–03 48 4.21E–03 

47 6.21E–04 47 4.75E–04 47 2.05E–03 

46 6.71E–04 46 4.47E–04 46 6.48E–04 

44 5.62E–06 44 2.33E–07 45 2.71E–04 

32 6.21E–07 32 1.46E–06 44 2.89E–05 

31 1.02E–03 31 6.62E–04 43 4.26E–05 

28 2.47E–06 4 1.41E–06 42 2.33E–06 

4 1.16E–04 1 5.80E–04 32 2.30E–07 

1 5.24E–03   31 2.64E–04 

    30 5.44E–04 

    28 1.72E–04 

    27 1.91E–05 

 
Fluence is specified as the number of particles traversing a unit surface in a 

particular point in void per unit time. Neutron fluence means the number of neutrons 
per unit area (cm2). We show the neutron fluencies as three different lines plotted in 
Figs 1-3 for 241Am-Be, 252Cf and reactor neutrons, respectively. As can be seen in 
these figures, andreyivanovite mineral does not produce thermal or epithermal 
neutrons. 
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Table 3. Isotope yields after neutron irradiations as a function of atomic numbers for andreyivanovite 

Am-Be Cf-252 Reactor 

Z 
Isotope yield  

(nuclei/cm3/pr) Z 
Isotope yield  

(nuclei/cm3/pr) Z   
 Isotope yield 

 (nuclei/cm3/pr) 

28 5.01E–04 28 2.87E–04 28 2.80E–004 

27 4.15E–04 27 2.41E–04 27 5.54E–004 

26 3.38E–01 26 2.44E–01 26 3.21E–001 

25 4.87E–03 25 5.31E–04 25 5.42E–002 

24 1.11E–02 24 6.60E–03 24 2.32E–002 

23 2.16E–04 23 1.05E–04 23 1.41E–003 

22 7.76E–03 22 5.14E–03 22 7.26E–003 

21 5.40E–05 21 7.66E–06 21 6.17E–004 

20 5.70E–06 20 2.33E–07 20 2.18E–004 

15 8.85E–04 15 6.33E–04 15 1.54E–004 

14 1.34E–04 14 3.04E–05 14 6.54E–004 

13 2.47E–06 2 1.41E–06 13 1.91E–004 

2 1.11E–04 1 5.80E–04 2 1.32E–002 

1 5.24E–03   1 5.70E–002 

 

Fig. 1. Andreyivanovite neutron fluence for 241Am-Be 

Simulation results for florenskyite 

The same FLUKA Monte Carlo simulations shown above were performed for 
florenskyite. Neutron transmissions and total macroscopic cross sections are given in 
Table 4. Radioisotope fragments after neutron irradiation as a function of A and Z are 
shown in Table 5 and Table 6. Neutron fluencies as a function of energy are illustrated 
in Figs 4-6 for 241Am-Be, 252Cf and reactor energies, respectively. 
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Fig. 2. Andreyivanovite neutron fluence for 252Cf source 

 
Fig. 3. Andreyivanovite neutron fluence for reactor 

 
Table 4. Neutron transmissions and total macroscopic cross sections for florenskyite 

Source Energy (MeV) Transmission Total macroscopic cross section (cm-1) 
241Am-241 4,5 0.27 0.27 

252Cf 2.16 0.28 0.26 

Reactor 14.1 0.41 0.18 
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Table 5. Isotope yields after neutron irradiations as a function of mass numbers for florenskyite 

Am-Be Cf-252 Reactor 

A 
Isotope yield 

(nuclei/cm3/pr) A 
Isotope yield 

(nuclei/cm3/pr) A 
Isotope yield 

(nuclei/cm3/pr) 

65 1.29E–07 65 3.98E–07 65 7.85E–08 

64 1.85E–04 64 7.66E–05 64 7.23E–05 

63 1.19E–06 63 2.25E–06 63 1.24E–04 

62 7.06E–04 62 3.42E–04 62 3.98E–04 

61 2.52E–04 61 2.35E–04 61 4.81E–04 

60 5.10E–03 60 2.34E–03 60 3.49E–03 

59 1.57E–05 59 3.66E–05 59 1.59E–03 

58 1.31E–02 58 6.43E–03 58 7.16E–03 

57 3.41E–03 57 3.11E–03 57 7.12E–03 

56 1.21E–01 56 8.48E–02 56 9.37E–02 

55 3.62E–04 55 2.25E–05 55 4.32E–02 

54 8.08E–03 54 3.80E–03 54 4.72E–03 

53 1.85E–05 53 2.36E–07 53 7.34E–03 

51 5.00E–06 51 1.27E–06 52 1.22E–04 

50 4.63E–03 50 2.56E–03 51 5.11E–04 

49 6.27E–03 49 2.97E–03 50 3.03E–03 

48 8.31E–02 48 5.33E–02 49 5.57E–03 

47 8.89E–03 47 6.77E–03 48 6.01E–02 

46 9.70E–03 46 6.21E–03 47 2.92E–02 

44 8.38E–05 44 2.61E–06 46 9.28E–03 

43 5.87E–07 32 1.09E–04 45 3.88E–03 

32 5.37E–05 31 4.83E–02 44 4.48E–04 

31 7.62E–02 4 1.42E–05 43 6.02E–04 

28 1.66E–04 1 3.14E–03 42 3.33E–05 

4 6.34E–04   32 1.29E–05 

1 1.65E–02   31 1.94E–02 

    30 4.07E–02 

    28 1.28E–02 

    27 1.51E–03 

    4 2.37E–02 

    3 4.22E–07 

    2 9.03E–04 

    1 8.82E–02 
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Table 6. Isotope yields after neutron irradiations as a function of atomic numbers for florenskyite 

Am-Be Cf-252 Reactor 

Z 
Isotope yield 

(nuclei/cm3/pr) Z 
Isotope yield 

(nuclei/cm3/pr) Z 
Isotope yield 

(nuclei/cm3/pr) 

28 1.54E–02 28 8.67E–03 28 8.67E–03 

27 3.55E–03 27 5.46E–04 27 1.01E–02 

26 1.32E–01 26 9.18E–02 26 1.25E–01 

25 1.88E–03 25 2.00E–04 25 2.11E–02 

24 3.14E–05 24 4.13E–07 24 4.92E–03 

22 1.12E–01 22 7.17E–02 22 1.00E–01 

21 7.66E–04 21 1.06E–04 21 8.72E–03 

20 8.59E–05 20 2.61E–06 20 3.16E–03 

15 6.59E–02 15 4.62E–02 15 1.10E–02 

14 1.04E–02 14 2.29E–03 14 4.92E–02 

13 1.66E–04 2 1.42E–05 13 1.43E–02 

2 6.34E–04 1 3.14E–03 2 2.37E–02 

1 1.65E–02   1 8.91E–02 

 

 
Fig. 4. Florenskyite neutron fluence for 241Am-Be source 
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Fig. 5. Florenskyite neutron fluence for 252Cf source 

 
Fig. 6. Florenskyite neutron fluence for reactor 

Conclusions  

In this paper we calculated several parameters regarding interactions between three 
different energy neutrons and andreyivanovite and florenskyite, minerals found in the 
Kaidun meteorite. Kaidun is a meteorite which fallen in the Yemen region in 1980.  
After this event two new minerals were identified by Ivanov et al., 2000 and Zolensky 
et al., 2008. It was reported by Ivanov (2004) that Kaidun might originate from 
Phobos (Martian moon). Therefore, information on interactions between radiation and 
these compounds may be useful in terms of space research and radiation physics. Also 
we calculated neutron total macroscopic cross section values for these materials. If 
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these values are compared with the results by FLUKA (Cf-252= 0.149 cm–1, Am-241/Be= 
0.148 cm–1 and Reactor= 0.120 cm–1), the neutron shielding capacity values for the 
investigated minerals are satisfactory.  
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Abstract: The leaching parameters for the recovery of platinum group metals were investigated with 
potentiostatic measurements using wire electrodes. The dissolution rates of Pt, Pd and Rh were measured 
in concentrated NaCl solution. The parameters inspected were the temperature, redox potential and 
chloride content. Measurements were done at temperatures 25–94 °C using four different NaCl 
concentrations, 62.5–250 g/l. Measurements were done at potentials of 950–1250 mV vs. SCE for Pt and 
Rh and 380–470 mV vs. SCE for Pd. Although higher temperature, potential and chloride content 
generally increased the dissolution rate, the effect was found to be nonlinear and slightly different for 
different metals. Based on the results, strongly oxidizing conditions are needed for the leaching process in 
order to achieve reasonable dissolution rates. 

Keywords: platinum dissolution, palladium dissolution, rhodium dissolution, chloride concentration 

Introduction 

Platinum group metals (PGMs) are exploited for many purposes. They are nearly 
irreplaceable in catalysing reactions.Catalytic converters used for exhaust gas 
cleaningare one of the most important applications of PGMs. As the requirements for 
emission levels have become tighter, the demand for the metals has increased. The 
regulations requiring exhaust gas cleaning have become more stringent in the 
developing countries, which probably will lead to an even further increase in demand. 
At the same time, the supply and the number of suppliers of primary PGMs is very 
low in comparison with many other metals. The main producers are located in South 
Africa and Russia, which has meant that high amounts of these metals have had to be 
imported to Europe. The life cycle of the products where PGMs are used is usually 
relatively short. Therefore an increasing amount of the PGMs is in the scrapped e-
waste, catalytic converters etc. The utilization of these secondary sources appears very 

http://dx.doi.org/10.5277/ppmp130208 
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attractive, as the concentration of PGMs in secondary material can be in the range of 
g/kg of scrap material while the concentration in the ores is less than 10 g/Mg 
(Cawthorn, 1999; Faisal et al., 2008).  

The recovery of PGMs from the secondary material has been attempted by several 
different methods (Marinho et al., 2010), including for example dissolving them in 
strong acids(Harjanto et al., 2006; Jimenez de Aberasturi et al., 2011), metal vapour 
treatment (Kayanuma et al., 2004) and carbochlorination (Kim et al., 2000). The 
hydrometallurgical treatment has appeared to be the most economical alternative. The 
valuable elements are leached using proper solvent and then recovered from the 
solution. It has been claimed that aqueous chloride solutions are the only cost-effective 
medium in which all the PGM can be brought into solution and concentrated (Cleare 
et al., 1979; Grant, 1989). In general the dissolution of PGM is based on high 
oxidation potential and effective complexing ions in the solution (Mahmoud, 2003). 
Some authors have proposed the use of HCl with an oxidant, which appears to be a 
functioning alternative (Barakat et al., 2006; Harjanto et al., 2006). 

The low PGM concentrations become an issue if the whole matrix of the catalytic 
converter is fed into the leaching process. An attempt to separate the phase containing 
the PGM particles has been proposed by Liu et al. (2012). They have shown that the 
PGMs can be separated from the matrix by heating and quenching the catalysts. The 
separation of extracted PGMs has been attempted by several methods, including 
solvent extraction (Lee et al., 2010), ion exchange (Shen et al., 2010a; Shen et al., 
2010b), chromatographic separation methods (Kokate and Kuchekar, 2010) and 
molecular recognition methods (Izatt et al., 2012). 

The objective of this study was to determine the suitable parameters for 
preliminary laboratory-scale leaching experiments to recover PGMs from catalytic 
converter scrap. The parameters considered were the influence of temperature, redox 
potential and chloride concentration. Metals studied in this research were platinum, 
palladium and rhodium. The leaching process is planned to work under atmospheric 
pressure using NaCl solutions. The dissolution behavior of PGMs has to be precisely 
known in order to determine suitable oxidizing agents and optimal conditions. The 
dissolution rates were measured using potentiostatic measurements. 

Materials and methods 

Measurements were conducted using wire electrodes fabricated by mounting the metal 
wire in glass tubes with epoxy so that only the tip of the wire reacted in the 
measurements. Wire electrodes were fabricated from platinum (Alfa Aesar Standard 
grade thermocouple), palladium (Alfa Aesar 99.99%) and rhodium (Alfa Aesar 
99.8%). Approximately 20 mm of metal wire was soldered to a copper wire. The 
diameter of rhodium wire was 0.25 mm while the diameter of palladium was 0.5 mm 
and platinum 0.508 mm.  
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Electrochemical measurements were conducted in a three-electrode cell, where a 
Luggin capillary and solution bridge connected the cell to the reference electrode. The 
reference electrode used in the experiments was saturated calomel electrode (SCE), 
type Radiometer REF 401, which was separated from test solution by a KCl salt 
bridge. The counter electrode used in the experiments was platinum wire. 

Measurements were conducted at five different temperatures: 25, 40, 60, 80 and 
94 ˚C. The test solutions used were 62.5, 90, 125 and 250 g/l NaCl solutions. 
Solutions were prepared from distilled water. The volume of the solution in the 
measurements was 175 ml. The solution was stirred with a magnetic stirrer using 
a stirring rate of about 500 rpm before the experiments and about 350 rpm during the 
experiments. The relatively high stirring rate during the experiments was used in order 
to prevent the bubbles from adhering to the surface of the working electrode. 
Experiments were conducted in oxygen-free environment. Before the beginning of 
each measurement oxygen (air) in the cell was removed by using nitrogen purging 
(purity >99.99%). Purging was conducted through a sintered disk with a constant flow 
rate one hour before and during the experiments. Nitrogen flow was reduced during 
the experiments to prevent the bubbles from affecting the results.  

Polarization curve measurements were conducted from –50 to 750 mV vs. rest 
potential for Pd and –50 to 1500 mV for Pt and Rh. Sweep rate was 50 mV/min. The 
potentiostatic measurements were conducted at potentials of 380, 410, 440 and 
470 mV vs. SCE for Pd and at 950, 1050, 1150 and 1250 mV vs. SCE for Pt and Rh. 
The current density was measured as a function of time in potentiostatic 
measurements. The initial current density of the dissolution reaction was determined 
by extrapolating the current density determined during the first few seconds of the 
measurement back to the start of the experiment. As the dissolution starts, reaction 
products are formed and the current density changes as a function of time. 

Results and discussion 

At first, a series of potentiodynamic polarization curve measurements were conducted 
to understand the overall dissolution behavior of the metals. Based on the curves 
(example shown in Fig. 1), the dissolution rate of Pt and Rh is significantly higher 
when they are polarized to over 1000 mV vs. SCE, and Pd when it is polarized to over 
400 mV vs. SCE. The current density was found to increase rapidly when these 
potentials are exceeded.  

Based on the potentiostatic measurement series, higher temperature, potential and 
chloride content generally increased the dissolution rate although the effect was 
nonlinear and slightly different for different metals. Fig. 2 shows the dissolution rates 
of palladium at 470mV vs. SCE as a function of temperature and chloride content. At 
potential of 1250 mV vs. SCE and with the highest chloride content, the dissolution 
rate of Pt can exceed 1000 µm/h, and Rh 100 µm/h. However, these potentials are so 
high that some of the measured current density might be caused by the gas evolution 
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reactions. At the highest tested potential for palladium, 470 mV vs. SCE, a dissolution 
rate of over 700 µm/h was reached. 

 

Fig. 1. Polarization curves of platinum, palladium and rhodium 
 measured in 250 g/l NaCl solution at 25 ˚C. 

The effect of temperature 

 

Fig. 2. Dissolution rate of palladium (470 mV vs. SCE) as a function  
of temperature and chloride content 
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The temperature was found to increase the dissolution rate significantly. The effect 
was found to be different for different metals. The effect was exponential with the 
measured potentials, as shown in Fig. 3. Therefore the use of temperatures near the 
water boiling point seems reasonable for the leaching process. However, the effect 
might be different when an oxidant is used as some of the oxidants degrade at high 
temperatures. 

 

Fig. 3. Temperature dependence of dissolution rates 

The effect of redox potential 

The effect of redox potential on the dissolution rate appeared to be exponential with 
the measured potentials, as shown in Fig. 4. The Tafel coefficient for Pd dissolution 
was 52 mV/decade, which indicates dissolution with a two-electron mechanism. The 
Tafel coefficient for Pt dissolution was 123 mV/decade, which is in accordance with 
the one-electron dissolution mechanism. For Rh the value was 284 mV/decade, which 
cannot be explained by a pure charge transfer. The high value can be explained by the 
formation of an oxide layer, but this could not be verified. The Rh dissolution reaction 
follows most likely more complicated reaction mechanism than Pt and Pd. Llopis 
(1965) has proposed the dissolution to follow a multistep mechanism, where halide 
ions are first specifically adsorbed on the surface and then dissolved in the second 
step. 

The potential range where the dissolution of Pd starts is relatively low and, hence, 
there are a variety of possible oxidizers to be used in the actual leaching process. For 
the leaching of platinum and rhodium the choice of an oxidizer is much more critical, 
as relatively high potential is needed for economic operation. Barakat et al. (2006) 
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have proposed the use of hydrogen peroxide as an oxidant, which appears to be a 
suitable alternative. The effect of different oxidants has to be further experimented in 
order to define the best alternative.  

 

Fig. 4. The effect of redox potential on the dissolution rates 

The effect of chloride content 

The chloride content increased the dissolution rate relatively linearly, as can be seen 
from Fig. 5. The higher concentration provided much higher dissolution rates. The 
optimum concentration for a leaching process appears to be near the NaCl solubility 
limit.  

The reaction order of the dissolution reaction with respect to chloride ion can be 
calculated from equation 1: 

 
log( )

log([Cl ])

rate
n   (1) 

where n is reaction order, [Cl–] is chloride concentration and rate is the determined 
dissolution rate. 
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Fig. 5. The effect of chloride content on the dissolution rate 

In Fig. 6 are shown the logarithms of dissolution rate of Pt, Pd and Rh as a function 
of the logarithm of chloride concentration. Based on the results, two chloride ions take 
part in the dissolution reaction of one platinum or palladium atom. This is in 
accordance with the dissolution mechanism proposed by Llopis (1969), who proposed 
that PdCl2– is formed in the primary process and it subsequently reacts with water. Pd 
and Pt are usually present in the +2 or +4 oxidation states (Cotton, 1997). Unlike Pt 
and Pd, Rh is usually present in the +3 oxidation state (Benguerel et al., 1996; Cotton, 
1997). The results support the mechanism of three chloride ions taking part in the 
dissolution reaction of Rh. All of the metals are also known to form hexachloro-
complexes MeCl6

2– (Cotton, 1997). 

Activation energy 

The mechanism limiting the reaction rate can be defined by determining the activation 
energies. These were defined using the Arrhenius law. The activation energies 
determined from the potentiostatic measurements using steady state current densities 
are shown in Table 1. Activation energies showed no change with respect to chloride 
content or potential in the potential range of rapid dissolution. Based on the activation 
energies shown, it is very likely that the reaction rates are controlled by charge transfer 
(Peters, 1973). Llopis (1969) has given a value of 84 kJ/mol for the activation energy 
of Pt in HCl solution. Similarly Baghalha et al. (2009) determined the activation 
energy of dissolution of Pt in aqua regia to be 72.1 kJ/mol. Although both having 
a higher value, this also indicates the reaction to be controlled by the electron transfer 
step. 
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Fig. 6. Logarithm of dissolution rate (Pt 94˚C 1150 mV, Pd 94˚C 470 mV  
and Rh 25 ˚C 1250 mV vs. SCE) vs. logarithm of chloride concentration 

Table 1.Activation energies determined at the potential range  
of rapid dissolution with all measured chloride concentrations 

Metal Activation energy [kJ] 

Platinum 59 ± 1 

Palladium 68 ± 1 

Rhodium 61 ± 1 

Conclusions 

The results show that strongly oxidizing conditions are needed to achieve reasonable 
leaching rates of Pt, Pd and Rh in NaCl solutions. The dissolution of Pt and Rh can be 
assumed to take place at high potential where chlorine and/or oxygen evolution can 
also occur during the electrochemical testing. Pd dissolves at lower potential than 
these gas evolution reactions. Pd could be dissolved using chlorine or hydrogen 
peroxide as an oxidant. A suitable concentration of hydrogen peroxide could provide 
necessary redox potential also for the leaching of Pt and Rh. The choice of the 
optimum oxidant requires testing of redox-potential of different possible alternatives 
before the actual leaching experiments.  

The results showed that higher chloride concentration increased the dissolution rate 
significantly, and therefore highly concentrated chloride solutions should be used in 
the leaching process. The chloride concentration should be optimized near the NaCl 
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solubility limit when establishing the leaching process. Increasing temperature 
increased the dissolution rates. The higher temperature naturally increases the energy 
cost, so the most economic conditions have to be defined for the actual leaching 
process. The optimum leaching conditions might also depend on the oxidant used, as 
some of the oxidants degrade at high temperatures. 

According to determined activation energies and similar studies found in the 
literature, it is suggested that the dissolution processes of the examined platinum 
group metals in chloride solutions are controlled by the electron transfer step. 
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Abstract: Crushing is a process which is widely used in mineral processing plants, cement factories, 
aggregates plants and some other industrial plants. Specific fracture energy of the particles is not the only 
fundamental property that is important: the particle strength also plays a significant role in determining 
the overall comminution properties of the material. In the drop weight test, a known mass falls through a 
given height onto a single particle providing an event that allows characterization of the ore under impact 
breakage. It is known that there are many difficulties and problems in the drop weight and twin pendulum 
test methods such as being laborious, requiring long test time and requiring a special apparatus. In this 
study, breakage behavior of slag in different laboratory crushers was investigated. A new size distribution 
model equation was developed by a t-family value evaluation approach, and the validity of equation was 
tested. 

Keywords: crusher, drop weight tests, t-family, size distribution  

Introduction 

Comminution concerns the breakage of brittle particles under conditions of applied 
compressive stress. The nature of the failure mechanisms is governed by material 
properties of the particulate material and by the nature of the stress field around and 
within individual particles. The response of the particulate material to the stress field 
is largely elastic but significant non-elastic behavior occurs, particularly at the tips of 
growing cracks where large quantities of energy are dissipated when the criteria for 
fracture are met. The dissipation at the crack tip of the stored elastic energy in the 
particle turns out to be of critical interest in industrial comminution machines where 
energy efficiency is of major consequence because of its economic importance. 
Industrial comminution processes are typically inefficient in their use of energy in the 
sense that considerably more energy is consumed by the operating equipment than is 
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actually required to break the particles. In spite of the importance of this observation, 
it has not been possible to calculate precisely how much energy is actually required. 

Crushing is a process which is widely used in mineral processing plants, cement 
factories, aggregates plants and some other industrial plants. Especially, the demand of 
crushed stone aggregates has increased from day to day, because of increasing 
expansion of highway and other construction works and decreasing natural aggregate 
resources in the world. The crushability of rocks depends mainly on the crusher type 
and properties, and geological characteristics of rocks. Physico-mechanical properties, 
mineralogical and textural features, structural properties such as micro cracks, 
cleavage planes and schistosity are the geological characteristics affecting the rock 
crushability (Toraman et al., 2010)  

Specific fracture energy of the particles is not the only fundamental property that is 
important. The particle strength also plays a significant role in determining the overall 
comminution properties of the material. A particle will be broken only if it is stressed 
beyond its strength which is determined by the intrinsic properties of the material, the 
presence of micro flaws which act as stress raisers when the particle is under load and 
the state of stress that is experienced by the particle. 

In the drop weight test (Fig. 1) a known mass falls through a given height onto a 
single particle providing an event that allows characterization of the ore under impact 
breakage. Although, the drop weight test has advantages in terms of statistical 
reliability and the potential use of the data from the analysis, it has a number of 
disadvantages, including necessity of a special apparatus, tiring and particularly the 
length of time taken to carry out a test. For each drop weight test, 15 samples are 
tested in five size fractions at three levels of energy input (Tavares, 1999, Tavares et 
al., 2007, Kingman et al., 2004, Genç et al., 2009). 

Narayanan (1986) used a novel procedure for estimation of breakage distribution 
functions of ores from the t-family of curves. In this method, the product size 
distribution can be represented by a family of curves using marker points on the size 
distribution defined as the percentage passing (t) at a fraction of the parent particle 
size. Thus, t2 is the percentage passing an aperture of half the size of the parent 
particle size, t4 is one quarter and t10 is one-tenth of parent particle size.  

Narayanan and Whiten (1988) have proposed empirical equations for relating the 
reference curve data t10 with the impact energy.  

The t10 value is related to the specific comminution energy given by Equation (1): 

 t10 = A (1 – e-bEcs) (1) 

where: t10 – percentage passing 1/10th of the initial mean size, 
Ecs – specific comminution energy (kWh/kg) 
A, b – ore impact breakage parameters. 

The tn versus t10 relationships can then be used to predict the product size 
distributions at different crushing times (Sand and Subasinghe, 2004). 
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Fig. 1. Drop-weight test apparatus  

It is known that there are difficulties and problems in drop weight and twin 
pendulum test methods such as being laborious, requiring long test time and requiring 
a special apparatus. In this study, the breakage behaviors of the volcanic slag in the 
different laboratory crushers were investigated. A new size distribution model 
equation was developed by t-family value evaluation approach and validity of the 
specific energy equation was tested. 

Materials and methods 

The volcanic slag sample taken from region of Manisa (Turkey) was used as the 
experimental materials. The chemical properties of the sample were presented in 
Table 1. 

Table 1. Chemical composition of volcanic slag samples used in experiments 

Oxides  CaO SiO2 Al2O3 Fe2O3 MgO SO3 Na2O K2O LOI 

(%) 8.73 45.74 15.60 10.64 5.98 0.040 5.40 4.98 1.70 

2.1. Experimental 

About one kg of samples of four mono-size fractions (–30 +20, –20 + 15, –15 + 10, –
10 + 6.7 mm) was prepared by screening for determination of the t-family curves. The 
laboratory scale jaw, roller and hammer crushers (Fig. 2), driven by a 1.10 – 2.00 – 
11.00 kW motor, respectively, was used in the experiments. Samples were crushed 
with the laboratory scale crushers, and then the samples were sieved to product size 
analysis. The modified results of the t-family curves versus mean particle size fraction 
for different crushers were shown in Figs. 3–5. 
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Fig. 2. Jaw, roller and hammer crushers used in the experiments 

 

Fig. 3. tn versus mean size fraction for jaw crusher 
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Fig. 4. tn versus mean size fraction for roller crusher 

 

Fig. 5. tn versus mean size fraction for hammer crusher 

Proposed size distribution model equation 

King (2002) described a method of presenting product size distributions obtained from 
the drop weight tests. It is based on the observations made by Narayanan and Whiten 
(1983) that the cumulative fractions of products passing 1/nth of the mean size, 
denoted as tn, is related to that passing one-tenth of the parent size denoted by t10. It 
was also reported that this relationship was applicable to different ore types tested 
under different impact loading conditions.  
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In this study, a different size distribution relationship has been found for tn values 
of crushing products obtained from different laboratory scale crushers. The following 
equation is suggested to predict the cumulative percentage passing (tn), depending on 
the crushing engine power (CEP) and feed particle size (X) before crushing: 

 30.0

168.1 274.1

12.56
X

n
t

CEPn 







   (2) 

and the calculated results obtained by Equation (2) were compared with experimental 
values obtained from results of Fig. 6. Equation (2) satisfied the experimental values 
in a wide range of feed size. Equation (2), including a high determination coefficient 
(r2 = 0.79), is useful, especially when evaluating the particle size distribution in actual 
operation. Thus, variation of the cumulative percentage passing (tn) with crushing 
engine power (CEP) and feed particle size (X) was empirically described by Eq. (2). 

 

Fig. 6. Comparison of experimental and calculated tn value for different crushers 

Results and discussion 

As commonly known, the type of crusher plays an important role in comminution 
while electrical engine power is important in crusher selection. The modified t-family 
curves can be used to describe the product size distribution from single-particle 
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breakage tests. The cumulative percentages passing t2, t4, t10, t25, t50 and t75 are 
determined by a linear interpolation for the breakage products passing various sieves. 
However, there are problems by drop weight and twin pendulum tests because of 
being laborious, requiring long test time and a special apparatus. 

Evaluation of single particle breakage data through a single parameter is useful for 
understanding breakage characteristics, namely the size and input energy level 
dependency. Breakage characteristics of different size fractions can be examined at 
various impact energies expressed in kWh/kg or joules/kg by determining the product 
size distribution of broken particle at any energy level (Genç et al., 2004). 

Obtaining the modified t-family curves using the twin pendulum device and drop 
weight apparatus is time consuming and difficult. Therefore, a set of t-curves were 
calculated from different laboratory scale crushers, and a new model was developed. 
There are only few studies on the effects of work speed, lining design, crusher design 
and feed dose of materials in crushers, which are widely used in power, cement and 
mineral processing plants. For this purpose, similar mathematical models can be 
developed for different work parameters for various materials and various crusher 
types (Umucu et al., 2013). 

Conclusions 

The individual particle fracture strengths of materials based on fracture size can 
benefit from drop weight test results. The models of crushing can be used to results of 
such tests. An important problem in terms of crushing modeling studies is size-
dependent breakage behavior of materials. The breakage data of a single particle 
broken at an appropriate specific comminution energy level are commonly determined 
as breakage distributions of the crushing feed materials. In the comminution, the 
models should define the breakage distribution of each size fraction in the same 
material. 

The effects of feed particle size (X) and electrical crushing engine power on 
product size distribution were investigated. The proposed model equation which 
incorporates the self-similar breakage behavior during laboratory comminution could 
be used as an alternative to the drop weight and twin pendulum tests, as its particle 
size distributions could be defined more readily and reliably. 

The drop weight test allows determining the breakage distribution of materials. The 
result of comminution, breakage distribution and energy consumed cannot be obtained 
without laboratory-scale apparatus as the drop weight tests. The experimental work 
should be done on an industrial scale. The t-family curves can characterize 
comminution products of any crusher. The model proposed in this study can be 
improved for crushers. In this study, the modified t-family model shows easy 
determination of the product size distribution of any material. 
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Abstract: A comparison was made of influence of physically adsorbed methylene blue (MB) dye on the 
physicochemical properties of Manisa-Akdere zeolite (natural zeolite) and zeolite modified with K and 
Ca (all samples treated with hydrogen peroxide before modification) using batch adsorption technique. 
After elementary characterization of this adsorbent, the effects were investigated of initial MB 
concentration, pH, contact time, stirring rate, adsorbent dosage and temperature on the selectivity and 
sensitivity of the removal process. A larger adsorption of the dye was observed for modified zeolite 
(42.7 mg/g) than for natural zeolite (28.6 mg/g) per gram of an adsorbent after all zeolite samples treated 
with hydrogen peroxide. Zeolite treated with H2O2 showed higher adsorption capacity than untreated 
zeolite samples. The Langmuir model (R2 values between 0.959 and 0.996) fitted the experimental data 
better than the Freundlich model (R2 values between 0.804 and 0.988). The adsorption process was found 
to be slightly influenced by adsorbent dosage, contact time and temperature. Optimum pH for adsorption 
of MB was found to be at 7. Adsorption equilibrium attained within 30 minutes. The sorption of MB 
increased slightly with rising temperature. In addition, adsorption values rose with modification Ca-
Exchanged (after H2O2 treatment) > K-Exchanged (after H2O2 treatment) > Zeolite treated with H2O2 > 
Ca-Exchanged >K-Exchanged >Natural Zeolite.  

Keywords: dye adsorption, methylene blue, adsorption, isotherms, zeolite, alumino-silicate, hydrogen 

peroxide 

Introduction 

Growth in population, oil consumption, exhaust emissions, industrial activities, energy 
production, and frequently uncontrolled pesticide use resulted in the accumulation of 
hazardous inorganic and organic pollutants in the environment (Misaelidis, 2011). 
Moreover, if the concentration of pollutants exceeds certain limits, their presence 
causes danger to the environment and to human health. In order to minimize such 
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danger, various precautions should be taken such as waste stabilization and 
environmental remediation. This can largely be accomplished by extraction of the 
pollutants from soils or aqueous systems and reduction of their mobility.  

The textile and printing industries produce and dump highly colored waste 
effluents from the use of dyes and pigments, and these wastes cause serious 
environmental problems. The estimated annual production of more than 10,000 
different manufactured dyes is around 7·108 kg. These complicated compounds with a 
high molecular weight resist to biological degredation (Alkan et al., 2007). Even 
though dyes can be removed from wasters by coagulation, flocculation, 
biodegradation and oxidation, these methods are expensive and often ineffective 
(Armagan et al., 2003; Metes et al., 2004). 

Therefore, recent studies have been focused on the application of natural mineral 
clays as low-cost adsorbents to remove colored pollutants (Crini, 2006; Doğan et al., 
2009; Fungaroa et al., 2010; Glaysz-Plaska et al. 2000; Gulgonul, 2012; Korkuna et 
al., 2006; Wang and Peng, 2010). Previous research has shown that several alternative 
adsorbents have been suggested for MB adsorption like activated carbon or clay 
minerals, especially, natural and modified zeolites. These aluminosilicates are cheap 
adsorbents which are widely applied in industry, environment protection, agriculture, 
medicine, and many other fields (Gümüş and Akbal, 2011; Farhade and Aziz, 2010). 
The molecular-sieve properties, availability of strongly active surface sites, high 
resistance to acids and other useful properties of zeolites allow the use of them as 
catalysts in cracking, hydrocracking, isomerization and other processes (Alzaydien, 
2009; Jin et al., 2008). There are several rich reserves of zeolite in Turkey (Albayrak, 
2008). 

The application of natural zeolites to the environmental remediation is mainly 
based on their ion-exchange properties (Doğan et al., 2000). It is well-known that ion-
exchange in the case of zeolites takes place among cations and they must be modified 
to provide them with anion sorption properties. Aluminosilicate catalysts are 
characterized according to their activity, selectivity, stability and their capability of 
multiple regeneration (Ozdemir, 2008). Natural and modified zeolite are natural 
minerals composed of the aluminosilicate matrix with a variety of other metal oxides 
and metal cations embedded (Hernandez et al., 2000; Doğan et al., 2008; Caglar et al., 
2009). Zeolite with three 8-membered rings and one 10-membered ring has net 
negative surface charge which is counterbalanced by monovalent (Na+, K+) and 
divalent (Ca2+) cations. Zeolites can be ion exchanged using metal ions like Fe, Cu, 
Mn, Ca,and Ba. Zeolites are negatively charged because of the substitution of Si (IV) 
by Al (III) in the tetrahedral accounts for a negative charge of the structure. The Si/Al 
ratio determines the properties of zeolites such as ion exchange capacity. 

Before applying zeolitic tuff (natural zeolite) to adsorption process, several 
activation methods are suggested in previous studies for increasing the adsorption 
capacity of zeolite such as acid activation (Ajemba and Onukwuli, 2013; Kowalczyk 
et al., 2006), heat activation (Ates et al., 2011), and modification. Even though heat 
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activation is an effective way to increase the surface area and capacity on an 
adsorbent, the use of acid activation results in greater increase in surface area and 
adsorption capacity. Hydrogen peroxide is used for activation of zeolite because of its 
role as a weak acid. In acidic environments, the oxidation rate of hydrogen peroxide is 
slow, but faster than basic environments. Modification by metals with mono or 
bivalent ion also is a way for increasing adsorption capacity of zeolite (Farhade and 
Aziz, 2010). 

The uptake of metal cations from solutions by the zeolites is affected by a variety 
of factors such as the temperature, the solution pH, the presence of competing cations 
and complexing agents, the dimensions of the hydrated dissolved species compared to 
the opening of their channels and the external surface activity (Gurses et al., 2006). 

The aim of this article is to show how hydrogen peroxide influences natural and 
modified zeolite (peroxide applied before modification) in the adsorption of methylene 
blue. The difference this article from others is that even though H2O2 is used in the 
literature for degredation of MB (Kondru et al., 2009; Slokar and Marechal, 1998; 
Etaiw and El-Bendary, 2012) and there are several materials already used for 
activation of zeolite (Ates and Hardacre, 2012; Jia et al., 2009; Hernandez-Ramirez 
and Holmez, 2008), H2O2 was not tried before in activation process of zeolite. 

Experimental design 

Materials 

Natural zeolite samples were obtained from the Demirci-Akdere region, Manisa, 
Turkey with the general formula of (K2.3 Na0.5 Ca2.1 Mg0.6 Fe(III)0.9 Fe(II)0.2 Ti0.2) 
(Si31.4Al6.5O44) 21.8H2O has the chemical composition (in %): SiO2, 67.29; TiO2, 
0.26; Al2O3, 12.32; Fe2O3, 1.26; FeO, 0.25; MgO, 0.29; CaO, 3.01; Na2O, 0.66; K2O, 
2.76; H2O, 10.90 (see Table 1), whereby the content of the main mineral was 85 ±6%. 
Methylene Blue, MB (Merck, C.I. = 52015, C16H18N3SCl, FW = 373,86 g/mol] was 
used as a cationic dye adsorbate (see Fig 1). 
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Fig. 1. Chemical structure of methylene blue 
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Table 1. Physicochemical properties of natural zeolite 

Chemical compound Natural zeolite, 
% 

Zeolite treated  
with H2O2 

K-exchanged 
zeolite 

Ca-exchanged 
zeolite 

SiO2 73.90 74.87 71.46 70.69 

Al2O3 14.17 16.12 13.28 12.88 

Fe2O3 1.451 1.116 1.003 1.113 

CaO 2.987 2.637 2.514 5.041 

MgO 2.465 2.263 2.221 2.201 

K2O 2.939 2.667 6.817 2.438 

Na2O <0.020 <0.043 0.047 <0.030 

CEC 106meq/100g – – – 

Particle size <100 µm – – – 

Molecular channel size 7.9 Å × 3.5 Å – – – 

SBET 37.95m2/g 40.34 m2/g 49.06 m2/g 54.57 m2/g 

Pore volume 0.11cm3/g 0.11cm3/g 0.11cm3/g 0.11cm3/g 

pH 7.9 7.6 8.7 7.8 

Activation and modification of zeolite 

Zeolites were transformed into calcium and potassium form after peroxide activation. 
Before peroxide activation, zeolite was dried in a pre-heated oven at 200 °C for 3 h to 
get rid of of moisture and other impurities. Acid activation was made by H2O2 instead 
of HCl. 5 g of native solids (particle fraction 100 µm) were applied to 250 ml H2O2 
(50%, hydrogen peroxide) for 24 h at 25 °C. Mixture was centrifuged and dried in 
oven at 110 °C. On preparation of Ca-exchanged zeolite and K-exchanged zeolite 
form of zeolite, 50 ml of each solution 1 M CaCl2 and 1 M KCl mixed with 2 g of 
zeolite in separate flasks, and then stirred for 24 h. The samples were centrifuged, 
filtered, washed 10 times with water, dried in oven and ground.  

Characterization methods 

The specific surface area was calculated using the Brunauer-Emmett-Teller (BET) 
method and the pore volume (Vp) was determined from low-temperature nitrogen 
adsorption measured using a Micrometrics Gemini VII analyzer. In determination of 
the surface area, the samples were degassed at 300 °C before the measurements were 
taken. The specific surface area was obtained by five points at p/p0 between 0.1 and 
0.99 applying the Brunauer–Emmet–Teller equation to the adsorption data. The phases 
of the zeolite were determined by X-ray diffraction analyses (XRD) with an automated 
Philips X’Pert Pro diffractometer with Cu anode using Co Kα radiation at 40 kV and 
20 mA over the range (2θ) of 5–80° with a scan time of 1°/min. The chemical 
composition of zeolite was determined by a Philips X’Pert Pro X-ray fluorescence 
spectrometer (XRF) equipped with a Rh X-ray tube (operated at 50 kV–60 mA). 
Scanning Electron micrographs were obtained by using Philips XL-30S FEG scanning 
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electron microscope (SEM). Thermal analyses were performed by the 
thermogravimetric analysis (TGA) method (Perkin Elmer Diomand TG/DTA). The 
types of functionalities of the materials and adsorbed species were determined on the 
basis of the infrared spectroscopy. The Fourier transform infrared (FT-IR) spectra of 
natural and modified zeolites (Fig. 3) were recorded in the transmission mode at room 
temperature on 1725X Perkin-Elmer instrument using KBr pellet technique (1:20) 
with the resolution 2 cm–1.  

Sorption methods  

The adsorption was performed by batch experiments. Kinetic experiments were 
carried out by stirring 100 mL of dye solution of known initial dye concentration 
(100mg/L) with 0.05 g of zeolite at room temperature (25 °C) at 150 rpm in different 
250 ml flasks. After time intervals were completed, solutions were centrifuged at 
3500 rpm for 10 min. The concentration in the supernatant solution was analyzed 
using a UV spectrophotometer (Shimadzu UV-1800) by measuring absorbance at 
λmax = 664.4 nm and pH = 7.  

 

Figure 3. FTIR spectra of ; (a) H2O2 treated zeolite, (b) Ca-exchanged zeolite,  
(c) K- exchanged zeolite and (d) untreated natural zeolite samples 

Results and discussion 

Surface areas of zeolite samples are found to be 49.06 m2/g for K-exc zeolite, 54.57 
m2/g for Ca-exc zeo, and 37.95 m2/g for untreated zeolite. Besides, activating zeolite 
with H2O2 before modification with K and Ca ions caused the increase in BET surface 
area. After hydrogen peroxide treatment, the surface area of zeolite has become 44.49 
m2/g. It indicates that the metal chlorides switch with exchangeable ions in zeolite like 
Ca, Mg and K influenced the surface area in positive way. Bivalent ions like Ca 
increased the surface area more than monovalent ions like K (Han et al., 2009).  
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Figure 4. SEM pictures of zeolite samples (a) natural zeolite, (b) zeolite treated with H2O2,  
(c) K-exchanged zeolite, (d) Ca-exchanged zeolite, (e) Ca-exchanged zeolite after MB adsorption,  

and (f) K-exchanged zeolite after MB adsorption 

FTIR results presented in Fig. 3 shows that modifying zeolite with Ca and K made 
change in zeolite structure especially in 3400 and 1680 cm– bands. Chavez et al. 
(2010) had similar results for Ba adsorption on Ca exchanged zeolite samples. The 
change in the structure of zeolite samples could be more clearly seen in SEM pictures 
(see Fig. 4). Activating zeolite with hydrogen peroxide had let more Ca and K ions 
enter into zeolite surface. The spaces in zeolite structure had been filled with MB by 
application of modified zeolite on adsorption of MB (see Fig. 4.). 
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X-ray diffraction patterns of the zeolite samples in (Fig. 5) show that modification 
of zeolite with solutions did not lead to significant structural changes. The effect of 
hydrogen peroxide on zeolite appears at decreasing number of peaks because of 
exchange ions with hydrogen of peroxide. The quantitative XRD analysis 
demonstrated that the Akdere natural zeolitic tuff consisted of clinoptilolite with 
minor quantities of quartz, Na-Ca feldspar, mica and opal-CT (Demirhan, 1998). 
Natural zeolite hardly contains amorphous material. Although, natural zeolite involves 
both amorphous material which can be seen by means of hump and that of height 
between 2u is equal to 208 and 308 (Cu Ka) at XRD diagram and opal-CT that is 
observed by a flat line with the d-spacing of between 4.05 Å and 4.10 Å (cristobalite-
tridimite transition). The X-ray diffraction diagrams of the clinoptilolite samples given 
in Figure 5 show characteristic clinoptilolite peaks at 2u (Cu Ka) = 9.878, 22.48 and 
308. As Chavez et al. (2010) stated in their study, XRD results also show the increase 
in peaks below 10 A° which were caused by Ca and K modification (see Figure 5). 

 

Figure 5. XRD graph of zeolite; a) natural zeolite, b) zeolite treated with H2O2, 
c) K-exchanged zeolite, d) Ca-exchanged zeolite 

Table 2 reports the total weight loss for all cation forms determined by TG 
analysis. The zeolite water loss is higher in the zeolites exchanged with bivalent ion. 
Thermal analysis results (Table 2) point out the loss of more weight for modified 
zeolite (Fungaro et al., 2010). In addition, in the monovalent ions, the larger cations 
have less zeolite water (Table 3). When zeolite samples with and without adsorbed 
MB were compared, MB adsorbed zeolite samples showed greater weight loss (Fig 6). 
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Table 2. The results of thermal analysis of natural and modified natural zeolite samples 

Sample Weight Loss (%) 

Natural zeolite 12.084 

Zeolite treated with H2O2 13.734 

K- exchanged zeolite 12.974 

Ca-exchanged zeolite 14.149 

The presence of different exchangeable cations in zeolites changes their 
temperature at which water is lost from them. TGA curves of natural and modified 
zeolites are shown in Figure 6. In the temperature range 25–100 °C, the weight loss is 
due to desorption of physisorbed water. The results vary depending on the type of 
zeolite and the treatment conditions as Ca-Exchanged > K-Exchanged > Natural 
Zeolite. After K- and Ca-exchange and H2O2 treatment, the amount of water adsorbed 
decreases, which is a result of the lack of extra framework cations and dealumination.  

 

Figure 6. Thermal analysis of zeolite samples: a) MB adsorbed natural zeolite,  
b) MB adsorbed zeolite treated with H2O2, c) K-exchanged zeolite, d) Ca-exchanged zeolite,  

e) MB adsorbed Ca-exchanged zeolite, f) natural zeolite, and g) zeolite treated with H2O2  

In Ca- and K-exchanged zeolites, the major portions of water molecules are weakly 
associated with zeolites because of the restriction of water molecules in the defects 
formed by dealumination. Based on the results mentioned before, the water molecules 
in zeolites can be classified into three forms as physisorbed water (<100 °C), water 
associated with extra-framework cations and aluminium (100–400 °C), and water 
associated with silanol nests (>400 °C). The water exist in clinoptilolite – rich zeolites 
is more stabile up to 700 °C. However, stability decreases in the zeolites containing 
mordenite and clinoptilolite. Because of the decrease in the amount of cations after 
H2O2 treatment, the water content in Ca-exchanged zeolite is significantly decreased. 
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Sorption on natural and modified zeolite 

Natural zeolite, zeolite activated with H2O2, K-exchanged zeolite activated with H2O2, 
and Ca-exchanged zeolite activated with H2O2 were applied to MB solutions. Contact 
time, initial MB concentration, pH, adsorbent dosage, temperature and agitation speed 
were the parameters to find out the optimum conditions for the adsorption. To 
determine equilibrium time in adsorption process, while other variables are kept 
constant only concentration change depending on stirring time was analyzed. 
Solutions of 50 mgdm-3 concentration of MB prepared from a stock solution at pH = 7 
and 300 rpm were mixed with 0.05g zeolite.  

As shown in Fig 7a, the adsorption has reached the equilibrium in 30 minutes. qt is 
the ratio of adsorbed amount of MB to per gram of zeolite. MB adsorption on zeolite 
increases with an increase in adsorption time, and come to equilibrium at 30min. At 
50 mgdm-3 dye concentration and pH 7.0, when the contact time reached from 30min 
to 240min, the adsorbed amount of MB raised 19.1 mg/g to 21.1 mg/g for natural 
zeolite, 31.0 mg/g to 32.0 mg/g for K- exchanged zeolite, and 34.0 mg/g to 36.0 mg/g 
for Ca- exchanged zeolite. The shortest contact time for adsorption was shown as 10 
minute in a study by Özdemir (2008) among other studies. However, while Özdemir 
refers adsorbed amount of MB as 1.25 mg/g, in this study, adsorption comes to 
equilibrium in 30 minutes with 36 mg/g sorption 

Another factor affecting particles adsorbed on dyes is acidity of solution (pH). It is 
generally expected that adsorption will increase with increasing pH. It is advantage for 
cationic MB that zeolite surface has negative charge pHs above 6. In Fig.7b, there is 
no significant change recorded in the amount of MB adsorption at pH between 1 and 
8. Increase in adsorption at pHs between 9 and 12 is relatively less than increase in 
adsorption at pHs between 13 and 14 because of precipitation of MB over pH 8. 
Therefore, it is decided that there was no contribution made to adsorption amounts by 
pH over 8, and experiments were set to pH 7. The values for adsorbed amount of MB 
by zeolite, K-exchanged zeolite and Ca- exchanged zeolite were shifted 20.1 mg/g to 
22.4 mg/g, 29.0 mg/g to 35.0 mg/g, and 30.5 mg/g to 38.0 mg/g, respectively when pH 
increased 3 to 8. Because of the electrostatic attraction force that with increasing pH 
adsorbed MB onto zeolite surface was increased. It is natural that surface charge of 
zeolite in alkaline media is negative and cationic MB molecules are kept more on the 
surface of zeolite at high pH values (Jin et al., 2008). Fungaroa et al. (2010) point out 
pH for zeolite as 5, but this study shows that best pH value is found 7 because zeta 
potential value of zeolite is negative over 6 which attracts cationic dyes like MB. 

Varying the starting concentration of MB (not shown in Figures) between 50 and 
600 mg/dm3 showed a slight increase in the amount of MB adsorbed. While at 50 mg/ 
dm3 of C0 adsorption percentages are 50% for zeolite, 74% for K-exchanged zeolite 
and 76% for Ca-exchanged zeolite, over 100 mgL–1 adsorption percentages dropped 
clearly as 20% for zeolite, 33% for K-exchanged zeolite and 36% for Ca-exchanged 
zeolite. This showed that adsorption capacity of zeolite samples for over 100 mg dm–3
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initial MB concentration was exceeded, and after 100 mg/dm3 even modification of 
zeolite did not affect the adsorption capacity.  

For adsorbent dosage, increasing amount of natural and modified zeolite had 
caused an increase in the amount of adsorbed MB concentration between 0.01g and 
0.5g (see Fig.7c). MB adsorption is slightly increased over 0,05g adsorbent added into 
the mixture. Ozdemir (2012) states that 100 mg/L for initial concentration of MB is 
optimum same as in this study, while that study finds out adsorbed amount 46.31 
mg/g, the adsorbent dosage is used as 0.1 g which is 0.05 g zeolite in this study.  
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Figure 7. Effects of (a) time, (b) pH, (c) adsorbent dosage, (d) temperature, and (e) stirring speed  
on MB adsorption by natural zeolite, K-exchanged zeolite, and Ca-exchanged zeolite 
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Besides the variables considered above, there are also two more variables as 
temperature and mixture rate used in adsorption. As seen in Fig. 7d, because there is a 
slight increase in adsorption from 22.0 mg/g toward 26.0 mg/g for natural zeolite, and 
29.0 mg/g to 30.0 mg/g for K-exchanged zeolite, 31.0 mg/g to 32.0 mg/g for Ca-
exchanged zeolite with increase in temperature from 20 °C to 60 °C. With increase in 
temperature, MB molecules try harder to get in zeolite pores. Attraction between 
hydroxyl groups holding on zeolite surface and cationic methylene groups can cause 
this kind of raise (Bissada et al., 1967). However, in physical adsorption change in 
temperature does not have influence on increase in adsorption.  

In Fig. 7e, it is clear that there is no significant difference in contribution of 
adsorption percentage with stirring speed at 150, 225, 400 and 500 rpm, respectively. 
Therefore, the mixture rate is determined as 150rpm. The trend of change with stirring 
speed pointed out that contacting MB ions with zeolite samples by increasing speed 
did not cause the raise for adsorption capacity 

Table 3. Previous studies on MB adsorption and the maximum amounts adsorbed 

Type  
of adsorbent 

Initials conditions 
Adsorbed amount 

of MB (mg/g) 
Ref. 

Clay  0.1 g; 100 cm3; 100 mg/dm3; 60 min 60 Gürses et al. (2006) 

Perlite  1 g; 100 cm3; 93.475 mg/ dm3; 30 min; pH = 7 7.5 Doğan et al. (2004) 

Natural zeolite  
2.2434 mg/dm3; 150 cm3; 1000 min;  

0.01–0.05g 
23.6 

Farhade and Aziz 
(2010) 

Hazelnut shell  50 cm3; 0.25 g; 24 h; 959.58 mg/dm3 96.0 Doğan et al. (2008) 

Hazelnut shell 
1 g; 2 dm3; 40 min; 37.39 mg/dm3;  

pH = 4.1–4.5 
74.8 Doğan (2009) 

Zeolite 12.8 mg/dm3; 100 cm3; 1 g; 10 min; pH = 5 1.3 
Fungaroa et al. 

(2010) 

Melamine-urea 
resin  

13.04 mg/dm3; 0.3 g; 20 min; 1 dm3 12.1 Özdemir (2008) 

Sepiolite 
400.32 mg/dm3; 2 dm3; 5 g; 400 rpm; 

pH = 5–9; 3 h 
75.1 Doğan et al. (2007) 

(SDBS)- and 
(SDS)-modified 

zeolite  
25 mg/dm3; 25 cm3; pH = 6.43; 0.1 g; 30 min 8.7 Jin et al. (2008) 

Tripoli  100 cm3; 0.5 g; 100 mg/dm3; pH = 8 17 Alzaydien (2009) 

Activated carbon 0.1 g; 50 cm3; 1–60 min; 100 mg/dm3  46.3 Ozdemir (2012) 

Vineyard pruning 
waste 

25 °C and natural pH; 10 g/2 dm3;  
400 rpm; 60 min  

46.1 Ugurlu (2010) 

Natural zeolite 0.05 g; 100 cm3; 30 min, 100 mg/dm3 28.6  

Modified zeolite 0.05 g; 100 cm3; 30 min, 100 mg/dm3 42.7  
present study 

The optimum pH range for adsorption of MB was found to be at 7.0. Adsorption 
equilibrium attained within 30 minutes. The sorption of MB slightly increased with 
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rise of temperature. As the zeolite amounts increased, the removal efficiencies 
increased, but on the other hand, the adsorbed amount on the zeolite decreased with 
the increasing zeolite amounts. The removal efficiency of natural zeolites is strongly 
affected by the modification of zeolite. Overall, a comparison of several adsorbents 
employed for MB adsorption in previous research efforts was presented in Table 3. As 
it can be seen from Table 3, modified zeolite employed in this work presented higher 
adsorption capacity when compared with some of adsorbent reported in the literature. 

Adsorption equilibrium 

The equilibrium adsorption isotherm is fundamental in describing the interactive 
behavior between solutes and adsorbent, and is important in the design of adsorption 
system. As shown in Table 4, the adsorption increases with the increasing equilibrium 
concentration and approaches to equilibrium at higher concentration. Higher 
temperature slightly results in higher adsorption capacity.  

Two models are commonly used to simulate the adsorption isotherm, the Langmuir 
and Freundlich isotherms. The well-known expression of the Langmuir model is 

 max
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L e
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e

e

K q

C
q
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 (1) 

where qe is the equilibrium dye concentration on adsorbent (mg/g), Ce the equilibrium 
dye concentration in solution (mg/L), qmax is the monolayer capacity of the adsorbent 
(mol/g) and KL is the Langmuir adsorption constant (dm3/mg) which relates to the 
adsorption energy. The Langmuir equation is applicable to homogeneous sorption, 
where the sorption of each sorbate molecule onto the surface has equal sorption 
activation energy. On the other hand, the Freundlich equation is 

 qe= KFCe
1/n (2) 

where qe is the equilibrium dye concentration on adsorbent (mg/g), Ce is the 
equilibrium dye concentration in solution (mg/L) and KF (L/g) and n are the 
Freundlich constants characteristic of the system, indicators of adsorption capacity and 
adsorption intensity, respectively. The Freundlich equation is employed to describe 
heterogeneous systems and reversible adsorption and is not restricted to the formation 
of monolayers. 

The adsorption of MB on zeolite is due to the formation of the hydrogen bonds 
between surface hydroxyls and dye molecules with participation of water molecules. 
The non-linear forms of the two isotherms to the experimental data are illustrated in 
Table 4. The fits for two isotherms are quite similar. Except for K-exchanged zeolite 
at 50 °C which shows both Langmuir and Freundlich type of isotherm, all other 
experimental data were well fitted to the Langmuir equation, with good correlation 
coefficients (Alzaydien, 2009). The correlation coefficients of Ca-exchanged zeolite at 
both 20 °C and 50 °C and K-exchanged zeolite at 50 °C for two models are greater 
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than 0.95, indicating that the two models fit the experimental well. For other samples, 
Langmuir is the only isotherm fits for MB adsorption. For all zeolite samples, 
Langmuir isotherm correlations belong to 20 °C are higher than the values of 50 °C. 
This would lead us that temperature does not influence on adsorption. For KL values, 
all values decreased with increasing temperature, the highest value was shown for Ca-
exchanged zeolite. 

The Langmuir model suggests the surface sorption mechanism. The maximum 
Langmuir equilibrium constant (KL) calculated from the slope and the intercept of the 
linear plot were 26.11 mg g−1 at 20°C and it belongs to Ca-exchanged zeolite. The 
value of the monolayer saturation capacity of zeolite was comparable to the adsorption 
capacities of some other adsorbent materials for MB (Table 4). A direct comparison of 
literature data obtained using different adsorbents may not be appropriate since 
experimental conditions are not systematically the same. 

Freundlich constant (KF) and the heterogeneity factor (1/n) calculated from the 
slope and the intercept of the linear plot were changing between 45.42 mg g−1 and 
722.00 mg g−1, 0.26 and 3.14, respectively. The value of 1/n smaller than 1 points out 
the favorable sorption conditions (Alzaydien, 2009; Chavez et al., 2010). In this 
manner, Ca-exchanged and K-exchanged zeolite samples were favorable. The 
Langmuir and Freundlich isotherm constants and linear (R2) regression coefficients 
are shown in Table 4. 

Table 4. Langmuir and Freundlich isotherms of MB adsorption on natural zeolite,  
Ca-exchanged and K-exchanged zeolite 

 Langmuir Isotherm Freundlich Isotherm 

 KL, mg/g b, L/mg R2 1/n Kf, mg/g R2 

Zeolite (20 °C) 2.845 0.016 0.971 1.891 89.125 0.916 

Zeolite (50 °C) 0.053 0.007 0.959 1.748 98.628 0.893 

Ca-Exc (20 °C) 26.110 0.568 0.998 0.260 45.420 0.961 

Ca-Exc (50 °C) 0.142 0.132 0.996 2.741 221.310 0.973 

K-Exc (20 °C) 20.534 0.003 0.988 0.437 87.510 0.804 

K-Exc. (50 °C) 0.149 105.68 0.987 3.140 722.000 0.988 

Conclusions 

The effectiveness of H2O2 in activating the natural and modified zeolites to remove 
methylene blue (MB) ions from aqueous solutions has been presented. It was observed 
that MB adsorption is partially dependent on the adsorbent amount, particle size, 
contact time, initial pH of the solution and initial metal concentration.  

FTIR, SEM, TG/DTA analyses revealed that Ca- and K-exchanged zeolites have 
higher surface area and affinity toward MB. Modification after H2O2 treatment 
allowed zeolite samples to adsorb more MB ions than untreated zeolite samples. The 
effect of activation with H2O2, and then modification with KCl and CaCl2 could 
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significantly improve the adsorption rate and adsorption capacity of MB ions. 
Adsorption values were arisen with activation and modification as Ca-Exchanged 
Zeolite (H2O2 treatment) > K-Exchanged zeolite (H2O2 treatment) > Zeolite treated 
with peroxide > natural zeolite. 

The adsorption of MB on zeolite was found to conform to the Langmuir equation. 
This study has shown the potential of modified zeolites after H2O2 treatment for the 
removal of MB from wastewater streams due to their relatively low price, abundance 
in nature, and its easy procedure to modify. 
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Abstract: A new method is proposed for obtaining biocomposites based on a combination of silica and 
lignin precursors. Amorphous silica was produced by two methods: one based on hydrolysis and 
condensation of tetraethoxysilane (sol–gel method) and the other involving precipitation in a polar 
medium. Additionally, the commercial silica known under the name of Syloid®244 was used. The silica 
surface was modified to ensure better affinity of the support to activated lignin. The biocomposites 
obtained were carefully characterised by determination of their physicochemical and dispersive–
morphological properties. Electrokinetic stability of the biocomposites was evaluated on the basis of zeta 
potential dependence on pH. Thermal stability of the biocomposites and their porous structure parameters 
(surface area, pore diameter and pore volume) were established. The results indicate that silica/lignin 
biocomposites are much promising for application in many areas of science and industry. 

Keywords: biocomposites, silica, lignin, physicochemical and structural properties 

Introduction 

Increasing cost of energy and the necessity of the natural environment protection have 
shifted the interest from production of synthetic materials to their natural 
biodegradable correspondents. Much attention is paid to materials combining 
characteristic properties of a few substrates in the form of multifunctional composites. 
One of such materials undoubtedly is the inorganic–organic system of silica and 
lignin, showing biocompatibility with the natural environment, relatively low cost of 
production because of easy availability of the precursors and many other features 
valuable from the viewpoint of technological use. Lignin, which is a component of 
wood besides cellulose and hemicellulose, has become an interesting subject of 
intense research work. Its unique properties have attracted the attention of chemists, 

http://dx.doi.org/10.5277/ppmp130211 

http://www.minproc.pwr.wroc.pl/journal/
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biologists, dieticians and technologists (Kovacs 2011). In wood, lignin plays the role 
of a scaffold, it stiffens the cell wall, protects wood against pathogens and abiotic 
factors, such as low or high temperature or the presence of heavy metals. Lignin is 
also important for the transport of metabolites and water (Novaes 2010). 

Lignin makes a three–dimensional inhomogeneous polymer network of unique 
structure. It is composed of a mixture of organic aliphatic and aromatic compounds, 
with the greatest contribution of derivatives of p-coumaryl, coniferyl and sinapyl 
alcohols (Ralph 1999, Ek 2009, Collinson 2010). As a natural material being a waste 
product and hence cheap, it has recently become a subject of great interest. Because of 
the ease of modification and the possibility of isolation of many compounds from it, 
lignin has proved to be an excellent raw product for many branches of industry. As 
shown by Harmita (2009), Sciban (2011) and Brdar (2012), because of low cost and 
limited solubility in water, lignin can be used for water purification as adsorbent of 
heavy metals such as zinc, lead, cadmium, copper or nickel. It is also effective for 
removal of other substances such as dyes, surfactants and organic pollutants. After 
activation with amine groups (Cotoruelo 2012) lignin can be successfully applied for 
adsorption of phenols. Lignin being a natural polymer has been also used as an 
addition to synthetic polymers endowing them with characteristic features 
(Kunanopparat 2012, Morandim–Giannetti 2012). It is also important in electro-
chemistry. When used as an admixture in production of electrodes it shows valuable 
electrochemical properties following from the presence of electrocatalytic quinone in 
its structure. Because of low cost and ease of preparation, the electrodes can be used in 
electrochemical sensors, biosensors, converters and for connecting enzymes acting as 
bioplatforms (Milczarek 2007, 2009, 2010). The recent work on lignin in 
electrochemistry (Milczarek 2012) has been directed at production of environmentally 
friendly devices for electric energy storage.  

The other component is silica which is one of the most common mineral on Earth. 
The most important methods of its production include the hydrolysis of alkoxysilanes 
based on the Stöber method (Stöber 1968, Ibrahim 2010), precipitation from water 
solution of sodium silicate in polar systems (Jesionowski 2001) or in nonpolar systems 
(Jesionowski 2002) and high-temperature combustion of silicon halogens in a gas 
phase (Wypych 2010). Because of a number of valuable physicochemical properties 
such as well–developed specific surface area, porosity and hardness, it has been 
widely used in many branches of industry. Owing to the content of siloxane and 
silanol groups, silica is an active filler and adsorbent supporting chemically bonded 
organic substances.  

These highly valuable properties and many areas of prospective use have prompted 
us to make an attempt at combining lignin with inorganic silica support. The intention 
was to produce a multifunctional biocomposite combining the properties of lignin and 
silica. Results of this attempt and characterisation of the silica/lignin biocomposites 
obtained are reported in this paper where we also consider the potential applications of 
the biocomposites.  
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Experimental 

Synthesis of silica/lignin biocomposites 

The silica-lignin biocomposite was obtained in a two-stage process. In the first process 
a reactor containing dioxane and water (9:1, v/v) was charged with a specific amount 
of Kraft lignin from Sigma–Aldrich (3, 5, 10, 20, 30, 40, 50 wt./wt. relative to 100 
weight parts of silica). Upon continuous stirring with a fast-speed stirrer Eurostar 
digital IKA-Werke GmbH (1200 rot/min) a water solution of sodium iodate(VII) 
(Sigma–Aldrich) was introduced in order to activate lignin. The process was 
performed in the dark for about 30 minutes. In the second stage the lignin solution 
obtained was introduced at the rate of 5 cm3/min into a reactor with the earlier 
prepared silica modified with aminosilane, dispersed in 50 cm3 of water. Three types 
of silicas were used: the silica synthesised by the sol–gel method, another one 
precipitated in a polar system and the third one was a commercial silica Syloid®244.  

 

Fig. 1. Preparation of silica/lignin biocomposites – a schematic representation 

The silica sample obtained by the modified Stöber method (sol–gel method) was 
synthesised with the use of tetraethoxysilane – TEOS (Sigma–Aldrich), ethyl alcohol 
and ammonia (Chempur). The appropriate amount of reagents was placed in a reactor 
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and carefully dispersed for about 1 h. The second sample was obtained by 
precipitation in a polar system as a result of reaction between sodium silicate 
(Vitrosilicon SA) and sulphuric acid (Chempur). A detail description of the process 
conditions and substrates used is given in (Jesionowski 2002). The sample of 
commercial product Syloid®244 made by W.R. Grace and Company was used for 
comparative purposes. To activate silica, its surface was functionalised by introducing 
a modifying mixture of 5 weight parts by mass of N-2-(aminoethyl)-3-amino-
prophyltrime-thoxysilane in a methanol–water solution of 4:1, v/v). This mixture was 
dosed into a reactor with a proper silica sample dispersed in water by a peristaltic 
pump at the rate of 3 cm3/min. After introduction of the whole portion of the mixture, 
the contents of the reactor were stirred for about 30 minutes. After modification the 
silica was introduced into the above described lignin solution and the combined 
contents were stirred vigorously for about 1 h. After completion of the process the 
solvent was evaporated at 60 ºC in a vacuum evaporator and the precipitate was dried 
in a dryer (Memmert) at 105 ºC for about 12 h. A scheme of the process is given in 
Fig. 1.  

Physicochemical evaluation 

The silica/lignin biocomposites obtained were subjected to physicochemical and 
dispersive–morphological characterisation. The particle size distribution was 
determined by two instruments: Zetasizer Nano ZS (0.6–6000 nm) and Mastersizer 
2000 (0.2–2000 µm) employing two measuring methods NIBS and laser diffraction, 
respectively. Both instruments were made by Malvern Instruments Ltd. The 
electrokinetic stability of the biocomposites was determined on the basis of zeta 
potential dependence on pH, using also Zetasizer Nano ZS (Malvern Instruments Ltd.) 
with an autotitrator attached. Measurements were made in a 0.001M NaCl solution. 
The thermal stability of biocomposites was evaluated on the basis of thermo-
gravimetric measurements on a TG Jupiter STA449F3, made by Netzsch. Colorimetric 
analysis was made on a colorimeter Specbos 4000 (YETI Technische Instrumente 
GmbH) to confirm the effectivness of the proposed method of biocomposite synthesis. 
The samples obtained were also subjected to determination of their specific surface 
area BET and pore volume and diameter by the method of Barrett, Joyner, Halenda 
(BJH). The measurements were performed on ASAP 2020, made by Micromeritics 
Instrument Co.  

Results and discussion 

Dispersive and morphological characteristics 

Table 1 presents results characterising dispersive properties of the biocomposites 
obtained. The particle size distribution was determined in two ranges of values by two 
instruments Zetasizer Nano ZS and Mastersizer 2000. 
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Table 1. Dispersive characteristic of silica/lignin biocomposites 

Dispersive properties 

Particle diameter from Mastersizer 2000  
(µm) 

Sample  
no. 

Type  
of SiO2 

Content of Kraft 
lignin in relation 

to the silica 
matrix (wt./wt.) 

Range of particle 
size from Zetasizer 

Nano ZS (nm) d(0.1) d(0.5) d(0.9) D[4.3] 

1 3 
164–255 

1280–2300 
5.4 18.0 38.4 20.3 

2 10 
190–220 

1480–3090 
5.4 17.6 41.7 20.3 

3 20 
59–68 

825–1280 
4.3 15.8 37.1 18.6 

4 

Stöber silica 

50 
122–164 

3580–5560 
4.2 17.4 38.9 19.8 

5 3 
68–79 

2670–4800 
4.2 17.4 38.9 19.8 

6 10 
106–122 

1720–2300 
4.9 18.9 42.0 21.5 

7 20 
59–68 

1990–3580 
5.4 18.0 38.4 20.3 

8 

Hydrated 
silica 

50 
142–164 

2670–5560 
5.6 21.5 47.6 24.4 

9 3 712–955  2.5 6.7 28.7 11.8 

10 10 
33–39 

2300–3580 
2.6 8.2 29.2 12.6 

11 20 
51–59 

1720–3090 
2.7 8.8 30.5 13.3 

12 

Syloid® 

244 

50 
68–91 

1480–3580 
2.7 8.3 31.5 13.3 

 
Each product was found to show a tendency towards formation of particle clusters, 

which is in agreement with the results already reported by Klapiszewski (2012). The 
plots illustrating particle size distributions (additionally verified by microscopic 
observations) are given in Fig. 2. The most homogeneous is the sample obtained on 
the basis of commercial silica Syloid®244 (Fig. 2c). Less homogeneous are the 
biocomposites based on silica synthesised by the sol–gel method (Fig. 2a) and that 
precipitated in a polar medium (Fig. 2b).  

Figure 3 presents the particle size distribution of biocomposites obtained from 20 
weight parts of lignin relative to 100 weight parts of SiO2 to permit a comparison of 
the products obtained from different silica precursors. The results presented by 
Klapiszewski (2012) suggested that the presence of small amount of lignin in a 
biocomposite was beneficial from the viewpoint of dispersive–morphological 
properties. 
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(a) (b) (c) 

Fig. 2. Particle size distributions (Zetasizer Nano ZS) and SEM microphotographs  
of silica/lignin biocomposites containing 20 weight parts by mass of lignin in hybrid matrix  

prepared on the basis of silica precursors (a) Stöber silica, (b) hydrated silica, and (c) Syloid®244 

For a detail analysis we have chosen the products containing 20 weight parts 
by mass of lignin relative to 100 weight parts by mass of SiO2. As follows from 
Fig. 3, the greatest amount of particles in the range of the smallest diameters is 
in the biocomposite based on Syloid®244. The plots obtained for the other two 
biocomposites (samples 3 and 7) on the basis of Mastersizer 2000 
measurements are similar. This result has confirmed the conclusions drawn 
from the analysis of Table 1 and Fig. 2. 

 

Fig. 3. Particle size distributions (Mastersizer 2000) of selected biocomposites 
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 Electrokinetic characteristic 

The electrokinetic potential (zeta) describes the degree of repulsion between the 
neighbouring particles of similar charges. The value of ζ potential is influenced by 
many factors of which the most important is pH. The sign and magnitude of zeta 
potential depends also to a significant degree on the medium in which the particles are 
dispersed (Weiner 1993, Elimelech 1994, Otterstedt 1998). 

  
(a) (b) 

Fig. 4. Zeta potential vs. pH of silicas used and Kraft lignin (a), and  
(b) selected biocomposites containing 20 weight parts by mass of lignin in silica matrix 

Figure 4 presents the zeta potential as a function of pH for the three types of SiO2 
and Kraft lignin. The measurements were made in a 0.001M NaCl solution in the pH 
range from 1.7 to 11. The character of the electrokinetic curves presented differs 
depending on the type of silica used, which has also been reported by Xu (2003) and 
Jesionowski (2005). For the biocomposites based on Syloid®244 and on silica 
precipitated in a polar medium the zeta potential values in the acidic pH range were 
similar. The isoelectric point (i.e.p.) for the biocomposite based on Syloid®244 is 
noted at pH close to 2, while for the biocomposite based on SiO2 precipitated in a 
polar medium no i.e.p. value was reached, but the curve suggests that it would be 
achieved at pH of about 1.7. Such i.e.p. values are consistent with literature data 
suggesting that i.e.p. of SiO2 is reached for pH from 1.7 to 3.5. This implies that in 
acidic solutions there is a risk of coagulation. The zeta potential in this pH range 
reaches very low values. In the alkaline pH the commercial silica shows somewhat 
higher zeta potential so also a better electrokinetic stability. For the biocomposite 
based on SiO2 obtained by the sol–gel method, the electrokinetic curve reached i.e.p. 
at pH close to 4.5. A positive value of surface charge below pHi.e.p.~4.5 is not typical 
of silica but follows from the presence of a small number of –NH3

+ groups 
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incorporated in the spatial lattice of silica and is related to the method of synthesis 
applied (Kosmulski 2009). 

Kraft lignin shows negative values of zeta potential in the whole pH range studied 
and the shape of the electrokinetic curve suggests a tendency towards reaching i.e.p. at 
pH close to 1. Kraft lignin shows negative surface charge in a wide range of pH. The 
charge is a consequence of ionisation of the surface hydroxyl and acidic groups as a 
result of lignin dispersion in water solutions (Dong 1996). Kraft lignin has a high 
electrokinetic stability in pH range from 3 to 11.  

Figure 4b presents the zeta potential dependences on pH for the SiO2/lignin 
biocomposites. All biocomposites show negative zeta potential in the whole pH range 
studied and good electrokinetic stability in the pH range from 4 to 11. The character of 
electrokinetic curves is an indirect confirmation of the effectiveness of the proposed 
method of SiO2/lignin biocomposites synthesis. 

 Colorimetric analysis 

Analysis of the colorimetric data has brought another evidence indirectly confirming 
the effectiveness of the proposed method of silica functionalisation. The colorimetric 
parameters were determined in the colour space CIE L*a*b*.  

No significant difference in the colour was detected for the silicas obtained by 
different methods. Thus, for all silica samples an average value of L* equal to 93.7 
was assumed. With increasing content of lignin in the final biocomposite, the value of 
L* decreases, confirming that the surface functionalisation took place to a satisfactory 
degree (Fig. 5). Moreover, the values of a* and b* increase, which indicates an 
increase in the contribution of red and yellow.  

An additional parameter that can be of importance in colorimetric analysis is the 
value of dE factor component describing the total change in colour of particular 
samples. As expected, this value increases with increasing content of lignin in the 
biocomposite, which confirms a distinct differences in the colour between the samples 
containing different amounts of lignin 

Thermal analysis 

Thermal analysis is the main method for characterisation of thermal properties of 
chemical substances. Results of thermal analysis provide information on the 
elementary phenomena taking place and the thermal stability of a substance at 
elevated temperatures is one of the most important parameters defining the range of 
prospective application of materials. Such measurements were performed for the 
silica/lignin biocomposites. 
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(a) (b) 

 
(c) 

Fig. 5. Colorimetric data of silica and silica/lignin biocomposites obtained on the basis of  
(a) Stöber silica, (b) hydrated silica and (c) Syloid®244 

Figure 6a presents the thermogravimetric curves for the silica and lignin precursors 
used in the studies. Silica shows high thermal stability and within the temperature 
range considered its mass loss reaches only 5% (because for all types of silica the 
course of TG curves was similar, only one curve is presented in the figure). For lignin 
the mass loss over the temperature range studied was significant and reached 65%. 
This result confirms the data published in other works, also for the other types of 
lignin (Rodriguez-Mirasol 1993, Kijima 2011). The most distinct second stage of large 
mass loss of about 35% takes place in the range 200–600 °C. It corresponds to a 
complex process of thermal decomposition involving formation of new bonds as a 
result of crosslinking reactions. The final biocomposites show rather high thermal 
stability (Fig. 6b) especially samples 7 and 11, which – together with the fact of using 
a natural precursor – lignin – means that they offer a wide range of prospective 
applications.  



 L. Klapiszewski, M. Nowacka, K. Szwarc-Rzepka, T. Jesionowski 506 

  
(a) (b) 

Fig. 6. Thermal analysis of (a) precursors and (b) silica/lignin biocomposites containing  
20 wt./wt. of lignin in hybrid matrix 

The attractive TG results obtained at this stage of the study suggest that the 
silica/lignin biocomposites can be used as polymer fillers of new generation. This 
possibility will be studied in the near future.  

 Porous structure properties  

The structural properties of the biocomposites obtained were characterised on the basis 
of such parameters as: mean pore diameter, total pore volume and specific surface area 
BET. Values of these parameters determined for the initial silica samples and selected 
biocomposites are given in Table 2.  

Table 2. Adsorption properties of silicas and silica/lignin biocomposites containing  
20 weight parts by mass of lignin per 100 weight parts by mass of silica matrix 

Sample  
Name 

BET surface area 
 (m2/g) 

Total volume of pores 
(cm3/g) 

Mean size of pores 
 (nm) 

Stöber silica 7 0.01 6.2 

3 4 0.01 7.9 

Hydrated silica 129 0,01 3,6 

7 115 0.05 3.6 

Syloid®244 262 1,2 18,0 

11 223 0,9 14,3 

 
The above presented results indicate that the newly proposed silica/lignin 

biocomposite can be applied as a natural adsorbent. Only the biocomposite based on 
silica synthesised by the modified Stöber method has a low BET surface area  
(Table 2). Biocomposites 7 and 11, based on hydrated silica and Syloid®244, had 
promising values of surface areas of 115 and 223 m2/g, respectively. The highest 
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values of the total pore volume and pore diameter were found for Syloid®244 and the 
biocomposite obtained on its basis (sample 11). The earlier reported results 
characterising adsorption properties of hydrated silica (Klapiszewski 2012) have been 
confirmed by the results presented in this work. The adsorption data obtained for the 
biocomposites studies have shown that their specific surface area BET is large enough 
to justify the tests of SiO2/lignin biocomposites adsorption properties towards organic 
compounds and selected heavy metal ions.  

Conclusions 

The proposed method for the synthesis of new composites based on silica and lignin 
has brought promising results from the viewpoint of testing their use as advanced 
functional materials. The biocomposites obtained show attractive dispersive–
morphological properties, especially those containing 10 and 20 weight parts by mass 
of lignin in silica matrix. With increasing content of lignin in the biocomposite the 
volume contribution of larger particles increases, leading to formation of aggregates 
and agglomerates. Results of the studies performed to characterise the obtained 
materials have proved that the silica/lignin biocomposites have good electrokinetic 
stability and are promising as polymer fillers or adsorbents of harmful chemical 
compounds, including heavy metals, thanks to their good thermal and porous structure 
properties.  
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Abstract. Separation of naturally hydrophobic particles, such as coal, by flotation is known to be 
enhanced with the addition of salt solutions into the system. In this study, the flotation of bituminous coal 
in the presence of NaCl, KCl, CaCl2 and MgCl2 without use of any flotation chemicals was investigated 
in detailed. In addition, zeta potential and foam stability tests were performed. The results from this study 
showed that the flotation behaviour of coal was influenced by these dissolved salts, and determined by the 
specific effect of these ions, while MgCl2 and KCl solutions showed the highest and the lowest flotation 
performance improvements, respectively. The ash content of the products also increased with the salt 
concentration. This can be attributed to the entrainment of the ash minerals in the salt solutions, 
particularly at higher salt concentrations. Meanwhile, the froth stability tests at 1 M salt concentration 
also indicated that there is a correlation between the flotation recovery and stability profile of the froth. 
These results also clearly indicated that Na+, K+, Ca2+, Mg2+ ions have a strong ion specific effect on the 
flotation recovery of the coal particles, and there is an optimum salt concentration to produce a clean coal 
in these salt solutions.  

Key words: flotation, coal, salt, froth stability, ion-specific effect 

Introduction 

High salt concentration has a significant effect on bulk and interfacial water structure, 
and colloidal interactions between bubbles and particles hence affect flotation of 
minerals. There are several studies in the literature indicating that dissolved ions in 
flotation system have a significant effect on the flotation of minerals such as potash, 
trona and borax in brine solutions, and coal in saline water (Yoon and Sabey 1989; 
Laskowski 1994; Celik et al. 2002; Ozdemir et al. 2010). Several experimental and 
modelling techniques for determining solution viscosity and surface tension, bubble-
particle attachment time, contact angle, atomic force microscopy, sum-frequency 
vibrational spectroscopy and molecular dynamics simulation have been used to 
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provide further information on air-solution and solid-solution interfacial phenomena, 
especially the interfacial water structure due to the presence of dissolved ions 
(Ozdemir et al. 2007; Schreithofer and Laskowski 2007; Cheng et al. 2008; Du et al. 
2008; Burdukova et al. 2009).  

Several flotation plants in the world use process water with high salt content. 
Meanwhile, the use of process and saline waters in coal flotation has also attracted 
great interest for many years as the process water can be re-used and the accumulated 
salt ions available in water can enhance coal flotation. Since the researchers (Majer et 
al., 1934) discovered in 1934 that that coal could be floated with the increase in salt 
concentration without use of flotation chemicals (Ratajczak and Drzymala 2003), 
a number of theories have been proposed to explain the flotation behaviour of coal in 
salt solutions.  
 Klassen and Plaksin 1954 hypothesized that salt ions destabilize the hydrated 

layers surrounding the coal and hence reduce the surface hydration of the coal 
(Ratajczak and Drzymala 2003). The destabilization makes the coal more 
hydrophobic and enhances the bubble-particle attachment. They also concluded 
that high salt concentration causes a decrease in the hydrophobicity of coal and 
thus decreases flotation.  

 Charlamow 1957 later hypothesized that flotation in salt solutions is only possible 
for naturally hydrophobic minerals (Ratajczak and Drzymala 2003). Salt flotation 
significantly depends on the nature of the anions and cations in the salt solution 
used.  

 Klassen and Kovatchev (1959) demonstrated that salt flotation increases with 
decreasing in zeta potential of particles (Ratajczak and Drzymala 2003).  

 First time in the literature, Klassen and Mokrousov 1963 confirmed the discovery 
of flotation enhancement of naturally hydrophobic particles in salt solutions 

 Laskowski (1962 and 1963) proposed that the salt flotation is an electrochemical 
phenomenon; therefore the presence of electrolytes compresses the electrical double-
layer (EDL) between bubbles and particles which corresponds to the reduction of 
zeta potential of both bubble and particle (Ratajczak and Drzymala 2003).  

 Laskowski and Mielecki (1964) later showed that salt flotation is a kinetic 
phenomenon (Ratajczak and Drzymala 2003).  

 Marrucci and Nicodemo (1967) found that the presence of electrolytes in aqueous 
solution reduced bubble size in the pulp phase when the electrolyte concentration 
was increased. They proposed that the reduction of bubble coalescence depends 
upon the valence of the electrolytes as well as the magnitude of the surface tension 
(dγ/dC).  

 Laskowski and Iskra (1970) illustrated that contact angle does not change with 
increasing concentration of salt.  

 Li and Somasundaran (1991) showed that  efficiency of flotation depends on the 
degree of bubble coalescence. They later confirmed that while coal flotation 
decreases at low salt concentration, flotation increased at higher salt 
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concentrations. For example their studies showed that above 0.1 M NaCl any 
increase in salt concentration increased the coal floatability. Their studies also 
showed that the coal flotation decreased with an increase in the salt concentration 
up to 0.1 M (Li and Somasundaran 1993).  

 Reduction of bubble coalescence in salt solutions was also investigated by Craig et 
al. (1993). Test results showed that there is a definite correlation between the 
valence of the electrolytes and the transition concentration, where bubble 
coalescence is reduced by 50%.  

 Laskowski (1994) proved that salt ions in the solution destabilize the layer of water 
around the hydrophobic place as the bridge between the hydrophilic sites.  

 Pugh et al. (1997) showed that salt flotation may result from the evolution of 
hydrophobic micro bubbles on the mineral surfaces. They proposed that salty water 
contains less dissolved air and thus less cavitations occurs (Paulson and Pugh 
1996).  

 Ratajczak (2002) also showed that a salt flotation kinetic and thermodynamic 
phenomenon. And, there is a relationship between contact angle and the energy 
state of the phase boundaries (Ratajczak and Drzymala 2003).  

 Although the studies mentioned above showed that the flotation recovery has a 
maximum at minimum zeta potentials other studies indicated that the flotation 
recovery has a maximum at pH values both above and below the isoelectric point 
(Celik and Somasundaran 1980; Li and Somasundaran 1993). 

 However, Harvey et al. (2002) showed that the reduction of zeta potential cannot 
solely explain the floatability of coal in electrolyte solutions.  

 Recently, a study performed by Ozdemir et al. (2009) found that the enhancement 
of coal flotation in hypersaline water (1 M NaCl) cannot be entirely attributed to 
the surface chemistry aspects as previously proposed. Their results also proved the 
previous results by Laskowski and Iskra (1970) that the contact angle of coal in 
saline water did not change compared with that in de-ionized (DI) water. The 
atomic force microscopy (AFM) results also indicated that the repulsive force 
between the bubble and the coal particle was reduced in saline water.  
There also have been many studies investigating this mechanism in seawater and 

saline waters (Yoon 1982; Yoon and Sabey 1989). These studies have brought several 
mechanisms to explain coal flotation in inorganic electrolyte solutions, and several 
theories have been suggested to explain the enhancement of coal flotation by salt ions, 
but the bubble coalescence in salt solutions seems to be a significant factor in coal 
flotation in saline water. Other available studies have shown that salt ions play an 
important role in the flotation of soluble minerals and coal (Miller et al. 1992; Hancer 
et al. 2001; Harvey et al. 2002; Ozdemir et al. 2007). In fact, it is an important issue of 
using waters containing high salt or sea water due to lack of fresh water in the world. 
This will also eliminate using flotation chemicals, and therefore, reduce the cost of 
flotation process. Therefore, it is important to understand how the dissolved ions 
behave in solutions and at the interfaces. 
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The literature review shows that little work has done on investigating the effect of 
salt ions on the ash content of the coal products in the presence of salt solutions. There 
has been a significant work on the effect and control of various surfactants used in 
flotation, on bubble size and particle hydrophobicity, however the effect of electrolytes 
on coal flotation has not been thoroughly investigated in term of ash content of the 
products. Therefore, the objective of this study is to investigate the effect of various ions 
(Na+, K+, Ca2+, Mg2+,) on flotation of coal along with the behaviour of ash minerals in 
the salt solutions. In this matter, laboratory scale conventional flotation (Denver) 
experiments were carried out in NaCl, KCl, CaCl2, MgCl2 solutions as a function of salt 
concentration. Additionally, flotation mechanism of coals in these salt solutions was 
investigated using zeta potential and froth stability tests.  

Materials and methods 

Materials 

The coal sample used in this study was obtained from Zonguldak, Turkey. The sample 
was first crushed using jaw and roll crushers to reduce the particle size less than 1 mm. 
The particle size distribution and ash content of the sample is shown in Fig. (a) and 
(b). Then, the sample size was reduced down to 212 µm using a ring mill. Finally, the 
sample was sieved from a 38 µm sieve, and the flotation sample -212+38 µm was 
obtained. In the case of zeta potential measurements, the sample size was reduced to 
less than 38 µm using an automatic mortar and pestle. 
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Fig. 1. (a) Particle size distribution, and (b) ash content of the raw coal sample 

The flotation studies and the froth stability tests were carried out with analytical 
grade (> 99%) salts (NaCl, KCl, CaCl2, MgCl2), and they were used without further 
purification. The salt concentrations used in the experiments were 0.01 M, 0.1 M, 1.0 
M, and prepared with mono-distilled water (GFL, Germany). All salt solutions were 
freshly prepared and used. Additionally, the zeta potential and froth stability tests were 
performed in de-ionized (DI) water (18 MΩcm) (Milli-Q plus Millipore Ultra Pure 
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Water system, Millipore Ltd, Molshem, France). The surface tension of the DI water 
was measured, and found to be about 72.0 mN/m at 23 oC. 

Methods 

Zeta potential measurements 

The zeta potential measurements of coal particles were carried out using a ZetaPlus 
instrument (Brookhaven Instruments, Holtsville, NY) to determine the electrophoretic 
mobility of charged suspensions. First, about 7 g of the sample was dry ground for 15 
min using a mortar and pestle. Then, the ground sample was screened through a 38 µm 
sieve, and the undersize fraction was conditioned in the DI water (solid ratio 1%) 
using a magnetic stirrer at 500 rpm for 15 min. For pH adjustments, the suspension 
was mixed for about 5 min in order to reach equilibrium after adding the desired 
amount of 0.1 M HCl or 0.1 M NaOH. Before each experiment, the suspensions were 
kept for 5 min to allow the coarse particles to settle down. Then, a small amount of 
suspension was taken from the top of the suspension, and transferred to the 
measurement cell. Finally, ten measurements at each pH value were performed, and 
the average value of the measurements was obtained for the coal particles. An average 
error of these measurements was about 3%. The experiments were carried out at room 
temperature (23 oC). 

Flotation experiments 

The flotation experiments were carried out with 212×38 µm size fraction using a small 
laboratory Denver flotation cell (1.5 dm3). For each flotation experiment, 100 g of a 
coal sample was added into the cell and mixed with salt solutions at 1000 rpm for 3 
min without reagent addition. After 3 min conditioning, air was introduced at a flow 
rate of 10 dm3/min into the cell and froth was collected at 1, 3, 7, and 15 min. The 
impeller speed was kept at 1000 rpm. Feed solid concentration was 10% by weight. 
After flotation, completed concentrates and tailing were filtered, dried at 80 oC, and 
weighted for further processing and analysis. For the ash analysis, an about 5 g of 
dried sample from each product was first ground using a mortar and pestle. Then, 
approximately 2 g of a ground sample from each product was burned in an oven at 815 
oC for 2 hr. The ash left over was weighed to calculate the ash content. 

Equation 1 was used to calculate the combustible recovery of the flotation 
experiments: 

 Combustible Recovery (%) = [MC(100 – AC)/MF(100 – AF)]·100 (1) 

where MC is weight of the concentrate (%), MF is weight of the feed (%), AC is the ash 
content (wt.%) of the concentrate and AF is the ash content of the feed by weight (%).  

Froth stability tests 

The froth stability tests were carried out using a 125 cm3 micro-flotation column cell 
which was mounted on a magnetic stirrer, and a magnetic stirrer bar was used for 
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agitation. In this study, 1 g sample (212×38 µm) was used for each test. A suspension 
of 1% by weight was prepared, and mixed at 500 rpm for 10 min. Finally, the 
suspension was transferred into the micro-flotation cell, and the froth stability tests 
were performed at a flow rate of 25, 50, and 100 cm3/min. The froth height was 
recorded as a function of time at a constant airflow rate until the froth reached to 
a determined level, and the height was used to calculate the dynamic froth stability.  

Dynamic froth stability values were determined using the Bikerman equation, as 
calculated by Eq. 2 (Johansson and Pugh 1992; Paulson and Pugh 1996; Gourram-
Badri et al. 1997; Barbian et al. 2003) 

 maxfV H A
DFS

Q Q
    (2) 

where DFS is the dynamic froth stability, Vf is the foam volume, Hmax is the 
equilibrium height of the froth, A is the cross-section area of the cell, and Q is the gas 
volumetric flow rate. 

Results and discussion 

Results 

Zeta potential measurements 

Electrokinetic properties of minerals as revealed from zeta potential measurements 
provide important information for understanding of flotation separation processes. In 
this regard, zeta potential measurements for the coal were performed to determine the 
electrophoretic mobility of the sample. Figure 2 presents the zeta potential results of 
the coal as a function of pH. As seen from Fig. 2, the pzc (point of zero charge) values 
for the sample were found to be between pH 7 and 8, which agrees with the literature 
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Fig. 2. Zeta potential-pH profile for the coal sample used in this study 



 Specific ion effect of chloride salts on collectorless flotation of coal 517 

data. According to Aplan (1976), the rank of coals can be classified based on their pzc 
which decreases from bituminous coal to lignite coal. The pzc for low and medium 
volatile bituminous coals is about pH 8 which indicates that the coal sample used in 
this study is very hydrophobic. 

Flotation experiments 

Flotation of coal was carried out in chloride halide salt solutions as a function of salt 
concentration without a frother or collector, and the results are shown in Figs 3–6. 
According to the results obtained from coal flotation in NaCl salt solutions, it is 
possible to produce a coal product with an ash content of 11.17% from the coal sample 
with an ash content of 52.16% in 10–2 M salt concentration in 1 min. If the products 
are combined after completion of 15 min flotation time, a coal product with an ash 
content of 17.85% can be obtained with a recovery of 75.6%. With further increase in 
the salt concentration, the flotation recovery increased to 81.8% and 96.0% for 10–1 M 
and 1 M NaCl, respectively. On the other hand, an increase in salt concentration 
significantly increased the ash content of the products. For example, it was obtained a 
coal product with an ash content of 22.35% in 10–1 M NaCl, however the ash content 
of the product at 1 M dramatically increased up to 41.82% for 1 M NaCl. These results 
clearly indicate that the salt concentration plays an important role in the coal flotation 
in the salt solutions. 
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Fig. 3. Coal flotation in NaCl salt solutions 

Additionally, a coal product with an ash content of 18.13% was obtained with a 
recovery of 51.1% after completion of 15 min flotation time in 10-2 M KCl salt 
concentration. An increase in the salt concentration from 10-2 M to 10-1 M and 1 M 
increased the flotation recovery to 73.7% and 88.5%, respectively. However, the ash 
content of the products also increased 31.68% and 41.60% for 10–1 M and 1 M KCl, 
respectively.  



 O. Ozdemir 518 

0

20

40

60

80

100

0

20

40

60

80

100

0 3 6 9 12 15 18 21 24 27

T
o

ta
l A

s
h

 (
%

)

C
o

m
b

u
s

ti
b

le
 R

e
c

o
v

e
ry

 (
%

)

Flotation Time (min.)

1 M
10-1 M
10-2 M
1 M kul
10-1 m kül
10-2 m kül

1 M (Recovery)
1.10-1 M (Recovery)
1.10-2 M (Recovery)
1 M (Ash)
1.10-1 M (Ash)
1.10-2 M (Ash)

KCl

 

Fig. 4. Coal flotation in KCl salt solutions 

The flotation results with CaCl2 showed that a coal product with an ash content of 
15.84% was obtained with a recovery of 62.5% after completion of 15 min flotation 
time in 10–2 M salt concentration. A further increase in the salt concentration, the 
flotation recovery increased to 93.3% and 95.1% for 10–1 M and 1 M CaCl2, 
respectively. An increase in salt concentration also increased the ash content of the 
products from 34.30% in 10–1 M CaCl2 up to 41.24% for 1 M CaCl2.   
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Fig. 5. Coal flotation in CaCl2 salt solutions 

Finally, the flotation results with MgCl2 indicated that a coal product with an ash 
content of 18.23% was obtained with a recovery of 68.1% after completion of 15 min 
flotation time in 10–2 M salt concentration. Additional increase in the salt 
concentration increased the flotation recovery to 92.5% and 96.9% for 10–1 M and 1 M 
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MgCl2, respectively. An increase in salt concentration also significantly increased the 
ash content of the products from 34.16% in 10–1 M up to 46.83% for 1 M MgCl2.   
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Fig. 6. Coal flotation in MgCl2 salt solutions 
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Fig. 7. Coal flotation as a function of salt concentration 

Cumulative combustible flotation recovery versus salt concentration shown in 
Fig. 7 indicates that the flotation recovery increases with increasing salt concentration. 
As seen from Fig. 7 the increase continues up to 10–1 M from 10–2 M, then reaches a 
plateau. According to these results, while MgCl2 produced the highest flotation 
recovery, KCl gave the lowest flotation recovery. Based on these results, the following 
trend can be written: 

 MgCl2 ≥ CaCl2 ≥ NaCl > KCl. 
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Froth stability tests 

The bubble size distribution of the froth phase is an important performance measure 
for the flotation system. The experimental results from the froth stability in salt 
solutions indicated that the same trend can be obtained as shown in Fig. 8 

 MgCl2 > CaCl2 > NaCl > KCl. 

While MgCl2 shows the highest froth stability, KCl gave the lowest stability. Fig. 7 
along with Fig. 8 clearly highlights that increased salt concentration solutions to the 
flotation system can be considered as promoters in the absence of frother as more 
stable froths form in the system. 
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Fig. 8. Dynamic froth stability for coal suspensions  
in 1 M salt solutions as a function of amount of air 

Discussion 

The flotation results suggest that under the present test conditions the coal product can 
be recovered in chloride salts without using any frother or collector. The coal recovery 
increases with increasing salt concentration as a function salt concentration. These 
results also agree with the previous studies (Yoon and Sabey 1989; Li and 
Somasundaran 1993; Kurniawan et al. 2011).  

An inorganic electrolytes, particularly cations such as Na+ and Mg2+, show a 
significant influence on the electrokinetic behaviour of the bubbles and particles and 
reduce the magnitude of zeta potential of bubble and particle (Li and Somasundaran 
1991; Paulson and Pugh 1996). In this case, the electrical double-layer is compressed, 
and hence it will reduce the repulsive interaction between bubbles and particles. For 
this reason, the hydrophobic force will dominate the system (Yoon and Sabey 1989; 
Paulson and Pugh 1996; Harvey et al. 2002). The previous experiments also showed 



 Specific ion effect of chloride salts on collectorless flotation of coal 521 

that the flotation recovery reaches  maximum at minimum zeta potential (Paulson and 
Pugh 1996). The atomic force microscopy (AFM) results also indicated that the 
repulsive force between the bubble and the coal particle was reduced in saline water 
(Ozdemir et al. 2009). Meanwhile, the results from this study also showed that the 
contact angle of coal in saline water did not change when compared with that in DI 
water. 

According to the DLVO theory repulsion between bubbles result form a balance of 
attractive (Van der Waals or dispersive) and repulsive (electrostatic due to negative 
charge) forces. However, the presence of electrolytes in aqueous solution is known to 
reduce the occurrence of this process, and a bubble size is reduced in the pulp phase 
when the electrolyte concentration was increased (Marrucci and Nicodemo 1967). 
Meanwhile, Craig et al. 1993a; Craig et al. 1993b also showed that there is a definite 
correlation between the valence of the electrolytes and the transition concentration 
where bubble coalescence is reduced by 50%. According to this study, the bubble 
coalescence was inhibited in the presence of some salts such as NaCl, KCl, MgCl2 etc. 
Transition concentration for each salt is quite different for each salt. For example, the 
transition concentration of MgCl2 and CaCl2 is 0.02 M, and that of NaCl and KCl is 
0,08 and 0,1 M, respectively (Craig et al. 1993a; Craig et al. 1993b). The increase in 
the flotation recovery from KCl to MgCl2 can be easily attributed to the decrease in 
bubble coalescence. The previous studies showed that the high number of the bubbles 
in the system increased the flotation efficiency of coal particles in salt solutions 
(Kurniawan et al. 2011). These results show the importance of the effect of ion 
specificity (size and polarizability) at high salt concentrations on bubble coalescence.  

The attachment of the coal particles on bubbles depends on the long-range 
hydrophobic interaction between them. It is well known that a stable froth has 
a tendency to result in greater recovery values since it holds the mineral particles 
together for a longer time. It is also noted that liberation of coal particles from gangue 
increases with decreasing particle size and, therefore, small coal particles are likely 
more hydrophobic than large particles. Thus, the strong and long-range hydrophobic 
attraction occurs between the small coal particles and the bubble in salt solutions. As 
seen from Fig. 9, while salt solutions significantly increased flotation of coal, the ash 
content of the products also increased. And, this can be attributed to the entrainment of 
the ash minerals in the salt solutions, particularly at higher salt concentrations. The 
reason for this is inhibition of bubble coalescence in salt solutions. Hence smaller 
bubbles occur in the system and cause more stable froth. This also can be linked to the 
effect of salt type and concentration. For example, in the case of 10–2 M salt 
concentration, which is lower than the transition concentrations for each salt, there is 
no significant difference among the salts in terms of flotation recovery and ash content 
of the products (Fig. 9a). However, with increase in salt concentration up to 10–1 M, 
which is higher than the transition concentration of MgCl2 and CaCl2 but lower for 
NaCl and KCl, the flotation recovery vs. ash content of the products in MgCl2 and 
CaCl2 solutions exactly shows the same trend compared to NaCl and KCl (Fig. 9b). At 
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1 M salt concentration which is higher than the transition concentration for each salt 
the bubble coalescence was completely decreased and eventually prevented, and 
therefore no significant variation in the flotation recovery was observed for each salt 
as seen from Fig. 9c. These results clearly indicates that Na+, K+, Ca2+, Mg2+ ions have 
a strong ion specific effect on the flotation recovery of the coal particles, and there is 
an optimum salt concentration to produce a clean coal in these salt solutions.  
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Fig. 9. Cumulative combustible recovery vs. ash content of the products as a function of salt 
concentration (a) 10-2 M, (b) 10-1 M, and (c) 1 M 

Conclusions 

In this study, selected chloride salts, MgCl2, CaCl2, NaCl, and KCl, were used in the 
experimental program to clarify the mechanism of coal flotation enhancement by ions 
of inorganic salts. The results from this study showed that the effect of salt on coal 
recovery depends on the type and the concentration of the electrolyte which 
significantly affected the froth flotation performance. The experiments also showed 
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that while the combustible recovery increased with increasing salt concentration, the 
ash content of the coal products also increased significantly. These results suggest that 
a coal product with low ash content can be beneficiated with a higher recovery 
depending on the salt type and concentration.  

The results obtained from this study will help to understand the flotation behaviour 
of many minerals in salt solutions. Furthermore, this will be a fundamental basis for 
development of improved flotation technology for mineral processing industry. 
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Abstract. Characterization and beneficiation of magnesite-dolomite sample were performed. The role of 
ore mineralogy in selecting the most adequate concentration method for magnesite-dolomite separation 
was found to be detrimental. The microscopic analysis showed that dolomite is stained with goethite and 
lepidocrocite (weakly magnetic minerals), while magnesite is stained with hematite and magnetite (highly 
magnetic mineral). A dry magnetic separation technique was used to separate dolomite from magnesite. 
The magnetic separation of the sample resulted in a magnesite concentrate product assaying 1.12% CaO 
with 46.02% recovery and CaO/SiO2 molar ratio = 1.62. This magnesite product is suitable for basic 
refractory. Besides, middling fraction was produced, containing 44.63% magnesite and 10.95% dolomite. 
This product is suitable for making low-loss forsterite dielectrics. 

Keywords: magnetic separation, refractory materials 

Introduction 

A vast development of heavy and light industries increased the demand for 
refractories, particularly basic refractory. The basic refractories e.g. magnesite, 
dolomite, forsterite and their derivatives present great importance for various 
industries (Girgis and Gag, 1970; Othman and Khalil, 2005). For the forsterite and 
forstertie-magnesite refractories, carbonate rock, rich in MgO, is considered as a 
suitable source of raw materials for forsterite brick-making. The presence of 
impurities, associated with the magnesite ores, reduces its refractoriness. Dolomite, 
which contains calcium, complicates technical processing during firing of magnesite. 
Thus, the CaO/SiO2 molecular ratio is important in determining the quality of 
magnesite refractoriness, which should not exceed 2. This ratio could be obtained by 
removing a certain percentage of dolomite, which determines the CaO content, 
through beneficiation processes. Different methods for magnesite-dolomite separation 
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have been applied (Chen and Daniel, 2005; Gonglan and Daniel, 2004; Wanzhong et 
al., 2011). The criteria for the selection of the most adequate concentration method 
include a series of parameters. The most important is related to ore mineralogy 
(Araujo et al.2003; Kumar et al. 2010; Upadhyay et al., 2009). There has been 
considerable interest in recent years in the development of automatic systems for the 
measurement of mineral composition and texture to solve mineral processing 
problems. The present work deals with the characterization and beneficiation of 
magnesite-dolomite ore. The aim was to obtain a magnesite product with a low CaO 
content to be suitable for refractory industries.  

Experimental 

Materials 

A representative talc-carbonate sample was obtained from the Wadi El-Barramiya 
locality.  It is situated in the Eastern Desert of Egypt and lies between longitudes 33° 
44′ 00″–33° 49′ 00″ E and latitudes 25° 03′ 20″–25° 06′ 30″ N. The ore sample, 
supplied as blocks, was crushed in a 5x6 Denver jaw crusher followed by a “Wedag” 
rod mill in a closed circuit with a 0.25 mm sieve. The –0.25 mm fraction was passed 
on a 0.045 mm sieve. The –0.25+0.045 mm size fraction was used in this study. The 
sample was subjected to flotation using a frother at neutral pH to separate talc from the 
carbonate fraction (Yehia and Al-Wakeel, 2000). The present study was conducted on 
the carbonate fraction. Table 1 presents the chemical and mineral composition of the 
studied sample. It shows that the sample is composed mainly of two minerals, that is 
magnesite and dolomite. There are other three minerals found in subordinate amounts 
including talc, serpentine and quartz. The chemical composition of the sample 
indicates that it is composed mainly of three components: MgO, SiO2 and Fe2O3. It has 
also relatively high amounts of CaO, which indicates the presence of dolomite.  

Table 1. Mineral and chemical composition of the carbonate sample 

Mineral composition, % Chemical composition, % 

Talc Magnesite Dolomite Serpentine Quartz SiO2 MgO CaO Fe2O3 L.O.I. 

2.84 73.58 17.58 1.56 4.89 9.86 33.92 5.73 7.18 40.48 

L.O.I. = Loss on Ignition  

Methods 

Minerals association and characters as well as grain size were investigated by 
mineralogical examination of hand-picked samples. Identification of minerals by 
reflected light from polished sections was performed. The polished sections were 
examined under an “Ortholux Leitz” microscope.  

The identification of the composition of the ore sample was possible by studying 
the X-ray patterns of the specimens using a Philips X-ray diffractometer (PW 1010). 
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Mg, Ca and Fe were determined using Inductive Couple Plasma Emission 
Spectrometer. SiO2 was determined gravimetrically. “Carpco” high intensity induced 
roll magnetic separator, model MIH (13) 111-5, was employed in this investigation as 
a free fall kind of separator. For efficient separation, the feed material should always 
be dry, free flowing and free from slimes. In this study, the controlling parameters 
such as the magnetic field strength and drum speed were modified in such a manner 
that the recovery-grade relationship could be plotted. 

Results and discussion 

Petrographic and geochemical analyses  

The talc-carbonate rocks of Wadi El-Barramiya are well developed through the 
alteration of the serpentine rocks by carbon dioxide emanations. This rock is an 
alteration product of ultra basic rocks such as dunite which is composed of Fe and Mg 
bearing minerals (olivine and pyroxene). A microscopic examination indicated that 
magnesite was found in variable crystal sizes ranging from medium to very coarse 
reaching up to 2.45 mm (Fig. 1). Besides, dolomite occurs in the form of patches and 
veinlets of microcrystalline, rhombic, and zoned crystals. The carbonate ore shows a 
brownish tinge of iron-bearing minerals which can be a surface coating or 
disseminated grains in a matrix of carbonate. It is shown there that dolomite is stained 
with goethite (α-FeOOH) and lepidocrocite (γ-FeOOH) (weakly magnetic minerals) 
while magnesite is stained with hematite and magnetite (strongly magnetic mineral). 
This differential association was controlled by iron oxide precipitation 
(Kremenetskaya et al., 2009). The source of the iron in the studied ore sample was in 
the breakdown of ferromagnesium silicates where iron is present in a ferrous form 
(Ormo et al., 2004). It was suggested that carbonic acid (resulting from dissolving CO2 
gas in water) weathered the ferromagnesian minerals to form magnesium-iron-
carbonate-rich solution. The released iron from the minerals is oxidized, when 
exposed to the surface, to form the red coloration of the “red beds”. The oxidized 
ferric iron is highly immobile. The iron needs to be reduced to Fe+2 (by donation of 
electrons) in order to be put into solution and transported. 

Previous studies on iron mineralization in the carbonate ore suggested that iron is 
mobilized and removed by reducing water that moved along conduits (e.g. faults or 
fractures) and then outwards into adjacent permeable rocks (Beitler et al., 2003; 
Beitler, et al., 2003; Parry et al., 2004). The fluid is reducing possibly due to the 
presence of hydrocarbons, methane, organic acids or hydrogen sulfide. When the 
reducing water (acidic water), carrying iron(II), meets and mixes with shallow, 
oxygenated ground water (alkaline water), iron is precipitated to form a variety of iron 
oxides (Grosz et al., 2006). However, hydroxide ions formed from the dissolution of 
dolomite are almost completely bound to the ferric solution to form 
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a)            b) 

   
c)      

Fig. 1. Carbonate minerals with iron oxyhydroxides. (a) different generations of dolomite crystals 
separated by goethite bands in its characteristic colloform structure, plane polarized, (b) magnesite with 
hematite on the crystal boundaries, crossed polar and (c) vein of coarse magnesite crystals stained and 

bounded by magnetite. Scale-shaped crystals and fine fibers of serpentine in the upper most part 

dolomite are almost completely bound to the ferric solution to form 
hydroxocomplexes of iron. This means that the acidic fluid containing ferric oxides is 
neutralized on contact with dolomite. This results in goethite precipitation onto 
dolomite surface. Microscopic analysis of the magnesite-dolomite ore sample 
indicates that dolomite is stained with goethite while magnesite is stained with 
hematite and magnetite. Under these conditions neither flotation nor gravity separation 
can be used to separate dolomite from magnesite. Microscopic investigation revealed 
that there is a difference in the magnetic properties between dolomite and magnesite 
which can be separated using a magnetic separation technique. In this case, most of 
the magnesite which associated with magnetite and hematite minerals will be 
separated as a strongly magnetic fraction. On the other hand, dolomite stained with 
goethite and lepidocrocite will be separated as a weakly magnetic fraction. Besides, 
using such technique, magnesite will be cleaned from the non-magnetic minerals such 
as quartz and serpentine. However, the aim of this work was to reduce the dolomite 
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content (represented by CaO) to a minimum value and prepare a magnesite product 
suitable for basic refractory using magnetic separation technique. 

Dry magnetic separation of the carbonate sample 

Magnetic separation is a direct physical process based on the difference in magnetic 
susceptibility for minerals under investigation. Magnetic susceptibility (ξ) is expressed 
as:  

 ξ = ρ χ (1) 

where χ is the specific magnetic susceptibility and ρ is the material density. The 
relevant susceptibilities are as follows: 
– strongly magnetic ξ > 10–5 m3/kg 
– feebly magnetic ξ = 10–6 to 0.5×10–7 m3/kg  
– non-magnetic  ξ < 10–8 m3/kg.  

Table 2 presents the magnetic susceptibility for different minerals found in the 
studied sample (Schubert, 1978). It is seen that these minerals are amenable to be 
separated using magnetic separation process. The “Carpco” induced roll magnetic 
separator with variable speed controller from 0.0 to 100 rpm was used in this study. 
The generated centrifugal force, with the free fall of the feed, creates favourable 
conditions for separation using that machine.  

Table 2. Magnetic susceptibility for different minerals (Schubert, 1978) 

Mineral Chemical formula Magnetic susceptibility,  10-9 m3/kg 

Magnetite Fe3O4 0.2 to 18106 

Hematite Fe2O3 500-3800 

Goethite FeO(OH) 250-300 

Dolomite CaMg(CO3) 15 

Magnesite MgCO3 –6.4 to +45 

Talc Mg3Si4O10(OH)2 – 

Serpentine Mg3Si2O5 (OH)4 60-1200 

Quartz SiO2 –5.7 

Effect of magnetic field strength 

The effective capture of fine particles, using dry high intensity magnetic separation, 
depends mainly on the magnetic attractive force radially inwards as well as the other 
competing forces including centrifugal radially outwards and gravitational forces 
downwards. The magnetic attracting forces acting on a particle are the product of the 
particle magnetization and the magnetic field gradient (Cohen, 1973; Arvidson, 1995). 

The effect of magnetic field strength on the magnesite-dolomite separation was 
studied at a constant drum speed, 40 rpm (Fig. 2 and Table 3). It is seen that there is 
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no significant change in  CaO until the field intensity of 1.0 Ampere, after which there 
is a gradual increase in the CaO content in the magnetic fraction (magnesite 
concentrate). This is due to mechanical entrapment and non-selective magnetic capture 
of the entrained non-magnetic particles in the clusters of the magnetic particles. 
However, using magnetic field strength of one Ampere a magnesite concentrate 
assaying 2.43% CaO with an operational recovery 38.44% was obtained from a feed 
assaying 5.73% CaO. On the other hand, the wt% of the non-magnetic fraction, 
mainly dolomite, was decreased with increasing the magnetic field strength. However, 
it can be seen that the optimum conditions for magnesite-dolomite separation could be 
achieved at a magnetic field of 1.0 Ampere. 

Magnetic field strength, Ampere
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Fig. 2. Effect of magnetic field strength on magnesite-dolomite separation 

Table 3. Effect of magnetic field strength on CaO content in magnetic and non-magnetic fractions 

CaO, % 

Non-magnetic Magnetic 

Magnetic field strength, Ampere

6.35 2.21 0.5 

6.69 2.33 0.75 

7.79 2.43 1.00 

8.66 3.38 1.25 

7.63 4.56 1.5 

6.75 5.46 1.75 

7.93 5.43 2.00 

5.79 5.59 2.5 
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Effect of drum speed  

The rotation speed of the drum represents the most critical parameter affecting the 
separation process, since it determines the centrifugal force which affects both the 
grade and the recovery. The centrifugal force can affect the following:  

– retention time in the magnetic zone 
– separation of the non-magnetic particles with high specific gravity 
– detachment of very fine gangue particles adhering to the drum and to the coarse 

magnetic grains by residual humidity and electrostatic force.  
Thus, in this case, a precise and effective adjustment between centrifugal and 

magnetic forces is unequivocal for reaching the equilibrium. Figure 3 and Table 4 
present the effect of changing the drum speed on the dolomite-magnesite separation at 
a constant magnetic field (1.0 Ampere). It is seen that there is a pronounced decrease 
in the calcium oxide content of the magnetic fraction up to a roll speed of 60 rpm. By 
increasing the drum speed over this value the CaO content becomes almost constant. 
The lowering of calcium oxide content in the magnetic fraction with increasing the 
drum speed was due to the separation of the locked particles with the non-magnetic 
product.  

Table 4. Effect of drum speed on CaO content in magnetic and non-magnetic fractions 

CaO, % Drum speed, rpm 

Magnetic Non-magnetic 

20 3.81 8.49 

40 2.43 7.79 

60 1.83 7.23 

80 1.82 6.59 

100 1.58 6.38 
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Fig. 3. Effect of drum speed on magnesite-dolomite separation 
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Under these conditions (60 rpm and 1 Ampere) a magnetic fraction assaying 1.83% 
CaO with 27.72% recovery was obtained. On the other hand, the recovery and CaO 
content of the non-magnetic fraction were increased with increasing the drum speed. 

Cleaning of the rougher concentrate and evaluation of the separated products 

An improvement in the grade of the magnetic concentrate occurs by mechanical 
cleaning of the rougher magnetic concentrate at 1.0 Ampere and 60 rpm. The decrease 
in CaO % of the cleaned concentrate, assaying 0.89%  CaO, is achieved on the 
expense of recovery which is only 18.3 %. Two scavenging steps for the non-magnetic 
fractions were conducted at higher magnetic field strength of 1.25 and 2 Ampere and 
at 60 rpm drum speed. This step produces a middling product rich in magnesite-
dolomite assaying 10.95% CaO with 44.63% recovery. However, blending of the 
magnetic fraction, obtained from the scavenging step, to the cleaned magnetic 
concentrate is recommended to achieve a reasonable concentration ratio. This 
produces a final magnesite concentrate assaying 1.12% CaO with 46.02% recovery 
(Table 5). The concentrate, with low CaO content and CaO/SiO2 molar ratio =1.62, is 
suitable for making basic refractory (Girgis and Gad, 1970; Othman and Khalil, 2005). 
On the other hand, the middling fraction, called magnesite-dolomite product, can be 
used for making low-loss forsterite dielectrics. Figure 4 shows different operations 
used for beneficiation of the carbonate ore. 

 

Fig. 4. Suggested flowsheet for the beneficiation of carbonate ore 
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Table 5. Mineral and chemical composition of the magnetic separation products  

Chemical composition, % Mineral composition, % 

Total L.O.I. Fe2O3 CaO MgOSiO2 QuartzSerpen-
tine 

Dolo-
mite 

Magne-
site 

Talc Wt% Product 

99.98 43.65 7.80 1.12 46.720.69 0.00 0.12 3.36 96.49 0.00 46.02 Concentrate 

99.19 43.258 7.30 10.9533.454.24 0.50 0.65 32.65 65.93 0.27 44.63 Middling 

99.88 27.93 5.70 4.86 12.2652.2825.18 6.59 5.62 48.22 14.68 9.35 Tail 

99.51 40.48 7.18 5.86 34.2611.864.89 1.56 17.19 73.58 2.84 100 Feed 

L.O.I. = Loss on Ignition  

Conclusions 

Microscopic analysis of the magnesite-dolomite ore sample indicates that dolomite is 
stained with goethite (weakly magnetic mineral), while magnesite is stained with 
hematite and magnetite (strongly magnetic minerals). It is suggested that iron in the 
ferrous state is produced upon the breakdown of ferromagnesium silicates. The 
released iron is oxidized when exposed on the surface to form the red coloration of the 
“redbeds”. This iron is reduced by the ground acidic water and precipitates as goethite 
on dolomite surface. Iron is transported in a reduced state until it precipitates as 
hematite on magnesite surface when in contact with the oxidized ground water at high 
pH.  

The magnetic technique was selected for magnesite-dolomite separation. The 
controlling parameters such as magnetic field strength and drum speed were changed 
in such a manner that the recovery-grade relationship satisfies the objectives of 
application. Under optimum conditions (1.0 Ampere and 60 rpm) a magnesite 
concentrate, assaying 1.83% CaO with 27.72% recovery, was obtained. Mechanical 
cleaning of the rougher magnetic concentrate produced a cleaned concentrate assaying 
0.89% CaO with a recovery of 16.26 %. A scavenging step for the non-magnetic 
fraction was conducted. This step produced a middling product rich in magnesite-
dolomite assaying 10.95% CaO with 45.78% recovery. Blending of the magnetic 
fraction, obtained from the scavenging step, to the cleaned magnetic concentrate is 
recommended to achieve a reasonable concentration ratio. This produces a final 
magnesite concentrate assaying 1.12% CaO with 46.02% recovery. The concentrate, 
with low CaO content and CaO/SiO2 molar ratio=1.62, is suitable for making basic 
refractories. On the other hand, the middling fraction called magnesite-dolomite 
product can be used for making low-loss forsterite dielectrics.  
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Abstract: In this study conditions for flotation of low rank coal (lignite of Tuncbilek, Turkey) were 
investigated in detail. The experiments were performed using the 3-variable 2-level (23) full factorial 
experimental design with four base point replicates, and the results were analyzed by the regression 
model, Fischer test (F-test) and Halbich’s upgrading curve for the responses of ash content (or 
combustible matter grade) and the combustible matter recovery. The results obtained from the analysis 
indicated that while every factor considerably affected the combustible matter recovery, both collector 
(kerosene) and frother (AF65) significantly influenced the ash contents of the carbonaceous matter 
products. The only effective mutual interaction influencing recovery was caused by the kerosene-aeration 
interaction, while the interaction of kerosene-aeration and kerosene-AF65 and interactions of all factors 
(kerosene-AF65-aeration) were significant for the ash content of the products. Basing on the grade–
recovery Halbich upgrading curve, regression model and a criterion for optimum of flotation results, it 
was found that a coal product with combustible matter grade of 91.09% and 71% combustible matter 
recovery can be obtained provided that it is processed at the higher level of kerosene (3 kg/Mg), higher 
level of frother AF65 (40 ppm) and lower aeration rate level of (0.16 cm/s). 

Key words: low rank coal, flotation, design of experiment, upgrading curves 

Introduction 

Every year in Turkey teragrams of lignite having particle size of finer than 0.5 mm are 
discharged to the slurry pond after coal processing which not only causes economic 
losses but also significant environmental problems. Continuous and mechanized 
mining operations are a source of these fine coal particles which are not easily 
separated from their gangue minerals by the use of physical separation methods such 
as heavy media separation, spirals, and screens etc. Meanwhile, flotation process has a 
great potential for efficient beneficiation of these coals. Additionally, lignite type coals 

http://dx.doi.org/10.5277/ppmp130214 

http://www.minproc.pwr.wroc.pl/journal/


 O. Sahbaz 536 

especially have problematic flotation behavior, not as the high rank coals (Aplan, 
1976; Polat et al., 2003). Many studies have been performed to investigate flotation of 
low rank coals to obtain the optimum working parameters (Naik et al., 2004; 2005; Jia 
et al., 2000; Mohanty and Honaker, 1999). Some of these studies have also been 
performed for the Turkish coals (Aktaş and Woodburn, 1995; Ateşok et al., 2001; 
Cebeci, 2002; Akdemir and Sönmez, 2003, Vapur et al., 2010). All these studies 
clearly show the importance of chemical factors that are type of collector, frother, and 
pH on flotation performance. Moreover, some parameters such as aeration, hold-up, 
and power input can also affect the flotation performance of coals (Kowalczuk et al., 
2011; Mohanty and Honaker, 1999).  

The parameters and their effects on the combustible matter recovery and other 
performance characteristics are innumerable. Lately, Kelebek et al. (2008) carried out 
a study to improve flotation of coal particles obtained from Tuncbilek lignite which is 
one of the biggest lignite reserves in Turkey. They determined the effect of collector 
type and pH and stated the necessity for determining the effect of frother (AF65) on 
Tuncbilek lignite flotation. 

The procedure of factorial design of experiments is commonly used to examine the 
parameters controlling separation processes. The factorial design for performing 
experiments has many advantages over classical methods of treating one-variable-a-
time (Box et al., 1978).The number of experiments and amount of material are 
reduced and time is saved by the use of factorial design. In addition, the analysis done 
on the results is easier while the experimental error is reduced. It can also helpful in 
determination of the optimal condition of the process.  

Studies based on statistical approaches usually treat, incorrectly, grade and 
recovery independently. Therefore, it is necessary to use the so-called upgrading 
curves (Drzymala, 2006; 2007), that are plotted as quality vs. either quantity or quality 
of separation products (Drzymala et al., 2012). One of frequently used upgrading 
curves is the Halbich grade- recovery curve (Drzymala et al., 2012). The Halbich plot 
is practical and useful as well as has many advantages over other upgrading curves 
because of using recovery and grade, which are generally used in industrial, liberation, 
kinetic and theoretical studies (Drzymala et al., 2012). 

The aim of this study is to report a procedure of determination of interactions 
between basic parameters of the process and optimal flotation conditions for the low 
rank coal of Tuncbilek region by means of factorial design and the Halbich plot. 

Materials and methods 

Materials 

The lignite sample used in this study was obtained from the Tunçbilek underground 
mine, which is 50 km away from the city centre of Kutahya in Turkey. The sample, 
which is a sub-bituminous coal (Gülen et al., 2012), was first reduced to finer than 600 
µm using a laboratory type jaw crusher and roll mill, respectively. The d80 of the 
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samples was about 450 µm, and the ash content of the sample was found to be 12.13% 
(87.87% combustible matter). For the flotation tests kerosene, sodium silicate, and 
Aerofroth 65 (AF65), which is a polygylicol type frother obtained from Cytec and 
having chemical formula of H(PO)6,5OH (Melo, 2001 and Laskowski et al., 2003) 
were used as collector, depressant, and frother, respectively. The pH of the coal 
suspension was 7.5. The experiments were carried out at 23 oC. Local tap water was 
used in all flotation experiments. 

Methods 

Flotation tests 

The flotation experiments were carried out in the Jameson flotation cell (JFC) which 
has a 25 mm downcomer equipped with a 6 mm nozzle.  

For the flotation experiments, a 500 g sample of coal was added into a conditioning 
tank, and mixed with tap water at 1300 rpm for 5 min. Then, the desired amount of 
sodium silicate depressant (700 g/Mg) and kerosene as the collector were added to the 
conditioning tank and mixed for 10 min. Finally, a desired amount of frother (AF65) 
was added into the tank and mixed for 1 min. The feed solid concentration was 4% by 
weight.  

After the conditioning process, the slurry was pumped to the nozzle on the top of 
the downcomer with a high pressure of 110 kPa. The pressure was tried to be fixed at 
the lowest degree to inhibit turbulence increase in the JFC. The working conditions for 
the JFC have been explained in detail in studies carried out by Evans et al. (1995) and 
lately by Şahbaz et al. (2013). 

Experimental design  

In this study, the flotation tests were performed by using the full factorial center point 
repeated experimental design. Three important parameters: collector, frother and 
aeration rate were chosen as independent variables (design factors), and two levels of 
these variables with their base points were used to generate data for 23 factorial design. 
The variables and their levels are given in Table 1. The 23 factorial design including 
the factors, levels and values are also given in Table 1. 

Table 1. Variables and their levels 

Flotation Factors Low level (-1) Mid Level (0) High Level (+1) 

A, Collector, g/Mg 500 1750 3000 

B, Frother, ppm 10 25 40 

C, Aeration rate (Jg), cm/s 0.60 0.95 1.30 

In the design matrix, the higher level was designated as “+1” while the lower one 
and mid-point were designated as “–1” and “0”, respectively. The following equation 
(Eq. 1) was used to obtain coded units (Xcoded) from the actual values (Xactual).  
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where Xhigh is the highest value of any factor, Xlow is the lowest value, and Xmean is the 
arithmetic value of Xhigh and Xlow. 

In the study, the combustible matter recovery and the ash content were chosen as 
responses. The main effect of any factor is the change in response produced by 
varying the level of the factors. It can be calculated by the below equation: 

  Main effect of factor X = (Average response at Xhigh) – (Average response at Xlow) (2) 

Additionally, it is very important to find out the interaction effects which occur 
when the difference in response between levels of any factor is not the same at all 
levels of the other factor. This effect can only be found by the use of the statistical 
design given by Eq. 3 

 Interaction effects of X1 and X2 = (Average response at X1X2high)  
  – (Average response at X1X2low) . (3) 

A full factorial 23 design with four base points can geometrically be shown by a 
cube. In this case, responses can be placed at the corners and X, Y, and Z axes 
representing factor A, B and C, respectively. The origin is the center of the cube, and 
every side of cube is equivalent to two units, +1 and −1. Design expert statistical 
software (www.statease.com) was used to determine the main and interaction effects 
with the confidence interval of 95%. The Fisher test and probability values were used 
to analyze the results statistically. In this analysis, the results were compared 
according to their F and p-values. The F-value indicates the model significance. It is 
used for determining the model navigation in the design space. The greater the F-
value, the greater is the parameter effect on a response. In addition, the values of p-
value is also used to determine the effectiveness of the parameters, and the p-value of 
less than 0.05 indicates that the model terms are significant at 95% confidence level.  

Eight experiments were carried out for this determination using Eq. 4 

 NoE = 2k, (4) 

where NoE is the number of the experiments, and k is the number of variables. To 
supply statistical significance and to estimate the variance (σ2) and error, additional 
four experiments were performed at the base level. The variance of the main and 
interaction effects are given in Eqs 5 and 6 (Kelebek et al., 2008):  

 Variance (Effects) = 
24

2k


, (5) 
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 Calculated main or interaction effects / [Variance (Effects)]0.5 ≥ t3,0.025, (6) 

The model (regression equation) with the main and interactive terms can be written 
as following formula: 

 Y = β0+ β1A + β2B+ β3C + β12AB + β13AC +β23BC +β123ABC (7) 

where Y is response (recovery or ash content of lignite), β is the coefficients for the 
main and interaction terms.  

Results and discussion 

The 23 design matrix, which includes the factors and levels, and responses (recovery 
and ash content) are presented in Table 2. The regression model and its analysis by 
using the variance of analysis were used to analyses the results of the experimental 
study.  

Table 2. 23 factorial design matrix and responses 

Coded factors Response 
Run 

A B C Recovery Ash Grade (100 – Ash) 

1 –1 –1 –1 39 10.11 89.89 

2 1 –1 –1 36 7.98 92.02 

3 –1 1 –1 53 7.20 92.80 

4 1 1 –1 71 8.91 91.09 

5 –1 –1 1 15 7.32 92.68 

6 1 –1 1 48 9.30 90.70 

7 –1 1 1 37 6.94 93.06 

8 1 1 1 61 9.18 90.82 

9 0 0 0 57 8.19 91.81 

10 0 0 0 49 8.07 91.93 

11 0 0 0 48 7.71 92.29 

12 0 0 0 53 7.77 92.23 

The Pareto Charts for the combustible matter recovery and the ash content of the 
products are shown in Fig. 1. The charts give the relative importance of the main and 
interaction effects of AF65, kerosene, and aeration for the flotation recovery. The 
vertical lines in the charts show the minimum statistically important effect magnitude 
at the 95% confidence level. If any main or interacting effects exceed the reference 
line, the effect of parameter will be important for the response. In this case, as seen in 
Fig.1a, AF65 (B), kerosene (A), aeration (C) and interaction of kerosene-aeration 
(AC) show an important effect on the combustible matter recovery. In addition, Fig. 
1b shows the significant factors of the ash removal. According to Fig. 1b, the most 
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effective factor is the interaction of kerosene-aeration in the removal of ash (ash 
content), and it is followed by kerosene-AF65 interaction and triple interaction of the 
three considered parameters. 
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Fig. 1.The Pareto Charts for the parameters affecting recovery and ash content 

On the other hand, Fig. 2 is the normal probability plot which is plotted to identify 
the most effective factors. The significance of the parameters is detected from Fig. 2 
by plotting the calculated effects of all factors against a line representing normal 
distribution. Significance of factors is determined according to their distance from the 
distribution line in Fig. 2. The effects on the efficiency of the factors on the right side 
of the line can be described as positive whereas the ones on the left are negative. 
Accordingly, AF65 (B) is the farthest factor to the normal distribution line with the 
greatest impact on combustible matter recovery. AF65 is followed by kerosene (A 
factor), interaction of kerosene-aeration (AC factor), aeration (C factor), and 
interaction ABC factor for all factors, respectively. The interactions of kerosene-AF65 
and AF65-aeration are very close to the normal distribution line. Similar inferences 
can be made for the ash content as seen in Fig. 2. While the positive effects on the ash 
content is performed by AC, AB, A and BC, negative effects of the factors can be 
obtained as ABC, B and C. 
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Fig. 2. Normal probability plot for combustible matter recovery and the ash content 
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Analyses of results 

The effects of factors on the combustible matter recovery and the ash content of the 
lignite sample were determined quantitatively by the use of the F-test at the 95% 
confidence interval and regression model. The F-test indicates that all parameters 
significantly affect the combustible matter recovery of the Tuncbilek lignite while 
only AF65 and kerosene affect the ash content of the lignite (Table 3). 

Table 3 includes both F-value of the Fisher-test and p-value for the combustible 
matter recovery. The model F-value of 17.62 implies that the model is statistically 
significant. Therefore, the model can be used to navigate the design space. In addition, 
"Curvature F-value" of 7.18 implies that there is a significant curvature, as measured 
by the difference between average of the center points and average of the factorial 
points in the design space. There is only a 7.51% chance that a "curvature F-value" 
this large could occur due to noise effect. The p-value of curvature in the factorial 
experiment for the recovery is 0.0751, which is greater than 0.05, indicating an 
insignificant curvature measured by the difference between the average of the centre 
points and the factorial points in the design space. An insignificant curvature suggests 
that the relation between the variables and the response has a linear form.  

The main effect of all these factors on the recovery is significant at 95% confidence 
level (Table 3). According to the variance analyses (Table 3) and the regression 
equation (Eq. 8) factor A and B, that is kerosene and AF65, is the most effective 
factors in flotation of Tuncbilek lignite because of the highest F-values (Table 3). The 
order of main effect is AF65 > kerosene > aeration rate for the recovery and kerosene 
> AF65 > aeration rate for the ash removal. As Kelebek et al. (2008) suggested AF65 
has a great importance for lignite flotation because it increases coal cleaning 
selectivity by the increase of froth depth and improves the stability of bubbles. 

Table 3. Variance analysis for combustible matter recovery and ash content 

Combustible matter recovery Ash content 
Source F 

value 
p-value 
prob > F 

F 
value 

p-value 
prob > F 

Model 17.6 0.0192 25.30 0.0114 

A-Kerosene 38.3 0.0085 33.61 0.0102 

B-AF65 52.1 0.0055 14.32 0.0324 

C-Aeration 10.7 0.0469 4.96 0.1123 

A B 1.1 0.3782 39.13 0.0082 

A C 13 0.0365 50.12 0.0058 

B C 1.5 0.3151 5.1 0.1091 

A B C 6.7 0.0819 29.83 0.0121 

Curvature 7.2 0.0751 9.29 0.0555 
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The main influences of kerosene and AF65 on ash content are significant at the 
95% confidence level. Positive coefficients of kerosene indicate an increase in the ash 
content, while negative coefficient of AF65 indicates a decrease in the ash content. 
According to the variance analyses (Table 3) kerosene is the most effective factor for 
the ash content of the floated product because of the highest F-value (33.61). On the 
other hand, the interactions of kerosene-AF65 and kerosene-aeration are also 
significant for the ash content (Table 3). In addition, the interaction between kerosene-
AF65-aeration influences significantly the ash content (Table 3). The only 
insignificant effect is the interaction of AF65-aeration in the given range of 
parameters. The only statically significant interaction at 95% confidence level is 
kerosene-aeration for the recoveries while the AF65-kerosene, kerosene-aeration and 
interactions of all parameters (kerosene-AF65-aeration) significantly affect the ash 
content of Tuncbilek lignite (Table 3). 

The regression equation for the combustible matter recovery (YCr) and ash content 
(Yac) can be derived from Eq. 7 and has the following forms: 

 YCr = 45 + 9A + 10.50B – 4.75C + 1.5AB + 5.25AC – 1.75BC – 3.75ABC   (8) 

 Yac = 8.37 + 0.47A – 0.31B – 0.18C + 0.51AB + 0.58AC + 0.19BC – 0.55ABC. (9) 

The regression analyses can be used not only for evaluating the main and 
interaction effects of factors, but also for evaluating the fitness of Eqs. 8 and 9. In 
addition, Eqs.8 and 9 can be utilized to determine the combustible matter recovery and 
ash content of the coal within the experimental conditions limits. In this case, a 
coefficient of determination, R2, should be calculated. R2 is a measure of the amount of 
variation around the mean value. When the R2 value is close to 1, it means that 
predicted values can be appropriately referred to the experimental values. Recovery 
model (Eq. 8) has R2 = 0.9762 meaning that 97.62% variability in the recovery and the 
rest 2.38% is attributed to errors. When the differing number of observations in 
analysis is relatively small, it decreases the R2 value. Likewise, a smaller number of 
independent variables increases the R2 value and vice-versa (Kelebek et al., 2008). 
Therefore, the modified new value is expressed as an adjusted R2. The adjusted R2 of 
0.9208 is also satisfactory and verifies the significance of the model. On the other 
hand, ash content model (Eq. 9) has R2= 0.9833. It means that 98.73% of the 
variability is caused by the ash content and the rest 1.27% is attributable to errors. The 
adjusted R2= 0.9445 also implies the model significance. 

According to the regression models the highest possible recovery (Eq. 8) was 
obtained as 70.99% at the high level of kerosene (3 kg/Mg), high level of AF65 (40 
ppm) and low level of aeration (0.60 cm/s), while the lowest ash content (or highest 
combustible matter grade) (Eq. 9) was obtained as 6.94% at the high level of AF65 
(40 ppm) and aeration (0.26 cm/s) and low level of kerosene (500 g/Mg). These 
results, taken together are unrealistic as will be shown in the next section of this paper. 
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This is so because recovery and ash content must be considered together for a given 
separation process.  

Determining the optimal conditions 

Statistical software was used to determine the optimal conditions by taking into 
consideration data and calculations obtained from the factorial design. Combustible 
matter recovery and grade together were taken as criteria and possible highest points 
selected for numerical determination of the optimal condition. All levels of factors 
were chosen in the range of –1, 0 or +1 for the calculations. According to the 
numerical optimization study, 53% recovery and 92.80% grade were obtained at the 
low level of kerosene (500 g/Mg), high level of AF65 (40 ppm) and low level of 
aeration (0.60 cm/s). It should noticed that this kind of statistical approach should be 
verified by using mineral processing approaches. Therefore, the result must be 
confirmed and evaluated from the mineral processing point of view.  

It is known the best separation results for a series of experiments can be determined 
by using the so-called upgrading curves, including the grade-recovery plot known as 
the Halbich curve (Drzymala, 2006). The reason for this is that the Halbich curve has 
some advantages over other upgrading curves because it considers two essential 
parameters of separation results which are recovery and grade. These two parameters 
are widely used in industrial, kinetic and theoretical studies (Drzymala et al., 2012).  

The Halbich plot for all 12 experimental points presented in Table 2 is given in Fig. 
3. From the point of view of selectivity of the process (Drzymala et al., 2012) the best 
results are those forming an upgrading line which is the closest to the ideal separation 
line. This occur for the a1 line which represents flotation results obtained for runs 3 
and 4 conducted at increasing amount of collector and constant (higher) level of 
frother and constant (lower) level of the aeration rate. Other lines denoted as a2, a3 
and a4 were plotted by using the experimental data points of runs of 7-8, 5-6 and 1-2. 
The line for base points was drawn by using the experimental values repeated at centre 
points of factors (9-10-11-12) (level 0).  

According to Kelly and Spottiswood (1982) for a given upgrading line the best 
result is the one which provides the greatest value of the mathematical product of 
grade and recovery for the combustible matter. Taking this criterion into account, the 
best result obtained in this study for the investigated range of parameters was for +1 
levels of collector and frother and –1 level of the aeration rate. Thus, the best (optimal) 
flotation recovery was equal to 91.10% providing 71% of combustible matter in the 
concentrate at the 3 kg/Mg kerosene, 40 ppm AF65 and 0.16 cm/s aeration rates. It 
should be noticed the optimum point of separation depends on the criterion imposed 
on data. Here the criterion is the maximum value of multiplication of grade and 
recovery values. Thus, the optimal flotation point is not a result as calculated from the 
factorial design by considering recovery and grade independently (recovery: 70.99% 
at the high level of kerosene (3000 g/Mg), high level of AF65 (40 ppm) and low level 
of aeration (0.60 cm/s), ash content or highest combustible matter grade 6.94% at the 
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high level of AF65 (40 ppm) and aeration (0.26 cm/s) and low level of kerosene 
(500 g/Mg)).  
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Fig. 3. The Halbich upgrading curve with the results of all experiments. Each straight line connects data 
points obtained for a constant level of both frother dose and aeration rate and increasing amount of 

collector. The line denoted as “a base” approximates the data points obtained for experiments  
conducted four times at the zero level of all parameters  

The same conclusion regarding the optimum level of the investigated parameters 
for Tuncbilek lignite can be obtained using no directly the flotation results but the data 
points generated with Eqs. 8 and 9 and plotted on the Halbich curve. It means that the 
3-variable 2-level (23) full factorial experimental design with four base point replicates 
can be useful not only for determination, expressed in numbers, interactions between 
parameters, but also optimum flotation conditions for the investigated coal provided 
that a proper criterion for the optimum is applied. The optimum result obtained from 
the numerical optimization is also one of the points on line a1 in the Halbich curve.  

Conclusions 

This study was performed in order to determine, expressed in numbers, interactions 
between parameters and best conditions for the flotation of Tuncbilek lignite by using 
both statistical approach and upgrading curves. The flotation experiments were carried 
out using the 3-variable 2-level (23) full factorial experimental design with four base 
point replicates, and the results were analyzed by using the regression model, F-test 
and Halbich’s upgrading curve for the responses of ash content (or combustible matter 
grade) and combustible matter recovery. The following findings are obtained from the 
present study: 
 results obtained from this study (Pareto charts and normal probability plot) 

indicated that the most effective parameters on the combustible matter recovery 
and the ash content were frother (AF65) and collector (kerosene), respectively.  
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 the regression and F-test qualitatively showed the main and interaction effect of 
factors. All parameters investigated in the study indicated a significant influence 
on the recovery. However, the only significant interaction occurred between 
kerosene and aeration. On the other hand, except of AF65–aeration interaction, all 
interactions showed a significant effect on the ash content while only the main 
significant effects were kerosene and AF65 on the ash content. 

 the optimal conditions for the flotation can be determined by taking into account 
both recovery and grade simultaneously using either the results of the factorial 
design or the Halbich plot and using criterion of the maximum value of 
mathematical product of grade and recovery. According to the plot, the best results 
for the investigated coal can be obtained with the ash content of about 9% and the 
recovery of 71% at the higher amount of kerosene (3 kg/Mg) and AF65 (40 ppm) 
with lower aeration rate (0.16 cm/s).  
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Abstract: The leaching of low grade zinc oxide mining tailings by organic acid as a leaching agent was 
investigated. Zinc was extracted successfully from sample by citric acid leaching. The effects of solid-to- 
liquid ratio, acid concentration, reaction time, temperature and ore particle size on the leaching efficiency 
were studied. The results obtained showed that particle sizes and reaction time had not any significant 
effect on the leaching recovery of zinc from smithsonite in the sizes range of 40-350 μm. Under condi-
tions: temperature of 80ºC, reaction time of 60 min, citric acid concentration of 0.5 mol/L, and solid to 
liquid ratio of 1:10, 82% of zinc could be recovered. 

Keywords: leaching, zinc oxide ore, citric acid, smithsonite 

Introduction 

Zinc is one of the most important base metals in the galvanizing, cosmetic, die casting 
and manufacturing industries. Zinc is extracted mostly from zinc sulfide ores. Zinc 
sulfide ores especially sphalerite are suitable and useful sources for the production of 
zinc because they could easily be separated and concentrated by flotation from the 
gangue (Espiari et al., 2006; Qing et al., 2010). In this respect, the increasing demand 
of zinc and zinc compounds, and therefore new sources of zinc such as low grade 
oxide ores have been considered. The leaching of low grade ore is attracted 
considerably in recent years. One of the most important sources of low grade ores in 
zinc mineral processing is zinc mining tailings. Smithsonite (ZnCO3), hydrozincite 
(2ZnCO3·3Zn(OH)2), zincite (ZnO), willemite (ZnSiO4), gahnite (ZnAl2O4), 
descloizite (PbZnVO4OH), hardystonite (Ca2ZnSi2O7) and hemimorphite 
(Zn2SiO3·H2O), are mostly zinc oxide ores, an abundance of which include 
smithsonite and hemimorphite (Jones, 1987). Zinc oxide ores in Iran are abundant and 
are mainly found in the center and in northwest part of Iran (Espiari et al., 2006). Both 
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hydrometallurgical and pyrometallurgical methods have been used for extraction of 
zinc from ore or residual (Chen et al., 2009). Recently there are some reports stating 
that zinc oxide ores can be treated by flotation (Onal et al., 2005; Ejtemaei and 
Irannajad, 2008; Irannajad et al., 2009; Ejtemaei et al., 2011) and by 
biohydrometallurgical methods (Meshkini et al., 2011b). Although the results obtained 
by these methods showed that the efficiency is comparable with usual methods the 
technology certainly needs further follow-up. 

Many studies on leaching of zinc oxide ores by acid and basic solution have been 
published. In recent years the leaching of zinc ores containing oxidized minerals such 
as carbonates or silicates with sulfuric acid and its kinetics have been investigated. He 
et al. (2010) Cun-xiong et al. (2010) and Xu et al. (2010) focused on pressure 
leaching. The amount of zinc extraction in sulfuric acid solution is high in comparison 
with other methods and the concentration of silica and other unwanted elements are 
low. In these studies, the effects of temperature, concentration of sulfuric acid, ore 
particle size, air pressure, leaching time and solid to liquid ratio were investigated and 
optimum conditions were established. Espiari et al. (2006) studied the zinc dissolution 
kinetics of smithsonite and hemimorphite in the lead flotation tailings by sulfuric acid. 
Zhao and Stanforth (2000) produced zinc powder by use of the alkaline leaching 
process on smitsonithe. They extracted over 85% of both Zn and Pb, and less than 
10% of aluminum using 5 M NaOH solution as a leaching agent in which zinc, lead 
and aluminum come into solution as Zn (OH)4

–2, Pb(OH)4
–2 , and Al(OH)4

–1. Similarly 
to this study Chen et al. (2009) investigated the parameters affecting the process like 
ore particle size, temperature, leaching time, alkali concentration and solid to liquid 
ratio to leach refractory hemimorphite [Zn4(Si2O7)(OH)·H2O] zinc oxide ores with 
NaOH solution. The optimum conditions determined were: particle size of 65–76 μm, 
2 h leaching time at 85 °C in the presence of 5 mol/dm3 sodium hydroxide and solid to 
liquid ratio of 1:10. The maximum zinc extraction in optimum conditions was reported 
to be 73% of zinc content of ore. Ju et al. (2005) studied the dissolution kinetics of 
smithsonite ore in ammonium chloride solution. The effect of stirring speed, ore 
particle size, reaction temperature, and concentration of ammonium chloride on zinc 
dissolution rate was investigated. The results showed that at the optimum leaching 
conditions about 91.2% of zinc could be recovered under conditions: ore particle size 
of 84–110 µm; reaction temperature of 90 oC, 240 min reaction time and ammonium 
chloride concentration 5 mol/dm3. In recent years the studies on zinc oxide leaching 
by organic acids were initiated. Hursit et al. (2009) studied the dissolution kinetics of 
smithsonite ore in aqueous gluconic acid solutions using the parameters such as 
temperature, acid concentration, ore particle size and stirring speed. On the other hand 
organic acids can be produced by microbial processing (Papagianni et al., 1999; 
Sankpal et al., 2001). There are many studies showing that zinc oxide sources were 
treated by organic acids produced by microorganism (Schinner and Burgstaller, 1989; 
Burgstaller et al., 1992; Castro et al., 2000; Meshkini et al., 2011b). 
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Moreover, there are few reports on leaching of zinc oxide ores with organic acid 
reagents. The aim of this work was to investigate the extraction of zinc from Iranian 
low grade zinc ore by hydrometallurgical techniques using organic acid as a leaching 
agent. The effect of important variable parameters such as solid to liquid ratio, acid 
concentration, reaction time, temperature and particle size on zinc leaching has been 
investigated. 

Materials and methods 

The sample of the ore came from mining tailings of Angoran lead-zinc mine, Iran. X-
ray diffraction analysis indicated that the mineralogical constituents were smithsonite, 
small amounts of other zinc minerals such as hemimorphite, gangue minerals of quartz 
and some clay minerals (Meshkini and Irannajad, 2011a). Results of XRF analysis are 
given in Table 1. Citric acid was purchased from Merck and used without further puri-
fication. 

Table 1. Chemical analysis of the ore sample 

Component Wt% 

ZnO 16.1 

Al2O3 8.0 

SiO2 21.2 

CaO 21.3 

Fe2O3 3.59 

Impurities 5.37 

L.O.I 24.44 

Ore samples were crushed and sieved to size fractions of –400+300 µm (350 µm), 
–300+180 µm (240 µm), -180+88 µm (134 µm), –88+44 µm (66 µm) and –44+37 µm 
(40.5 µm). The entire experiment was performed in a 500 cm3 round-bottomed flask 
with a condenser and was placed in a thermostatically controlled water bath to prevent 
evaporation loss. For each experiment 100 cm3 volume of citric acid was poured into 
the flask at a definite concentration and heated to the required temperature. Then the 
ore sample of required size fraction was added and agitated with the stirrer at 350 rpm. 
At the end of each experiment the solution was analyzed by Atomic Absorption Spec-
trometry (AAS) to determine the zinc content. Zinc recovery (Rzn) was calculated ac-
cording to the following equation: 

 Zn
0

100
c v

R
c


   (1) 
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where, c (mg/dm3) is the metal concentration of leaching solution, v (l) the leaching 
solution volume and c0 (mg) is the amount of zinc in the ore sample. 

X-ray diffraction (XRD) spectra and X-ray fluorescence analysis of the sample 
were obtained using a Philips X-ray diffractometer 1140 (Cuα=1.54 Å, 40 kV, 30 mA, 
calibrated with Si-standard) and a Philips X-ray fluorescence apparatus Xunique II 
(80 kV, 40 mA, calibrated with Si-standard), respectively. Determination of zinc con-
centration was done using a Unicam Atomic Absorption Spectrometry (AAS). 

Results and discussion 

The reaction between citric acid and smithsonite ore can be presented as follows: 

 C6H8O7 ↔ 2H+ + C6H6O7
2– (2) 

 ZnCO3 + 2H+ → Zn2+ + CO2 + H2O (3) 

 ZnCO3 + C6H8O7 → Zn2+ + C6H6O7
2– + CO2 + H2O (4) 

The sum of reactions (2) and (3) is reaction (4). Citric acid is a weak acid and it 
seems that the coordination of citrate with zinc ions causes the increase of smithsonite 
solubility. 

Effect of solid to liquid ratio 

Figure 1 presents the results of leaching with different solid to liquid ratio that was 
studied in the range of 1:5 to 1:30. The leaching rate of the ore sample increased with 
the decreasing solid to liquid ratio. According to a definite concentration of initial 
citric acid, the increasing of solid to liquid ratio reduces the zinc recovery. It decreases 
from 67% at S/L= 1:30 to 20% at S/L= 1:5. When solid to liquid ratio was increased,  
 

 

Fig. 1. Effect of solid to liquid ratio on zinc recovery at 25 °C,  
0.5 M citric acid and 60 min reaction time 
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the amount of dissolved ore per unit liquid increase consequently the recovery de-
creases (Bayrak et al., 2010). Those are consistent with the results of Chen et al. 
(2002) and Espiari et al. (2006) in the treatment of the zinc oxide ore by alkaline and 
acidic leaching respectively. 

Effect of acid concentration 

The effect of acid concentration was investigated for a leach time of 60 min at 25 °C 
for solid to liquid ratio of 1:10, 1:20 and 1:30. As observed in Fig. 2, by increasing 
acid concentration the zinc recovery is increased in both 1:20 and 1:30 solid to liquid 
ratios. In the 1:10 solid to liquid ratio experiments showed that the zinc recovery in-
creases by increasing the acid concentration up to 0.5 M of citric acid concentration 
and further increase in the acid concentration causes the decrease of zinc recovery. 
These results are partly similar to the results obtained by Hursit et al. (2009) using the 
gluconic acid as leaching reagent. It seems that the increase in acid concentration in 
the leaching medium caused the acid saturation near the solid particles (Hursit et al., 
2009). Conversely, this behaviour cannot be seen in alkaline or non-organic acid 
leaching of zinc oxides. For this reason the constant concentration value was fixed as 
0.5 M in the experiments. Additionally, for economy reasons the solid to liquid ratio 
was maintained constant at 1:10. 

 

Fig. 2. Influence of acid concentration atvarious solid  
to liquid ratioon zinc recovery at 25 °C 

Effect of reaction time 

The results obtained in leaching tests under different reaction times at temperature of 
25°C using 0.5 M citric acid and 1:10 solid-to-liquid ratio are presented in Fig. 3. The 
reaction time does not affect zinc recovery positively. These results are similar to the 
results of alkaline and acidic leaching of zinc oxide ore studied by Chen et al. (2002), 
He et al. (2010) and Xu et al. (2010), respectively. 
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Fig. 3. Effect of reaction time on zinc recovery at 25 °C,  
0.5 M citric acid and 1:10 solid-to-liquid ratio 

Effect of temperature 

Four batch leach tests were performed to determine the optimum temperature of zinc 
extraction. The effect of temperature was investigated in the range of 25–80 °C for a 
reaction time of 60 min in 0.5 M citric acid and 1:10 solid-to-liquid ratio. As observed 
in Fig. 4, the zinc recovery increased as the temperature increased. This is similar to 
the previous results reported by Santos et al. (2010) investigating the leaching of a 
zinc silicate ore. He reported that increasing the temperature from 70 °C to 90 °C 
caused the increase in zinc extraction from 36 to 90%. 

 

Fig. 4. Effect of temperature on zinc recovery at 0.5 M concentration 
 of citric acid, 1:10 solid-to-liquid ratio and 60 min reaction time 
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Effect of particle size 

The experiments were performed with different particle size at 25 °C using 0.5 M 
citric acid and 1:10 solid-to-liquid ratio. Figure 5 shows that particle size had not 
a significant effect on zinc recovery. However the increase in particle size increases 
zinc recovery and the best results were obtained with particle size of 350 μm. The 
result is similar to one obtained in the work by Chen et al. (2002) in which zinc was 
extracted by alkaline leaching. However other works (Santos et al., 2010; Hursit et al., 
2009) showed that the increaseof particle size caused the decrease in zinc recovery 
attributed to the decrease of the contact surface in the case of larger particle size. 

 

Fig. 5. Effect of particle size on zinc recovery at 25 °C, 0.5 M citric acid,  
1:10 solid to liquid ratio and 60 min reaction time 

Final optimisation experiment 

By optimizing the leaching parameters as summarized in Table 2 the final tests 
showed that it was possible to extract 82% of zinc content. 

Table 2. The results of leaching under optimum process conditions at a solid-to-liquid ratio of 1:10 

acid concentration 
(M) 

reaction time  
(min) 

Temperature  
(oC) 

particle size  
(micron) 

Recovery 
 (%) 

0.5 60 80 350 82 

Conclusions 

This study demonstrates that zinc can be successfully recovered from mining tailings 
by citric acid leaching. Particle size and reaction time had an insignificant effect on the 
leaching recovery of zinc from smithsonite in the size range of 40–350 μm. When the 
ore sample of 350 μm size were leached for 60 min at 80° C in the presence of 
0.5 mol/dm3 citric acid and 1:10 solid-to-liquid ratio, more than 80% of zinc from the 
oxide ore can be extracted. 
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Abstract: This study investigates the production of high-quality MgCl2 from recycled waste magnesite 
powder with an average particle size of d50 0.079 mm using the HCl acid leaching method. The 
experimental parameters were, leaching temperature, leaching time, amount of the acid, liquid-to-solid 
ratio, scale-up factor, acid concentration, particle size and mixing speed. The experiments were performed 
under reproducible conditions. The results showed that optimum leaching parameters were: temperature 
of 70 °C, 180 min leaching time, 130 cm3 acid consumption, 3.6 cm3/g liquid-to-solid ratio, scale-up 
factor of 1, 10.17 M acid concentration, 0.079 mm average particle size and a mixing speed 60 rpm. 
Under these optimum conditions, the leaching yield was 96.72%. The produced MgCl2 solution contained 
0.04% SiO2, 0.36% CaO, 0% Fe2O3, 0% Al2O3, 46.73% MgCl2, 52.87% L.O.I. and 99.60% MgCl2+L.O.I. 
(= MgCl2·6H2O). These results indicated that high-quality magnesium chloride can be produced from 
waste magnesite powder.  

Keywords: waste magnesite powder, leaching hydrochloride acid, magnesium chloride, MgCl2 

Introduction 

Magnesite (MgCO3) is a primary source for the production of magnesium and its 
compounds. Natural magnesite theoretically contains 47.6% MgO and impurities such 
as silicon dioxide, iron and calcium. It is the basic raw material for the manufacture of 
alkaline refractory products and used in iron-steel, cement, glass, sugar, lime and 
paper industries as well as the paint and ink industry, the pharmaceutical industry as 
an anti-acid, and in the production of many magnesium chemicals (Abali at al., 2006). 
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Shaped and unshaped magnesite refractories have been used for many years as high 
strength hot-face refractories in a wide range of furnaces. 

They have important applications where high degrees of refractoriness or resistance 
to basic environments are required, such as steel making vessels and rotary cement 
kilns (Shikano, 1998; Palco at el., 2002). 

Chou et al. (1989) investigated the dissolution of various carbonates (including 
calcite, magnesite and dolomite) in HCl solutions at 25 °C using a continuous 
fluidized bed reactor and samples of a relatively coarse particle size. Ozbek et al. 
(1999) investigated the dissolution kinetics of magnesite with Cl2 gas in water. They 
found that the diffusion was controlled through the fluid layer. Harris et al. (1988) 
studied the production of magnesium from concentrated magnesium chloride 
solutions. In addition, Abali et al. (2006) investigated the optimum conditions for the 
dissolution of magnesite with H2SO4 solutions. They reported that the optimum 
conditions were 65 °C, 5/100 g/cm3, 2M, 60 min and 300 rpm. Abdel-aal et al. (1996) 
analyzed Egyptian magnesite ore (43.32% MgO) from the Eastern Desert leached with 
aqueous hydrochloric acid. They reported that the optimum conditions of leaching 
were: ore particle size -0.5 mm, temperature 60 oC, leaching time 15 min, HCl-to-
MgO molar ratio 1.06, and liquid/solid ratio of 2.5:1 cm3/g. These conditions led to a 
recovery of approximately 99.1% MgO. Abali et al. (2011) also investigated the 
Taguchi method to determine the optimum conditions for leaching dolomite ore in 
hydrochloric acid solutions. The experimental parameters were leaching temperature, 
solid-to-liquid ratio, acid initial concentration, leaching time and stirring speed. The 
optimum leaching parameter levels were found to be temperature 50 °C, solid-to-
liquid ratio 2%, acid concentration 20 g/cm3 (2 mol/dm3), stirring speed 450 rpm, 
leaching time 5 min. Under the optimum process conditions, the dolomite ore leaching 
efficiency was approximately 83%. Ozdemir et el. (2009) investigated the recovery of 
magnesium from magnesite tailings in aqueous hydrochloric acid solutions with acid 
leaching in a batch reactor using hydrochloric acid solutions. Subsequently, they also 
investigated production of magnesium chloride hexahydrate (MgCl2·6H2O) from 
leaching solution. The parameters were the effects of temperature, acid concentration, 
solid-to-liquid ratio, particle size and stirring speed on the leaching process. According 
to Ozdemir et al. (2009), the pseudo-second-order reaction model seems to be 
appropriate for the magnesium leaching.  

The aims of this study are firstly to investigate the use of recycled waste magnesite 
powder to produce high-quality magnesium chloride. For this purpose, the acid 
leaching method was used to determine the optimum leaching conditions and 
parameters. The experimental plan was based on parameters and their levels to 
determine the leaching rate of waste magnesite powder in HCl solutions. To determine 
the optimum conditions the parameters of signal-noise graphics were drawn. The 
maximum leaching performance of the waste magnesite powder was predicted from 
the calculation of the optimum conditions. The produced MgCl2 solution comprised: 
0.04% SiO2, 0.36% CaO, 0% Fe2O3, 0% Al2O3, 46.73% MgCl2, 52.87% L.O.I. and 
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99.60% MgCl2+L.O.I. (= MgCl2·6H2O). These result shows that high-quality 
magnesium chloride was successfully produced from waste magnesia powder. Thus, 
waste magnesite powder produced in the electrofilter installation of the ore processing 
plants can be recycled thus saving money. In addition, the waste powder is prevented 
from damaging the environment. 

Experiment 

Material 

For the experiments the waste magnesite powder was obtained from the electrofilter 
output of the ore processing plant of the Kütahya Magnesite Enterprises Company, 
Turkey. In order to determine the properties of waste magnesite powder sample the 
chemical, physical and mineralogical tests were carried out. A wet chemical analysis 
method was used according to the ASTM C574-78 standard and the results were given 
in Table 1. In order to determine the particle size distribution of the waste magnesite 
powder, sieve analysis was carried out. Of the material 80% was of d80 size and the 
average grain size was considered to d50. The results are given in Table 2. In order to 
determine the d80 and d50, a cumulative undersize graph was drawn to analyze sieving 
results. The cumulative undersize chart is presented in Fig. 1, d80 and d50 are equal to 
0.165 mm and 0.079 mm, respectively. In order to determine the mineralogical 
structure of the sample, X-Ray Diffraction (XRD) analysis was carried out and 
analysis of the results is given in Fig. 2. The leaching agent, purchased from Detsan, 
was 32% acid grade hydrochloric acid (10.17 M) having 1.159 g/cm3 density.  
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Fig. 1. d80 and d50 of the waste magnesite powder 
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Table 1. Chemical analysis of the waste magnesite powder 

Compounds Weights % 

MgO 43.80 

SiO2 13.32 

CaO 2.13 

Fe2O3 2.35 

Al2O3 0.65 

L.O.I 37.75 

Total 100.00 

Table 2. Sieve analysis of waste magnesite powder 

Size fraction 
(mm) 

Weights 
(%) 

Cumulative undersize
(%)  

Cumulative oversize 
(%)  

–1+0.5 1.97 100.00 1.97 

–0.5+0.250 6.15 98.03 8.12 

–0.250 +0.180 9.38 91.88 17.50 

–0.180+0.106 17.92 82.50 35.42 

–0.106+0.045 32.60 64.58 68.02 

–0.045+0 31.98 31.98 100.00 

Total 100.00   
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Fig. 2. XRD of the waste magnesite powder 
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Method 

The HCl acid leaching method was used for the production of high-purity MgCl2. The 
leaching experimental setup is shown in Fig. 3, and the leaching flow-chart is 
presented in Figure 4. The experimental parameters are leaching temperature, leaching 
time, amount of the acid, liquid-to-solid ratio, scale-up factor, acid concentration, 
particle size and mixing speed as shown in Table 3. The variable leaching parameters 
are: leaching temperature 30–40–50–60–70 oC, leaching time 60–120–180–240–300 
min, amount of acid 100–110–120–130–140 cm3, liquid–solid ratio 3.0/1–3.3/1–3.6/1 
g/cm3, and the scale–up factor 1–2–3–4–5. The acid concentration of 10.17 M, the 
average grain size 0.079 mm, the mixing rate of 60 rpm were determined and were 
applied as fixed leaching parameters. The required quantity of the waste magnesite 
powder and acid for leaching were calculated according to the stoichiometric formula 
and weighed. Water, waste magnesite powder and acid were fed sequentially into the 
leaching tank. The leaching tank was heated indirectly. At the end of the leaching 
process, the MgCl2 solution was produced by separating the soluble and insoluble 
minerals using a filter paper. The optimum leaching conditions were determined as a 
result of the experiment.  In order to determine the quality of magnesium chloride in 
optimum leaching conditions, chemical analysis was performed by wet chemical 
analysis method according to the ASTM C574-78 standard. 

Results and discussion  

Waste magnesite powder was received from the electro-filter of the ore processing 
plant in the Kütahya Magnesite Enterprises Company of Turkey. The results of 
chemical analysis of sample are given in Table 1. The amount of SiO2 was 13.32%. 
The particle size of the sample was analyzed and the results are given in Table 2. 
Exactly 80% of the material passed through the sieve was d80 and d50 was the average 
grain size. The d80 and d50 were measured as 0.165 mm and 0.079 mm, respectively, 
and the results are given in Fig. 1. In order to determine the mineralogical structure of 
the sample, X-Ray Diffraction (XRD) analysis was made, and the results of the 
analysis are given in Fig. 2. According to the XRD chart the major mineral in the 
waste magnesite powder is magnesite, and minor minerals are serpentine, calcite, 
dolomite and quartz. The experimental setup of the magnesium chloride production is 
given in Fig. 3, and the flow chart is given in Fig. 4. Variable and fixed leaching 
experiment parameter values are given in Table 3.  

In order to determine the quality of the magnesium chloride, chemical analysis was 
undertaken using a wet chemical analysis method according to the ASTM C574-78 
standard. According to the results of the chemical analysis given in Table 5, the 
solution of magnesium chloride contained 0.04% SiO2, 0.36% CaO, 0% Fe2O3, 0% 
Al2O3, 46.73% MgCl2, 52.87% L.O.I. and 99.60% MgCl2+L.O.I. (= MgCl2·6H2O). 
Thus, the results show that high-purity magnesium chloride was produced from the 
waste magnesite sample. 
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Fig. 3. Leaching experimental setup: 1 – water bath, 2 – water, 3 – heater, 4 – power supply,  
5 – thermostat, 6 – glass beaker, 7 – solution, 8 – mixer, 9 – thermometer 

 

Fig. 4. Leaching flow sheet: 1 − waste magnesite powder tank, 2 – HCl acid tank,  
3 – leaching tank, 4 – solution settling tank, 5 – solution settling tank,  

6 – clean solution tank, 7 – waste (minerals) collection tank 

Table 3. Parameters of leaching experiment 

 
Temperature 

change 
Time 

change 
Amount of acid 

change 
Scale-up 
change 

Leaching temperature (oC) 30-40-50-60-70 70 70 70 

Leaching time (min) 180 60-120-180-240-300 180 180 

The amount of acid (cm3) 130 130 100-110-120-130-140 130 

Liquid-to-solid ratio (cm3/g) 3.6/1 3.6/1 3.0/1; 3.3/1; 3.6/1 3.6/1 

Scale-up factor  1 1 1 1-2-3-4-5 

Acid concentration (M) 10.17 10.17 10.17 10.17 

The average particle  
size; d50 (mm) 

0.079 0.079 0.079 0.079 

Mixing speed (rpm) 60 60 60 60 
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Table 4. Optimum leach parameters 

Parameters values 

Leaching temperature (oC) 70 

Leaching time (min) 180 

The amount of acid (cm3) 130 

Liquid-to-solid ratio (cm3/g) 3.6/1 

Scale-up factor  1 

Acid concentration (M) 10.17 

The average particle size; d50 (mm) 0.079 

Mixing speed (rpm) 60 

Leach yield (%) 96.72 

Table 5. Chemical analysis results of the magnesium chloride solution 

Compounds Weights % 

MgCl2 46.73 

SiO2 0.04 

CaO 0.36 

Fe2O3 0 

Al2O3 0 

L.O.I. 52.87 

Total 100.00 

MgCl2+L.O.I. = MgCl2.6H2O 99.60 
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Fig. 5. Leaching yield in relation to leaching temperature 
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Fig. 6. Leaching yield in relation to leaching time 
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Fig. 7. Leaching yield in relation to amount of acid 
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Chou et al. (1989) investigated the dissolution of various carbonates (including 
calcite, magnesite and dolomite) in HCl solutions at 25 °C using coarse particle size 
samples. However, in this study a fine particle sample of waste magnesite was 
analyzed at 70 oC. Abali et al. (2006) investigated the optimum conditions for 
dissolution of magnesite with H2SO4 solutions. They reported that the optimum 
conditions were found to be 65 °C, 5/100 g/cm3, 2M, 60 min and 300 rpm. In the 
current study the optimum conditions were; leaching temperature 70 oC, leaching time 
180 min, the amount of acid 130 cm3, liquid-to-solid ratio 6.3 cm3/g, the acid 
concentration 10.17 M and a mixing speed  of 60 rpm. Abdel-aal at el. (1996) 
analyzed Egyptian magnesite ore (43.32% MgO) from the Eastern Desert leached with 
aqueous hydrochloric acid. They reported that the optimum conditions of leaching 
were ore particle size –0.5 mm, temperature 60 oC, leaching time 15 min, HCl to MgO 
molar ratio 1.06, and liquid/solid ratio of 2.5:1 cm3/g, recovery 99.1% MgO. By 
contrast, in this study optimum conditions were; average particle size 0.079 mm, 
temperature 70 oC, leaching time 180 min, liquid-to-solid ratio 6.3 cm3/g, recovery 
99.60% MgCl2+L.O.I (= MgCl2·6H2O).  

In the current study from very fine waste material MgCl2·6H2O was produced with 
the yield of 99.60% containing no Al2O3 and no Fe2O3. 

Conclusions 

The aim of this study was to investigate the optimization of waste magnesite powder 
using leaching in hydrochloric acid solutions, to produce high-quality magnesium 
chloride, and thus, recycle waste magnesite powder. The experimental parameters 
were: leaching temperature, leaching time, amount of acid, liquid-to-solid ratio, scale-
up factor, acid concentration, particle size and mixed speed. The experiments were 
carried out under reproducible conditions. On completion of the experiments, the 
optimum leaching parameter levels were found to be temperature 70 °C, leaching time 
180 min, amount of acid 130 cm3, liquid-to-solid ratio 3.6 cm3/g, scale-up factor 1, 
acid concentration 10.17 M, average particle size 0.079 mm and mixing speed 60 rpm. 
Under the optimum leaching conditions, the yield was 96.72% and pH 8. The 
produced MgCl2 solution consisted of 0.04% SiO2, 0.36% CaO, 0% Fe2O3, 0% Al2O3, 
46.73% MgCl2, 52.87% L.O.I. and 99.60% MgCl2+L.O.I. (= MgCl2·6H2O). These 
results show that high-quality magnesium chloride can be successfully produced by 
recycling waste magnesite powder. In addition to protecting the environment by 
reducing the amount of waste this process has economic benefits.  
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A STUDY ON HEAVY METALS MOBILITY  
FROM ZINC PLANT RESIDUES IN IRAN 
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 R&D Center, Research & Engineering Co. for Non-ferrous Metals (RECo), Zanjan, Iran 

Abstract: The transport of heavy metals from mining disposal site to groundwater and surface water is 
one of the most serious environmental problems in the world. The transport of heavy metals such as Zn, 
Cd and Mn from leaching filter cake in RECo, Zanjan, Iran was examined by using column leaching. 
Parameters studied included: flow rate, pH of input solution and leaching time. In this study, the maxi-
mum dissolution percents of Zn, Cd and Mn in input solution pH of 5 were 45.50 %, 53.97% and 19.94%, 
respectively. To statistically analysis the experimental results, SPSS14 software was employed. The 
results of SPSS 14 indicated that for the Zn, Cd and Mn dissolution, time and flow rate were found re-
spectively, the effective parameters for the pollution in zinc leach residues. 

Keywords: heavy metals, zinc leaching plant, leaching filter cake, column leaching 

Introduction 

Metals are released into the environment at increasing rates by mining, industry, and 
agriculture, causing serious problems for environmental and human health (Li et al, 
2000; Tang and Zhao, 2005). 

Large areas of agricultural soils are contaminated by heavy metals that originate 
mainly from former or current mining activities, industrial emissions, or the applica-
tion of sewage sludge. Elevated heavy metal concentrations in the soil can lead to 
enhanced crop uptake. Excessive metals in human nutrition can be toxic and can cause 
acute and chronic diseases (Geldmacher, 1984). 

Cadmium and zinc for example, can lead to acute gastrointestinal and respiratory 
damage and acute heart, brain, and kidney damage (Friberg et al., 1986). 

The production of non-ferrous metals from primary and secondary material results 
in the generation of a wide variety of wastes and residues. They are a result of the 
metals separation that is necessary for the production of pure metals from complex 
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sources. These wastes and residues arise from the different stages of processing as 
well as from the off-gas and water treatment systems (Florijn and Van Beusichem, 
1993; Hatch Associates Ltd., 2000; Ross, 1994; Wentz, 1989). 

The transfer of heavy metals from soils to plants is dependent on three factors: the 
total amount of potentially available elements (quantity factor), the activity as well as 
the ionic ratios of elements in the soil solution (intensity factor), and the rate of ele-
ment transfer from solid to liquid phases and to plant roots (reaction kinetics) (Brüm-
mer et al., 1986). 

A leach-electrolysis process for zinc production is practiced in zinc plant located in 
Zanjan, Iran. In that process a lot of filter cakes as by-product are generated daily. 
These wastes are retained for valuable elements recovery in the future and dumped in 
open stockpiles where they may cause heavy metal pollution problems. In these plants 
three types of wastes were produced: leaching filter cake, cobalt purification filter 
cake and Ni-Cd purification filter cake. All of the filter cakes have a high percent of 
heavy metal (Hakami, 2005). 

In this study the metal releasing potential of zinc production by-products was in-
vestigated. The aim of this study is to discuss the leaching behavior of heavy metal in 
zinc plant residue (leaching filter cake) with special attention to the effects of input 
pH, input flow rate and leaching time on leachability of zinc, cadmium and manga-
nese. 

Materials and methods 

Materials 

Leaching filter cake for this study was obtained from Research & Engineering Co. for 
Non-ferrous Metals, Zanjan, Iran. After drying, the filter cake was ground and sieved 
to +200 mesh (74 m). The chemical analysis was carried out by Perkin-Elmer 
AA300 model atomic absorption spectrophotometer. The analytic results were given 
in Table 1. 

Table 1. Chemical analysis of leaching filter cake 

Component Zn Pb Fe Mn Co Ni Cd Ca Mg 

Wt.% 7.55 8.13 2.35 0.14 0.02 0.02 0.09 7.67 0.27 

 
Also XRD analysis of the sample was done and the results are shown in Fig. 1. Sul-

furic acid was used to adjust the solution pH as required. Figure 2 demonstrates the 
process in which the leaching filter cake is produced.  
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Fig. 1. X-ray diffraction analysis of the leaching filter cake used in the study 

 

Fig. 2. Flow diagram of Filter Cake production in zinc plant used in this study 

Experimental method 

For experimental design and determining the important factors which affect the leach-
ability of residual, the conventional method was used. In this study columns with 6 cm 
diameter and 50 cm length from Plexy glass were employed. A 2–4 cm layer of 
washed and dried sand with a Whatman paper was put at the end of each column. 
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About 875 g of dried leaching filter cake was placed. To attain uniform distribution of 
leaching solution a layer of fiber-glass between two Whatman papers were used in the 
top of each column. Process variables were pH of input solution, rate of input solution 
and leaching time. Table 2 shows the variation intervals for these parameters. Acid 
sparking time was 24 hours a day. During this time output solution was collected in a 
container to prepare reagent samples for measurements of Zn, Cd and Mn concentra-
tion after 2, 4, 6, 10, 15 and 20 days. 

Table 2. Variation intervals of experimental parameter for the filter cake leaching  

Parameter Value 

Flow rate(cm3/min) 0.5 1 2 – – – 

Input pH 5 6 7 – – – 

Leaching time (days) 2 4 6 10 15 20 

Results and discussion 

Effect of pH of input solution  

The effect of input solution pH on the dissolution of Zn, Cd and Mn are shown in 
Figs 3, 5 and 7. Based on the pH of rain water in Zanjan city, three input solution pHs 
of 5, 6 and 7 were selected. The maximum dissolution of Zn, Cd and Mn was ob-
served after two days with the input solution pH of 5 and the flow rate of 1 mm/min. 
They were equal to 26554.6 mg/dm3, 365.5 mg/dm3 and 232.7 mg/dm3, respectively. 
The results shown in Figs 3, 5 and 7 indicate that the concentration of above men-
tioned metals decrease with increasing leaching time up to 20 days then reaches con-
stant rate. 
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Fig. 3. Effect of input pH on the Zn dissolution Fig. 4. Zn dissolution percentage  

at three different input pH 
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Fig. 5. Effect of input pH on the Cd dissolution Fig. 6. Cd dissolution percentage  

at three different input pH 
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Fig. 7. Effect of input pH on the Mn dissolution Fig. 8. Mn dissolution percentage  

at three different input pH 

Figs 4, 6 and 8 show that the maximum dissolution percentages of Zn, Cd and Mn 
in input solution were attained at pH 5 and were 45.50%, 53.97% and 19.94%, respec-
tively. The batch experiments showed that the dissolution percentage of Zn, Cd and 
Mn increased with increasing leaching time to 4 days, whereas the mentioned metals 
dissolution percentage did not change significantly with leaching time to 20 days. 

Effect of input flow rate 

Figures 9, 11 and 13 illustrate the effect of flow rate on the dissolution of Zn, Cd and 
Mn. Three flow rates of 0.5, 1 and 2 cm3/min were selected. The maximum dissolution 
of Zn, Cd and Mn was achieved after two days with the flow rate of 0.5 ml/min and 
pH of 5 and amounted to 40527.3 mg/dm3, 548.6 mg/dm3 and 314.5 mg/dm3, respec-
tively. 
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Fig. 9. Effect of flow rate on the Zn dissolution Fig. 10. Zn dissolution percentage 

 at three different flow rates 
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Fig. 11. Effect of flow rate on the Cd dissolution Fig.12. Cd dissolution percentage  

at three different flow rates 
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Fig. 13. Effect of flow rate on the Mn dissolution Fig. 14. Mn dissolution percentage at three 

different flow rates 
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As can be seen in Figs. 10,12 and14 the maximum dissolution percentages of Zn, 
Cd and Mn were attained at the flow rate of 1 ml/min and were 45.50%, 53.97% and 
19.94%, respectively. As shown in those figures the results indicate that the dissolu-
tion percentages of above mentioned metals increase with increasing leaching time up 
to 4 days and then reaches a constant rate. 

Experimental equation for estimation of dissolution percentage 

The volume of solutions obtained from the columns in sampling days was determined. 
Zn, Cd and Mn content of each solution was measured. Basing on equation (1) the 
dissolution percentages of Zn, Cd and Mn were calculated 

 
volume of output solution  element concentration

100
weight of sample  grade

D


 


. (1) 

The influence of flow rate, input pH and leaching time on the dissolution percent-
age was statistically analyzed by SPSS14 software using a multi-variable linear model. 
The relation between the dissolution percentages of elements and mentioned factors 
such as input pH, flow rate and leaching time was investigated. 

The equation for dissolution percentage of zinc is given below: 

 DZn = –0.053H + 0.266Q + 0.528t  (2) 

where H is input pH, Q is flow rate and t is leaching time. 
For the dissolution percentage of cadmium the equation is: 

 DCd = –0.151H + 0.318Q + 0.508t. (3) 

The equation for dissolution percentage of manganese is: 

 DMn= –0.163H + 0.268Q + 0.412t. (4)  

As can be seen in the equations (2)–(4) the effective parameters governing  trans-
port of Zn, Cd and Mn to the environment are time and flow rate. 

Conclusion 

Experiments were carried out to investigate the effect of input pH, input flow rate and 
leaching time on the leaching behavior of heavy metals such as zinc, cadmium and 
manganese from zinc plant residue (leaching filter cake) to environment. A maximum 
dissolution of zinc, cadmium and manganese was obtained at following condition: 
flow rate of 1 ml/min, input pH 5 and leaching time 4 days. In this study, the most 
important parameters for dissolution of zinc, cadmium and manganese are time and 
flow rate, respectively, in range studied. 
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Abstract: One of the main problems for the natural stone industry is treatment of huge amount of waste 
sludge resulting from the cutting and polishing of them to produce slabs or tiles. The effective treatment 
of this sludge is very important for reducing of the sludge volume and overall operating costs. Previous 
studies showed that settling rate and water clarity of the supernatant solution can be increased by 
flocculation process. In this study, detailed electrokinetic studies were performed on the travertine 
samples received as natural and slurry form. The natural form of the sample was supplied from a 
travertine quarry while the slurry was taken from the cutting and polishing process wastewater collector 
pool of the processing plant. The electrokinetic measurements were conducted to find out the effect of 
suspension pH and the solid content on the surface potential of solid particles show that zeta potential (ζ) 
of travertine is positive at pH 9.76 over the all solid contents studied in this work. However, ζ of the 
particles become negative at lower pH values for 1% solid weight content. In contrast, for travertine 
slurry (6.73% solid weight), different potential variations were determined. The particles were negatively 
charged between pH 6 and 8. The results highlighted the effect of dissolved specific ions in the waste 
slurry and sensitivity of ζ to the ionic strength of the solution. The ζ measurements for a raw travertine 
sample, performed with different amounts of NaCl additions into the solutions, confirmed the above 
findings. An addition of low amounts of NaCl decreases ζ of the solid surface. Finally, the ζ 
measurements in the presence of polymer concentration of 0.001% to 0.1 % (wt/vol) clearly indicated that 
the flocculant molecules are adsorbed extensively on the travertine particles, and increase the surface 
potential of the particles with increasing reagent concentration.  

Keywords: travertine, environment, stone industry, zeta potential   

Introduction 

The natural stone industry is one of the oldest in the world. The history of natural 
stone usage goes back to the ancient time. In fact, two of the Seven Wonders of the 
Ancient World were built by using Turkish natural stone (Çelik and Sabah 2008). In 

http://dx.doi.org/10.5277/ppmp130218 
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recent years, although much of the international attention in the natural stone industry 
has been centered on China and India, Turkey is still an important player in the market 
with a capable of producing over 5 million m3 of natural stone block. The color and 
texture qualities compared to other producers and higher travertine reserves provide 
many advantages to Turkey in the world travertine market. Especially, the Denizli 
travertine is a very special natural stone mined in limited number of countries in the 
world (Çobanoğlu and Çelik 2012; Barutçu 2008).  

Nowadays, one of the main problems for the natural stone industry in Turkey is the 
treatment of huge amount of waste sludge resulting from the cutting and polishing of 
them to produce slabs or tiles. The presence of fine particles in recycled water due to 
inefficient solid–liquid separation of waste sludge causes several problems. An 
effective treatment of the sludge is very important for reducing the sludge volume, 
obtained water quality and overall operating costs. Previous studies concerned the 
sedimentation of fine particles in waste effluents, for both travertine and marble, 
showed that settling rate and water clarity of supernatant solution can be increased by 
using anionic polyelectrolytes. The efficiency of the flocculation process is strongly 
affected by flocculation pH and the anionic degree of polymers (Bayraktar et al. 1996; 
Seyrankaya et al. 2000; Arslan et al. 2005; Ersoy et al. 2009). In a recent study 
performed by Taşdemir and Kurama, (2012), it was confirmed that the solid content, 
particle size and flocculation polymer type are effective parameters in settling of the 
suspended particles. However, it was reported that the origin of the slurry and 
chemical composition of natural stones, especially travertine samples, strongly affect 
the sign and magnitude of surface potential, and hence sedimentation rate of the solid 
particle present in the effluents. Therefore, in this study, detailed electrokinetic studies 
were performed on travertine samples in natural and slurry form. The development of 
surface charge was discussed taking into account dissolved species, solid content, 
suspension pH and polymer concentration.  

Material and method 

Material 

Raw and travertine slurry samples used in this study were supplied by Nasip Marble 
Company (Denizli, Turkey). The natural form of the sample (NT) was supplied from a 
travertine quarry while the slurry was taken from the cutting and polishing process 
wastewaters collector pool of the processing plant. The tile and slab production 
capacity of the processing plant is 250.000 m2 per year. The Denizli basin is an 
important region not only in Turkey but also in the world. In the early 1980s, Denizli 
had only a few quarries, but today the city became an important travertine production 
and marketing place with approximately 82 travertine and marble processing plants. 
These plants process a variety of travertine and marbles supplied from their quarries.  

The raw travertine sample was firstly crushed and ground in a porcelain ball mill in 
order to decrease its size for electrokinetic measurements. The chemical composition, 
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determined by the X-Ray fluorescence (XRF), and the physical properties of 
representative sample is given in Table 1. As can be seen from Table 1, the raw 
sample mainly consists of CaCO3 with a little amount of MgO, SiO2 and Fe2O3.  

The solid content of the slurry was determined by filtering the sample through blue 
band filter paper. The separated solid was then dried in an oven at 100 oC and 
weighted to calculate the solid weight %. The solid weight content and the turbidity of 
the slurry were determined as 6.73% solid weight and >2000 NTU, respectively. The 
particle size distribution analysis of the particles present in slurry was performed using 
a Malvern Mastersizer 2000. It was found that 50% of particles were smaller than 40 
µm. 

Table 1. Chemical and physical analysis results of travertine  

Component %  Property  

MgO 0.56  Specific bulk density, g/cm3 2.339 

SiO2 0.32  Specific gravity, g/cm3 2.73 

SO3 0.28  Porosity, % 0.28 

CaO 55.00  Water absorption, % 5.51 

Fe2O3 0.17  Surface area-(BET), m2 g–1 3.22 

LOI 43.67    

Experimental procedures 

Electrokinetic measurements of the samples were performed by the electrophoretic 
method using Zetasizer Nano ZS (Malvern Inst, UK). In each measurement, the 
suspension was prepared by placing predetermined amount of solid sample, 1, 3, 5, 
and 10% solid weight, into the 100 cm3 beaker or for slurry sample, a 50 cm3 of 
suspension was placed on a magnetic stirrer, stirred for 10 min and kept for 2 min to 
allow the coarser particles to settle. Then, 2 cm3 of solution was taken from the upper 
part of the beaker, transferred to a closed measurement cell and the zeta potential (ζ) 
was measured. 

In flocculation measurements anionic polymer SPP510 of high molecular weight 
was used as flocculant. A 1 dm3 portion of the flocculant stock solution was prepared 
with distilled water and pre-determined amounts were added to the sample solutions.  

Results and discussion 

Solubility and gravity settling of travertine particles in waste slurry 

The term travertine generally means carbonate rocks (limestone) deposited by 
supersaturated alkaline mineral waters. Calcium carbonate is poorly soluble in pure 
water, however, if the pH of the solution decreases, solubility increases due to the 
increasing carbonic acid concentration in the solution (Lide, 2005).  
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 CaCO3 (s) ↔ Ca2+(aq) + CO3
-2(aq)      Ksp = 5.10-9 (1) 

 H2O + CO2 ↔ H2CO3 (2) 

 CaCO3 + H2CO3 ↔ Ca2+ + 2 HCO3
–. (3) 

The solubility test performed with a supernatant consisting of 5 to 15% solid 
showed that Ca2+ and Mg2+ ion concentrations of solutions slightly increase with 
increasing solid content and contact time, however, in general, it can be concluded that 
the concentrations of calcium and magnesium ions are independent of the solids 
content.  

The movement of the sludge zone as a function of settling time is given in 
Figure 1. It was found that sedimentation of fine particles in waste slurry completed 
within 10 min of setting time. Although the sedimentation process is considered as 
rapid, the turbidity measurement of the upward water zone shows that it still contains 
suspended particles, 455 NTU. 
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Fig. 1. Gravity settling of travertine particles in waste slurry as function of settling time 

Electrokinetic measurements 

The effect of the solid content and the pH variation of the solution on ζ potential of the 
raw travertine sample are given in Fig. 2 and Fig. 3, respectively. It was found that the 
ζ potential of travertine particles is positive over the whole solid contents range at pH 
9.76. The values of ζ potential increase, with increasing solid content from 2.64 mV, 
to 7.62 mV (for 5% solid weight). A further increase in solids content, resulted in a 
slight decrease of ζ potential. This could be attributed a small variation of the 
equilibrium condition of CaCO3 in water with increased solid content. 
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Fig. 2. Zeta potential variation of travertine sample against to solid percent at pH 9.76 

The electrokinetic behavior of the CaCO3-water system has been widely studied in 
literature. It was pointed out that the dissolution of CaCO3 in water (Eq. 1) is affected 
by small difference in equilibrium condition, modification of solution pH and the 
hydrolyzing reactions of the dissolved ions. These effects cause variations of both sign 
and magnitude of ζ potential according to the possible reactions which can be given as 
follows 

 CO3
2– (aq) + H2O ↔ HCO3

– (aq) + OH– (aq)     K = 10–3.7 (4) 

 Ca2+ (aq) + H2O ↔ Ca(OH)+ (ag) + H+ (aq)     K = 10–12.9 (5) 

 Ca2+ (aq) + HCO3
– (ag) ↔ CaHCO3

+ (aq)     K = 101.1. (6) 

The Ca2+, CO3
2– and hydrated or hydroxylated species of these ions, such as HCO3

–, 
Ca(OH)+, and CaHCO3

+ are considered the major potential determined ions (PDI) 
while H+ and OH– ions are secondary PDI and act as a regulator of concentration of 
particular anions (Eriksson et al., 2007). Except the above parameters, the 
measurement methods also play an important role in determine the  
ζ potential of surface. Recently, Moulin and Roques (2003) reviewed previous 
findings obtained by different researchers and concluded that the sign of the measured 
ζ potential is positive, negative, or variable, depending on the measurement 
conditions, contribution of solubility products, hydrolyzing reactions and availability 
of foreign ions.  

The electrokinetic results given in Fig. 3 indicated that ζ potential of travertine 
particles have two isoelectrical points (IEP) and the potential values changed between 
–3 to +3 mV as a function of the solution pH. The ζ potentials slightly move to lower 
potentials (as negative) with increasing OH- concentration of the solution. It is 
approaching the second IEP at about pH 9.4 and than further increase with solution pH 
leading to positively charged surface.  
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Fig. 3. Variation of zeta potential of travertine sample against solution pH  
at a solid content of 1%  

The decrease of negative potential with increases of pH may be attributed to the 
possible reaction given below. With increasing pH the surface charge becomes more 
negative and ζ potential has to decrease. The positive sign can be due to the adsorption 
of protons. However, we should consider the contribution of foreign cations and 
anions or organic impurities adsorbed on the particle surface generally observed for 
natural travertine and calcite samples.  

 CO3H
-
surface + H+ ↔CO3H +2

surface     (Moulin and Roques, 2003) (7) 

The previous study performed by Vdovic (2000) dealing with the electrokinetic 
behavior of both natural and synthetic forms of calcite showed that synthetic calcite 
has positive ζ potential at pH of pHIEP 8.4, which decreases with either the increase or  
decrease of pH. Natural calcite, in contrast, has negative ζ potential throughout the 
investigated pH range of 6–10.  

On the other hand, a slight decrease of the negative ζ potential of surface at lower 
pH values can be attributed to the adsorption of the hydrated carbonate ions in the 
electric double layer which are closer to the surface of the mineral (inner the Helmholz 
layer), while calcium ions remain in the outer layer as previously reported by Siffert 
and Fimbel (1984). When the dispersed mass of CaCO3 in solution is increased, the 
surface contact with the water phase becomes sufficiently large to ensure rapid 
equilibrium. Under this condition, certain surface Ca2+ cations hydrate until the 
equilibrium in solution is attained. The surface Ca2+ ions are smaller than CO3

2– ions 
and impart a positive charge to the surface. If dissolution process is still in progress, 
the absolute values of ζ potential could be a consequence of non-simultaneous 
detachment of the constituent ions from the surface. Higher loss of CaOH+ than 
CO3H

– during dissolution of calcite could explain more negative surface when the 
system has not yet reached the equilibrium (Stipp and Hochella, 1991).  
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Rather than the above conclusions, the effect of shrinkage of solid particle and the 
diminution of the surface on the potential variations with dissolution process, 
especially lower amount of sample is used, could also be concerned. Calcite or 
travertine grains in contact with water tend to reach the equilibrium by releasing a 
certain amount of their constituent ions in the solution. If a smaller quantity of sample 
is used or if the pH decreases than the IEP, the dissolution will cause a diminution of 
grains, and consequently the diminution of the available surface area, and ζ- potential 
of the surface becomes more negative (Moulin and Roques, 2003) .  
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Fig. 4. Variation of zeta potential of travertine slurry as a function of solution pH 

Figure 4 shows that the ζ potential profile of the solid particles present in the 
travertine slurry. Differently from the above findings, the particle surface is negatively 
charged even at lower pH values. This could be attributed to higher concentrations of 
dissolved specific ions and organic impurities that are found in the waste slurry. The 
surface properties of travertine are expected to be same as CaCO3. However, greater 
porous structure and adsorbed or detached organic and inorganic impurities on the 
surface make it completely different from the solid form (Vdovic and Kralj, 2000).  

In order to examine the effect of these ions on surface potential, the ζ-potential 
measurements were also performed with different amounts of NaCl additions in 
measurement solutions (Fig. 5). The result confirmed the ζ potential of the particle is 
sensitive to the ionic strength of the solution. In general, ζ potential of the surface 
increases with increasing NaCl concentration. However, compared to electrolyte-free 
solution, addition of a lower amount of NaCl to the solution decreases ζ potential of 
particles. For 0.002 M NaCl addition, ζ-potential of the solid surface decreases from 
2.64 mV to -1.34 mV.  
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Fig. 5. Zeta potential variation of 1% solid content suspension 
 as a function of NaCl concentrations at pH 9–10 

The positive values measured above 0.1 M NaCl addition may be attributed to the 
ion-ion interactions and ion-surface interactions of the structure-making cations and 
structure breaking anions or foreign ions that are present in the solution and the 
difficulties of measuring ζ potential above 0.1 mol dm–3. As previously discussed by 
Kosmulski and Rosenholm (1996), the electric field around a colloidal particle could 
hardly be measured at electrolyte concentrations above 0.1 mol dm-3 using traditional 
equipment. At low ionic strengths, the electrolytes of alkali halides (1-1) show 
common properties. The isoelectric point of oxides and many other solids does not 
depend on the nature and concentration of these salts. However, for the electrolytes 
involving multivalent ions, in contrast, the isoelectric points are shifted. The direction 
and magnitude of the shift depends on the nature and concentration of the electrolyte. 
At higher ionic strengths, far fewer water molecules per ion are available, and due to 
this water deficit, some ions experience partial dehydration. This dehydration allows 
the ions to approach closer to the surface. Moreover, the hydration shell is distorted 
and finally the individual properties of particular ions and salts are displayed in ion-
ion interactions or in ion-surface interactions that are not important under lower ionic 
strength conditions. When the ionic strength exceeds a critical value, which is below 
0.1-mol dm–3 for common 1-1 salts, the iep starts to shift gradually toward higher pH 
values with increasing ionic strength. Finally, when the ionic strength exceeds 
a second critical value, there is no iep and the ζ potentials are positive over the entire 
measured pH range.  

Kosmulski et al. (2003) studied the electrokinetic potentials of mineral oxides and 
calcium carbonate in artificial seawater, and released a relatively same conclusion. It 
was reported that ζ potentials of concerned materials are depressed in the presence of 



The effect of zeta potential on the sedimentation behavior of natural stone processing effluent 583 

a high salt concentration. In case of calcium carbonate, measured ζ potential equal to 
1.91 mV by electroacoustic method at pH 8 in artificial seawater (at high ionic 
strengths) is substantially lower than the previously published results at low ionic 
strengths. Within the studied pH range of 7–9, calcium carbonates showed pH 
independent ζ  potentials potential. 

The variation of zeta potentials as a function of polymer concentration for 
flocculation process is given at Fig. 6. 
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Fig. 6. Zeta potential variation of 1% solid content travertine suspension as a function 
of polymer concentrations (0.001%–0.08% wt/vol). pH 8–8.5 

It is clearly indicated that the flocculant molecules adsorbed extensively on the 
travertine particles, and lower amount of reactive addition is sufficient to increase the 
surface potential of the particles to fall into the stabile region. ζ potential of the 
particle surface sharply increases from –8.4 mV to –36.7 mV for the solution 
consisting of 1% with polymer addition of 0.05% wt/ vol. and a further increase of the 
flocculant concentration does not cause any considerable effect on the ζ potential 
values. In the case of the slurry sample, this increase is negative (from 0.6 mV to  
–16 mV).  

This conclusion can be supported by the results from the previous paper in which ζ 
potential of calcite in the presence of organic acids was investigated. Positive surface 
charge of calcite was reduced by introduction of fulvic acid to the solution. The high 
affinity of fulvic acid molecules for calcium carbonate surface is due to electrostatic 
attraction between positively charged surface sites and the negative charge (Vdovic 
and Kralj, 2000). 

For the coagulation or coagulation + flocculation aid sedimentation processes the 
measurement of ζ potential is accepted as an effective tool for coagulation control 
because the changes in zeta potential indicate changes in the repulsive force between 
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colloids. The magnitude of zeta potential gives an indication of the potential stability 
of the colloidal system. If all the particles in suspension have a large negative or 
positive zeta potential then they will tend to repel each other and there will be no 
tendency for the particles to come together. On the other hand, if the particles have 
low zeta potential values, then there will be no force to prevent the particles coming 
together and coagulation. Therefore, the first step for effective coagulation is the 
destabilization of the suspension by eliminating these repulsive forces. Either 
compressing the double layer through pH control or addition of electrolytes can 
overcome the energy barrier between particles. Double layer compression involves 
adding salts to the system. As the ionic concentration increases, the double layer and 
the repulsion energy curves are compressed until there is no longer an energy barrier. 
Particle agglomeration occurs rapidly under these conditions because the colloids can 
just about fall into the van der Waals “trap” without having to surmount an energy 
barrier (Somasundaran and Das, 1998, www.zeta-meter.com). In practice, a large 
amount of electrolyte addition alone is an impractical technique for water treatment. 
However, usage of dual flocculant or coagulation + flocculation can help to increase 
flocculation efficiency. As discussed previously, although the solubility of the 
travertine particles in suspension is very low, a relatively high concentration of Ca2+ 
and Mg2+ ions in waste slurry, 360.72 mg Ca2+ /dm3 and 340 48 mg Mg2+ /dm3 at pH 
of 7.75, leads to decreasing ζ potential of particles and approaching the surface charge 
the isoelectric point (Fig. 4). The availability of such ions in solution improves the 
binding of the anionic polymer segments onto the negatively charged surface 
(Hiemenz and Rajagopalan, 1997). Such ions act as “bridges-with bridges” to induce 
flocculation. 

Conclusion 

According to the experimental finding discussed above, the following conclusion can 
be drawn. The electrochemical measurement results showed that the surface charges 
of the travertine particles in distilled water are strongly affected by the suspension pH 
and the solid content of solution. It was found that the surface potential of solid 
particles is positive at pH 9.76 over the all solid contents studied. However, ζ potential 
of the particles becomes slightly negative values at lower pH values for 1% solid 
weight content. For travertine slurry, different potential variations were determined. 
The particle surfaces are negatively charged between pH values of 6 and 8 due to the 
higher concentrations of dissolved specific ions i.e. Ca2+ and Mg2+ in the waste slurry. 
These results highlight the importance of influence of the source of the slurries on the 
surface charge or the magnitude of potential of particles and confirmed that ζ potential 
of the particle surface is sensitive to the ionic strength of the solution. Furthermore, it 
can also propound that availability of such ions in the solution allows the elimination 
of repulsive forces between particles and destabilizes the suspension to effective 
adsorption of polymer molecules to each particle.  
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Abstract: The effects of time, composition and history of preparation of the aqueous phase on the liquid-
liquid extraction of chromium(III) with Aliquat 336 from the aqueous alkaline solutions containing 
chlorides were studied. At time far from the equilibrium the yield and initial rate of the chromium(III) 
extraction depend on NaOH concentration, ionic strength of the aqueous phase and the way of its 
preparation. At the constant composition of the feed solution, rate of the Cr(III) extraction in approach to 
the equilibrium is higher when chromium(III) is extracted from the alkaline aqueous phase freshly 
prepared by direct dissolution of a weighted sample of CrCl3 than from that obtained by dilution of aged 
stock solution of CrCl3. Kinetic analysis by the mathematical models showed that within the whole period 
of time needed to reach the equilibrium, the rate of the Cr(III) extraction is limited by the second-, and 
third-order chemical reaction towards Cr(III), irrespective of composition and preparation history of the 
aqueous phase. The three-dimensional diffusion and chemical reaction at phase boundary substrate-
product (the contracting volume) models have a significant effect on the chromium(III) extraction within 
the initial extent of the process. 

Keywords: extraction, chromium(III) chloride, Aliquat 33, kinetic analysis  

Introduction 

Different industrial processes apply chromium compounds as dyes, paint pigments, for 
metal plating and in the leather processing as a tanning agent. In such industrial 
processes, besides the final products, various wastes containing chromium compounds 
are generated. Chromium(III) basic sulfate is the most frequently and widely applied 
as a tanning agent in the leather industry because it allows to produce leathers of very 
high quality. However, many chemical and mechanical operations (chromium tanning, 
splitting and shaving of chromium-tanned leathers), which are made during processing 
of raw animal hides/skins into finished leathers, generate large quantities of liquid and 
solid wastes containing chromium(III). 
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Total quantities of these wastes depend on applied technology and on type of 
leathers produced. Generally, solid tannery wastes containing chromium(III) can 
constitute from 18 to 57% of the total amount of all solid wastes produced by 
tanneries. About 40% of Cr(III) compounds, which were not uptaken by hides during 
tanning operation, remain in spent tanning liquors and these baths are the main source 
of chromium(III) in tannery effluents. Such wastes create an environmental hazard and 
moreover, a risk for the human health when they are inadequately treated and/or 
discharged without purification into the landfill or rivers. It is known that the trace 
quantities of chromium(III) are needed for the proper functioning of the human 
organism (Senczuk, 1999; Indulski, 1992). However, oxidation of chromium(III) to 
carcinogenic chromium(VI) in surface water and soils under favourable conditions 
(acid rains and the presence of some oxidants like MnO2) should be taken into account 
(Kabata-Pendias and Pendias, 1993; Ciszewski and Baraniak, 2006; Apte et al., 2005). 
Besides, in the natural environment interconversion Cr(III)  Cr(VI) is observed and 
controlled by different factors, e.g. concentration and kind of chromium species, 
presence of oxidizing or reducing agents, electrochemical potentials of oxidation and 
reduction reactions, pH, ambient temperature, light, presence of complexing agents 
(Kimbrough et al., 1999). 

A worldwide legislation exists on chromium limits for discharge of tannery 
effluents into water bodies and sewers (Bosnic et al., 2000). Many of these regulations 
distinguish between the limit of chromium(III) and chromium(VI) compounds. 
However, generally, the typical limit for total chromium concentration in tannery 
effluents is within the range 2–4 mg/dm3 (Gauglhofer, 1991; Bosnic et al., 2000). 

The recovery of chromium(III) from the tannery effluents and wastes is justifiable 
both ecologically and economically. First of all, it reduces a risk of contamination of 
environment by compounds of chromium. Second, such activities may prevent loses 
of chromium compounds which could be reused in other industrial processes. 

From literature data it comes that various methods have been examined for 
removing and recovering of chromium(III) compounds from aqueous solutions and 
tannery floats/wastewaters. These methods are based on adsorption (Liu et al., 2010; 
Papandreou et al., 2011), biosorption (Karaoglu et al., 2010; Sundar et al., 2011), ion 
exchange (Gode and Pehlivan, 2006), and various membrane techniques such as 
ultrafiltration (Korus and Loska, 2009; Labanda et al., 2009), micellar enhanced 
ultrafiltration (Auodia et al., 2003), nanofiltration (Religa et al., 2011), reverse 
osmosis (Hintermeyer et al., 2008) and transport through the bulk, supported, 
emulsion and polymer inclusion liquid membranes with application of various carriers 
(Gawronski and Religa, 2007; Buonomenna, 2006; Ochromowicz and Apostoluk, 
2010; Alguacil et al., 2009; Konczyk et al., 2010). 

One of the most efficient methods for concentration and separation of different 
metal species including chromium is the liquid-liquid extraction which is 
economically feasible when flow rates are high and concentrations of contaminants are 
greater than 0.5 g/dm3 (Kentish and Stevens, 2001). 
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Studies described earlier in literature, concerning the liquid-liquid extraction of 
Cr(III), indicate that both cationic and anionic species of chromium(III) (formed with 
ethylenediaminetetraacetic acid (EDTA)) are extracted mainly from acidic and neutral 
aqueous solutions with acidic extractants (Apostoluk and Bartecki, 1985; Islam and 
Biswas, 1979; Pandey et al., 1996) and with trioctylmethylammonium chloride 
(Aliquat 336) (Irving and Al-Jarrah, 1973). Wionczyk and Apostoluk (2004a; b) have 
showed for the first time that quaternary ammonium compounds effectively extract 
anionic hydroxocomplexes of chromium(III) which can be formed in the model 
alkaline solutions prepared from an aged stock solution of KCr(SO4)2 and NaOH. 
Wionczyk and co-workers (Wionczyk and Apostoluk, 2005; Wionczyk, 2009) have 
determined the effects of various parameters and electrolytes on the chromium(III) 
extraction. This method was examined for the removal of chromium(III) from some 
industrial spent tanning liquors (Wionczyk et al., 2006) and from protein hydrolyzate 
obtained by alkaline hydrolysis of wastes of chromium-tanned leathers (Wionczyk et 
al., 2011a; 2011b).  

From the other side, taking into account available literature data, it can be found 
out that the extraction of chromium(III) from alkaline media is a problem still 
recognized very scarcely and it is also interesting and important issue with an 
environmental studies approach. 

Recently, Wionczyk et al. (2011c) have reported studies on the kinetics and 
equilibria of the liquid-liquid extraction of chromium(III) with Aliquat 336 from 
alkaline aqueous solutions, containing anions of various complexing abilities and 
hydration properties, which were freshly prepared by dilution of the aged stock 
aqueous solutions of various chromium(III) salts (nitrates, perchlorates, or sulfates). 

Consequently, as a development of the all investigations mentioned above, in this 
paper the studies are reported on the liquid-liquid extraction of chromium(III) with 
Aliquat 336 from alkaline solutions containing chloride ions. The effects of extraction 
time, composition and history of preparation of the aqueous phases (directly from 
weighted sample of CrCl3 or by dilution of aged solution of CrCl3) are presented. The 
kinetic models with application of mathematical rate equations and a discussion on the 
estimation of factors limiting the chromium(III) extraction under examined conditions 
are given. Moreover, results described in this paper are compared with those reported 
recently by Wionczyk et al. (2011c). 

Experimental 

Reagents 

The initial aqueous phases were freshly prepared alkaline solutions of composition: 
chromium(III) – 0.005 mol/dm3, sodium hydroxide – 0.3 mol/dm3 or 0.5 mol/dm3, 
chloride ions – 0.015 mol/dm3. These aqueous phases were prepared immediately 
before the extraction in the following two different ways: (WS) – by direct 
dissolution of a weighted sample of CrCl3·6H2O and appropriate alkalization with 
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NaOH; (AQ) – by direct dilution and alkalization of the aged (for several months) 
stock aqueous solution of chromium(III) chloride. All compounds with high purity 
were obtained from POCh (Poland). Distilled water was used in the studies. 

Solution of Aliquat 336 (90% of trioctylmethylammonium chloride, for synthesis 
Merck-Schuchardt) in heptane (p.a., Chempur, Poland) at concentration 0.05 mol/dm3 
modified with 1% (v/v) of 1-decanol (>99% for synthesis, Merck-Schuchardt) was 
used as the initial organic phase. 

Extraction of chromium(III) 

The equal volumes of the aqueous and organic phases were shaken mechanically in 
thermostatic water bath shaker type Elpin 357 (Poland) with constant speed (140 rpm) 
at constant temperature (25 ± 0.5 ºC) for appropriate period of time varying within the 
range from 0.5 to 360 minutes. Then, the phases were transferred to separation funnels 
and were left to clarify and separate for 3 h.  

The distribution of chromium(III) in both phases was determined spectro-
photometrically with 1,5-diphenylcarbazide after oxidation of Cr(III) to Cr(VI). The 
concentration of chlorides in the aqueous phase was estimated by Volhard’s method. 

Kinetic models and calculations  

The studies on the kinetics of heterogeneous processes can be carried out using the 
isothermal method in which observations of an extent of process/reaction () within 
a period of time (t), are made at constant temperature. In general, this method is more 
appropriate for kinetic analysis of the slowest processes and is based on the 
determination of a rate equation according to the mathematical model which the most 
precisely explains the systematic changes of  with time and describes mechanism of 
process/reaction. Values of  vary from 0 at the beginning of process to 1 when it is 
over. 

An extent/progress of the chromium(III) extraction in the presented system was 
measured by dimensionless fraction () of Cr(III) extracted to the organic phase after 
any period of the extraction time and it was as follows: 

 0
a

t
o

c

c
  (1) 

where 0
ac  stands for initial concentration of chromium(III) in the aqueous phase at the 

beginning of process and t
oc  denotes concentration of chromium(III) extracted to the 

organic phase at time t of the process duration. The yield of chromium(III) extraction 
(%E) from the aqueous to the organic phase was calculated as follows: 

 %E =  · 100. (2) 
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The rate of heterogeneous process under conditions far from the equilibrium can be 
kinetically described by the following general equation in the differential form (Perez-
Maqueda et al., 2005): 

 )(
fk

dt
d

T   (3) 

where kT is temperature-dependent rate constant, f()a term describing the relation 
between the rate of process/reaction and its mechanism. 

After introduction to Eq. (3) of the following designation 

 )(
)(

0





g
f
d   (4) 

the total integral form of Eq. (3) is: 

 tkg T )( . (5) 

The various rate equations (kinetic models) describing the mechanism of a 
heterogeneous process are proposed in literature (Galwey and Brown, 1998). Some of 
the integral forms of the rate equations, which were selected for the kinetic analysis of 
the experimental results received in the examined extraction system, are specified in 
Table 1. 

Table 1. Some of the most important rate equations (models) proposed for kinetic analysis of 
heterogeneous processes (Galwey and Brown, 1998) 

Kind of kinetic 
model 

Symbol Mechanism 
Integral form 
g(α) = kT· t 

R2 phase boundary controlled 
reaction (contracting area) 

)1(1   Geometrical 
models 

R3 phase boundary controlled 
reaction (contracting volume) 

3 )1(1   

D1 one-dimensional diffusion 2  

D2 two-dimensional diffusion   )1ln()1(  

D3 three-dimensional diffusion 
(Jander equation) 

23/1 ])1(1[   

Diffusion 
models 

D4 three-dimensional diffusion 
(Ginstling-Brounshtein 

equation) 

3/21 )1()]32(1[     

F1/ A1 first order /Avrami-Erofeev 
equation, n = 1 

)1ln(   

F2 second order   11 1    

'Order of 
reaction' 
models 

F3 third order   11 2    
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Results and discussion 

The effect of extraction time, composition and history of preparation of the 
aqueous phase 

The relationships between the yield of chromium(III) extraction and the contact time 
of phases (aqueous and organic) for various composition and history of preparation of 
the initial aqueous phase (WS or AQ methods given in 2.1.) in the tested system are 
showed in Fig. 1. They indicate that an elongation of extraction time and reduction of 
NaOH concentration in the initial aqueous phase from 0.5 mol/dm3 to 0.3 mol/dm3 
affect positively the extraction of chromium(III) from the alkaline aqueous solutions 
of chlorides, irrespective of the mode of preparation of the feed aqueous solutions. 
Namely, at 0.3 mol/dm3 of NaOH in the aqueous phase, chromium(III) is extracted 
almost completely with the high yield equal to 98-99% after 2 hours, while at 
0.5 mol/dm3 of sodium hydroxide, the extraction of chromium(III) attains the 
maximum 89–90% only after 5 hours of the phase contact. The lower concentration of 
NaOH in the aqueous phase the shorter time is needed to achieve the equilibrium of 
the chromium(III) extraction under examined conditions. The negative effect of the 
increasing concentration of NaOH on the efficiency of Cr(III) extraction from the 
alkaline chloride solutions is attributed to the negative influence of the ionic strength 
of the aqueous phase as it can be expected according to the findings of our previous 
studies (Wionczyk and Apostoluk, 2005; Wionczyk, 2009). 

 

Fig. 1. Effect of time and preparation history (WS and AQ) of the initial aqueous phases on the extraction 
of Cr(III) (%E) from the aqueous solutions of chlorides in: (a) 0.3 M; (b) 0.5 M NaOH.  

I – denotes the initial ionic strength of the aqueous phase 
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The results given in Fig. 1 shows that extraction of chromium(III) in the studied 
system depends also on the history of preparation of the initial aqueous phases (WS or 
AQ). Namely, at constant contact time of phases and at constant initial composition of 
the aqueous phase, the yield of extraction of Cr(III) from the fresh aqueous alkaline 
solution prepared from sample of CrCl3·6H2O (WS) is slightly higher than this from 
the diluted aged stock solution of chromium(III) chloride (AQ). However, these 
differences between Cr(III) extraction are observed only at the time far from the 
equilibrium of extraction. It means that yield of chromium(III) extraction depends on 
the way of preparation of the feed alkaline aqueous solution (WS or AQ). It may be 
discussed in terms of different Cr(III) complex species which can be present in the 
fresh and/or aged aqueous solutions of chromium(III) chlorides. The percent of Cr(III) 
extraction at the equilibrium is constant and its value does not depend on the history of 
preparation of the initial aqueous phase.  

The rate of chromium(III) extraction in an approach to the equilibrium state 

Depending on the possibilities of hydrodynamic control of an examined extraction 
system, different techniques used for determination of the rate of the extraction of an 
individual component can be divided as follows: 
 methods in which measurements are made at constant interfacial area of the 

organic and aqueous phases, e.g. the method using a modified Lewis cell, 
 methods in which there is a lack of the constant interfacial area because both 

organic and aqueous phases are vigorously mixed which leads to their mutual 
dispersion. 

In the present work all experiments concerning the effect of time on the 
chromium(III) extraction were made under constant processing conditions (temperature, 
volume ratio of phases, shaking speed of phases, time of phase separation). Then, the 
results of those experiments were treated in accordance with the one of the methods 
for determination of the rate of liquid-liquid extraction in which interfacial area of 
aqueous and organic phases is not constant. 

The liquid-liquid extraction is a complex process consisting of various chemical 
reactions and several processes, e.g. diffusion, mass transfer and distribution. Its total 
rate is limited by the rate of its slowest stage. A total equilibrium of the extraction can 
be described by one general equation at the assumption that side reactions do not 
proceed in the aqueous and organic phases. Then, like the velocity of an elementary 
chemical reaction, the rate of the extraction of component can be determined by the 
measurements of changes of its concentration in a unit of time at constant temperature.  

Consequently, by analogy to the elementary chemical reaction, the integral forms 
of the first-order ( tkc

a 1Crln  ) and the second-order ( tkc
a 2Cr/1  ) kinetic equations, 

usually used to define the order of a chemical reaction (Jones and Atkins, 2009), were 
applied to examine which of the kinetic relations precisely describes the changes of 
chromium(III) concentration in the aqueous phase (

a
cCr ) with time (t) during progress 

of the Cr(III) extraction. The fits of the experimental data obtained from the studies on 
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the extraction of chromium(III) with Aliquat 336 under the all tested conditions to 
these first-order and second-order kinetic equations are graphically demonstrated in 
Fig. 2a, b. 

(a)      (b) 

   

Fig. 2. The fits of experimental data to (a) the first-order, (b) the second-order kinetic equations 
determined in the systems CrCl3-NaOH-0.05 M Aliquat 336 with the aqueous phases of various 

compositions and history of preparation (WS and AQ) 

From Fig. 2a, it is evident that under each studied conditions the experimental 
points deviate from straight lines of the kinetic relation tkc

a 1Crln   within the whole 
periods of time needed to attain the equilibrium of chromium(III) extraction. Then, it 
may be supposed that at time far from the equilibrium, the rate of the extraction of 
chromium(III) in the tested system cannot be expressed by the first-order kinetic 
equation. However, for the extraction of Cr(III) from the aqueous phases at 0.5 
mol/dm3of NaOH, it is possible to find such range of the extraction time, 0.5-30 
minutes, within which more than three experimental points will be well fitted to this 
kinetic equation giving the linear dependence. At concentration of NaOH equal to 0.3 
mol/dm3, it is difficult to select such range of the initial extraction time within which 
more than three experimental points will be precisely fitted to the dependence 

tkc
a

 1Crln . Moreover, it should be noted that after 30 seconds of the phase contact, 
which corresponds to the first experimental points in Fig. 1, the yield of extraction of 
chromium(III) from the feed chloride solution at 0.3 mol/dm3 of NaOH exceeds 65%, 
irrespective of the way of preparation of the aqueous phases. Then, to test of linearity 
of the relation tkc

a
 1Crln  in the system with lower concentration of NaOH, several 

experimental points should be obtained at the initial extraction time shorter than 30 
seconds. However, this is practically impossible under the applied experimental 
conditions. 
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From Fig. 2b it comes that within the periods of time (60 and 300 minutes) which 
are necessary to reach the equilibrium of extraction, the changes of reciprocal of 
Cr(III) concentration in the aqueous phases with time of the extraction create precisely 
the linear dependences typical for the second-order kinetic equation ( tkc

a 2Cr/1  ). 
These straight lines are characterized by various slopes (k2) which depend on the 
concentration of NaOH and on the preparation history of the alkaline Cr(III) feed 
solutions. Equations of the straight lines plotted in Fig. 2b, and consequently, the 
values of their slopes (k2) were determined using the method of regression analysis. 
Moreover, the quality of mathematical fit of the experimental data to the second-order 
kinetic relationship ( tkc

a
 2Cr/1 ) was evaluated applying the statistical criteria 

(determination coefficient R2; standard deviation of estimate and of the slope of 
regression line S.D.; Fisher-Snedecor test function F). Those parameters and values of 
slopes (k2) of the straight lines (in Fig. 2b), which correspond to the rate constants of 
the chromium(III) extraction under each examined conditions, are given in Table 2. 
The number of experimental points, N, and the ranges of the extraction time, within 
which the kinetic equation was tested, are also specified in this Table. 

The values of statistical criteria (Table 2) reveal that the all relations 
( tkc

a 2Cr/1  ) presented in Fig. 2b are of very good statistical quality. Then, it can be 
accepted that the rate of the extraction of chromium(III) with Aliquat 336 from the 
alkaline aqueous solution containing chlorides may be described by the second-order 
kinetic equation towards Cr(III), irrespective of the initial concentration of NaOH and 
on the way of preparation of the aqueous phases. Values of the rate constants (k2) 
prove that chromium(III) is extracted with the highest rate from the feed aqueous 
solution prepared directly from the sample of CrCl3·6H2O (WS) at 0.3 mol/dm3 of 
NaOH. Moreover, the rate constant (2.96 dm3mol-1s-1) determined under these 
conditions is about twice higher than that (1.37 dm3mol-1s-1) established for the 
aqueous phase prepared by dilution of the aged stock solution of CrCl3 (AQ). From 
Table 2 it also comes that the effect of the way of preparation of the feed aqueous 
solution (WS or AQ) on the rate of chromium(III) extraction at higher concentration of 
NaOH is already lower though the velocity of the Cr(III) extraction in the system with 
the aqueous phase obtained directly from the sample of CrCl3·6H2O (WS) is still 
higher.  

Taking these findings into account it can be accepted that the observed differences 
(Table 2) between the rate of the extraction of chromium(III) from the aqueous 
alkaline solutions containing chlorides may be attributed to the various kind of 
complexes of chromium(III) which are probably present in the aqueous phases of 
different concentration of NaOH and history of their preparation (WS or AQ). 
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Table 2. The rate constants (k2) and their statistical assessment determined from the second-order kinetic 
equation,

 
tkc

a 2Cr/1  , (Jones and Atkins, 2009) for the extraction of chromium(III) in the studied 
system CrCl3 – NaOH – Aliquat 336 with the aqueous phases of different composition and history of 

preparation (WS or AQ). The statistical symbols are explained in text 

0
NaOHc , 

mol/dm3 

History of 
preparation of the 

aqueous phase 

(k2 ± S.D.), 
dm3mol1s1 

R2 S.D. F N 
Range of the 

extraction time, 
min 

0.3 CrCl3 (WS) 2.958 ± 0.067 0.9948 345 1933 11 0.5–60 

0.3 CrCl3 (AQ) 1.369 ± 0.017 0.9984 65 6325 11 0.5–60 

0.5 CrCl3 (WS) 0.093 ± 0.003 0.9845 67 889 15 0.5–300 

0.5 CrCl3 (AQ) 0.063 ± 0.002 0.9888 39 1151 14 0.5–300 

 
The results received in our previous typical extraction studies (Wionczyk et al., 

2011c) were taken to compare the effect of different kind of anions (sulphates, 
nitrates, perchlorates, and chlorides) on the rate of the extraction of chromium(III) in 
the systems with Aliquat 336 from the alkaline aqueous phases freshly prepared by 
dilution of the aged stock solutions of different chromium(III) salts (KCr(SO4)2, 
Cr(NO3)3, Cr(ClO4)3, and CrCl3). The experiments relating to the effect of time on the 
Cr(III) extraction were carried out in our previous (Wionczyk et al., 2011c) and 
present studies under the same conditions. Consequently, the quality of fitting of the 
results obtained previously in work Wionczyk et al. (2011c) to the relation 

tkc
a 2Cr/1   and the rate constants (k2) for those earlier examined systems were 

determined. The all values of the rate constant (k2) established from the second-order 
kinetic equations ( tkc

a 2Cr/1  ) in the extraction systems with sulphates, nitrates, 
perchlorates, and chlorides as well as their statistical criteria are presented in Table 3. 

From Table 3 it is evident that at concentration of NaOH equal to 0.5 mol/dm3, the 
rate of the chromium(III) extraction in the examined systems depends on the type of 
anions present in the aqueous phases and increases according to the increasing 
negative values of free energy of hydration of tested anions. However, at 0.3 mol/dm3 
of NaOH, the rate of chromium(III) extraction increases in the other sequence of 
anions. Namely, under these conditions, the extraction of Cr(III) in the system with 
chlorides (Ghydr = –346 kJ/mol, Marcus, 2004) reached the equilibrium faster than in 
the system with sulfates, i.e. anions of higher free energy of hydration (Ghydr = -1090 
kJ/mol, Marcus, 2004). 

That effect of anions (Table 3) may be discussed in term of the different kind of 
Cr(III) complexes which could form in the alkaline aqueous phases in the presence of 
examined anions. On the other hand, the aggregation of Aliquat 336 (Vandegrift et al., 
1980; Wionczyk and Apostoluk, 2005; Oliveira and Bertazzoli, 2007), and 
consequently, the formation of emulsion in the studied extraction system may be taken 
into account. As it is known, quaternary ammonium salts aggregate and interact with 
molecules of solvent in aqueous and non-aqueous solution to form association colloid 
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such as micelles and microemulsions (Jakubowska, 2012a). Moreover, from literature 
data it follows that anions of the lyotropic (Hofmeister) series, dependently on their 
position in that sequence, affect strongly micellization, micellar structure, micellar 
transitions, and micellar growth of the surfactants (Abezgauz et al., 2010; Muller et 
al., 2013; Jakubowska, 2012b). 

Table 3. The rate constants (k2) determined from the second-order kinetic equation ( tkc
a 2Cr/1  )  

for the extraction of chromium(III) with Aliquat 336 from the alkaline aqueous phases prepared  
by dilution of the aged solutions of different Cr(III) salts. Values of k2 for the Cr(III) extraction 
 in the systems with sulfates, nitrates, and perchlorates were established on the base of results  

obtained by Wionczyk et al. (2011c) 

0
NaOHc , 

mol/dm3 

Anions 
present in the 
aqueous phase 

(k2 ± S.D.), 
dm3mol1s1 

R2 S.D. F N 
Range of 
extraction 
time, min 

Ghydr, 
kJ/mol 

(Marcus, 
2004) 

0.3 
4ClO  0.571 ± 0.022 0.9911 65 672 7 5–60 –214 

0.3 
3NO  0.811 ± 0.041 0.9852 119 401 7 5–60 –306 

0.3 2
4SO  1.037 ± 0.059 0.9906 121 634 7 5–60 –1090 

0.3 Cl  1.369 ± 0.017 0.9984 65 6325 11 0.5–60 –347 

0.5 
4ClO  0.040 ± 0.001 0.9915 23 1165 11 5–300 –214 

0.5 
3NO  0.044 ± 0.001 0.9897 27 1056 12 5–300 –306 

0.5 Cl  0.063 ± 0.002 0.9888 39 1151 14 0.5–300 –347 

0.5 2
4SO  0.118 ± 0.002 0.9964 44 2770 11 5–300 –1090 

0.5 
4ClO  0.043 ± 0.003 0.9728 9 215 7 5–60 –214 

0.5 
3NO  0.053 ± 0.002 0.9880 7 494 7 5–60 –306 

0.5 Cl  0.095 ± 0.002 0.9971 6 2707 9 0.5–60 –347 

0.5 2
4SO  0.142 ± 0.005 0.9922 15 768 7 5–60 –1090 

Kinetic modeling of the extraction of chromium(III) from the aqueous alkaline 
phases containing chlorides 

In order to examine the correctness of the findings in Section 3.2. (the rate of the 
extraction of chromium(III) under studied conditions can be expressed by the kinetic 
equation of the second-order chemical reaction and also to estimate some factors 
limiting the extraction rate) the kinetic models (Table 1) used usually for the kinetic 
analysis of heterogeneous processes were applied to these aims. 

The quality of mathematical fit of the experimental data received in the studied 
extraction system with CrCl3, NaOH and Aliquat 336 to the integral forms, g(), of 
the each geometrical (R2, R3), diffusion (D1-D4) and the order of chemical reaction 
(F1-F3) kinetic models was examined using the method of multiple regression 
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analysis. Values of statistical parameters (R2, S.D., F) were used as a measure of 
precision of the fitting of the obtained results to the each of kinetic models given in 
Table 1. 

Table 4. Fittings of -time experimental data to the selected kinetic models (given in Table 1)  
for the extraction system 0.005 M CrCl3 – 0.3 M NaOH – 0.05 M Aliquat 336,  

with the aqueous phases of different history of preparation 

 Alkaline aqueous phase from 

Model 
Sample of CrCl3 (WS) 

 = 0.657–0.983 
t = 0.5–60 minutes 

Aged solution of CrCl3 (AQ) 
 = 0.706–0.968 

t = 0.5–60 minutes 

 (kT ± S.D.)103 [s1] R2 F N (kT ± S.D.)103 [s1] R2 F N 

R2 0.127 ± 0.022 0.7540 32 11 0.099 ± 0.016 0.8002 41 11 

R3 0.125 ± 0.019 0.8037 42 11 0.096 ± 0.013 0.8364 52 11 

D1 0.144 ± 0.032 0.6515 20 11 0.117 ± 0.022 0.7215 27 11 

D2 0.175 ± 0.032 0.7371 29 11 0.141 ± 0.022 0.7919 39 11 

D3 0.134 ± 0.016 0.8797 74 11 0.100 ± 0.011 0.8962 87 11 

D4 0.059 ± 0.010 0.7900 39 11 0.046 ± 0.007 0.8314 50 11 

F1 0.861 ± 0.092 0.8965 88 11 0.620 ± 0.064 0.9026 94 11 

F2 15.23 ± 0.31 0.9959 2446 11 7.622 ± 0.007 0.9992 13061 11 

F3 715.8 ± 85.0 0.8764 71 11 219.9 ± 15.4 0.9535 205 11 

The rate constants (kT) and statistical criteria determined for the studied extraction 
system with the aqueous phases prepared in the different ways (WS or AQ) from 
CrCl3 and NaOH at concentration equal to 0.3 mol/dm3 and to 0.5 mol/dm3 are given 
in Tables 4 and 5, respectively. The ranges of  and periods of the extraction time 
within which the kinetic models were tested are also given in Tables 4 and 5. 

Parameters of the statistical assessment shown in Table 4, determined in the system 
with 0.3 M NaOH, reveal that the best fitting of -time data was obtained to the 
kinetic model F2. Therefore, within the examined period of extraction time (0.5–60 
minutes), far from the equilibrium, which corresponds to the range of  equal to 0.66–
0.98, the rate of chromium(III) extraction from the alkaline aqueous solution 
containing chlorides is limited mainly by the second-order chemical reaction (F2), 
irrespective of the way of preparation of the aqueous phase (WS or AQ). What is 
more, under these conditions, the quality of fitting of the changes of  with time to the 
geometrical (R2, R3) and to the diffusion rate equations (D1-D4) is rather poor. 
However, the contracting volume (R3) from among the geometrical models and the 
three-dimensional diffusion rate equation (D3) from among the diffusion models may 
be taken also into account as models describing the behaviour of chromium(III) during 
the extraction. 
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Table 5. Fittings of -time experimental data to the selected kinetic models (given in Table 1)  
determined for the extraction system 0.005 M CrCl3 – 0.5 M NaOH – 0.05 M Aliquat 336,  

with the aqueous phases of various history of preparation 

 Alkaline aqueous phase from 

Model 
Sample of CrCl3 (WS) 

 = 0.349–0.897 
t = 0.5–300 minutes 

Aged solution of CrCl3 (AQ) 
 = 0.330–0.888 

t = 0.5–300 minutes 

 (kT ± S.D.)103, s1 R2 F N (kT ± S.D.)103, s1 R2 F N 

R2 0.026 ± 0.004 0.7538 44 15 0.025 ± 0.003 0.8057 55 14 

R3 0.021 ± 0.003 0.7890 53 15 0.021 ± 0.002 0.8369 68 14 

D1 0.037 ± 0.006 0.7442 42 15 0.036 ± 0.005 0.8040 54 14 

D2 0.033 ± 0.004 0.8197 65 15 0.032 ± 0.003 0.8706 88 14 

D3 0.015 ± 0.001 0.9050 134 15 0.014 ± 0.001 0.9396 203 14 

D4 0.009 ± 0.001 0.8521 82 15 0.009 ± 0.001 0.8976 115 14 

F1 0.101 ± 0.011 0.8550 84 15 0.096 ± 0.009 0.8935 110 14 

F2 0.459 ± 0.016 0.9825 786 15 0.398 ± 0.012 0.9886 1130 14 

F3 4.915 ± 0.113 0.9927 1892 15 3.789 ± 0.155 0.9787 599 14 

 
 = 0.349–0.676 

t = 0.5–30 minutes 
 = 0.330–0.684 

t = 0.5–45 minutes 

 
(kT ± S.D.)103 

[s1] 
R2 F N 

(kT ± S.D.)103 
[s1] 

R2 F N 

R2 0.136 ± 0.013 0.9394 109 8 0.095 ± 0.008 0.9477 128 8 

R3 0.103 ± 0.009 0.9471 109 8 0.072 ± 0.006 0.9560 153 8 

D1 0.193 ± 0.015 0.9572 157 8 0.134 ± 0.009 0.9670 206 8 

D2 0.138 ± 0.009 0.9725 248 8 0.097 ± 0.005 0.9821 386 8 

D3 0.046 ± 0.002 0.9854 473 8 0.032 ± 0.001 0.9932 1026 8 

D4 0.035 ± 0.002 0.9777 308 8 0.025 ± 0.001 0.9869 528 8 

F1 0.398 ± 0.030 0.9610 174 8 0.279 ± 0.018 0.9706 232 8 

F2 0.877 ± 0.036 0.9885 604 8 0.620 ± 0.017 0.9950 1386 8 

F3 3.989 ± 0.134 0.9922 890 8 2.863 ± 0.115 0.9887 616 8 

The results obtained for the system with 0.5 M NaOH (Table 5) indicate that within 
the whole period of time (0.5–300 minutes) needed to reach the extraction 
equilibrium, for which  = 0.33–0.90, the best linearity fittings of -time experimental 
data to the kinetic rate equations were obtained for the F2 and F3 models, irrespective 
of the history preparation of the aqueous phases. Therefore, the rate of chromium(III) 
extraction under these conditions is limited both by the second-order and third-order 
chemical reactions. The assessment of the results in Table 5 indicates that within the 
period of 0.5–300 minutes, the fittings of experimental data to the geometrical (R2, 
R3) and to the diffusion models (D1–D4) are of lower importance and statistical 
quality. However, the model D3 with the determination coefficient R2 higher than 0.90 
may be taken into account as a factor limiting the Cr(III) extraction under these 
conditions. Moreover, data obtained (Table 5) across the similar extent of the 
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chromium(III) extraction ( = 0.33–0.68), which corresponds to the shorter initial 
periods of time (0.5–30 minutes and 0.5–45 minutes) reveal that the all tested 
geometrical (R2, R3), diffusion (D1-D4) and the reaction order models (F1–F3) give 
acceptable fittings to the changes of -time. However, the best linear relations of the 
-time data are obtained by the fittings to the F2, F3, and D3 kinetic models. 

Then, it can be concluded that within the whole period of time necessary to attain 
the equilibrium, the extraction of chromium(III) with Aliquat 336 from the fresh 
alkaline aqueous solutions containing chlorides is limited by the second-order 
chemical reaction towards Cr(III), irrespective of the NaOH concentration and of the 
history of preparation of the aqueous phase. However, at NaOH concentration equal to 
0.5 mol/dm3, the rate of the Cr(III) extraction is also limited by the third-order 
chemical reaction. Moreover, within the shorter initial period of the extraction time the 
effect of the three-dimensional diffusion (D3) and the chemical reaction at phase 
boundary (R2) on the rate of chromium(III) extraction is visible.  

From Tables 4 and 5 it also comes that values of the rate constants determined 
from the best fitted kinetic models (F2 and/or F3) for the extraction of chromium(III) 
in the tested system depend on the NaOH concentration and on the history of 
preparation of the aqueous phases (WS or AQ) as it was found from the relation 

tkc
aCr  2/1  in Section 3.2. At constant concentration of NaOH, the extraction 

equilibrium is reached faster when chromium(III) is extracted from the alkaline 
aqueous phase freshly prepared by direct dissolution of a weighted sample of CrCl3 
than from that obtained from the aged stock solution of CrCl3. 

Table 6. The rate constant (kT) determined from the F2 and F3 kinetic models for the extraction of Cr(III) 
in the system with Aliquat 336 and with the alkaline aqueous phases prepared by dilution of the aged 

stock solutions of different Cr(III) salts. Values of kT for the systems with sulphates, nitrates, and 
perchlorates were taken from Wionczyk et al. (2011c) 

0
NaOHc , 

[mol/dm3] 

Anions in 
the aqueous 

phase 

Model F2 
(kT ± S.D.)·103 [s1]

Model F3 
(kT ± S.D.)·103 [s1]

Range of 
extraction time 

[min] 
Range of  

0.3 
4ClO  2.95 ± 0.12 44.4 ± 4.5 5–60 0.642–0.949 

0.3 
3NO  4.41 ± 0.12 85.4 ± 11.0 5–60 0.693–0.986 

0.3 2
4SO  6.40 ± 0.16 130 ± 16 5–60 0.733–0.959 

0.3 Cl  7.62 ± 0.01 220 ± 15 0.5–60 0.706–0.968 

0.5 
4ClO  0.23 ± 0.01 1.14 ± 0.05 5–300 0.310–0.794 

0.5 
3NO  0.22 ± 0.01 1.42 ± 0.02 5–300 0.325–0.807 

0.5 Cl  0.40 ± 0.01 3.79 ± 0.16 0.5–300 0.330–0.888 

0.5 2
4SO  0.68 ± 0.01 10.2 ± 0.6 5–300 0.439–0.928 

0.5 
4ClO  0.23 ± 0.01 1.14 ± 0.05 5–1200 0.310–0.673 

0.5 
3NO  0.30 ± 0.01 1.32 ± 0.07 5–90 0.325–0.670 

0.5 Cl  0.62 ± 0.02 2.86 ± 0.12 0.5–45 0.330–0.684 

0.5 2
4SO  0.91 ± 0.08 4.68 ± 0.26 5–30 0.439–0.683 
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A comparison between the rate constants of the Cr(III) extraction determined in the 
present and in the earlier studies (Wionczyk et al., 2011c) from the best fitted F2 and 
F3 kinetic models (R2 > 0.90 ) in the systems with Aliquat 336 and with the alkaline 
aqueous phases prepared from the aged aqueous solutions of different Cr(III) salts 
(CrCl3, or KCr(SO4)2, or Cr(NO3)3, or Cr(ClO4)3) is given in Table 6. These results 
confirm findings from Section 3.2, that the velocity of the chromium(III) extraction 
depends on concentration of NaOH and on the kind of anions present in the aqueous 
phase. On the other hand, values of the rate constant determined from F2 and F3 
models varying with hydration properties of anions present in the aqueous phase, i.e. 
with their free energy of hydration in order like that established from relation 

tkc
aCr  2/1  (Section 3.2, Table 3). Moreover, Table 6 shows that at constant 

composition of the aqueous phase, the values of the rate constants determined from the 
F3 model are considerably higher than those calculated from the second-order kinetic 
model (F2).  

Taking into account the all kinetic considerations presented in this paper, it can be 
assumed that the extraction of chromium(III) in the studied system with chlorides may 
be described as follows: 

 (a)(o)44(a)4(o)4 Cl]N][Cr(OH)[RCr(OH)N]Cl[R    (6) 

 (o)4(o)724(o)44 N]OH[R](OH)N][Cr[R]N][Cr(OH)2[R   (7) 

 (a)(o)44(a)4(o)4 OH]N][Cr(OH)[RCr(OH)N]OH[R    (8) 

and summing up 

 
.OH2Cl](OH)N][Cr[R

]N][Cr(OH)[R3Cr(OH)N]Cl2[R

(a)(a)(o)724

(o)44(a)4(o)4








 (9) 

Further studies are planned with the application of some instrumental techniques, 
for instance spectroscopy UV-VIS, to confirm the above assumptions and to explain 
the differences in kinetic behavior of chromium(III) during the extraction with Aliquat 
336 from the alkaline aqueous solutions of different composition and history of their 
preparation. 

Conclusions 

It was demonstrated that within time far from the equilibrium, the extraction of 
chromium(III) with Aliquat 336 from the aqueous alkaline feed solution containing 
chlorides depends on composition and history of preparation of the aqueous phase. 
A reduction in the initial NaOH concentration from 0.5 mol/dm3 to 0.3 mol/dm3 and 
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thus, the ionic strength of the aqueous phase, affect positively the yield and the rate of 
chromium(III) extraction under studied conditions. 

At constant composition of the feed aqueous solution the equilibrium of the 
chromium(III) extraction is attained faster when chromium(III) is extracted from the 
aqueous phase freshly prepared by direct dissolution and alkalization of a sample of 
CrCl3·6H2O than from that freshly prepared from the aged (several months) stock 
aqueous solution of CrCl3. 

The kinetic analyses of the experimental data by the mathematical models and by 
the method of multiple regression analysis reveal that within the whole period of time 
needed to attain the equilibrium, the initial rate of chromium(III) extraction is limited 
mainly by the second-order and also by the third-order chemical reaction towards 
chromium(III), irrespective of composition and the preparation history of the aqueous 
phase. However, within the shorter initial period of time which corresponds to the 
smaller extent of the extraction, the three-dimensional diffusion and the chemical 
reaction at phase boundary substrate-product (the contracting volume) models can 
have a significant effect on the rate of chromium(III) extraction. 

It can be also concluded that the extraction of chromium(III) with Aliquat 336 from 
the alkaline aqueous phases, prepared by dilution of the aged stock solutions of 
chromium(III) salts, depends on a kind of anions present in the aqueous phase, and 
exactly, on their hydration properties. Namely, at concentration of NaOH in the feed 
aqueous solution equal to 0.5 mol/dm3, the rate constants of Cr(III) extraction increase 
with the increasing negative values of free energy of hydration of anions present in the 
aqueous phase according to the following order: perchlorates < nitrates < chlorides < 
sulfates. At 0.3 mol/dm3 of NaOH, the effect of these anions on the rate of Cr(III) 
extraction is varying in the different sequence: perchlorates < nitrates < sulfates < 
chlorides. 
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Abstract: Sulphidic tailings from Finnish Hitura nickel mine and Pyhäsalmi multi-metal mine were 
leached using sulphuric acid and bioleached. The aim was to recover minor amounts of valuable Cu, Ni, 
Zn and Mn. Both tailings consisted mainly of iron and magnesium-containing minerals and acid 
neutralizing minerals. The solution after chemical leaching tests contained mostly iron and magnesium, in 
Hitura up to 11 g/dm3 Fe and 38 g/dm3 Mg while in Pyhäsalmi 8–9 g/dm3 Fe and 4 g/dm3 Mg. Amount of 
these metals was 20–100-fold larger than amount of valuable metals, which were typically 100-300 
mg/dm3. Problems in chemical leaching were high consumption of acid and poor selectivity. Bioleaching 
using iron and sulphur oxidizing bacteria was more selective towards the valuable metals. Both in 
leaching and bioleaching the high concentration of iron and magnesium in solution will make metals 
recovery challenging. 

Keywords: sulfide tailings, chemical leaching, bioleaching, selectivity 

Introduction 

The tailings from mining and extraction contain metals whose dissolution is an 
environmental risk. In Finland, mining activities utilise mainly sulphidic ores, 
containing only minor amounts of neutralizing carbonate minerals. This leads to a 
situation where sulphidic tailings may oxidize spontaneously in tailing ponds and 
generate Acid Rock Drainage (ARD). Metal rich in the ARD may leak from pond to 
surrounding environment, causing heavy stress to large areas (Moncur et al. 2005).The 
tailings are also considered as sources of valuable metals (Xie et al. 2005, Antonijevic 
et al. 2008). Yearly in Finland about three teragrams (Tg, million tons) of mining 
wastes containing valuable metals are stored at dump sites. Currently only 20% of 
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these wastes are reused. Especially tailings from mineral processing contain valuable 
metals but they appear in so small concentrations that processing them would be 
difficult with traditional methods. 

Bioleaching is a rapidly growing technique for extraction of various metals from 
ores and mineral concentrates. Traditionally industrial scale applications have been 
related to copper extraction from sulphidic minerals, but lately promising results have 
also been acquired with recovery of gold, uranium, nickel and zinc. As bioleaching is 
relatively low-cost technology, it may also be utilised for poor ores and mine site 
wastes, like tailings (Bosecker 1997, Rawlings 2002). Bioleaching is based on certain 
bacteria’s ability to oxidize ferrous iron (Fe2+) to ferric iron (Fe3+), and/or to oxidize 
reduced sulphur compounds to sulphuric acid (H2SO4). Produced Fe3+ and H+ can both 
attack sulphide minerals and release valuable metals to surrounding solution. Due to 
generation of sulphuric acid, pH of the surrounding solution decreases rapidly to 
values like 1–3, maintaining valuable metals in oxidized and solubilised form suitable 
for recovery process (Sand et al. 2001). 

This work studies hydrometallurgical and biological methods for processing 
sulphidic tailings. It focuses on recovery of copper, nickel and zinc from sulphide 
tailings. Hydrometallurgical and bioleaching test series were done for two mineral 
processing tailings, which had been taken from the Finnish Hitura and Pyhäsal mine. 
Hitura is a nickel and Pyhäsalmi is a multi-metal mine, and both are located in North 
Ostrobothnia. Hitura produces nickel concentrate, which contains small amounts of 
copper, cobalt, platinum and palladium. Pyhäsalmi produces three different copper, 
nickel and pyrite concentrates. 

Experimental 

The purpose of the work was to clarify, which leaching conditions should be used to 
recover as much as possible of the valuable copper, nickel and zinc metals. Tailings 
from the Hitura and Pyhäsalmi mines were collected in years 2010–2011 and stored 
under water. Freeze-dried and homogenized samples were analysed by the ICP-AAS. 
The results are shown in Table 1. Attention must be paid to the facts that the Hitura 
tailings contained some zinc and Pyhäsalmi tailings contained little nickel. Sands 
contained a ten-fold, or greater, amount of iron compared to the wanted metals. 

Table 1. Average metal concentrations in Hitura and Pyhäsalmi tailings  

Material Cu, g/kg Ni, mg/kg Zn, mg/kg Mg, g/kg Mn, g/kg Fe, g/kg 

Hitura tailing 1.20 2775 70 41.60 1.27 111.00 

Pyhäsalmi tailing A 1.56 25 2185 9.64 1.14 205.00 

Pyhäsalmi tailing B 0.52 16 738 6.96 0.40 764.00 
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The Hitura tailings consist mainly serpentinite Mg3(OH)4Si2O5 (52.6%), chlorite 
(Mg,Fe)5Al(Si3Al)O10(OH)8 (12.8%), and tremolite or antofyllite 
Ca2(Mg,Fe)5Si8O22(OH)2 and (Mg,Fe)7Si8O22(OH)2, (10.4%). In addition, the Hitura 
tailings contained calcite CaCO3(0.4%) and some sulphide minerals of which 
pyrrhotite (Fe0.83-1S) is the most common. The Hitura tailings contain acid producing 
sulphide minerals, but very little neutralizing carbonates. On the other hand, the 
serpentinite is an alkaline and acid-neutralizing mineral. Pyhäsalmi tailings A and B 
consist mainly of pyrite FeS2 (38.4–83.6%) and barite (3.1–19.6%). It contains also 
some pyrrhotite (2.2%), sphalerite (Zn, Fe)S (0.2%) and chalcopyrite CuFeS2 (0.1%). 
The Pyhäsalmi tailings contain a lot of acid-producing sulphates but only little 
neutralizing carbonates and silicate minerals. As shown in Table 1, the composition of 
Pyhäsalmi tailings A and B varies greatly, illustrating the heterogenic and time 
dependent nature of tailings (Toropainen and Heikkinen 2006). 

Chemical leaching experiments were done as batch leaching tests with Hitura and 
Pyhäsalmi tailings A, which contained more valuable metals than Pyhäsalmi tailings 
B. Constants in experiments were volume of acid 700 cm3, amount of solid 250 g, 
speed of stirrer 200 rpm and gas flow rate 1 dm3/min. Experiment time was 120 
minutes. During the test samples were taken from the solution and the values of pH 
and redox potential were followed. The 15 cm3 of samples were taken at 5, 15, 30, 60 
and 120 minutes from the beginning of experiment. Before sampling stirring and gas 
purging were stopped and solution was allowed to settle. The solution sample was 
taken from the surface of the solution, and immediately filtered and stabilized. pH and 
redox potential values were measured at 0, 5, 10, 20, 30, 40, 60, 80, 100 and 120 
minutes. Factorial testing with three variables and three levels was done for both 
materials. Factors were pH that had levels 0, 1 and 3, temperature at levels 25 °C, 50 
°C and 75 °C and redox potential, which was controlled by purging with oxygen, air 
or nitrogen. Table 2 shows the factor levels and combinations used in factorial testing. 
Note that for acid concentration the highest level is the highest acid concentration that  
 

Table 2. Randomized order of experiments and factor combinations 

Std Order Run Order pH T, °C Redox 

4 1 0 75 Nitrogen 

9 2 1 50 Air 

6 3 0 25 Oxygen 

2 4 0 25 Nitrogen 

10 5 1 50 Air 

1 6 3 25 Nitrogen 

8 7 0 75 Oxygen 

3 8 3 75 Nitrogen 

5 9 3 25 Oxygen 

7 10 3 75 Oxygen 
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numerically means lowest pH-value. When the variables had been chosen, the 23 test 
series with center point was planned using the MINITAB 16 software. In Table 2 the 
column Run Order is the order of tests and Std Order is the order used for the analysis. 
The same test program of ten tests was done for both tailings. Factorial analysis of the 
variables was made with the MINITAB 16 statistic calculation software. Three major 
analyses were conducted. Pareto analysis shows the significance of the factor to the 
measured response. The main factor analysis shows the effect of each individual factor 
on the measured response. An interaction plot shows how two factors effect on the 
response together.  

For bioleaching experiments the VTT (VTT Technical Research Centre of Finland) 
mixed acidophilic culture was cultivated in duplicate 500 cm3 Erlenmeyer flasks with 
a working volume of 250 cm3. Cultivations were incubated at 28 °C with shaking at 
150 rpm. Sterile growth medium contained deionized water (ddH2O), mineral salts and 
trace elements (Table 3) and it was supplemented with sterile S0 (1% w/v) and FeSO4 
(4.5 g/dm3 Fe2+). Vitality of the cultivation was monitored by pH, Oxidation 
Reduction Potential (ORP) and dissolved Fe2+ measurements, and by microscoping 
(Zeiss Axioskop II and Zeiss Axio Imager). New medium was made every fortnight. 

Table 3. Concentration of growth medium 

Chemical formula Concentration, mg/dm3 Chemical formula Concentration, mg/dm3 

(NH4)2SO4 2160 H3BO3 1.4 

K2HPO4 36 MnSO4·H2O 1.4 

MgSO4·7H2O 360 Na2MoO4·2H2O 0.6 

Ca(NO3)2 7.2 CoCl2·6H2O 0.4 

FeCl3·6 H2O 7.9 ZnSO4·7H2O 0.6 

CuSO4·5 H2O 0.4 Na2SeO4 0.07 

 
Bioleaching experiments were done as batch leaching tests with Hitura and 

Pyhäsalmi tailings B. As Pyhäsalmi tailings B contained less valuable metals than 
Pyhäsalmi tailings A, it was seen more suitable for cost effective bioleaching 
technique. Preliminary bioleaching experiments were done to clarify optimal 
conditions for scaled up reactor experiments. Bioleaching experiments were conducted 
in duplicate 250 cm3 Erlenmeyer flasks containing mineral salts medium and trace 
elements (Table 3) with a total working volume of 100 cm3. Flasks were inoculated 
with 10% (v/v) VTT’s mixed acidophilic culture and incubated at 28 °C with shaking 
at 150 rpm. Examined parameters were addition of S0 (0–1% w/v) and/or FeSO4 (0–
4.5 g/dm3 Fe2+), pH fixation with strong H2SO4 to pH 2, and pulp density of tailings 
(1–10% w/v). Progress of bioleaching was monitored by pH, ORP and dissolved Fe2+ 
measurements. Liquid samples were taken to analyse dissolved metals and anions after 
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experiments. Samples were filtered with 0.45 µm filter paper and stabilized with 
strong HNO3 (0.25 cm3 / 50 cm3 of sample). Tailings were bioleached for 20 days. 

Scaled up bioleaching reactors were run in batch mode in 3 dm3 Continuously 
Stirred Tank Reactors (CSTR) with a total working volume of 2 dm3. Reactors were 
equipped with mixers and 10 cm diameter propellers. Stirring speed was 100 rpm. The 
aeration was supplied from the bottoms at 1.5 dm3/min. The air bubble size was 
reduced with a choke. Temperature of reactors was maintained at 28°C with heated 
water circulations. The leaching solution contained mineral salts, trace elements, 
ddH2O (Table 4) and 10% (v/v) of VTT’s mixed acidophilic culture. The experiment 
with Hitura tailings was supplemented with S0 (1% w/v) and FeSO4 (4.5 g/dm3 Fe2+). 
Also pH was fixed to 2 with strong H2SO4. Experiment with Pyhäsalmi tailings B had 
no S0 or FeSO4 additions, and pH was not fixed. Both tailings were bioleached for 20 
days. Progress of bioleaching was monitored by pH, ORP and dissolved Fe2+ 
measurements. Liquid samples were taken to analyse dissolved metals and anions after 
experiments. Samples were filtered with 0.45 µm filter paper and stabilized with 
strong HNO3 (0.25cm3 / 50 cm3 of sample). Also solid reject was analysed. Tailings 
were bioleached for 20 days. 

Results 

Chemical leaching tests 

The leaching kinetics of different metals was estimated by solution analyses. The 
recovery of metals was calculated using solution and tailing analyses. The leaching 
tests showed that dissolution of metals is most efficient in the most acid solutions. 
Examples of dissolution kinetics of the Hitura tailings are shown in Figs. 1 and 2. 
Figure 1 shows that iron and magnesium concentrations in the leach solution are much 
higher than those of valuable metals. This results from the raw material composition, 
where iron and magnesium compounds dominate. The iron concentrations in the most 
successful tests were 4–11 g/dm3 and magnesium concentrations 7–38 g/dm3. Figure 2 
shows that the contents of the valuable metals were typically only a hundredth of the 
contents of iron or magnesium. The Cu, Ni and Mn concentrations were in the range 
of 100–300 mg/dm3 in the most successful experiments. 

The recoveries from the Hitura tailings are shown in Table 4. The most successful 
leaching tests were 7, 3, 4 and 1, even though copper was not recovered in the last one. 
Table 4 shows that recovery of magnesium is greater than that of other metals. The 
recovery of iron is often of the same order as the recovery of the valuable metals. No 
preferential dissolution of valuable metals was found. In tests 1 and 7 with low pH and 
high temperature, magnesium recoveries were over 100%, which must be an analytical 
error. Leaching tests with the Hitura tailings dissolved mainly magnesium and iron. 
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Fig. 1. Metal concentration as function of time in Hitura tailings test 7 (pH = 0, T = 75 °C, O2) 
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Fig. 2. Dissolution of Cu, Ni and Mn from Hitura tailings  
in tests 3 (pH = 0, T = 25 °C, O2)  and 7 (pH = 0, T = 75 °C, O2) 

Examples of dissolution kinetics in leaching tests with the Pyhäsalmi tailings are 
shown in Figs. 3 and 4. Also in these tests most efficient dissolution was found in tests 
with highest acidity. In the Pyhäsalmi tailings tests iron concentrations were 2–8 g/dm3 
and magnesium concentrations 1.5–4 g/dm3 in the most successful tests (Fig. 3). The 
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valuable metal concentrations were 20-80 mg/dm3 Cu, 200–500 mg/dm3 Zn, and 100–
200 mg/dm3Mn. 

Table 4. Recoveries from Hitura tailings based on analyses after 120 minutes of leaching 

Test, RunOrder pH T, °C Redox Cu, % Zn,% Ni, % Fe, % Mg, % Mn,% 

1 0 75 N2 0.14 25.9 18.6 17.5 173 46.8 

2 1 50 Air 0.00 0.08 3.07 0.01 8.83 8.31 

3 0 25 O2 27.7 10.5 12.4 12.8 81.4 35.9 

4 0 25 N2 13.1 8.81 5.85 6.36 38.6 14.0 

5 1 50 Air 0.01 0.17 3.36 0.01 7.27 8.37 

6 3 25 N2 0.00 0.02 0.04 0.00 1.89 0.15 

7 0 75 O2 34.7 33.0 27.2 24.6 220 57.3 

8 3 75 N2 0.00 1.03 0.02 0.01 1.23 0.15 

9 3 25 O2 0.01 0.02 0.19 0.00 2.09 0.18 

10 3 75 O2 0.02 0.09 0.10 0.00 3.16 0.29 
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Fig. 3. Metal concentration as a function of time  

in Pyhäsalmi tailings test 7 (pH = 0, T = 75 °C, O2) 
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Figure 4. Dissolution of Cu, Zn and Mn from Pyhäsalmi tailings  
in tests 3 (pH = 0, T = 25 °C, O2)  and 7 (pH = 0, T = 75 °C, O2) 

The recoveries from the Pyhäsalmi tailings are shown in Table 5. The most 
successful tests were again the tests with highest acidity 7, 4, 3 and 1. Dissolution of 
valuable metals Cu, Zn and Mn in other tests was very small. The solution 
concentrations of iron and magnesium were also in Pyhäsalmi tests much higher than 
concentrations of the valuable metals. In Pyhäsalmi tests iron recovery was often 
smaller than that of valuable metals but magnesium extraction was again high. The 
Pyhäsalmi tests showed slightly better preferential dissolution of valuable metals than 
the Hitura tests. 

Table 5. Recoveries from Pyhäsalmi tailings based on analyses after 120 minutes leaching 

Test, RunOrder pH T, °C Redox Cu, % Zn,% Ni, % Fe, % Mg, % Mn,% 

1 0 75 N2 12.8 46.4 32.9 9.03 90.6 41.3 

2 1 50 Air 0.34 26.9 17.9 1.07 17.0 13.7 

3 0 25 O2 3.75 26.4 19.7 2.75 36.6 19.4 

4 0 25 N2 3.66 26.7 19.4 2.81 37.1 19.6 

5 1 50 Air 0.90 19.7 11.9 0.82 12.9 10.0 

6 3 25 N2 0.00 0.01 0.14 0.00 1.47 0.20 

7 0 75 O2 11.2 53.4 31.1 10.1 105 49.5 

8 3 75 N2 0.00 0.01 0.08 0.00 3.44 0.26 

9 3 25 O2 0.00 0.02 0.18 0.00 1.64 0.23 

10 3 75 O2 0.00 0.02 0.11 0.00 3.31 0.38 
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The effect of leaching factors were analysed using the Minitab 16 software. The 
main effects of the Hitura tailings leaching were strong increased dissolution of Cu, Ni 
and Mn and also of Fe and Mg with increasing acidity and redox potential and low 
increase with increasing temperature. The increase in acidity had positive interaction 
with temperature and redox potential for all metals. All tested factors were significant 
for all metals. The main effects of the Pyhäsalmi A tailings leaching were increased 
dissolution of Cu, Zn and Mnas well as Fe and Mg with increasing acidity and 
temperature and low increase or even decrease with increasing redox potential. The 
increase in acidity had positive interaction with temperature for all metals. Tested 
factors were significant for Cu, Mn, Fe and Mg but not for Zn, possibly due to highly 
scattered results. 

Bioleaching tests 

Figure 5 presents monitored parameters of bioleaching of the Hitura tailings in a 3 dm3 
reactor. At the beginning of the experiment, pH tends to rise, mainly due to acid-
neutralizing serpentinite. However, after addition of H2SO4 (95 cm3 95% H2SO4 / 1 kg 
of Hitura tailings), biological sulphuric acid production outmatched neutralization 
capacity and pH decreased to 1.4. At the same time, sulphate concentration rose from 
13 to 37 g/dm3, illustrating the activity of sulphur oxidizing bacteria and sulphide 
mineral dissolution. Dramatic changes in both ORP (Eh) and concentration of 
dissolved Fe2+ illustrate the activity of iron oxidizing bacteria. Dissolved Fe2+ 
concentration is quickly decreased by bacteria. 
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Fig. 5. Monitored parameters in bioleaching reactor of Hitura tailings 
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The leaching kinetics of different metals was estimated by solution analyses, 
presented in Fig. 6. Concentrations of all valuable metals were increasing steadily, as 
predicted. Mg followed also this trend, rising from 0.2 g/dm3 to 3.4 g/dm3. However, 
concentration of iron remained rather constant at ~ 5 g/dm3, mainly due to addition of 
FeSO4 (4.5 g/dm3 Fe2+). Table 6 shows the recoveries of metals. The recovery were 
calculated using solution and tailing analyses. 
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Fig. 6. Metal concentration as function of time in Hitura tailings bioleaching reactor, 
 S0 = 1% (w/v), Fe2+ = 4.5 g/dm3, fixed pH ≤ 2, pulp density 2.5% (w/v) 

Table 6. Recoveries from Hitura tailings based on the analyses after 20 days of bioleaching 

Hitura tailings Cu, % Zn,% Ni, % Fe, % Mg, % Mn,% 

Recovery 76.5 1001) 93.3 -2) 1001) 74.3 
1)Over 100 % recovery, due to error in ICP analyses 
2)FeSO4 added to reactor, iron recovery cannot be calculated 

Figure 7 presents monitored parameters of bioleaching of Pyhäsalmi tailing B in 
the 3 dm3 reactor. pH began to decrease immediately and end up at pH 1.4. At the 
same time sulphate concentration rose from 3 to 101 g/dm3. This illustrates the activity 
of sulphur oxidizing bacteria and efficient sulphide mineral dissolution. Dramatic 
changes in the ORP (Eh) and low Fe2+ concentration during the experiment illustrate 
the activity of iron oxidizing bacteria. 
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Fig. 7. Monitored parameters in bioleaching reactor of Pyhäsalmi B tailings 
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Fig. 8. Metal concentration as function of time in Pyhäsalmi B tailings  
bioleaching reactor (no chemical additives, pulp density 5% (w/v)) 
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The leaching kinetics of different metals was estimated by solution analyses (Fig. 
8). Concentrations of all valuable metals were increasing steadily, as predicted. 
Magnsium and Fe followed also this trend, rising from 0.07 g/dm3 to 0.26 g/dm3 and 
0.1 to 6.0 g/dm3, respectively. As FeSO4 was not added, iron was completely 
dissolving from the mineral matrix. Table 7 shows the recoveries of metals. The 
recoverys were calculated using solution and tailing analyses. 

Table 7. Recoveries from Pyhäsalmi tailings B based on the analyses after 20 days of bioleaching 

Pyhäsalmi tailing B Cu, % Zn,% Ni, % Fe, % Mg, % Mn,% 

Recovery 71.3 1001) 85.2 17.6 83.3 79.1 
1) Over 100 % recovery, due to error in the ICP analyses 

Composition of leached tailings 

Leached tailings were analysed with ICP-AAS for residual metals. The results are 
shown in Table 8. The results indicate that bioleaching can be more selective towards 
the wanted metals. 

Table 8. Residual metals in leached tailings 

Material Cu, mg/kg Ni, mg/kg Zn, mg/kg Mg, g/kg Mn, mg/kg Fe, g/kg

Hitura tailing (chem. leaching, test 7) 439 1533 62 59.85 412 61.75 

Hitura tailing (bioleaching reactor) 369 404 30 75.90 513 119.401)

Pyhäsalmi tailing A (chem. leaching, test 7) 1600 29 1490 8.26 559 163.50

Pyhäsalmi tailing B (bioleaching reactor) 286 9 112 2.96 153 442.00
1) FeSO4 added to reactor 

Discussion 

Both tailings gave similar results in the chemical leaching tests. All variables had 
effect for leaching metals. High temperature and redox potential and low pH gave best 
results. Both tailings contained minerals that neutralize acid. The tailings had also 
much iron and magnesium containing minerals. The solution after chemical leaching 
tests contained mostly iron and magnesium. The Hitura tailing contained up to 11 
g/dm3 Fe and 38 g/dm3 Mg and Pyhäsalmi tailing 8–9 g/dm3 Fe and 4 g/dm3 Mg. Due 
to tailings composition, the amount of these metals was 20–100-fold larger than the 
amount of valuable metals, which was typically 100–300 mg/dm3. The iron and 
magnesium compounds dissolve easily and no preferential dissolution of valuable 
metals was achieved. High acid consumption and high Fe and Mg levels will make 
valuable metals recovery difficult with conventional methods. Also it must be 
emphasized that the leached tailings contained still relatively high concentrations of 
valuable metals making utilisation or disposal challenging. 

In bioleaching experiments it was seen that bacteria were able to grow in the 
presence of both tailings when low pulp densities (2.5–5.0% w/v) were used. The 
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Hitura tailings contained plenty of acid-neutralizing minerals (e.g. serpentinite), which 
caused the need for external acid addition alongside the biological acid production. 
When there were minor amounts of suitable substrates in the Hitura tailings (e.g. 
FeS2), S0 and FeSO4 were added to the reactor. With a 20-day bioleaching, the 
majority of valuable metals were leached to the solution, but as Fe and Mg levels were 
magnitudes higher, recovery from solutions is challenging. Pyhäsalmi tailing B was 
seen as more suitable material for bioleaching technique as it contained lower amount 
of acid neutralizing minerals. Moreover, the Pyhäsalmi tailing B consisted mainly of 
FeS2, which was used itself as a substrate for iron and sulphur oxidizing bacteria and 
no S0 or FeSO4 additions were needed. Valuable metals were leached efficiently and 
also residual metal concentrations in solid reject were lower. However, the recovery 
processes will still face challenges due to high Fe and Mg concentrations in produced 
liquid. 

Conclusions 

Sulfidic tailings were leached using sulfuric acid and bacteria. The tailings consisted 
mainly of iron and magnesium containing minerals as well as acid neutralizing 
minerals. The concentrations of valuable metals like Ni, Cu, Zn and Mn were orders of 
magnitude lower than those of Fe and Mg. This caused high consumption of acid and 
poor selectivity in chemical leaching. Bioleaching using iron and sulphur oxidizing 
bacteria was more selective towards the valuable metals. Even though the reaction 
rates and valuable metal concentrations in bioleaching were lower than in chemical 
leaching, the selectivity and lower processing costs make bioleaching more attractive. 
Both in chemical leaching and bioleaching the high concentration of iron and 
magnesium in solution will make metals recovery challenging. 
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Abstract: This paper investigates the concentration, distribution, and rejection of hazardous air 
pollutants, specifically identified by the US Clean Air Act Amendments of 1990, based on commercial 
coal preparation plant data obtained on-site. The samples were collected from the products of the different 
cleaning circuits of the operating plant. The concentrations of twelve potentially hazardous trace 
elements, including As, Cd, Co, Cr, Hg, Mn, Ni, Pb, Se, Th and U in those samples were determined. 
Compared with the average concentration of the trace elements in Turkish coals, the run-of-mine coal fed 
to the existing plant appears to contain higher concentrations of Cd, Hg, Mn, Th and V. However, the 
concentrations of As, Cd, Cr, Mn, Se, Th, U and V of the run-of-mine coal are above the world averages. 
Cd, Cr, Hg, Mn, Pb and Th concentrations of run-of-mine coal were easily removed at commercial coal 
preparation plant refuse in the range of 51.8% to 77.4 %, while only a small reduction was achieved for U 
and V as they were concentrated in clean coals. The present study reveals that conventional coal 
preparation technologies could significantly reduce hazardous air pollutants concentrations in coal.  

Key words: hazardous air pollutants, coal preparation, Turkish lignites, trace elements rejection, dense 

medium separation 

Introduction 

General 

Many of the potentially hazardous air pollutants (HAP’s for short) occur as trace 
elements in run-of-mine coals. The growing awareness of environmental issues has 
increased the attention on these elements (Coal Trading Blog, 2011; Gürdal, 2008; 
Pesek et al., 2005; Swaine, 1998). As coal will continue to be a major energy source to 
generate electricity worldwide, the trace elements which may cause hazardous 
emissions upon combustion of the coal have also become an increasingly important 
concern for those involved in the industry. The US Clean Air Act Amendments of 
1990 specifically identifies As, Be, Cd, Cr, Co, Hg, Mn, Ni, Pb, Sb, Se and U as 
potential HAP’s (Demir et al., 1998). These trace elements are known to be toxic and 

http://dx.doi.org/10.5277/ppmp130221 
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have adverse effects on humans, plants and animals. Table 1 summarizes the average 
concentrations of a number of trace elements in Turkish coal samples compared 
against world averages (Tuncali et al., 2002). 

Table 1. Potential hazardous air pollutants in Turkish lignites and the world (ppm) 

Trace 
Elements 

As Be Cd Co Cr Hg Mn Ni Pb Se Th U V 

Average 53 1 1 9.4 109 0.1 123 126 12 2 6 13 87 

Minimum 2 0.2 0.01 1 7 0.03 5 3 0.1 0.1 1 0.4 6 

Maximum 686 7 45 55 580 0.7 691 1700 286 26 29 132 287 

World 
average 

10 2 0.5 5 20 - 70 20 20 1 4 2 40 

  
As seen in Table 1, the concentration of these trace elements have a wide range of 

variation, and their amounts vary considerably from seam to seam and, in some cases, 
even within the same seam. During combustion at electrical utilities, trace elements 
may be released to the atmosphere as solid compounds with the fly-ash and, in the 
vapor phase, with the flue-gas (Yasushi et al., 2003; Esenlik et al., 2006; Zevenhoven 
et al., 2005; Ward, 2002). To control toxic air emissions, post-combustion and/or pre-
combustion methods can be used (Vejahati et al., 2010; Gupta, 2006; Vassilev et al., 
2001; Akers et al., 2000). Elements such as Sb, Be, Cd, Co, Pb and Mn are believed to 
be removed with fly-ash by applying post-combustion methods – that is, by 
electrostatic precipitators. On the other hand, trace elements such as As, Cl, Hg and Se 
have the potential to volatilize/vaporize and, consequently, cannot be controlled as 
effectively by conventional post-combustion techniques. However, coal cleaning, 
when applied before combustion to remove ash in coal, is effective in reducing the 
level of most of the trace elements, but the degree of removal of ash and trace 
elements are dependent on the coal, the degree of liberation of the trace elements 
bearing mineral matters, and the cleaning method of coal itself (Davidson, 1998). 
Although, physical cleaning may provide limited improvement in the quality of run-
of-mine coal, it has been considered an economical and effective technique in 
minimizing environmental problems (Dangyu et al., 2007; Weng and Peng, 2003; 
Wang et al., 2009). 

Unfortunately, there are limited information concerning of trace elements removal 
during coal washing in the world (Wang et al., 2009; Wang et al., 2003). Similarly, 
very limited data is available on the subject of trace elements removal from Turkish 
coals by coal preparation techniques (Özbayoğlu, 2010; 2011).  

As stated before, coal preparation is used commercially to improve the quality of 
coal by removing ash and sulfur. During the removing of ash, the trace elements 
which are associated with inorganic matter would be rejected autogenously, since 
there is a general relationship between overall ash removal and trace elements 
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rejection. Therefore, the objective of this investigation is to determine the HAP’s 
partitioning and rejections that would be achieved in different coal cleaning circuits of 
an existing coal preparation plant in Turkey. Although, the Imbat coal preparation 
plant was chosen for this study, trace elements reduction would be expected similarly 
in different ranges in the other coal preparation plants depending on coal, modes and 
occurrences of trace elements and cleaning methods used. 

Coal preparation plants in Turkey 

Coal is the main raw material to generate power for electricity in Turkey with a total 
reserve of about 12.88 petagrams (Pg or billion tons), of which 11.56 Pg is lignite and 
1.32 Pg is bituminous coal. The Turkish coal sector produces both hard coal and 
lignite primarily used for power generation. Currently, there are around 45 coal 
preparation plants in operation in Turkey, with capacities ranging from 50 to 1000 
mega grams per hour (tph), 12 to treat bituminous coal, and the rest to cover about 
40% of the country’s lignite production. Most of the lignite coal preparation plants are 
based on dense medium separation facilities. Static (drums, baths, vessels) and 
dynamic heavy medium (cyclones) equipment are used to treat coarse coal (+18 mm) 
and fine coal (0.5–18 mm), respectively. In this investigation, both the distribution and 
the possibility of the removal of trace elements are addressed in different cleaning 
circuits of the commercial Imbat coal preparation plant, whose flowsheet has been 
simplified in Fig. 1. This plant has a capacity of 350 Mg per hour, and it treats the coal 
coming from underground operations. 

As seen from the flow sheet, the run-of-mine coal is crushed to 50 mm top-size 
before processing and, then, screened through 18 mm to separate the coal into coarse 
(+18 mm) and fine (–18 mm) size fractions. Drewboy is used for cleaning coarse size 
coal into two steps. The first Drewboy cleans the coal at a density of 1.80 g/cm3 to 
remove coarse shale, followed by the second Drewboy working at 1.55 g/cm3 density 
to produce clean coal and middling. Magnetite is used in the preparation of dense 
medium. The fine pieces (–18 mm) are deslimed at about 0.5 mm, and the 0.5–18 mm 
fraction is cleaned in dense medium cyclones at 1.55 g/ cm3. The clean coals are 
screened through 10 mm and 0.5 mm screens to produce clean coals in sizes of 10–
18 mm and 0.5–10 mm according to the market specifications. The –0.5mm-size coal 
is passed through hydrocyclones to recover the 0.1–0.5mm fraction and to remove the 
slime. Dewatering of the coarse and fine coal fractions is done in vibrating and screen-
bowl centrifuges. Eventually, the products of +18 mm middling and hydrocyclones 
U/F are mixed together to be burnt in power plants. 

There, at the coal preparation plant, the main problem is the clay, which clogs the 
openings of the screen surfaces causing an inefficient screening and mixing of clay 
particles to the bath of Drewboy. This condition has a diverse impact on both the 
performance and the capacity of the plant. 
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Fig. 1. Simplified flow sheet of Imbat Coal Preparation Plant 

Materials and method 

Systematic samples were collected from the run-of-mine coal (r.o.m.), the coarse and 
fine clean coals, coarse shale and middling of Drewboy and fine shale of dense 
medium cyclones, and the U/F of hydrocyclones and that of the tailing pond of the 
Imbat Coal Preparation Plant. The samples obtained were collected incrementally 
within 60-minute intervals in one day from the cleaning equipments. The trace 
elements analysis was carried out on dried representative samples of the mentioned 
products using the XRF and ICP-OES techniques.  

For each trace element, the enrichment ratio – the ratio of the grade of concentrate 
(products) to that of the run-of-mine coal – was calculated. Also, the contents and 
distributions of trace elements in each cleaning circuit were determined. Finally, the 
rejection of trace elements was calculated. 

Results and discussions  

The proximate analysis and trace elements (hazardous air pollutants) contents of the 
run-of-mine coal and plant products were determined as illustrated in Tables 2 and 3.  
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Table 2. Proximate analysis of the samples (on dry basis) 

Samples 
Weight, 

% 
Ash , 

% 
Volatile Matter,

% 
Low Heat Value,

MJ/kg 
Total sulfur, 

% 
Sulfur in ash 

% 

+18mm 
clean coal 

17.16 17.56 40.25 23.58 1.16 0.60 

10–18mm 
clean coal 

4.46 15.44 40.93 24.37 1.16 0.55 

0.5–10mm 
clean coal 

14.75 13.60 41.20 25.21 1.19 0.52 

0.1–0.5mm  
cyclone U/F 

2.92 30.94 37.13 18.59 1.05 0.74 

Coarse  
middling 

9.82 34.75 38.21 16.27 0.61 0.54 

Coarse 
shale 

28.67 62.70 36.98 1.49 1.03 0.23 

Fine 
shale 

17.96 64.16 35.92 1.54 0.24 0.57 

Thickener 
U/F 

4.26 44.53 25.24 6.17 0.96 0.43 

Feed (run-of-mine) 100.00 42.54 38.08 11.90 0.69 0.46 

Table 3. Trace elements contents of the samples (ppm) 

Trace elements As Cd Co Cr Hg Mn Ni Pb Se Th U V 

+18 mm 
clean coal 

45.1 2.0 3.0 26.8 0.7 149.8 14.6 7.9 1.2 3.8 18.1 104.8 

10–18 mm 
clean coal 

46.7 2.0 3.0 27.5 1.0 71.3 15.0 7.4 1.1 3.8 17.8 132.1 

0.5–10mm 
clean coal 

51.2 0.5 3.0 30.8 1.0 58.7 16.5 8.3 1.1 4.1 18.6 165.2 

0.1–0.5mm 
cyclone U/F 

45.0 2.0 3.0 36.8 1.0 128.1 19.0 15.4 1.2 6.2 15.1 134.7 

Coarse 
middling 

44.8 2.0 5.4 35.2 0.6 50.9 16.5 12.9 1.1 5.6 14.5 117.6 

Coarse 
shale 

31.2 2.0 3.0 41.3 1.0 360.4 12.8 12.3 1.1 8.3 3.8 45.4 

Fine 
shale 

23.7 2.0 3.0 37.2 1.0 349.1 15.6 12.8 0.9 7.0 3.4 53.9 

Thickener U/F 30.1 2.0 5.8 51.6 0.5 180.3 23.4 18.6 1.0 14.6 14.3 103.6 

Feed (run-of-mine) 37.6 1.8 3.3 35.6 0.9 214.5 15.2 11.2 1.1 6.4 10.8 90.8 

According to the results, the ash content of the run-of-mine coal treated in the 
conventional Imbat Coal Preparation Plant is high with a concentration level of 
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42.54% because of the underground operations. However, its total sulfur content is 
very low (0.69%).  

The ash content of +18 mm clean coal is high as 17.56% due to the mixing and 
floating of undispersed clay particles with the coal. The ash content decreases with the 
decrease in coal size. When these three clean coals are mixed together, the combined 
products will have a weight percentage of 36.37% with an average ash content of 
15.69% and average low heat value of 24.34 MJ/kg according to metallurgical balance 
calculations. By similar calculation, the total plant shale, which is a mixture of coarse 
and fine shale, will have 46.63% weight with a total ash removal 69.4%. 

It can be observed that, among the hazardous air pollutants of the run-of-mine coal, 
Cd, Mn, Th, V and Hg contents are above the Turkish coal averages; yet, Co, Cr, and 
Ni contents are much lower. On the other hand, As, Cd, Cr, Mn, Se, Th, U and V 
contents of the run-of-mine coal are above the world averages as seen in Table 1. The 
enrichment ratios of the trace elements detected within the plant products are tabulated 
in Table 4. 

As seen in Table 4, U and V enrichments almost appear in clean coal samples, 
while Mn and Th are enriched in the shale. Also, 0.1–0.5 mm slimes collected in U/F 
of cyclone and slimes precipitated in the thickener U/F are enriched in Cd, Cr, Ni, Pb, 
U and V. Among all the examined products, the highest enrichment is found for Th at 
2.28, and the second highest enrichment for Co at 1.76, at the thickener U/F. 

Table 4. Enrichment ratio of the products 

 As Cd Co Cr Hg Mn Ni Pb Se Th U V 

+ 18 mm  
clean coal 

1.20 1.11 0.91 0.75 0.78 0.70 0.96 0.71 1.09 0.59 1.68 1.15 

10–18 mm 
clean coal 

1.24 1.11 0.91 0.77 1.11 0.33 0.99 0.66 1.00 0.59 1.65 1.45 

0.5–10mm 
clean coal 

1.36 0.28 0.91 0.87 1.11 0.27 1.09 0.74 1.00 0.64 1.72 1.82 

0.1–0.5mm  
cyclone U/F 

1.20 1.11 0.91 1.03 1.11 0.60 1.25 1.38 1.09 0.97 1.40 1.48 

Coarse 
middling 

1.19 1.11 1.64 0.99 0.67 0.24 1.09 1.15 1.00 0.87 1.34 1.30 

Coarse 
shale 

0.83 1.11 0.91 1.16 1.11 1.68 0.84 1.10 1.00 1.30 0.35 0.50 

Fine 
shale 

0.63 1.11 0.91 1.04 1.11 1.63 1.02 1.14 0.82 1.09 0.31 0.59 

Thickener U/F 0.80 1.11 1.76 1.45 0.56 0.84 1.54 1.66 0.91 2.28 1.32 1.14 

 
The trace elements contents and distributions of the plant products are calculated, 

and the extents of the removal of hazardous air pollutants are indicated in Table 5. 
Here, the trace elements retained in the clean coals and the ones which can be 
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removed with the shale can be seen. Summarized in the bottom row are the total 
amount of clean coal produced and the total amount of hazardous air pollutants 
rejection with the shale. 

Table 5. Trace elements rejections (%) in different products 

Trace elements As Cd Co Cr Hg Mn Ni Pb Se Th U V 

+18mm 
clean coal 

20.6 19.3 15.3 12.9 13.5 5.7 16.4 12.1 19.1 10.2 28.7 19.8 

10–18mm  
clean coal 

5.5 
5.0 4.0 3.4 5.0 1.2 4.4 2.9 4.5 2.6 7.3 6.5 

0.5–10mm  
clean coal 

20.1 
4.2 13.2 12.8 16.6 3.5 16.0 10.9 15.0 9.4 25.4 26.8 

Middling* 15.2 14.3 18.4 12.7 9.9 8.6 14.2 15.3 13.3 11.4 17.2 17.0 

Coarse shale 23.8 32.2 25.6 33.2 32.3 48.2 24.1 31.4 29.2 37.1 10.1 14.3 

Fine shale 11.3 20.2 16.1 18.8 20.2 29.2 18.4 20.4 15.0 19.6 5.7 10.7 

Thickener U/F 3.4 4.8 7.4 6.2 2.4 3.6 6.5 7.0 3.9 9.7 5.6 4.9 

Total clean coals** 46.2 28.5 32.5 29.1 35.1 10.4 36.8 25.9 38.6 22.2 61.4 53.1 

Total refuse*** 35.1 52.4 41.7 52.0 52.5 77.4 42.5 51.8 44.2 56.7 15.8 25.0 

* Mixture of coarse middling and cyclone U/F 
** Mixture of +18mm, 10–18mm, 0.5-10mm clean coals 
*** Mixture of coarse and fine shales 

Parallel to the achievement in Table 4, Table 5 showed that among the twelve trace 
elements examined, six of them – namely, Cd, Cr, Hg, Mn, Pb and Th – were rejected 
between 51.8% and 77.4 % together with the refuse. These trace elements demonstrate 
affinity to the inorganic matter, and are concentrated in the sink products. On the other 
hand, 61.4% of U and 53.1% of V retained in the clean coal, because U and V have a 
strong association with organic matter and is difficult to remove by coal preparation 
methods.  

It can be concluded that in a conventional coal preparation plant, without any 
advanced size reductions, it is possible to minimize the harmful effects of hazardous 
air pollutants once the ash is removed. Although advanced coal cleaning processes are 
often more successful in removing a higher proportion of trace elements, the 
economics may not be attractive in that they are relatively expensive and can result in 
rather wet and fine coal product, thus making it difficult to handle and transport. 

Conclusions 

The run-of-mine coal treated at the Imbat Coal Preparation Plant contains potential 
hazardous air pollutants – namely, As, Cd, Co, Cr, Hg, Mn, Ni, Pb, Se, Th, U and V –
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identified by the US Clean Air Act Amendments of 1990. These trace elements are 
known to be toxic and have adverse effects on humans, plants, and animals. 

The conventional Imbat Coal Preparation Plant with a capacity of 350 Mg per hour, 
cleans the coal obtained from underground coal operations containing 42.54% ash, 
38.08% volatile matter and 0.69% total sulfur in dry basis with 11.90MJ/kg low 
heating value. The trace elements of As, Cd, Cr, Mn, Se, Th, U and V within the run-
of-mine coal are above the world averages while Cd, Mn, Th,V and Hg grades are 
above the Turkish coal averages. The plant produces 36.37% by weight total clean 
coal with 15.69% ash and 24.34 MJ/kg low heat value. The total ash rejection from the 
plant is 69.4%. 

The trace elements in the run-of-mine coal, namely Cd, Cr, Hg, Mn, Pb and Th, all 
of which are associated with the inorganic portion of the coal were easily removed at 
Imbat Coal Preparation Plant. The highest rejection was obtained for Mn (77.4%), 
which was more than the plant ash rejection.  

 During the 69.34% of ash removal from coal, six trace elements mentioned above 
are rejected within a range of 51.8% to 77.4 % with the ash. However, 15.8% and 
25.0% reductions were achieved for U and V, respectively due to their strong 
association with organic matrix. 

Although conventional coal preparation processes in use today may not make up 
for a complete removal of any trace elements, it was proven that they are effective in 
reducing the concentration of many trace elements without any further size reduction, 
especially those present at relatively high concentrations. For further rejection, it is 
necessary to reduce the top size of the feed and to grind middling to enhance the 
liberation of trace elements as well as to improve the cleaning circuits by applying 
advanced coal cleaning technologies. Advanced coal cleaning technologies may offer 
better trace elements removal than conventional cleaning. 
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CALCIUM CARBONATE MINERALIZATION.  
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Abstract: In this study, the role of polymer in precipitation has been examined by studying the effect of 
poly(ethylene glycol) (PEG) on the formation of calcium carbonate particles. The CaCO3 particles were 
characterized by several techniques, such as FTIR, XRD, SEM, and particle size distribution analysis. In 
the absence of polymer, the mixing of reagents in an aqueous solution led to the formation of calcite 
crystals. Introduction of poly(ethylene glycol) molecules reduced the rate of crystallization process, and 
the effect was concentration dependent. In the presence of 0.05, 0.1, and 0.5 % of PEG, after 5 minutes of 
precipitation initiation, vaterite microspheres appeared in the system and which were transformed into 
calcite crystals after 24 hours. The calcium carbonate obtained with PEG was characterized by smaller 
sized particles in comparison with the ones without polymer. 

Key words: calcium carbonate, calcite, vaterite, mineralization, PEG  

Introduction 

The crystallization of calcium carbonate (CaCO3) is of considerable importance in 
numerous industrial applications as well as in biology. Hence, it is widely used by 
nature as an inorganic components in exoskeletons and tissues of many mineralizing 
organisms, giving them strength and shape (Voinescu et al., 2007). There are six 
CaCO3 mineral polymorphs including calcite, aragonite, vaterite, CaCO3 
monohydrate, CaCO3 hexahydrate and amorphous CaCO3 (Manoli and Dalas, 2000; 
Li et al., 2010). It has been found that calcite and aragonite have stable 
thermodynamic structures, while vaterite is thermodynamically unstable so that it is 
easily transformable to calcite or aragonite in aqueous solution (Li et al., 2010). The 

http://dx.doi.org/10.5277/ppmp130222 
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precipitation and stabilization of these polymorphs depend upon the precipitation 
condition such as degree of supersaturation, pH, ionic medium, and concentration and 
type of additives (Amjad et al., 2007). The biological system uses organic molecules 
that function variously as nucleators, cooperative modifiers and as matrices or molds 
for minerals (Manoli et al., 2002). These organic components are polyanionics and 
polyacids, which have a high calcium affinity. Avian eggs shells present a unique and 
interesting model for exploring the process of biomineralization, in which CaCO3 
layers are created by selective nucleation and deposition of calcite crystal by protein. 
The active sites on the protein recognize calcium ions and induce nucleation of 
specific polymorph of CaCO3 and control of the morphology of mineral phase 
(Lakshminarayanan et al., 2002). Synthesized polymers have also been used in 
mineralization process. It has been shown that special functional low molecular weight 
and polymeric additives, such as block copolymers, poly(ethylene glycol) (PEG), 
polyelectrolyte, polyacrylamide and cellulose, exhibit large influence on the 
crystallization of CaCO3 (Xie et al., 2006; Xu et al., 2008; Xu et al., 2011, Sadowski et 
al., 2010; Su et al., 2010). Among various templates, PEG is of particular interests 
because its molecules contain hydrophilic groups, which can act as a donor to metal 
ions to form metal complexes with diverse conformation (Xu et al., 2003). However, 
up to date the effect of these compounds in precipitation of calcium carbonate is not 
well understood.  

The aim of this paper is to investigate the effect of high molecular weight 
poly(ethylene glycol) of various concentrations on the crystal growth of CaCO3.  

Materials and methods 

Calcium carbonate precipitation 

The poly(ethylene glycol) having an average molecular weight of 5 megagrams/mol 
from BDH Chemicals was used. Calcium chloride dihydrate (purity > 99%) and 
disodium carbonate were purchased from Sigma Aldrich. All chemicals used in these 
syntheses were applied without further purification. The preparation of calcium 
carbonate was performed according to the method reported in our earlier paper 
(Sadowski et al., 2010). The solutions of sodium carbonate and calcium chloride 
(0.1M) with PEG 5000000 (0.01-1%) were prepared one day before the calcium 
carbonate synthesis and have been stirred overnight. The precipitation experiments 
were carried out in the Erlenmeyer flasks by mixing a sodium carbonate solution with 
calcium chloride at the speed of the magnetic stirrer of 300 rpm. After 5 minutes or 24 
hours the precipitate was removed from solution by centrifugation. The deposit was 
collected and washed twice with 100 cm3 of deionized water and dried at 30ºC. The 
experiments were conducted at ambient temperature.  
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Particle characterization 

The microstructure of precipitate was observed using a JSM 5800 LV scanning 
electron microscope (JEOL). The crystallographic structure of calcium carbonates was 
determined by using an Advance 8D (Bruker) X-ray powder diffractometer with CuKα 

radiation. Fourier transform infrared spectroscopy (FTIR) was carried out using PE 
1600 FTIR spectrometer (Perkin Elmer). The samples were mixed with KBr powder. 
The spectra were recorded in a reflection mode from 4000 to 400 cm–1 at a resolution 
of 2 cm–1. Particle size analysis were realized using a Mastersizer 2000 laser 
diffractometer, equipped with HydroMu dispersion unit (Malvern). These 
measurements were carried out without and afterwards under operation of ultrasounds 
in a dispersion unit, so the agglomerates of calcium carbonate could have been broken. 
The surface area of the samples were measured by the BET method with 
helium/nitrogen mixture using FlowSorbII apparatus (Micromeritics). 

Result and discussion 

The morphology and sizes of obtained CaCO3 precipitates were characterized by the 
SEM analysis and particle size distribution measurements. In Table 1, the SEM 
images of calcium carbonate precipitated with the addition of PEG 5000000 and 
without any additive were collected. The volume median diameters (d50) and quantiles 
(d10 and d90) of particles along with the results of BET specific surface area 
measurements are shown in Table 2. From these tables one can conclude that CaCO3 
mineralized without PEG polymer formed rhombohedral calcite crystals of an average 
size of 12.5 and 21.5 µm after 5 min and 24 h of incubation, respectively. Precipitation 
of calcium carbonates in the presence of various polymer concentration resulted in 
slight changes of particles diameter after 5 minutes of incubation. In contrast, CaCO3 

precipitates obtained in the presence of PEG but collected after 24 hours of incubation 
exhibited particles with diameters ranging from 13.4 to 15.9 µm. The slight increase in 
the particle size observed at a high polymer concentration may be caused by the 
flocculation effect. The particle formed agglomerates of crystal linked by the polymer 
molecules, as it can be seen in Table 1. These results indicate that the presence of 
poly(ethylene glycol) inhibits the growth of CaCO3 particles in the system. It is known 
that low and high molecular weight additives can stabilize nonequilibrium 
morphologies by changing the relative growth rates of different crystal faces through 
molecular, specific interactions with certain surfaces that modify the surface energy or 
growth mechanism, or both (Xie et al., 2006). Xie and co-workers (2006) showed that 
the PEG molecules are able to stabilized and modified crystals. The main cause of the 
influence of organic additives on the nucleation and crystal growth rates is considered 
to be the specific adsorption of polymers on the forming faces of calcium carbonate 
crystals, and the differences in strength of this adsorption interaction because of the 
nature of polymers (the number and nature of functional groups, including polar ones, 
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and the molecular weight) determine the final form of the calcium carbonate 
precipitate (Shestak et al., 2011).  

Table 1. SEM images of calcium carbonate particles precipitated in the presence  
of various concentration of poly(ethylene glycol) after 5 minutes and 24 hours 

 5 min 24 h 

Without PEG 

 

PEG 5000000 0.01% 

 

PEG 5000000 0.05% 

 

PEG 5000000 0.1% 
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 5 min 24 h 

PEG 5000000 0.5% 

 

PEG 5000000 1% 

 

The PEG is a polymer with the hydrophilic groups (–CH2CH2O–) which exert the 
ability to bind calcium as a nucleation site of CaCO3 and induce the formation of 
CaCO3 crystal to adsorption on the special face and inhabitation the crystallization on 
the orientation (Xie et al., 2006). Additionally, from the SEM images (Table 1), one 
can see that after 5 minutes of precipitation, regular plate-like structure particles were 
produced in the presence of PEG 5000000 with at the concentration of 0.01%. At a 
higher polymer concentration, 0.05, 0.1 and 0.5%, spherical morphologies of 
carbonates appeared in the system. These microspheres are known as vaterite. 
Literature data reveal that the individual microsphere of vaterite consists of much 
smaller nanoparticles and is characterized by high porosity (Kim and Park, 2010). The 
BET specific surface area results confirm this finding; significantly larger surface 
areas were obtained for the samples where the vaterite phase were found. From the 
SEM images it can be observed that the needle-shape structures are also present under 
that condition. This observation is in agreement with earlier experimental data 
published in literature. Xie and co-workers (2006) observed that at higher polymer 
concentrations, the interplay of nucleation and growth becomes more complicated, 
because the polymorph that is most efficiently nucleated is also the one for which the 
growth is most effectively stopped. This is why we observe at 0.05 % concentration of 
polymer a large amount of vaterite in the system.  

Figure 1 compares the infrared spectra of CaCO3 precipitates collected at 5 minute 
and 24 hours of mineralization in the presence of poly(ethylene glycol) molecules at a 
concentration of 0.01, 0.05, 0.1, 0.5 and 1.0%. In Figure 1, the spectrum taken at 5 
minute exhibits a split in the band around 1320 and 1419 cm-1. The two split carbonate 
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Table 2. Specific surface areas BET and diameters of calcium carbonate particles precipitated 
 in the presence of various concentration of poly(ethylene glycol) 

Sample name Time 
BET S.A. 

[m2/g] 

d10 [µm] 
no-ultrasounds/ 

ultrasounds 

d50 [µm] 
no-ultrasounds/ 

ultrasounds 

d90 [µm] 
no-ultrasounds/ 

ultrasounds 

5min 0.99 9.8/6.6 22.7/12.5 47.2/23.2 
Without PEG 

24h 0.74 16.4/7.9 32.6/21.5 59.3/40.4 

5min 0.73 7.7/6.2 17.4/12.7 36.5/23.1 
PEG 5000000 0.01% 

24h 0.71 8.9/6.5 20.4/13.4 39.4/24.5 

5min 1.19 9.5/8.2 18.8/14.7 33.7/24.4 
PEG 5000000 0.05% 

24h 0.74 9.2/6.0 19.3/13.6 40.6/25.1 

5min 1.37 8.7/7.0 21.0/15.7 41.4/29.1 
PEG 5000000 0.1% 

24h 0.56 11.0/8.2 23.6/15.6 44.5/28.0 

5min 1.39 6.9/7.6 15.6/13.6 30.2/23.9 
PEG 5000000 0.5% 

24h 0.56 9.9/7.9 21.0/15.8 44.8/30.8 

5min 0.52 7.8/6.3 17.9/12.7 81.2/23.4 
PEG 5000000 1% 

24h 0.62 8.4/6.8 18.3/14.9 35.3/30.4 

  

Fig. 1. FTIR spectra of calcium carbonate precipitated after 5 minutes and 24 hours 
 in the presence of various concentration of poly(ethylene glycol)  
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absorptions appear in ACC or the vaterite phase by an asymmetric stretch of carbonate 
ions, according to literature data (Addadi et al, 2003; Kim and Park, 2010). These results 
suggest that the addition of polymer preserves the vaterite phase transition into calcite. 
The FTIR spectrum of calcium carbonate obtained after 24h revealed a characteristic 
spectrum of calcite crystal based on the in-plane band and on the out-plane band at ~712 
and ~875 cm–1 respectively, and anti-symmetry stretch at ~1420 cm–1 characteristic of 
calcite (Menahem and Mastai, 2008; Xu et al., 2011; Wang et al., 2009).  

The powder diffraction patterns presented in Figure 2 also evidenced calcite phase 
creation, mostly. With the elliptical marks, the small vaterite picks appearing in the 
calcium carbonate precipitated within 5 min in the presence of 0.05–0.5% of PEG 
concentration were distinguished. Without the addition of poly(ethylene glycol) as 
well as at very high (1%) concentration, only calcite was formed. Also leaving the 
particles in solution for one day resulted in vaterite phase extinction.  

  

Fig. 2. XRD patterns of calcium carbonate crystals obtained at various concentration  
of poly(ethylene glycol) after 5 minutes and 24 hours precipitation 

The quantitative analysis of powder diffraction data has been performed using the 
ReX ver. 0.7.0 computer program (Bortolotti et al., 2009). The software is free for 
personal and non-commercial use, and along with a short tutorial and is available at 
http://www.rexpd.com. The results of analysis for calcium carbonate precipitates after 
5 minutes are shown in Table 3. Calcite was the only phase found in calcium 
carbonate after 24 h. 
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Table 3. Calcite and vaterite contents in calcium carbonate precipitated after 5 minutes  
in the presence of various concentration of poly(ethylene glycol) 

Sample name CaCO3 form vol.% wt.% 

calcite 100 100 
Without PEG 

vaterite 0 0 

calcite 100 100 
PEG 5000000 0.01% 

vaterite 0 0 

calcite 98.6 97.0 
PEG 5000000 0.05% 

vaterite 1.4 3.0 

calcite 94.8 89.4 
PEG 5000000 0.1% 

vaterite 5.2 10.6 

calcite 95.5 90.8 
PEG 5000000 0.5% 

vaterite 4.5 9.2 

calcite 100 100 
PEG 5000000 1% 

vaterite 0 0 

Conclusions 

The calcium carbonate crystals precipitated in the presence of PEG polymer are 
predominantly calcite. Small amount of vaterite phase has been obtained at the 
concentration of polymer 0.05–0.5%. Without polymer addition only calcite phase 
was formed. PEG 5000000 can affect the morphology of CaCO3 crystals as well as a 
size distribution of precipitate. The smallest particles were obtained in the presence of 
1% of the polymer in the solution. The largest surface areas have been obtained for 
samples having the vaterite phase. The possible mechanism of formation of calcium 
carbonates crystals is proposed below. In the aqueous solution, Ca2+ and CO3

2- firstly 
form ACC, which quickly transforms into vaterite and calcite within minutes. At the 
same time the polymer molecules adsorb on the surface of the particles. They inhibit 
the growth of crystal during the process resulting in formation small particles. This 
mechanism is similar to that described in literature in the presence of other polymer 
such as pluronic (Zhao et al., 2012). Both polymers possess the same functional group, 
ethylene oxide (EO), which can interact with calcite surface.  
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Abstract: In this work a selective transport of Co(II) and Li(I) ions from acidic chloride solutions 
through polymer inclusion membranes (PIMs) with Cyanex 301 has been studied. The effect of 
composition of the polymer membrane has been investigated. The obtained results show that around 98% 
of Co(II) was transported from the source phase containing 0.01 M Co(II) and 0.01 M Li(I) at pH 4.0 
through PIM after 12 h into 3.0 M HCl. The membrane containing 18 wt.% cellulose triacetate (CTA), 32 
wt.% Cyanex 301 and 50 wt.% o-nitrophenyl octyl ether (ONPOE) showed very good stability, 
suggesting that there is a possibility of application of the membrane for Co(II) recovery from acidic leach 
liquor solutions of spent lithium ion batteries (LIBs).  

Keywords: cobalt(II), lithium(I), Cyanex 301, polymer inclusion membrane, lithium ion batteries  

Introduction 

The polymer inclusion membranes (PIM) belong to liquid membranes. One of the 
important aspects of the PIM is distribution of organic carriers in the polymer matrix, 
which determines their transport efficiency. The transport processes across liquid 
membranes are a good alternative to conventional solvent extraction due to their 
advantages such as high selectivity, operational simplicity, low solvent inventory, low 
energy consumption, as well as combination of extraction and stripping into one single 
stage (Pospiech, 2012; Kozlowski and Walkowiak, 2007; Ines et al., 2012; Pospiech 
and Walkowiak, 2005). The transport of Co(II) ions across liquid membranes 
containing organophosphorous extractants in the role of ion carriers was only 
investigated by a few researchers. The separation of Co(II) and Li(I) ions from a 
model leach liquor of spent lithium ion batteries (LIBs) in the process of transport 
through supported liquid membrane extraction (SLM) was studied by Swain et al., 
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http://www.minproc.pwr.wroc.pl/journal/
mailto:b.pospiech@wip.pcz.pl


 B. Pospiech 642 

(2007). Cyanex 272 (bis(2,4,4-trimethylpentyl)phosphinic acid) was used as an ion 
carrier. The synergistic effect of Cyanex 272, DP-8R (bis(2-ethylhexyl)phosphoric 
acid) and Acorga M5640 (2-hydroxy-5-nonylbenzaldehyde oxime) on the separation 
factor of Co(II) and Li(I) from aqueous sulphate solutions was investigated by 
Alguacil et al. (2005, 2011) and Swain et al. (2010). Sürücü et al. (2010) reported 
separation of Co(II) from acidic media, containing both equimolar and nonequimolar 
mixtures of Co(II) and Ni(II) using the SLM with Alamine 336 as a mobile carrier. 
Kozlowski et al. (2006) studied competitive transport of trace radionuclides ions (Co-
60, Sr-90 and Cs-137) from nitrate aqueous solutions through the PIM containing 
organophosphorous acids (D2EHPA, Cyanex 272, Cyanex 301, Cyanex 302). 
The correlation between permeability of metal ions and pKa of ion carriers was linear, 
and any increase in pKa caused a decrease in the permeability coefficients of Co(II). 
Recently, Kagaya et al. (2011) showed extraction of Co(II) from solutions containing 
various concentrations of lithium chloride and hydrochloric acid using a poly(vinyl 
chloride) (PVC)-based polymer inclusion membrane with Aliquat 336 as a carrier.  

The present work examines the possibility of recovery of Co(II) ions from a 
simulated acidic leach liquor of lithium ion batteries (LIBs) by transport through the 
PIMs with Cyanex 301 as the mobile carrier. The model leach liquor was 
an equimolar chloride solution containing 0.01 M Co(II) and Li(I). Lithium ion battery 
(LIB) industry waste contains LiCoO2 and the leach liquor of spent LIBs contains 
Co(II) and Li(I) in equimolar amounts (Zhang et al., 1998). Cyanex 301 was used as 
the ion carrier due to its efficiency of Co(II) ions separation from acidic solutions. 
Besides, Cyanex 301 may be a useful carrier for metals removing from acidic process 
streams where pH adjustment is not economical (Rickelton and Boyle, 1988).  

Experimental  

Reagents 

Inorganic chemicals, i.e. CoCl2·6H2O, LiCl and HCl were of analytical grade 
(purchased from POCh, Gliwice, Poland). Aqueous solutions were prepared with 
deionized water. The synthetic leach liquor of lithium ion battery containing 0.01 M 
Co(II) and 0.01 M Li(I) was used in this study.  

Organic reagents bis(2,4,4-trimethylpentyl)dithiophosphinic acid (Cyanex 301) of 
85 % purity, cellulose triacetate (CTA), dichloromethane, o-nitrophenyl octyl ether 
(ONPOE), tris(2-ethylhexyl)phosphate (TEHP), bis(2-ethylhexyl) adipate (DEHA) of 
analytical reagent grade (purchased from Fluka) were used without further 
purification.  

Polymer inclusion membrane preparation 

Solutions of cellulose triacetate (CTA), the ion carrier (Cyanex 301), and the 
plasticizer (i.e. o -nitrophenyl octyl ether (ONPOE), tris(2-ethylhexyl)phosphate 
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(TEHP) or bis(2-ethylhexyl) adipate (DEHA)) in dichloromethane were prepared. 
A portion of this solution was poured on a flat- bottom glass Petri dish (7.0 cm in 
diameter) which was kept on the leveled surface. The organic solvent was allowed to 
evaporate over a period of 12 h. After solvent evaporation, the obtained membrane 
was peeled off from the Petri dish by immersion in cold water. This membrane was 
soaked for 12 h in distilled water to achieve its homogeneity before use. The 
membrane contained 2.7 cm3 plasticizer per 1 g of CTA. The thickness of the 
membrane was measured using a digital ultrameter (MG-401, Elmetron).  

Transport studies 

A membrane module was used to transport Co(II) and Li(I) across the PIM. Both 
aqueous phases were pumped with a peristaltic pump (PP1B-05A type, Zalimp, 
Poland) working at a speed of 100 cm3/min from tanks containing both source and 
receiving phases. The diagram of the transport experiments across the PIM can be 
found in Kozlowski (2006). The effective membrane area which was exposed to both 
phases was 12.56 cm2. The volumes of the source and the receiving phases were 100 
cm3. The both phases were stirred by a magnetic stirrer at 200 rpm. The permeation of 
metal ions was monitored by sampling the aqueous phases (0.1 cm3 each) at different 
time intervals, which was analyzed by an atomic absorption spectrophotometer (Solaar 
939, Unicam) to determine cobalt(II) and lithium(I) concentrations. The source phase 
acidity was controlled by pH-meter (CX-731, Elmetron) with pH electrode 
(Hydromet, Poland). The aqueous source phase (model solution) containing 0.01 M of 
each metal ions, it is Co(II), Li(II) at pH 4.0, was used in all experiments. The pH was 
kept constant by adding few mm3 of 2 M NaOH. The PIM transport experiments were 
conducted at room temperature (23-25 ºC). 

The kinetics of the PIM transport process is described by a first-order reaction in 
metal ion concentration (Danesi, 1984): 

 kt
c

c
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ln   (1) 

where c is a metal ion concentration (M) in a source phase at some given time, ci the 
initial metal ion concentration in the source phase (M), k the rate constant (s–1), t time 
of transport (s). The k value can be calculated from a ln(c/ci) versus time plot. The rate 
constant value for the duplicate transport experiment is averaged and standard 
deviation is calculated. The permeability coefficient (P) is calculated as follows: 
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where V is volume of the aqueous source phase (m3), and A is an effective area of 
membrane (m2). The initial flux (Ji) is determined as: 
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The selectivity coefficient S is defined as the ratio of the initial fluxes for Co(II) 
and Li(I) ions: 
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The recovery factor (RF) of metal ions from the source phase into receiving phase 
is given by: 
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Results and discussion 

Effect of membrane composition on transport of Co(II)/Li(I)  

The carrier concentration in the membrane plays a significant role during the 
permeation of metal ions in transport processes across the PIM. In this work, the 
influence of Cyanex 301 concentration on the permeation of Co(II) and Li(I) ions was 
investigated. Cyanex 301 is a phosphinic acid which contains two sulphur donor 
atoms and thus is a “soft” (class-b) ligand. It is therefore expected to extract the later 
3d transition metal ions more efficiently than Cyanex 302 (Jakovlijec et al., 2004). 
Cyanex 272, 301 and 302 extract metal ions by a cation exchange mechanism (Tait, 
1992): 

 Ma
n+ + (n+X)(RH)o → (MRn·xRH)o + nHa

+ (6) 

where Mn+ is the n-valent metal cation, RH is the organic acid, the subscripts ‘a’ and 
‘o’ represent the aqueous and organic phases, respectively.  

Figure 1 shows that concentration of Cyanex 301 varied from 0.5 mol·dm–3 to 
4.0 mol·dm-3 (on volume of plasticizer). The plasticizer concentration was 2.7 cm3 per 
1.0 g of the CTA. The transport of Co(II) was slow at low concentration of the ion 
carrier. The permeability coefficient (P) increases with increasing carrier 
concentration up to 2.0 mol·dm-3, and then decreases for higher Cyanex 301 
concentration (Fig. 1.). This concentration of Cyanex 301 represents probably 
a critical value above which the permeability of the PIM decreases. The maximum 
transport of Co(II) ions was obtained by using the membrane containing 0.065 g of 
Cyanex 301 (2.0 mol·dm–3 on volume of plasticizer). The highest flux of Co(II) was 
72.2 mol·m–2·s–1. The resulting membrane contained 18 wt.% CTA and 32 wt.% 
Cyanex 301 and 50 wt.% ONPOE. Increase of the carrier concentration in the 
membrane phase caused decrease of metal ion flux. It is probably due to limited 
solubility of carrier in ONPOE. This effect can also be attributed to the membrane 
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saturation by the metal-ion carrier complex. An increase of the carrier ion 
concentration in membrane phase resulted in increased thickness of the membrane, 
which affected the transport rates. For higher carrier concentration, the membrane 
became more viscous. Therefore, the diffusion of the ion-carrier complexes in the 
membrane was reduced. In turn, Arous (2004) showed that for low carrier 
concentration value, the ion carrier penetrates well inside the CTA matrix. However, 
higher concentration of ion carrier caused inhibition of the diffusion of metal ions 
through membrane due to the formation of a multilayer in membrane.  
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Fig. 1. Effect of Cyanex 301 concentration in PIM on the permeability of Co(II) and Li(I);  
PIM: 0.0375 g CTA, 2.7 cm3 ONPOE/1 g CTA; the source phase: 0.01 M CoCl2,  

0.01 M LiCl; the receiving phase 3.0 M HCl 

Plasticizers play dual role in behavior of the PIM as the plasticizing the polymer 
matrix and as a solvent for the ion carrier in the membrane. The plasticizer in the PIM 
improves the chemical and mechanical properties, stability of membrane, and 
membrane softness and flexibility. The type of plasticizer is very important to obtain 
membranes with suitable physical characteristics. The membrane permeability may be 
improved by selecting an appropriate plasticizer. In order to study the influence of the 
type of plasticizers on the PIM containing 0.065 g Cyanex 301 in transport process of 
Co(II) and Li(I) ions were investigated. The PIMs were prepared by using different 
plasticizers. The plasticizers used in the preparation of the PIM were: o-nitrophenyl 
octyl ether (ONPOE), bis(2-ethylhexyl) adipate (DEHA) and tris(2-ethylhexyl)-
phosphate (TEHP). Table 1 lists the values of viscosity and the dielectric constants of 
the plasticizers used in the present work (Kebiche-Senhadji et al., 2010; Arous et al., 
2010). ONPOE belongs to o-nitrophenyl alkyl ethers which are frequently used 
plasticizers in PIMs. DEHA is an ester of 2-ethylhexanol and adipic acid. TEHP 
belongs to phosphate esters and can be used as an extractant. Solutions of the 
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plasticizers in dichloromethane were prepared. The concentration of these plasticizers 
in the membrane was 2.7 cm3 per 1 g of CTA. The membranes thickness with 
ONPOE, DEHA and TEHP were 45 μm, 48 μm and 46 μm, respectively. These PIMs 
were examined for transport of Co(II) and Li(I) from aqueous source phase at pH 4.0 
into 3.0 M HCl as the receiving phase. Co(II) and Li(I) fluxes for the experiments 
conducted with the membranes containing different plasticizers are shown in Fig. 2. 
As can be observed that the removal of Co(II) from the source phase was more 
effective for ONPOE as the plasticizer than for TEHP or DEHA. In the case of the 
membranes with TEHP and DEHA, the fluxes of Co(II) and Li(I) were comparable. 
These experiments indicated a decrease in initial fluxes in the following order of 
plasticizers: ONPOE>TEHP~DEHA. 

Table 1. Kinetic parameters for Co(II) and Li(I) transport across PIM depending on the type of the 
plasticizers. PIM: 0.0375 g CTA, 0.065 g Cyanex 301 (2.0 M), 2.7 cm3 plasticizer/1 g CTA;  

the source phase: 0.01 M CoCl2, 0.01 M LiCl; the receiving phase: 3.0 M HCl 

Type of plasticizer Dielectric 
constant, ε 

Viscosity, 
(cP) 

Metal 
ions 

Permeability coefficient, P 
(m·s–1) 

Co(II) 7.22 ONPOE 23.1 
 

12.8 

Li(I) 0.15 

Co(II) 2.12 DEHA 5.1 13.7 

Li(I) 0.12 

Co(II) 2.67 TEHP 4.8 10.2 

Li(I) 0.14 
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Fig. 2. Effect of the type of plasticizer on the initial flux (J0) of Co(II) and Li(I); PIM:  
0.0375 g CTA, 2.7 cm3 plasticizer/1g CTA; the source phase: 0.01 M CoCl2, 0.01 M LiCl;  

the receiving phase 3.0 M HCl 
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Table 1 shows the variation of permeability of Co(II) and Li(I) versus the type of 
plasticizer. This behavior can be explained by the properties of used plasticizers, 
especially values of the dielectric constant determining the stability of metal ions 
complexes formed in the membrane phase. Unlike ONPOE, both DEHA and TEHP 
have low dielectric constants. It can be seen that high value of dielectric constants of 
ONPOE as plasticizer preferred the Co(II) transport through the PIM with Cyanex 
301. The polarity of the plasticizer had a greater influence on the diffusion of the 
complex in the membrane compared with the viscosity.  

Stability of PIM in transport process of Co(II)/Li(I) 

The stability of the PIM containing 32% Cyanex 301, 50% ONPOE and 18% CTA 
was evaluated on the basis of the permeability coefficients values obtained from four 
sequential experiments. The membrane was used under the following experimental 
conditions: pH of the source phase was 4.0, concentration of metal ions 0.01 M, the 
receiving phase: 3.0 M HCl. The membrane was removed from the cell and washed in 
deionized water. Four membrane transport experiments with the same membrane were 
conducted. The permeability coefficient of Co(II) and Li(I) ions varied slightly after 
four cycles of 12 h each. Table 2 shows the changes of permeability coefficient of 
Co(I) and Li(I) observed during all four experiments. It can be seen from Table 2 that 
the permeability coefficients for Co(II) and Li(I) decreased from 7.22 to 6.93 m·s–1 

and from 0.150 to 0.125 m·s–1, respectively. This observation confirms low tendency 
to leach the Cyanex 301 from the membrane matrix. This membrane is stable. The 
results show that the PIM shows good term integrity. In view of the high stability of 
the PIM under given experimental conditions, the membrane can be used for 
separation of Co(II) and Li(I) from acidic solutions, it is leach liquor of lithium ion 
battery. 

Table. 2. Effect of number of cycles for Co(II) and Li(I) transport across PIMs on initial total ions 
transport flux. PIM: 0.0375 g CTA, 2.7 cm3 ONPOE/1 g CTA, 2.0 M Cyanex 301; the source phase: 0.01 

M CoCl2, 0.01 M LICl, the receiving phase: 3.0 M HCl. 

Permeability coefficient, P 
(m·s–1) Cycle number 

Co(II) Li(I) 

1 7.22 0.150 

2 7.15 0.142 

3 7.10 0.138 

4 6.93 0.125 
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Conclusions 

The polymer inclusion membranes (PIMs) with Cyanex 301 as ion carrier and o-
nitrophenyl octyl ether (ONPOE) as the plasticizer provide an attractive alternative to 
conventional solvent extraction methods for the separation of Co(II) and Li(I) ions. 
The results showed that Co(II) can be effectively recovered from aqueous acidic 
chloride solutions containing Li(I) in hydrometallurgical process of transport across 
the PIM with Cyanex 301. The PIM containing Cyanex 301 as the carrier, did not leak 
out organic carrier into the aqueous receiving phase, giving a long-term stability and 
good durability. The highest flux of cobalt(II) ions was obtained by transport through 
the PIM containing 32 wt.% Cyanex 301, 50 wt.% ONPOE and 18 wt.% CTA into 3.0 
M hydrochloric acid as the receiving phase. The obtained results showed that recovery 
of Co(II) ions reached 98% after 12 h. Finally, the developed in this work system can 
be useful for recovery of Co(II) from acidic aqueous solutions containing Li(I) ions.  
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Abstract: The kinetics of batch grinding and heat treated of ulexite using different size fractions  
(–3350+2360, –2360+1700, –1700+1180, 1180+850, –850+600, –600+425, –425+300, –300+212 and –
212+150 micrometers  was determined using a standard Bond ball mill. It was found that breakage of 
ulexite follows the first order behavior for all feed sizes with the correlation coefficients equal to ap-
proximately 98%. The dry grinding of the single-sized fraction and heat treatment of ulexite showed that 
heat treatment samples were ground much faster than the original ulexite samples. 

Keywords: ulexite, grinding, ball milling, breakage rate function, heat treatment, micro wave 

Introduction  

About 70% of world’s known boron reserves are in Turkey. A great portion of Turkish 
commercially recoverable boron reserves are colemanite, ulexite and tincal. Ulexite 
has a triclinic crystal structure with a chemical formula of NaCaB5O9·8H2O (hydrated 
sodium calcium borate). It has many important uses such as in the production of glass, 
agriculture goods, textiles, nuclear fiberglass, and insulators in the cellulose industry 
(Mobbs, 2010) 

Size reduction of minerals by grinding is widely used in the preparation of raw ma-
terials for the manufacturing. As it is known that a significant amount of energy which 
is used in grinding, turns into heat and cannot be efficiently used in grinding. It is pos-
sible to obtain more effective grinding by setting up more effective grinding systems 
which consumes less energy (Bozkurt and Ozgur, 2007, Ipek and Goktepe, 2011). 

The design and scaling-up of ball mills are important issues in the size reduction 
process. Therefore, various models are used for predicting the behavior of large indus-
trial-scale mills. An analysis of grinding in ball mills uses the concepts of selection 
and cumulative breakage distribution functions. The selection function (specific rate of 
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breakage) is defined as the fraction by weight of particles of a given size i which are 
selected and broken per unit time of grinding. This value varies with size and is de-
noted Si. The cumulative breakage distribution function, Bi,j, is defined as the fraction 
by weight of breakage products from size j which falls below size i, where i ≤ j (Aus-
tin and Bagga, 1981; Austin et al., 1984). 

When ulexite is subjected to heat treatment, internal thermal reactions occur. First, 
mineral  loses its crystallization water followed either by the production of amorphous 
material or recrystallization into new phases. According to Sener et al. (2000) ulexite 
does not decrepitate. Instead, it only exfoliates due to gradual removing of water vapor 
and the structure becomes amorphous with numerous microcracks and interstices. This 
product is weak and can be easily ground to powder (Sener et al, 2000). 

The objective of this study is to analyze the effect of heat treatment of ulexite on its 
breakage rate function.  

Theoretical background 

Austin and Bagga (1981) analyzed the variation of specific rates of breakage during 
batch grinding of several materials to fine sizes. They found that the normal region 
could be defined by the first-order breakage:  

Rate of breakage of size  1 = S1w1(t)W, (1) 

where S1 is the specific rate of breakage of feed size 1 material, and w1(t) is the mass 
fraction of the total charge, W, at time t of grinding. 

Assuming that S1 does not change with time due to the first order breakage process, 
this equation integrates to 

 log [w1(t)] = log[w1(0)] – Sit/2.3. (2) 

Plotting experimental values of w1(t) versus t using log-linear scales enables to de-
termine the S1 values for the top size interval of material being tested. The equation for 
the variation of the specific rate of breakage Si with particle size is 

 Si = aT xi
. (3) 

If Si passes through a maximum at a certain size  

 Si = aT (xi/x1)
 Qi (4) 

 Qi = [1/(1+(xi/))] (5) 

where xi is the upper limit of the size interval indexed by i. x1 is 1 mm, aT and  are 
model parameters that depend on the properties of the material and the grinding condi-
tions while Qi is a correction factor. According to Austin et al. (1981, 1984) the spe-
cific rate of breakage varies with particle size. While Qi assumes the value of 1 for 
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fine size particles, it becomes smaller with increasing size.  is the particle size at 
which the correction factor is 0.5 and  is a positive number which show how rapidly 
the rates of breakage fall as size increase and the higher  values show that the more 
rapidly the values decrease.  

Materials and experimental methods 

Material 

The -125+25 mm size fraction of ulexite washed concentrate, obtained from Etibank 
Mining Co., was used. The density of ulexite, measured with a pycnometer, was 1.95 
g/cm3 basing on seven measurements and Moh’s hardness of ulexite, measured by a 
hardness pen, was 1. All samples were rewashed to separate from clay minerals and 
then they were crushed below 5 mm. Approximately a 100 kg cleaned sample was 
crushed with a jaw crusher and classified into nine different mono sized fractions for 
kinetic tests. The chemical analyses of these test material are given in Table 1. 

Table 1. Chemical composition of investigated ulexite sample 

B2O3 

(%) 
SiO2 

(%) 
Al2O3 

(%) 
Fe2O3 
(%) 

CaO 
(%) 

MgO 
(%) 

Na2O 
(%) 

SO3 
(%) 

SO4 
(%) 

38.1 3.1 0..05 0.02 16.5 1.4 3.9 0.02 0.02 

Grinding Tests 

In order to determine the breakage rate function, one size fraction technique was used 
(Austin et al., 1984). In this technique, nine different mono sized fractions which are  
–3350+2360, –2360+1700, –1700+1180, –1180+850, –850+600, –600+425, –425+300, 
–300+212 and –212+150 micrometers were prepared. In each case, the mill was 
loaded in such a way that 100% of the interstitial void volume of the ball charge was 
filled with the mono-sized material at the beginning of the experiments. This load was 
2263 g and it was calculated with the following formulas (Sahan, 2010):  
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The characteristics of the Bond mill used in grinding tests and test conditions are 
outlined in Table 2. 

Table 2. Mill characteristics and test conditions 

Diameter, D, cm 30.5     

Length, L, cm 30.5     

Volume, V, cm3 22272     

Speed, rpm 70     

Mill 

Critical speed, Nc 86.55     

Diameter, d, mm 38.10 31.75 24.50 19.05 12.70 

Number 43 67 10 71 94 

Total mass, g 22603     

Specific gravity g/cm3 7.79     

Media charge 

Fractional ball filling, J 0.22     

Fractional powder filling, fc
 0,09     

Material charge 
Powder-ball loading ratio, U 1,00     

Results and discussion 

Determination of specific rate of breakage 

In order to determine the breakage rate parameters of original and heat treated ulexite 
samples, which were classified into eight different mono-size fraction, were ground 
dry for 0.25, 0.5, 1, 2 , 3, 4, and 5 minutes separately. The heat treatment process was 
performed at 400 °C and 600 °C for 30 minutes in a Lenton brand furnace and also at 
850 W for 10 minutes in a Siemens brand household microwave oven. The mono-
sized samples were entered to the furnace after the furnace reached the target tempera-
ture of 400 °C and 600 °C. The mono-sized samples were entered into the microwave 
after the microwave worked for 5 minutes at 850W. The feed sample weight was 275 
g for all heat treatment tests because of the capacities of the furnace and the micro-
wave oven. Average weight losses were 15.00%, 30.06%, 10.24%, and ranging be-
tween 14.40–15.80, 29.15–30.94, 9.24–11.09 for 400 °C, 600 °C and 850 W respec-
tively. Average weight losses of all feed sizes are shown in Fig. 1.  

After the heat treatment, the samples were resized. The mono-sized feed samples 
consisted of approximately 96% in the top size interval (w2(0) = 0.04). Test charge of 
the mono-sized feed samples were 2263 g, as mentioned above, and were constant 
during all the grinding tests. 
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Fig. 1. Average weight losses versus all feed sizes 

Figures 2-4 show the initial grinding results of ulexite plotted as first order process 
for the eight different mono-sized fractions. It can be seen that the breakage process 
follows the first order behavior for all the feed sizes. The values of correlation 
coefficient are listed in Table 3. The Si values are determined from the average slopes 
of plots (Fig. 2–4) represented mathematically by Eq. 2. 

 
Fig. 2. First order plot for dry grinding of different feed sizes of ulexite 

 
Fig. 3. First order plot for dry grinding of different feed sizes heat treated ulexite  

at 400 °C for 30 minutes in a furnace  
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Fig. 4. First order plot for dry grinding of different feed sizes of heat treated 

 at 600 °C ulexite  for 30 minutes in furnace 

 
Fig. 5. First order plot for dry grinding of different feed sizes of 850 W 

 heat treated ulexite for 10 minutes in microwave 

Table 3. Values of correlation of the first  order plots for dry grinding of ulexite samples 

Feed Size 
microns 

Original 400 °C 600 °C 850 W 

–3350+2360 0,9901 0,9837 0,9893 0,9865 

–2360+1700 0,9991 0,9778 0,9908 0,9700 

–1700–1180 0,9969 0,9852 0,9926 0,9938 

–1180+850 0,9952 0,9913 0,9928 0,9945 

–850+600 0,9864 0,9917 0,9962 0,9931 

–600+425 0,9884 0,9899 0,9621 0,9883 

–425+300 0,9955 0,9716 0,9719 0,9831 

–300+212 0,9975 0,9770 0,9770 0,9780 

–212+150 0,9992 0,9018 0,9771 0,9559 

As shown in the charts above,  the heat treated samples were broken very fast, up 
to 2 minutes of grinding. After that, a slowing down effect was observed. Therefore, 
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the Si values of the heat treated ulexite were determined for two minutes of grinding 
while the grinding time of the original sample was 5 minutes. 

Figure 6 shows that the variation of the specific rate of the breakage with the feed 
sizes. It is clearly seen there that the values increase sharply until 1700 micrometers 
and then they  sharply decrease for 400 °C heat treatment and 850 W microwaved 
ulexite samples. Also the values increase sharply until 2360 micrometers and then 
decrease sharply for 600 °C while the Si values increase sharply for 1180 micrometers 
and then smoothly decrease for original ulexite sample. This was due to the ineffi-
ciency of the largest particle sizes that were not nipped properly in the mill. The varia-
tions of the Si values with the particle sizes were fitted with Eqs 4 and 5. The specific 
rate of breakage parameters aT, α, µ and  depend on the properties of the material. As 
can be seen in Table 4, the grinding conditions were calculated by non–linear regres-
sion techniques. 

 

Fig. 6. Variation of Si values of original and heat treated samples of ulexite with particle size 

Table 4. Specific rate of breakage parameters 

    
Original 0.72 0.92 2.42 2.62 
400 °C 1.90 0.79 2.55 4.34 
600 °C 1.13 0.77 3.26 3.99 
850 W 1.75 0.76 2.55 3.03 

Conclusion 

The grinding of ulexite samples obeys the first order breakage kinetics for all feed 
sizes both for the original and heat treated ulexite. Dry grinding of the single–sized 
fraction of ulexite and heat treated ulexite showed that heat treated samples were 
ground much faster than the original ulexite samples. Contrary to expectations, the 
breakage rate of the 600 °C heat treated ulexite sample is slower than that of 400 °C 
and 850 W heat treated ulexite samples. The aT parameters show this situation clearly. 
As mentioned in the Sener (2000) study, ulexite samples recrystallize at 600 °C. 
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EXPERIMENTAL STUDY ON ELECTROKINETIC  
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Abstract. Influence of aqueous phase properties and process parameters on kaolinite particle zeta 
potential was quantified by electrophoresis experiments. The results indicated that pH strongly altered the 
zeta potential of kaolinite and it decreases at the beginning and then increases in the range of pH = 2–13. 
The activity of different cations changes the zeta potential and has the following tendency of Al3+ > Ca2+ 
> Mg2+ > Na+ and the zeta potential increases due to heterocoagulation of different mineral particles in 
suspension. It was found that the zeta potential of kaolinite particles increases after the suspension was 
stirred and decreases at the beginning, and then increases with soaking time. The FTIR results showed 
that the zeta potential takes into account ion adsorption and the change of Si–O, Al–O and Al–OH groups 
on the surface of the kaolinite particles. 

Keywords: kaolinite, zeta potential, pH, immersion time, electrophoresis 

Introduction 

In recent years, with the improvement of coal mining mechanization degree and 
geological conditions change, a lot of reject enters coal and increases ash in raw coals 
in China. The raw coal which includes much reject will produce a lot of slimes in 
water of the coal washing process. The slime contains a considerable amount of 
ultrafine particles such as clay particles. The removal of ultrafine particles from the 
slurries is usually slow and incomplete because the colloidal particles are extremely 
small（Zbik et al., 2008). In addition, the surfaces of these colloids usually have the 
same charge, which causes repulsion forces and prevents aggregation. Investigations 
showed that kaolinite particles, which are one of the predominant minerals in coal 
slime, are commonly generated in mineral processing at neutral to high pH and they 
are always charged negative in the process water. The kaolinite particles tend to form 
stable dispersions with poor dewatering characteristics (Kihc and Hosten, 2010) . 

http://dx.doi.org/10.5277/ppmp130225 

http://www.minproc.pwr.wroc.pl/journal/
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Dai et al. (2010) found that the zeta potential of the mixed metal layered 
hydroxide-kaolinite suspension system decreased with increasing pH values. Yang and 
Fan (2010) have shown that ferric-polysilicate can change the zeta potential of kaolin 
from negative to positive and polymers of ferric-polysilicate ion in polysilicate iron 
has a strong neutralize effect with its positive charge. Gan and Liu (2008) reported that 
kaolinite carried negative charges in the entire pH range tested from 3 to 12. The zeta 
potential increased in the negative direction with increasing pH from 4 to 8 and 
stabilized at about –50 mV above pH 8. The zeta potential of kaolinite in the presence 
of Ca2+ became much less negatively charged between pH 6 and 12. The zeta potential 
of kaolinite in the presence of Mg2+ closely followed that in Ca2+ solutions from pH 6 
to 10. However, above pH 10, the zeta potential increased sharply and reached zero at 
pH 10.4, then moved into positive region. Hou et al. (2010) have studied interaction of 
the diffuse layers of electric double layer between negatively charged kaolinite particle 
and positively charged particles of goethite, gibbsite, hematite and found the 
interaction of the diffuse layers increases with the increase in the ratio of kaolinite to 
Fe/Al oxides and decreases with the rise of system pH. Electrokinetic studies, mostly 
in terms of electrophoretic mobility measurements (some electroacoustic or dielectric 
spectroscopy measurements have also been performed), have been done for kaolinite 
(Williams,1978; Smith and Narimatsu,1993; Hussain et al., 1996; Chassagne et al., 
2009; Alkan et al., 2005; Rao et al., 2011; Duman et al., 2012) . 

From the forgoing review, it can be seen that the surface electric potential 
characteristics of kaolinite particles in single mineral system has been studied 
extensively. Few studies investigated the effects of different mineral particles and 
process operating conditions on zeta potential of kaolinite particles in the coal slime 
water. The major objectives of this study are to investigate the difference of zeta 
potential between the single system of kaolinite and the binary systems containing 
kaolinite and coal or quartz, and to discuss the effects of stirring intensity, immersion 
time, pH, electrolyte and mineral on the change of kaolinite particles zeta potential. 

Materials and methods 

Minerals and chemicals   

The coal-associated kaolinite sample was supplied by Huainan Mining Industry 
Co..Ltd., Huainan, China, which was used for zeta potential measurements. Chemical 
analysis and X-ray diffraction indicated that the kaolinite sample contained about 87% 
kaolinite and 10% quartz (see Fig. 1). The FTIR analysis of the sample (see Fig. 2) 
shows that 3698 cm–1, 3617 cm–1 is –OH stretching vibration, 1200 to 1000 cm–1 the 
Si–O stretching vibration; 1000 to 900 cm–1 the Al-OH bending vibration; the majority 
of absorption peaks of 500 ~ 400 cm–1 the vibration of Si–O or Al–O on the surface of 
the sample. Particle size analysis by SALD-7101 (Shimadzu Corporation, Japan) 
showed that the sample particle size is less than 5 μm and the average particle size is 
0.74 μm. 
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Fig. 1. XRD trace of kaolinite 

 

Fig.2. The FTIR spectra of kaolinite 

The bituminous coal sample was provided by Huainan Mining Industry Co. Ltd., 
Huainan, China. The bituminous coal sample was crushed to less than 75 μm. The 
results of bituminous coal sample proximate analysis in air dry basis are moisture 
2.15%, ash 8.33%, volatile matter 29.30%, fixed carbon 60.22%. The bituminous coal 
sample was mixed with kaolinite sample for zeta potential measurements. 

The quartz sample was purchased from sub-Sheng Chemical Co. Ltd., Wuxi, China. 
The diameter of the quartz particles is less than 110.00 μm with a median diameter (d50) 
of 49.98 μm. The quartz sample was mixed with kaolinite sample for zeta potential 
measurements. 

The chemicals used in this study were certified A.C.S. grade reagents and purchased 
from Shanghai Reagent Company, Shanghai, China. NaCl (>99%), CaCl2 (>99%), 
MgCl2 (>98%), and AlCl3 (>98%) were used as sources of Na+, Ca2+, Mg2+ and Al3+. 
NaOH (99.0%) and HCl (36.5–38%, solution) were used as pH regulators. All 
solutions used in this study were prepared using distilled water made by a glass still. 
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Experimental methods 

Preparation of stock suspensions for zeta potential measurement 

Stock suspension of kaolinite was prepared by dispersing 20 g of the kaolinite sample 
in 1 dm3 of deionized water. For the binary colloid suspensions, kaolinite/coal or 
kaolinite/quartz were placed in the same container according to their different 
quantitative ratio. The suspension was mildly stirred with a agitator (JJ-1, made in 
China) at 300 rev/min for 10 min at 25 ºC. The pH of the suspension was controlled at 
7.0 adjusted with HCl or NaOH. Next, the suspensions were equilibrated for another 
30 min before zeta potential determination. 

Determination of zeta potential 

The zeta potential of the kaolinite and other samples were measured at 25±0.5 ºC with 
a JS94G + micro-electrophoresis apparatus made in China. The zeta potential for each 
sample was determined by taking the average of 6 runs. The standard deviation for the 
6 runs was within ±3 mV. The colloid suspension was agitated and transferred to the 
electrophoresis vessel after wetting the electrode to avoid any disturbance due to air 
bubble. The values of zeta potential were calculated using the computer with the 
specific software.  

Other measurements 

The different types of functional groups on kaolinite samples were identified by the 
Fourier Transform Infrared (FTIR) Spectroscopy in the range of 4000–400 cm–1. 
BRUKER Vector33 was employed to study the infrared spectroscopy of the sample. 
The samples were first dried at 50 ºC and mixed with KBr and then pressed into 
pellets which contained approximately 0.5 wt. % samples. 

In X-ray diffraction analysis (XRD) a Rigaku’s D/Max-3B XRD X-ray 
spectrometer diffractometer was used. All the analyses were done using Cu K 
radiation with Cu/Ni electrodes and goniometer speed of 2/min, sampling interval: 
0.02. X-Ray Diffraction (XRD) allows identification and quantification of unknown 
phases in a mixture by using search/match software. 

Results and discussion 

The effect of agitation on zeta potential of kaolinite particle surface  

Zeta potentials of kaolinite at different agitating speeds were presented in Fig. 3a. The 
infrared spectroscopy results of kaolinite samples agitated at different speeds were 
shown in Fig. 3b.  
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Fig. 3. Zeta potential (a) and FTIR spectra (b) of kaolinite at different agitating speeds 

It can be seen from Fig. 3a that as the agitating speed increases the absolute value of 
zeta potential of kaolinite particles surface first decreases, then slightly increases and 
when agitating speed reaches 800 rpm, the zeta potentials get stability around –44 mV. 
At low agitating speed, some metal cations, such as Ca2+, Mg2+ and other cations 
dissolute from kaolinite samples (see Table 1), and these cations will be adsorbed on 
the negatively charged surface of kaolinite particles, the multivalent metal cations 
would theoretically reduce the thickness of the electric double layers of kaolinite 
(edges) and the reduced electric double layer thickness means that the zeta potential of 
the particles would be lower and lead to lower electrostatic repulsion. As the agitating 
speed increases, the kaolinite particles turns into fine particles, which leads to 
producing a number of new breaking bonds of Al–O and Si–O negatively charged on 
the particle surface, so the absolute value of the zeta potential of kaolinite particles 
surface increases. As can be seen from Fig. 3b that the intensity of –OH stretching 
vibration in 3698 cm–1, 3617 cm–1 and Al–OH bending vibration in 1000 to 900 cm–1 
increases with the agitating speed increases. The results indicate that there are  
a certain number of Si–OH and Al–OH generated on fine kaolinite particles surface 
which is caused by Al–O and Si–O bond adsorption of H+ (Yang et al., 2001). 

Table 1. Ion composition of kaolinite suspensions  

Ions Ca2+ Mg2+ Na++K+ Cl- SO4
2– CO3

2– HCO3
- 

Concentration, mg/dm3 12.02 1.21 55.00 62.03 7.20 0.00 61.02 

The effect of pH value on zeta potential of kaolinite particle surface 

pH is an important factor influencing the zeta potential value of kaolinite. The effect 
of pH value on the zeta potential of kaolinite is shown in Fig. 5a. It can be seen that 
the absolute value of zeta potential gradually increases and reaches its maximum at pH 
8 and then tends to decrease with the pH value increasing. It agrees with the result 
gotten of Gans and Liu (2008). The isoelectric point is a pH value at which the total 
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amount of positive charge on the surface of solid is equal to the total amount of 
negative charge on it. The amount of net surface charge of solid or zeta potential value 
is zero at the isoelectric point. The isoelectric point is a characteristic property of solid 
particles. Therefore, it is important to know the isoelectric point of clay and surface 
charge of the clay particles for the adsorption or flotation processes (Duman et al., 
2012). Figure 5a shows that kaolinite has no isoelectric point in range of 2–13 pH 
value, which indicates that the isoelectric point of kaolinite is lower than pH 2. The 
result is agreement with the result gotten by Duman et al. (2012) and Yang et al. 
(2001), which is lower than the literature value (Hu and Liu, 2003; Alkan et al., 2005). 
The low isoelectric point of kaolinite may be because the sample is coal-associated 
kaolinite containing quartz and other minerals. Besides, the number of solid particles 
facilitate the surface charge generation by producing the ionic species at the 
solid/liquid interface,�kaolinite concentration in the suspension and this also can affect 
the zeta potential value of the suspension (Tunc and Duman, 2008). 

The absolute values of kaolinite zeta potential in colloid suspensions are the largest 
when the pH value reaches about 8. The pH value of coal slurry is usually about 8, so 
the negativity of slime kaolinite particles surface is the largest, which causes repulsion 
forces and prevents aggregation. 

Kaolinite is a 1:1 layer mineral, in which one layer consists of an alumina 
octahedral sheet (termed as O-face) and another consists of silica tetrahedral sheet 
(termed as T-face), as shown in Fig. 4. The two layers share a common plane of 
oxygen atoms, and the repeating layers are bound together by hydrogen bonds 
between hydroxyl groups of O-face and the highly electronegative oxygen of the  
T-face (Ma and Eggleton, 1999). It is an acceptable fact that the isomorphic 
substitution in the tetrahedral sheet results in permanent negative charges at the T-face 
(which is pH-independent), and the protonation/deprotonation of the silanol and 
aluminol groups at the edges leads to the results that surface charges vary with the 
medium (which is pH-dependent). The O-faces behave the same characteristics of 
surface charges as the edges, as reported elsewhere (Tombacz and Szekeres, 2006).  

 

Fig. 4.  Molecular structure of kaolinite layer 
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Kaolinite splits easily along the level parallel direction, and produces a number of 
negatively charged breaking bonds of Al–O and Si–O bond on the particle surface. 
The particle surface easily forms large number of Al–OH and Si–OH groups. As it is 
known, the surface charges of oxide mineral particles are originated from the 
protonation and deprotonation of the surfaces as follows: 

 M–OH + H+  M–OH2
+ 

 M–OH + OH−  M–O- 

where M represents metal, such as Al and Si in this case. At low pHs, the protonation 
of the surfaces leads to be positively charged, while at high pHs the deprotonation 
results in negative charges. The value of the surface charge on oxide minerals (or zeta 
potential) closely correlates with pH value of the mineral suspension. It will affect the 
surface charge density or electric potential (Yin et al., 2006). In acidic medium, H+ and 
the particle surface-OH can have neutralization reaction to compress particle surface 
electric double layer, so the absolute value of zeta potential with the acidic 
enhancement becomes smaller and smaller. In alkaline medium, due to complexation 
reactions, the particle surface have a large number of OH- to make particle surface 
charge negatively, so the electronegativity of kaolin particles surface increases. 

Figure 5b shows that when pH is neutral or acidic, the stretching vibration intensity 
of -OH in the range of 3700～3600 cm–1 is stronger, which indicates that there are a 
large number of –OH groups generated on kaolinite particle surface in acidic and 
neutral aqueous media. When the pH value is about 13, the stretching vibration 
intensity of –OH in the range of 3700～3600 cm–1 weaken, and the stretching 
vibration intensity of Al–O and Si–O bonds is significantly enhanced, which shows  
 

    

Fig. 5. Zeta potential (a) and FTIR spectra (b) of kaolinite at different pH values 
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that the –OH on particle surface has complexation reactions with the –OH in alkaline 
medium to increase the electronegativity of kaolin particles surface. However, when 
pH value is larger than 8, the absolute values of zeta potential trend to decrease. The 
DLVO theory (Hu et al., 2001) shows that the excess NaOH added to the solution to 
adjust the pH has increased the concentration of ions in the solution, and these ions 
compress particle surface electric double layer leading to reducing the potential value 
of the particle surface. 

The effect of immersion time on zeta potential of kaolinite particle surface 

Zeta potentials of kaolinite at different immersion times are presented in Fig. 6a. The 
infrared spectroscopy results of kaolinite samples soaked in different time are shown 
in Fig. 6b. 

   

Fig. 6. Zeta potential (a) and FTIR spectra (b) of kaolinit with different immersion times  

As shown in Fig. 6a, the absolute value of zeta potential increases with immersion 
time prolonging and the absolute value reaches the maximum 59.37 mV in the second 
day, and then the zeta potential absolute value gradually decreases with the extension 
of immersion time. Water will gradually undermine the cohesiveness between the 
mineral particles of kaolinite in saturated state and enter the pores between the chip-
shaped particles resulting in uneven inner-stress and a lot of micropores in mudstone 
and induce softening and degradation (Huang and Che, 2007). Kaolinite breaks into 
fine particles within a certain immersion time which would produce new bonds of  
–SiO– and –AlO–. With the further extension of the immersion time, some salts mixed 
internally in particles more easily dissolve into the solution along with ionization of 
Ca2+ and Mg2+ and other cations. The adsorption of these cations onto the the –SiO– or 
–AlO– groups on the surface of kaolinite will compress particle surface electric double 
layer to reduce the potential value of the kaolin particle surface. Duman et al. (2012) 
reported that the adsorption of H+ ions in water onto the negatively charged kaolinite 
surface leads to increasing pH value. 



 Experimental study on electrokinetic of kaolinite particles in aqueous suspension 667 

Figure 6 b shows that the stretching vibration intensity of -OH group in the range of 
3700–3600 cm–1 is stronger when the soaking time is 2 days. The stretching vibration 
intensity of –OH in the range of 3700–3600 cm–1 will weaken after the kaolinite 
sample soaked for 4 days. 

The effect of cation on zeta potential of kaolinite particle surface  

The zeta potentials of kaolinite at pH 7 as a function of Ca2+ concentration are shown 
in Fig. 7a. The zeta potentials of kaolinite at pH 7 in the presence of 86 mg/dm3 
multivalent metal cations (0.00374 mol/dm3 Na+, 0.00215 mol/dm3 Ca2+, 0.00358 
mol/dm3 Mg2+ or 0.00319 mol/dm3 Al3+) were measured and results are presented in 
Fig. 7b.  

As can be seen from Fig. 7a, with Ca2+ concentration increasing, the absolute value 
of the surface zeta potentials of kaolinite gradually decrease. When Ca2+ concentration 
reaches 0.00215 mol/dm3, the absolute value of zeta potential is decreased by 51.66%, 
and then tends to balance, the absolute value of zeta potential does not change 
significantly. This proofs that the adsorption of Ca2+ to kaolinite particle tends to be 
stability and saturation (Zhang et al., 2011). It can be seen from Fig. 7b that the zeta 
potential absolute value decreases with the increase of metal cationic valence. 

    

Fig.7 Zeta potential of kaolinite in the presence of Na+,Ca2+, Mg2+, Al3+ 

The strong zeta potential change in the presence of the metal ions was likely due to 
two reasons. The first was the compression of the electrical double layer by the 
multivalent metal cations. Taking Mg2+ as an example, the addition of 10–3 mol/dm3 
divalent Mg2+ cations would theoretically reduce the thickness of the electric double 
layers of kaolinite from 9.6 nm (with 10–3 mol/ dm3 KCl as supporting electrolyte) to 
5.6 nm (Gan and Liu, 2008; Zhang et al., 2008; Wang and Hu, 1988). If the surface 
potential is unchanged, the reduced electric double layer thickness means that the zeta 
potential of the particles would be lower. The second was the hydrolysis and 
adsorption of the metal-hydroxyl species on kaolinite. At above pH 8, these metal 
cations were hydrolyzed. The positively charged hydrolyzed species such as CaOH+, 



 F. Min, Q. Zhao, L. Liu 668 

MgOH+, and AlOH2+ could adsorb on the deprotonated surface kaolinite edges. This 
“charge-neutralization” effect of the multivalent metal ions has been widely reported 
in water treatment (Duman et al., 2012; Gan and Liu, 2008). The high valence cation 
has more positive charge under the same concentration conditions. Its compression 
capacity to the particle surface electric double layer is stronger, and for the unit 
positive charge, Ca2+ and Mg2+ have greater impact than Al3+on the electric potential of 
kaolin particle surface. The Ca2+ has better compression capacity to the particle surface 
electric double layer, so the absolute value of the zeta potential decreases more, which 
relates to their different capacity of adsorption to the surface of kaolin particles.  

Change of zeta potential and interaction between kaolinite particles and other 
mineral particles 

Figure 8 shows the comparison of the zeta potential at pH 7 between the single system 
of kaolinite (named K) or quartz (named Q) and the binary-system with different 
quantitative ratio of kaolinite to bitumen. 
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Fig. 8. Zeta potential curves in single systems of kaolinite and quartz (a) and coal and binary systems 

containing kaolinite and quartz or kaolinite and bitumen (b) 

It can be seen that the absolute value of zeta potential in binary-system was lower 
than that in single kaolinite or quartz system, when the ratio of kaolinite to quartz is 
about 1:1. The absolute value of the surface potential of binary-system reaches the 
minimum, which suggested that the presence of quartz decreased the absolute value of 
zeta potential of the binary-system containing kaolinite and quartz. When kaolinite 
and quartz exist simultaneously in the same colloid suspension system, the 
electrostatic attraction makes the particle of kaolinite close to the particle of quartz, 
the interaction of the diffuse layers on oppositely charged particles decreases the value 
of effective charge density on kaolinite and quartz, and thus the zeta potential in the 
mixed charge system moves to the positive value side compared to the single kaolinite 
system (Hou et al., 2007; Lu and Hon, 1992; Gupta et al., 2011). In addition, the 
average particle size of the quartz samples used in the test is approximately 
48.264 μm, the average particle size of kaolinite samples is about 0.735 μm. Since the 
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large difference between the two samples particle size, both of them are prone to 
mutual coagulation, in which the kaolinite particle owning the size of less than 1μm 
tend to coagulate. The quartz particles which size is larger than 1μm tend to participate 
in mutual coagulation (Lu and Hon, 1992; Gupta et al., 2011).   

In a slightly acidic solution, the kaolinite edge is positively charged through 
protonation of surface hydroxyl groups. On the other hand, bituminous coal particles 
are a mixture of hydrocarbons containing carboxylic and phenolic groups. These 
groups exposed to the aqueous phase are ionized at basic pH and thus carry negative 
charges (Gan and Liu, 2008). Thus, the kaolinite particles and bituminous coal 
particles can interact with negatively charged coal particles droplets through 
electrostatic attraction, which induced the absolute value of zeta potential decrease. 

The surface interaction mechanism of mixed mineral particles can be analyzed 
using the classical DLVO theory. The general formula of total energy (VT) between the 
mineral particles can be expressed (Tombacz and Szekeres, 2006) as:  

 ART VVV    (1) 

where VT is the total energy, VR and VA are the electrostatic and van der Waals energy 
between the particles. The potential energy of the electrical double layer interaction 
between two homogeneous spheres can be expressed (Rao et al., 2011; Duman et al., 
2012) by: 
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where r1 and r2 are the radius of kaolinite and quartz particles, a the permittivity, 

01 and 02  outer Helmholtz plane (OHP) potential or zeta potential of kaolinite and 
quartz particles, p and q can be expressed (Rao et al., 2011 ; Duman et al., 2012) by: 
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where h is the shortest separation between two particles and   the Debye reciprocal 
length, which is given (Tombacz and Szekeres, 2006) by: 

 
i iiBA MzTkNe 222 /1000   (5) 

where NA is the Avogadro's number, Zi and Mi are the valence of and the molar 
concentration of ions I, kB the Boltzmann constant, T absolute temperature, e the 
elementary charge, Z the valence of determining ion;  
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The van der Waals interaction between two homogeneous particles is expressed 
(Rao et al., 2011; Duman et al., 2012) by: 
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where A132 is the Hamaker constant of particles 1and particles 2 in medium 3, which 
may be obtained (Rao et al., 2011; Duman et al., 2012) by: 

   33223311132 AAAAA   (7) 

where A11 , A22and A33 are the Hamaker constants of particles 1, particles 2 and 
medium 3 in vacuum, respectively. 
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Fig. 9. Interaction energy profiles for different surface interactions  
of kaolinite and other mineral particles 

Based on the DLVO theory, the total potential energy of interaction between 
particles in aqueous solutions as a function of distance between the particles was 
calculated. The results are presented in Fig. 9.  

As can be seen, the interaction energy between the particles of different mineral is 
repulsive at the pH 7 due to the strong electrostatic repulsion between negatively 
charged particles faces. The repulsion order is as follows: (K+C) (repulsion between 
kaolinite and coal particles) > Q (repulsion between quartz particles) > (K + Q) 
(repulsion between quartz and kaolinite particles) > K(repulsion between kaolinite 
particles) > C(repulsion between coal particles). However, the order of the absolute 
value of the mineral particle surface zeta potential is zetaQ > zetaK > zeta(K+C) > zetaC > 
zeta(K+Q), and the result is vary with the classical DLVO theory, which may be the 
reason why the particles tend to occur mutual coagulation phenomen to cause the 
repulsion energy between the particles has been reduced. 



 Experimental study on electrokinetic of kaolinite particles in aqueous suspension 671 

It can be seen from Fig. 3a that as the agitating speed increases, the absolute value 
of zeta potential of kaolinite particles surface first decreases. 

Conclusions 

The absolute value of zeta potential reaches its maximum and then tends to decrease 
with increasing immersion time. With the pH value increasing, the absolute value of 
zeta potential gradually increases and reaches its maximum at pH 8. No isoelectric 
point was found in the experimental range of 2–13 pH value, which may be because 
the sample contains other heterogeneities and kaolinite suspension concentration also 
can affect the zeta potential value of the suspension. 

The order of the ability to reduce the zeta potential of kaolin particles surface under 
the conditions of the different valences of cations in the same concentration is that 
Al3+ > Ca2+ > Mg2+ > Na+. 

The suspension particle surface ion adsorption and the change of surface bonds of 
Si–O, Al–O and Al–OH are the underlying reasons to change surface zeta potential of 
kaolin suspension particle. 

The repulsion of different mineral particles in the mixed suspension liquid of 
kaolinite with quartz and coal is in dominant position, and that the existence of mutual 
coagulation role in the different mineral particles makes the absolute value of the zeta 
potential of the particle surface to reduce. 
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Abstract: Novel SiO2/silane/POSS functional hybrids have been synthesized via an immobilization 
method. Hybrid materials were obtained through a connection of emulsion silica with defined dispersive 
and morphological properties with (3-isocyanatepropyl)triethoxysilane and selected mono- or 
octasubstituted POSS compounds in organic solvent. Modification effectiveness of the obtained 
SiO2/silane/POSS hybrid systems was confirmed with the use of the Fourier transform infrared 
spectroscopy (FTIR). In order to determine the influence of bifunctionalization on coverage degree of the 
selected POSS compounds, elemental analysis (C, H, N contents) was performed. Moreover, parameters 
of porous structure of the obtained products were determined: BET surface area, total volume and mean 
size of pores. During analysis the thermal stability of silsesquioxanes cage, unmodified silica support, and 
hybrid systems have been investigated. For this purpose dispersive and morphological characterization 
(particle size distribution and TEM images) was performed. 

Keywords: SiO2/silane/POSS hybrids, silica support, silsesquioxanes cage, bifunctionalization process 

Introduction 

Nanotechnology is a modern science, which is focused mainly on designing and 
creation of structures, of which at least one dimension is in nanometric scale 
(Swiderski, 2008; Szwarc-Rzepka, 2013). Among nanofillers particularly interesting 
are various silica products, silsesquioxanes, fullerens and carbon nanotubes. Those 
compounds are especially susceptible to various kinds of modifications (Zurawska, 
2003). 

One of the most popular modifiers, next to silane coupling agents (Andrzejewska, 
2004; Jesionowski, 2003; Jesionowski, 2010; Karim, 2012), are polyhedral oligomeric 
silsesquioxanes (POSS) (Wu, 2009). POSS is a group of compounds build of 
inorganic and organic part. The inorganic core is made of silicon-oxygen cage. On the 
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other hand, organic fragments, located at the corners of the cage, might be composed 
of alkil, alkylen, epoxy, hydroxyl, acryl, methacrylate or other organic groups and 
their derivatives (Kuo, 2001; Li, 2001; Ipoh, 1995). Usually, oligomeric 
silsesquioxanes are colorless, crystalline substances in the 1–100 nm particle size 
range (Zhang, 2009; Iyer, 2007; Utracki, 2004). They crystallize from solution usually 
in form of white powders. However, they might also appear in form of colorless oil or 
waxes (Ye, 2006; Kickelbick, 2007). 

Dynamic development of nanotechnology have had a significant influence on a 
formation of novel synthesis method of functionalized nanofillers. Addition of 
materials of particle size lower than 100 nm to organic, as well as inorganic matrix is 
often a reason for improvement or maintaining constant properties of final components 
(Thostenson, 2005). 

Bianchini and Galland (2005) have modified surface of silica with polyhedral 
oligomeric silsesquioxanes, where amines are part of side functional groups. Goal of 
the research was to point at catalytic properties of metallocene and POSS modified 
silica in ethylene polymerization process. Equally interesting examples were obtained 
by Carniato et al. (2008). They have dealt with problems concerning surface 
bifunctionalization of an ordered mesoporous silica (SBA-15), and unordered silica 
(SiO2-Dav). For modification purpose (3-isocyanatepropyl)triethoxysilane and 
monosubstituted POSS with amine group, have been used. Obtained hybrid systems 
were utilized as a heterogenic catalysts in a limonene epoxydation reaction. 

In this paper grafting of traditional inorganic support, namely silica, with well 
known silane proadhesive compound, and modern modifying agents, that is cage 
silsesquioxanes, was performed on the basis of the bifunctionalization process. Due to 
the fact, that single cubic structure T8 is able to attach as much as eight reactive 
organic groups (Lee, 1998), properties of the obtained compounds, such as thermal 
stability, mechanical strength, catalytic activity etc., are improved.  

Experimental 

Materials 

The material studied was SiO2 filler precipitated in the emulsion system, in analogy to 
previously described procedure by Jesionowski (2009). 

The inorganic filler surface was grafted with selected alkoxysilane (purchased from 
Sigma-Aldrich) (Table 1) and also with Methacryl POSS® Cage Mixture and 
AminoethylaminopropylIsobutyl POSS® (purchased from Hybrid Plastics® Co.) (Table 
2) in the amounts of 3, 5 or 10 weight parts by mass of SiO2. 
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Table 1. Alkoxysilane used for inorganic filler surface grafting 

Name (3-isocyanatepropyl)triethoxysilane 

Formula (C2H5O)3Si(CH2)3NCO 

Structure 

 

Molecular weight 247.36 

Form liquid 

Density (g/cm3) 0.999 (temperature 25 °C) 

Color transparently 

Table 2. POSS compounds used for inorganic filler surface functionalization 

Name Methacryl POSS® Cage Mixture AminoethylaminopropylIsobutyl POSS® 

Formula C56H88O28Si8 C33H76N2O12Si8 

Structure 

  

Molecular 

weight 
1433.97 917.65 

Form liquid (oily) powder 

Density (g/cm3) 1.200 (temperature 20 °C) 1.170 (temperature 20 °C) 

Color transparently white 

 

SiO2/silane/POSS hybrids synthesis 

Silica filler was submitted to the bifunctionalization via immobilization in organic 
solvent method. Schematic diagram of the bifunctionalization process has been 
presented in Fig. 1. 

The process consisted of two stages. To a four-necked flask, supplied with a high-
speed stirrer and mounted in a water bath, an appropriate fraction of emulsion silica 
was introduced into organic solvent – toluene. Nitrogen has been introduced in order 
to ensure inert atmosphere. When temperature in water bath reached 50 C, 
modification process started. With the use of a peristaltic pump, a proper amount of 
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organosilane (3, 5 or 10 weight parts by mass of silica) was dosed into toluene with 
rate equal to 1 cm3/min (1). Afterwards, selected POSS compound in organic solvent 
has been introduced into the system (2) with set rate of dosing.  

  

 

Fig. 1. Schematic diagram of SiO2/silane/POSS hybrid systems preparation 

After that time mixture remained in the reactor for 2 h under stirring (ca. 800 rpm). 
Then, the organic solvent was separated by distillation. Obtained powders has been 
dried in a convectional dryer in temperature as high as 120 C for 48 h. 

Evaluation of physicochemical properties 

The final products were characterized by a number of methods. The effectiveness, 
degree of bifunctionalization of SiO2 with silane and selected POSS compounds were 
estimated using the FTIR IFS 66v/S spectrophotometer made by Bruker.  

The chemical composition of the functionalized SiO2 systems were determined 
using a Vario EL Cube apparatus (Elementar Analysensysteme GmbH). 

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 BET equations the specific surface area BET (SBET) was calculated and the 
pore size (DP) and total pore volume (VP) were found from the BJH algorithm.  

Thermogravimetric analyses were performed using a Jupiter STA 449 F3 (Netzsch 
GmbH). Samples weighing approximately 10.0 mg were placed in an Al2O3 crucible, 
and heated at a rate of 10 ºC/min from 30 to 1000 ºC in a nitrogen atmosphere. 

The particle size distributions of the samples were measured using Zetasizer Nano 
ZS made by Malvern Instrument Ltd., enabling measurements in the range  
0.6–6000 nm (NIBS method). Microstructure of the samples was analyzed by using 
the transmission electron microscopy images (Joel 1200 EX II). 
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Results and discussion 

In the first stage of investigation Fourier transform infrared spectroscopy has been 
performed. 

Figure 2 shows the FTIR spectra of emulsion silica (ES) and the hybrid obtained 
after silica modification with 5 weight parts by mass of isocyanatesilane, and 10 
weight parts by mass of methacryl POSS compound (HS-I5.M10). The spectra 
presented prove a high efficiency of modification and change in the chemical 
character of the SiO2 surface. Emulsion silica presents two characteristic absorptions 
bands at 1100 and 595 cm–1, which are assigned to Si–O–Si stretching vibration, 
respectively. The spectrum of unmodified silica also shows adsorption band around 
1640 cm-1, which is assigned to the bending mode of physically adsorbed water 
molecules, in analogy to (Hong, 2007). Additionally, the intensity of the band at 
3600–3200 cm-1, assigned to the stretching vibrations of –OH groups, is coming from 
physically adsorbed water. 

 

Fig. 2. FTIR spectra of unmodified emulsion silica (ES) and the hybrid obtained via modification  
with 5 weight parts by mass of (3-isocyanatepropyl)triethoxysilane and 10 weight parts by mass  

of Methacryl POSS® Cage Mixture (ES-I5.M10) 

As a result of the performed bifunctionalization process a change in the band 
intensity at 3700–3200 cm-1 in the spectrum of the ES-I5.M10 sample has been 
observed and assigned to the stretching vibrations of –OH group, which might be 
related to changes in the hydrophilic–hydrophobic properties of the specimen. 
Moreover, the reduction of the intensity of this band confirms a chemical bonding of 
the modifier to silica surface and an effective substitution of double vicinal groups by 
its molecules. Besides, spectrum of the produced hybrids contains the stretching 
vibration band ν(C–H) in the range of 2950–2850 cm-1. The band at 1720 cm-1 arises 
from the carbonyl stretching vibrations (ν(=C=O)) which corresponds to 
isocyanatesilane and methacrylate groups. Noteworthy is the presence of a weak 
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absorption band at 1550 cm-1, which most likely relate to appearing of ν(C=C). 
Finally, absorption band corresponding to the stretching vibration of N=C=O group at 
2250 cm-1 for the hybrid was not observed, because these groups have been effectively 
substituted by molecules of POSS with methacrylate groups. Analogical situation and 
suggested mechanism of SiO2/modifier interactions, has been presented in our earlier 
work (Ciesielczyk, 2013). 

Additionally, in Fig. 3 FTIR spectra of the ES and the hybrids obtained as a result 
of the bifunctionalization of silica support with 5 weight parts by mass of 
isocyanatesilane and 10 weight parts by mass of AminoethylaminopropylIsobutyl 
POSS® (ES-I5.N10). A change in the band absorption intensity characteristic for 
physically adsorbed water molecules has been observed. Moreover, because of 
masking effect of the intensive band sourcing from –OH group, absorption band 
characteristic for stretching vibrations of N–H in 3500–3250 cm-1 range has not been 
observed. Additionally, raise in band intensity of ν(C–H) bonds in the range of  
2950–2850 cm-1 has been noted. Moreover, a formation of a very weak band assigned 
to secondary and primary amines has been also confirmed (Fig. 3). 

 

Fig. 3. FTIR spectra of unmodified emulsion silica (ES) and the hybrid obtained by their modification 
with 5 weight parts by mass of (3-isocyanatepropyl)triethoxysilane and 10 weight parts by mass  

of AminoethylaminopropylIsobutyl POSS® (ES-I5.N10) 

Furthermore, chemical composition of the obtained materials was determined using 
elemental analysis (Table 3). The procedure was performed in order to verify the 
effectiveness of the modification process and to calculate the surface coverage degree 
of the silica support with (3-isocyanatepropyl)triethoxysilane and selected POSS 
compounds. The degree of coverage was calculated from the Berendsen and de Golan 
equation (1978). 

As a result of the silica supports bifunctionalization with silane and Methacryl 
POSS® Cage Mixture, the content of carbon and hydrogen was found to increase with 
rising the applied amounts of POSS modifier (in weight parts by mass). Since the 
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degree of coverage depends on the specific surface area of the initial support, lower 
values were obtained for emulsion silica modified with 5 weight parts by mass of the 
organosilane and 3, 5, 10 weight parts by mass of the methacryl POSS compound, i.e. 
0.505 μmol/m2, 0.548 μmol/m2, and 0.717 μmol/m2, respectively (Table 3). In the case 
of hybrid systems made from emulsion silica modified with 5 weight parts by mass of 
(3-isocyanatepropyl)triethoxysilane and 3, 5 or 10 weight parts by mass of 
AminoethylaminopropylIsobutyl POSS®, the content of carbon, hydrogen, and 
nitrogen also was found to increase with the applied amounts of POSS modifier. The 
obtained values of the coverage degree are as high as 0.927 μmol/m2, 1.078 μmol/m2, 
and 1.690 μmol/m2. 

Table 3. Elemental content of carbon, nitrogen and hydrogen and parameters of the porous structure  
of unmodified silica and silica-based fillers grafted with alkoxysilane and different amounts  

of Methacryl POSS® Cage Mixture and AminoethylaminopropylIsobutyl POSS® 

Elemental content (%) Parameters of porous structure 

Acronym 
N C H 

Degree of 
coverage 

(μmol/m2) SBET (m2/g)
VP  

(cm3/g) 
DP  

(nm) 

ES – 2.398 1.227 – 77 0.23 8 

ES-I5.M3 – 4.875 1.712 0.505 76 0.18 9 

ES-I5.M5 – 5.075 1.762 0.548 55 0.16 10 

ES-I5.M10 – 5.838 1.885 0.717 46 0.12 11 

ES-I5.N3 0.289 5.374 1.939 0.927 77 0.18 8 

ES-I5.N5 0.315 5.824 2.026 1.078 75 0.17 9 

ES-I5.N10 0.459 7.560 2.366 1.690 55 0.14 10 

 
In a further part of the research, an attempt to interpret the parameters of porous 

structures, such as specific surface area (SBET), total pore volume (VP) and mean size 
of pores (DP) of unmodified emulsion silica, as well as alkoxysilane and POSS 
modified silica filler has been undertaken. Investigation results have been set in Table 
3. Additionally, adsorption/desorption isotherms of nitrogen and pore size distribution 
of selected samples have been determined. Obtained results of selected powders have 
been presented in Fig. 4. Analysis of the data shown in Table 3 allows to state, that the 
obtained emulsion silica can be characterized with relatively high value of specific 
surface area equal to 77 m2/g, taking under consideration spherical shape of the 
particles. The product can be included into mesoporous adsorbents group. Pores 
volume equal to VP = 0.23 cm3/g, and pores diameter DP = 8 nm serves as a 
confirmation for the statement. From these data one can conclude that the process of 
emulsion silica bifunctionalization with use of silanes and oligomeric silsesquioxanes, 
caused significant changes in basic adsorption parameters. For samples 
bifunctionalized with 3, 5 or 10 weight parts by mass of methacryl POSS compound a 
decrease in pores volume has been noted, and reached values equal to 0.18 cm3/g,  
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0.16 cm3/g, and 0.12 cm3/g, respectively. For the hybrids obtained with the use of 
amino POSS compound, smaller changes have been noted in comparison to final silica 
filler. Worth mentioning is also fact, that the kind and amount of used modifier, 
undoubtedly have impact on adsorption properties of the produced hybrid systems. 

Analyzing data in Fig. 4 it has been stated that from isotherms set-up, according to 
IUPAC, are of type IV type with the hysteresis of type H3. It has been observed, that 
amount of adsorbed nitrogen on surface of the non-modified emulsion silica (Fig. 4a) 
slightly raises, until it reaches the value of relative pressure equal to 0.6. After 
exceeding the value of characteristic pressure rapid increase in adsorbed nitrogen has 
been observed, reaching maximum value as high as 122 m2/g at p/p0 = 1. For the 
presented hybrid systems functionalized with 3 or 10 weight parts by mass of POSS 
compounds (see Figs. 4b and 4c) an analogical dependence has been observed. 

 

 

Fig. 4. Nitrogen adsorption/desorption isotherms and pore size distributions for  
(a) unmodified emulsion silica and hybrid systems obtained using 5 weight parts by mass of  

the (3-isocyanatepropyl)triethoxysilane and (b) 3 or 10 weight parts by mass of the Methacryl POSS® 
Cage Mixture (ES-I5.M3, ES-I5.M10), and (c) 3 or 10 weight parts by mass of  

the AminoethylaminopropylIsobutyl POSS® (ES-I5.N3, ES-I5.N10) 
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Up to the value of relative pressure equal to p/p0 = 0.4, a slight increase in the 
amount of adsorbed nitrogen has been noted. After exceeding this value, the amount of 
adsorbed nitrogen rises rapidly. When value of relative pressure reached its maximum, 
i.e. 1.0, the amount of adsorbed gas molecules was equal to 122 cm3/g for ES-I5.M3 
(Fig. 4b), 85 cm3/g for ES-I5.M10 (Fig. 4b), 122 cm3/g for ES-I5.N3 (Fig. 4c), and  
95 cm3/g for sample ES-I5.N10 (Fig. 4c). 

Examination of the bifunctionalization process effectiveness has been broaden by 
thermal analysis TG/DTA (Fig. 5) of the pure POSS compounds, final silica support, 
and selected hybrid materials. The results from TG/DTA analysis allowed to estimate 
temperatures range, which correspond to important chemical and structural transitions 
of the obtained hybrids. 

Figure 5a shows a TGA thermograms of pure silsesquioxanes used for the hybrids 
obtained. As it can be seen, the TGA curve of pure Methacryl POSS® Cage Mixture 
revealed a mass loss of about 43% at 550 C. The process continued until total 
degradation of the methacrylate groups substituted at the silicon atoms of the POSS 
skeleton. The rapid mass changes are accompanied by exothermic effects in 
temperature range from 300 to 700 C. In the case of AminoethylaminopropylIsobutyl 
POSS® a two-stage degradation process has been observed. At the first stage an 
insignificant mass loss is most likely related to humidity evaporation, which has been 
captured by the compound as a result of heating process. The second change begins at 
400 C, and is accompanied by strong exothermic effect. At temperature as high as 
500 C sample mass stabilizes, and further increase in temperature does not cause 
considerable mass change. Total mass loss is equal to ~95%. 

 
 

Fig. 5. Thermograms of (a) pure Methacryl POSS® Cage Mixture and AminoethylaminopropylIsobutyl 
POSS® and (b) unmodified emulsion silica, and hybrids functionalization with 5 weight parts by mass  

of isocyanatosilane and 10 weight parts by mass of selected POSS compounds 

Figure 5b shows TGA thermograms of the unmodified emulsion silica and 
hybrids obtained by silica functionalization with 5 weight parts by mass of 
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isocyanatesilane, and 10 weight parts by mass of the selected POSS compounds. 
Analysis of the hybrid systems has been performed in order to determine thermal 
stability. The obtained thermograms were compared with curves characteristic for pure 
POSS modifiers. In case of the unmodified silica filler first mass loss is observable in 
temperature range from 30 to 300 C, and most likely corresponds to loss of 
physically and chemically bound water. At this point mass loss is slightly above 10%. 
The mass change is also connected with endothermic effect. In further part of 
thermogram mass loss equal to 7% is observable, which is reflected by exothermic 
effect on the DTA curve (Fig. 5b). Observable thermal effect in the temperature range 
300–700 C corresponds to a loss of constitutional water. Afterwards only slight mass 
loss have been registered. For the selected hybrid systems (ES-I5.M10 and ES-I5.N10) 
two-stage degradation process has been observed as well. First mass loss for both 
systems is somewhat smaller and equal to ~8%. Additionally, the change is 
accompanied with endothermic effect. Second change characterize with exothermic 
effect (from 300 to 700 oC), and likely corresponds to degradation of the organic 
substituents, which appears in the corners of silsesquioxane. Noteworthy is fact, that 
no significant changes in the thermogravimetric curves, resulting from change of the 
cage modifier, have been observed. As can be noted for this example, mass loss for 
sample functionalized with AminoethylaminopropylIsobutyl POSS® (ES-I5.N10) is 
slightly lower in comparison to the hybrid bifunctionalized with methacryl POSS 
compound, and is equal to 16% of total mass sample. 

Moreover, for the final support and SiO2/silane/POSS functionalized hybrids 
dispersive and morphological characteristics have been performed. These parameters 
determine potential application of such systems, e.g. as a polymers filler. The particle 
size distribution according to volume contribution obtained for the unmodified SiO2 is 
presented in Fig. 6a. One band covering the particle diameters from 342 to 712 nm 
with the maximum volume contribution of 32.2% comes from particles of 459 nm in 
diameter. 

  

Fig. 6. PSD (a) and TEM microphotograph (b) of the unmodified SiO2  
precipitated in the emulsion system 
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The polydispersity index (PdI) of this filler is equal to 0.419. The TEM 
microphotograph of the studied sample is presented in Fig. 6b. The picture serves as a 
confirmation for the presence of particles with small diameters (corresponding to those 
indicated in the particle size distributions), significant homogeneity, spherical shape, 
and showing low tendency to form agglomerate structures. 

Table 4 presents dispersive and morphological characteristics of hybrids obtained 
as a result of SiO2 modification with 5 weight parts by mass of organosilane and 
Methacryl POSS® Cage Mixture in different amounts. The results prove that the 
bifunctionalization has caused significant changes in dispersive character of the hybrid 
systems obtained. 

Table 4. Dispersive and morphological characteristics of hybrid fillers obtained after SiO2 modification 
with (3-isocyanatepropyl)triethoxysilane and Methacryl POSS® Cage Mixture in different amounts 

Amounts of 
modifiers 

(weight parts 
 by mass) 

Dispersive properties 

Acronym 

Silane POSS 
Diameters 

range  
(nm) 

Dominant 
particles 
diameter 

(nm) 

PdI 

TEM microphotograph 

E
S

-I
5.

M
3 

3 
396–955; 

1110–2300 
712 (18.5%) 1.000 

 

E
S

-I
5.

M
5 

5 459–955 712 (33.6%) 0.647 

 

E
S

-I
5.

M
10

 

5 

10 531–1280 825 (28.6%) 0.674 
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Analyzing data collected and set-up in Table 4 it has been concluded that filler 
obtained after 2-hour functionalization with use of 5 weight part (3-isocyanate-
propyl)triethoxysilane, and various amounts of the methacryl POSS compound can be 
described with different particles sizes. All samples presented in Table 4 show high 
tendency to particles agglomeration. For presented systems an increase in the 
polidispersity index in comparison to the final support has been observed. For 
instance, sample modified with 5 weight parts by mass of the silane and 3 weight parts 
by mass of POSS with methacrylate groups has PdI value equal to 1.  

Table 5. Dispersive and morphological characteristics of the hybrid fillers obtained after SiO2 
modification with (3-isocyanatepropyl)triethoxysilane and AminoethylaminopropylIsobutyl POSS® 

in different amounts 

Amounts of 
modifiers 

(weight parts by 
mass) 

Dispersive properties 

Acronym 

Silane POSS 
Diameters 

range  
(nm) 

Dominant 
particles 
diameter 

(nm) 

PdI 

TEM microphotograph 

E
S

-I
5.

N
3 

3 
295–955; 

1110–6440 
396 (18.8%) 1.000 

 

E
S

-I
5.

N
5 

5 825–2300 1280 (31.4%) 0.897 

 

E
S

-I
5.

N
10

 

5 

10 255–825 456 (17.3%) 0.714 

 
 

The most attractive dispersive parameters are observed for the hybrid synthesized 
with use of 5 weight parts by mass of Methacryl POSS® Cage Mixture. Data analysis 
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suggests that the sample is characterized with the monomodal particle size distribution 
in particles diameter range 459–955 nm and with volume fraction maximum equal to 
33.6% pointing at particles with diameter as high as 712 nm, its polidispersity index is 
equal to 0.647. 

Furthermore, Table 5 presents data of systems obtained with use of 5 weight parts 
by mass of (3-isocyanatepropyl)triethoxysilane and Aminoethylamino-propylIsobutyl 
POSS® in different amounts. The bifunctionalization contribute to a significant rise of 
analyzed particles size, with exception for sample ES-I5.N10, modified with 
10 weight parts of amino POSS, which shows the most analogous dispersive character 
to the unmodified emulsion silica (see Fig. 6a). Analysis of the presented results let us 
to notice a monomodal particles size distribution in the diameter range of 255–6440 
nm for SiO2 modified with 5 weight parts by mass of silane, and 10 weight parts by 
mass of POSS. The highest volumetric fraction (17.3%) in the sample corresponds to 
particles diameter equal to 456 nm and the PdI of these sample was 0.714. 

Conclusions 

As a result of the investigation, novel SiO2/silane/POSS functional hybrids have been 
obtained. It was stated that proposed modification route is an effective process, and it 
significantly contributes to changes in their physicochemical parameters. It was 
confirmed by the presented FTIR results. 

Bifunctionalization of emulsion silica with POSS compounds increases coverage 
degree along with an increase in the applied amounts of the POSS modifiers. This was 
confirmed by the content of carbon and hydrogen. Higher values of the coverage 
degree were obtained in case of utilization of monosubstituted POSS, i.e. 
AminoethylaminopropylIsobutyl POSS®. 

Examined parameters of porous structure of hybrid materials synthesized with 
utilization of N-POSS are higher than values noted for the hybrid obtained with use of 
Methacyl POSS® Cage Mixture. 

SiO2/silane/POSS hybrids acquired via immobilization in organic solvent are 
characterized with small shift in thermal stability. However, a change in the 
bifunctionalized samples mass loss, in comparison to native silsesquioxane cage, has 
been observed. 

Performed process of the emulsion silica bifunctionalization with organofunctional 
silane and POSS modifier have contributed to a change in dispersive character of the 
obtained fillers.  
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Abstract: The purpose of this study is to investigate the use of İzmir (Menderes-Cumaovası) expanded 
perlite as a construction raw material by determining its characteristic properties, as well as its physical 
properties at different temperatures (up to 600°C). The perlites, having glassy, porous structure, were 
found to contain 70.68% SiO2

 and 13.04% Al2O3. The physical properties of the perlites changed with 
temperature. The highest surface area, 524 m2/g, was obtained at 400°C. The physical properties were 
found to have high statistical relation. It was concluded that expanded perlite aggregates could be used as 
a construction raw material. 

Keywords: perlite, lightweight aggregate, characteristic property, physical property, temperature, 

construction raw material 

Introduction 

Perlite, which is obtained from pumice, contains 2–5% water and has a glassy form of 
rhyolitic or dacitic magma. The commercial product, commonly designated as 
expanded perlite, is produced by heating the material to 760–1100 °C, thereby 
converting its indigenous water to vapor and causing the material to expand to 4 to 20 
times its original volume while forming lightweight high-porosity aggregates (Dogan 
and Alkan, 2004; Harben and Bates, 1990). The heating process does not change the 
perlite density (2.2–2.3 kg/dm3) but the bulk density decreases to 60–80 g/dm3. During 
the thermal treatments, a structural transition from amorphous to crystalline occurs, 
accompanied by increased cation exchange capacity (CEC) from 20–30 to 35–50 
cmol/kg, as a result of the multiplication of broken edges, and increased specific 
surface area from 1.2 to 2.3 m2/g (Dogan and Alkan, 2004).  

http://dx.doi.org/10.5277/ppmp130227 
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Perlite is basically the mineral obsidian. Perlite mineral deposits exist in many 
countries of the world, but the expanded product is only available in countries which 
have commercial expanding plants (Topcu and Isıkdag, 2007). The world reserves of 
perlite are estimated as 700 million tons. In 2011, 1.7 million tons had been produced, 
mostly by Greece (500.000 Mg), United States (375.000 t) and Turkey (220.000 Mg); 
however, no information for China, leading producer, was available (Bolen, 2011). 
Turkey’s 160.000 tons of probable perlite reserves are located in Menderes, İzmir. 
Although our country has rich resources and capacity of perlite, domestic demand is 
very limited and most of the produced perlite is imported.  

Perlite is used in various areas such as construction materials, agriculture, medical 
and chemical industry. Moreover, expanded perlite aggregate (EPA) has been used 
within the constructional elements such as brick, plaster, pipe, wall and floor block; 
however has not been industrially utilized in concrete yet. EPA is a heat and sound 
insulator, and lightweight material which ensures economic benefits in constructions 
(Topcu and Isıkdag, 2008). Many researchers have studied the characteristic properties 
of the perlites and their use as construction materials (Singh and Garg, 1991; 
Demirboga et al., 2001; Demirboga and Gul, 2003; Lanzon and Garcia-Ruiz, 2008; 
Sari et al., 2009; Sengul et al., 2011; Çelik, 2010). In these studies, mainly the use of 
perlite as a thermal insulator in lightweight concrete and brick production was 
examined.  

The aim of this study is to determine the characteristic properties of Menderes 
expanded perlite aggregate and investigate changes in their physical properties 
depending on temperature. Also, the analyses, to determine the use of EPA as a raw 
material for construction, are performed. This study will be the basis of the 
forthcoming studies in which Menderes expanded perlite aggregate is used as a 
construction raw material.   

Materials and method 

Expanded perlite was obtained from Menderes-Cumaovası Perlite Processing Plant of 
Eti Mine Works (İzmir, Turkey). Perlites were expanded to 0.2-2 mm size and 150-
300 kg/m3 density at 1000 C by using high-temperature furnaces at Eti Mine 
Menderes Works.   

To determine the characteristic properties of the expanded perlite at ambient 
temperature, chemical analysis, petrographic analysis, qualitative mineralogical 
analysis (XRD); scanning electron microscopy (SEM) analysis, energy dispersive X-
ray spectroscopy (EDS) analysis, thermo-gravimetric/differential thermal (TG-DTA) 
analysis, and surface area measurements were performed. At the same time, to find out 
some of the important physical properties of the expanded perlites at ambient 
temperature and temperatures up to 600 C, specific gravity, bulk density, porosity, 
water absorption and compactness ratio analyses were carried out on five different 
samples. The sieve analysis, fine matter analysis, organic matter content and loss on 

http://en.wikipedia.org/wiki/Tonne
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ignition analyses were also performed to determine the use of expanded perlite as a 
construction raw material. Analyses were performed at Mining Technical Research 
Institute (MTA), Ankara, Turkey and Middle East Technical University (METU) 
Chemical Engineering Department, Ankara, Turkey.  

Petrographic analysis was done by Olympus BH-2 microscope. Chemical analysis 
of the 105 C dried samples was performed by using the Siemens SRS 300 X-ray 
Fluorescence Spectrometer (XRF) instrument. XRD of the powdered samples was 
carried by using Rigaku XRD Geigerflex equipped with Cu X-ray tube. XRD patterns 
were recorded from 20°<2θ<60° with step of 0.02°. Images and elemental 
composition of the samples were obtained by SEM instrument using FEI Quanta 400 
MK2 equipped with EDAX Genesis XM 4i detector. Proportional elemental 
distribution was found by EDS analyzer. The amount of weight loss of the perlite 
samples were determined by TG-DTA using TG/DTA 6300 S11 EXSTAR 6000. The 
measurements were performed up to 1000 °C under air flow using uniform heating 
rate of 20 °C/min.  The sample holder was cylindrical-shaped platinum crucible 
having a diameter of 6 mm and height of 10 mm. 

BET (Brunauer, Emmett and Teller) surface area measurements were performed by 
Nova Instruments Quantochrome 2200. To determine the bulk densities, the samples 
were grinded, sieved through 16 mesh sieves (1 mm sieve opening) and impurities 
were removed. The bulk density analyses were done according to TS 3529 and ASTM 
C-127-42 standards. Specific gravities were determined by means of a pycnometer in 
accordance with TS 1114 EN13055-1 standards. Porosity measurements were 
performed by Autopore IV 9220 mercury porosimeter. Before the above mentioned 
analyses, the samples were put into the furnace at the preset temperature for two 
hours.  

Water absorption properties of the particles smaller than 4-8 mm were found 
according to TS 1114 EN 13055-1 and ASTM C 127-42 standards. The compactness 
ratio was determined in accordance with ASTM C 127-42 and 128-57 standards. 

The sieve analysis and fine matter analysis, which was done to determine the 
usability of EPA as a construction material, was performed according to TS 1114 EN 
13055-1 standards. Organic matter content was determined according to TS EN 1744-
1, in which expanded perlite aggregate having 2-4 mm size was exposed to 3-6% 
NaOH for 24 hours. The presence of organic matter after 24 hours was determined 
according to the light yellow, dark brown or red color of the aggregates. The loss on 
ignition analysis of expanded perlite aggregates were carried out according to TS 1114 
EN 13055-1 standards.  
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Results and discussion 

Mineralogical and petrographic analyses of EPA 

Perlite, in terms of color and chemical composition, resembles mostly to pumice. The 
most effective way of separating perlite from diatomite, pumice and other volcanic 
originated rocks is their mineralogical and petrographic analyses. The chemical 
analysis results are given in Table 1. As a result of the chemical analysis, it was 
observed that perlite has an average SiO2

 and Al2O3 amount of 70.68% and 13.04%, 
respectively, which is compatible with the literature (Topcu and Isıkdag, 2007; Tekin 
et al., 2010). Also as a result of the XRD analysis (Figure 1), perlite samples were 
found to consist of amorphous silica and opal-CT (98%) and trace amounts of feldspar 
and quartz. A similar XRD pattern was also found by Sodeyama et al. (1999). 

Table 1. Chemical analysis and loss on ignition analysis results of EPA samples (%) 

Sample No SiO2 Al2O3 Na2O K2O Fe2O3 CaO+MgO *LoI 

1 70.7 13.0 3.6 4.6 0.8 3.9 3.1 

2 69.8 12.1 3.3 4.2 1.1 3.5 3.0 

3 71.4 13.8 3.8 3.9 1.6 3.6 3.2 

4 70.4 13.4 3.5 4.4 1.0 3.9 3.1 

5 71.1 12.9 3.5 4.6 0.7 4.0 3.0 

Average 70.68 13.04 3.54 4.34 1.04 3.78 3.08 

*LoI: Loss on ignition 

 

Fig. 1. XRD analysis of EPA 
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The petrographic investigation on the expanded perlite is given in Figure 2. As seen 
from the microphotograph, perlite had a glassy and porous structure. There was 
countless number of pores, each having different micron sizes. This structure of the 
perlite makes it lighter, while providing a big advantage in terms of heat and sound 
transmission. In the analysis, the presence of opal-CT, feldspar, mica, illite and quartz 
minerals were determined within the perlite structure (Figure 2).  

 

Fig. 2. Microphotograph showing feldspar and quartz in EPA 

 

Fig. 3. SEM images of EPA 

SEM images of EPA, Figure 3, also had a crystal-like porous and glassy structure. 
SEM images are similar to the image given by Sarı et al. (2009). The proportional 
distribution of the elements, determined by EDS analysis (Figure 4), showed that 
within the expanded perlite samples, silicon (45.13%), oxygen (38.91%), aluminum 
(8%), potassium (5.58%) and sodium (2.37%) were present. 
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Fig. 4. EDS analysis of EPA 

Thermal analyses of EPA 

From the TGA analysis (Figure 5), it was found that the perlite sample lost all its 
moisture till 200C and had a weight loss of 1.4% at 450 C. At temperatures above 
500°C, no considerable weight loss (0.3%) was observed. At 1000 C, perlite had a 
total weight loss of 1.8%, which shows that it can be used at high-temperature 
applications. Roulia et al., 2006 also found that expanded perlite retains 1.6–1.9 wt% 
water for all studied temperatures (till 950°C). The dehydration in perlites is divided to 
three temperature ranges by Roulia et al., 2006: 0–250°C, 250–550°C and 550–950°C. 
In the first temperature range, the molecular water bound loosely either superficially 
or adsorbed in pores are released. In the second temperature range molecular water 
trapped into the inner pores of the material is released. At the last temperature range –
OH groups associated to the oxygen atoms through strong hydrogen bonding are 
released. 

Besides, DTA curve gave an exothermic peak at 250 C. This broad peak 
corresponds to the release of water either bound loosely or trapped into the inner pores 
of expanded perlite. The exothermic peak can also be attributed to the glass 
compression and internal surface area diminution. Roulia et al. (2006) also found an 
exothermic peak in the DTA curve for expanded perlite at around 250°C. The phase 
change started in the temperature range of 500-600 °C and completed at 1000 C.  
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Fig. 5. TG-DTA curves of EPA (heating rate = 20 C/min.) 

To determine the mass loss of expanded perlite with heat, loss on ignition test was 
performed and the results are given in Table 1. As seen in Table 1, the loss on ignition 
of EPA was less than 5% (3.08±0.09%). This result confirms that EPA can be used as 
a construction raw material when tested according to TS 1114 EN 13055-1 standard. 

Variation of physical properties of EPA with temperature 

Surface area, bulk density, specific gravity, porosity, water absorption and 
compactness ratio values of EPA were determined at different temperatures and given 
in Table 2. The highest surface area (523.8±18.5 m2/g) was obtained at 400 °C which 
decreased with the increase in temperature. As temperature was increased above 
400°C, thermolysis began and the perlite samples started to decompose. At 
temperatures above 600 °C, the decomposition of perlite samples was practically  
 

Table 2. Physical properties of EPA at different temperatures 

Temperature 
(oC) 

Surface  
area 

(m2g-1) 

Specific 
gravity 
(kg/m3) 

Bulk  
density 
(kg/m3) 

Porosity (%) Water  
absorption 

 (%) 

Compactness 
ratio 

Ambient 108.77.1 197390 23010 791.30 71.11.0 0.120.04 

100 295.44.3 195850 22020 681.90 67.80.9 0.110.07 

200 308.511.2 193695 21020 562.00 63.70.9 0.110.03 

300 442.916.7 192260 19010 481.10 59.80.7 0.100.01 

400 523.818.5 190580 15040 431.10 51.50.8 0.080.04 

500 265.58.9 188640 10010 360.95 48.50.6 0.060.01 

600 73.06.4 184560 8510 300.85 44.50.6 0.050.01 
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finished and the surface area decreased. Bulk density, specific gravity, porosity and 
compactness ratio values decreased depending on the temperature. The highest values 
were reached at 100 °C, whereas the lowest values were attained at 600 °C. EPA has 
a specific gravity of 1973±90 kg/m3 and bulk density of 230±10 kg/m3 at 100°C, 
whereas these values decreased to 1905±80 kg/m3 and 150±40 kg/m3 at 400°C, 
respectively. The porosity, water absorption and compactness ratio of EPA decreased 
from 79.00±1.30% to 43.00±1.10%, 71.1±1.0% to 51.5±0.8%, and 0.12±0.04% to 
0.08±0.04% at 400°C, respectively. 

Sieve, fine matter and organic content analyses 

Sieve analysis, fine matter analysis and organic matter content analyses were 
performed to investigate if EPA could be used as a construction raw material. From 
the sieve analysis (Figure 6), performed according to TS 1114 EN 13055-1 standards, 
it was observed that EPA was within the standard range. So it can be concluded that it 
can be used during the production of construction materials.   

 

Fig. 6. Sieve analysis curve 

Fine matter analysis of EPA, given in Table 3, was performed to determine the 
suitability of 0-4 mm particle size to TS 1114 EN 13055-1 standard. The fine matter 
analysis defined in the standard was the percent ratio of the oversized material to the 
undersized residue when 0.063 mm sieve opening was used. The evaluation of the 
results showed that fine matter content was less than 5% (3.68±0.07%) as specified in 
the standard. Presence of organic matter in EPA is inconvenient and unfavorable. 
According to the experimental criteria given in TS EN 1744-1 standard, no organic 
matter formation was detected in EPA. These analyses together with mass loss on 
ignition analysis showed that EPA can be used as a construction raw material. 
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Table 3. Fine matter amounts of EPA (0-4 mm sieve opening) 

Sample No 1 2 3 4 5 
Dry weight (g) 1030 1050 1100 1050 1000 
0.063 mm – Oversize weight (g) 480 456 502 483 448 
1.0+0.5 mm – Oversize weight (g) 212 198 225 211 204 
1.6+1 mm – Oversize weight (g) 146 165 174 150 142 
2+1.6 mm – Oversize weight (g) 106 119 111 124 109 
4+2 mm – Oversize weight (g) 44 73 52 49 56 
Total oversize material weight (g) 988 1011 1064 1017 958 
Total undersize residue weight (g) 42 39 36 33 42 
Fine matter ratio (%) 4.07 3.71 3.27 3.14 4.20 
Average (%) 3.68 

Comparison of characteristic properties 

When the characteristic properties of perlite were examined, it was observed that 
chemical analysis, petrographic analysis, XRD, SEM and EDS analysis results support 
each other. TG-DTA analysis showed changes in direct proportion to the mass loss on 
ignition. Besides, significant statistical relations exist between the physical properties 
of the perlite; especially between specific gravity and bulk density (R2 = 0,9252) (Fig. 
7), bulk density and porosity (R2 = 0,9246) (Figure 8), water absorption and specific 
gravity (R2 = 0,9501) (Figure 9), compactness ratio and specific gravity (R2 = 0,9297) 
(Fig. 10). It can also be seen that although there exists sets of relationships between 
the physical properties of the expanded perlite, they also decrease with temperature. 

y = 1,2888x - 2302,5
R² = 0,9252
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y = 0,3844x - 685,78
R² = 0,9246
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Conclusions 

During the studies aiming to investigate characteristic properties of EPA and find its 
suitability as construction raw material, many of its properties were determined. The 
chemical composition of the expanded perlite was found to consist of 70.68% SiO2

 

and 13.04% Al2O3. The petrographic observations showed presence of opal-CT, 
feldspar, mica, illite, and quartz in the perlite structure. SEM images showed a crystal 
like porous and glassy structure. EDS analysis showed the presence of 45.13% silicon 
and 38.91% oxygen within the EPA structure. A weight loss of 1.8% at 1000 °C was 
found from the TG-DTA analysis meaning that expanded perlite can be utilized at 
high temperature applications. Although specific gravity, bulk density, porosity, water 
absorption and compactness ratios differ at different temperatures, they were found to 
have high statistical relation. In addition, surface area was also affected by 
temperature. To determine whether EPA could be used as a construction raw material 
or not, sieve analysis, fine-matter content and mass loss on ignition analysis and 
organic matter content were performed and it was found that EPA was appropriate to 
be used as a lightweight construction raw material. 

Acknowledgements 

This work is supported by National Boron Research Institute (BOREN) via project number BOREN-
2008-B0201. We are grateful to Eti Mine Menderes Works for the supply of expanded perlite, Mining 
Technical Research Institute (MTA) and Chemical Engineering Department of Middle East Technical 
University for the analyses. 

References 

ASTM-C 127-42 Standard Test Method for Specific Gravity and Absorption of Coarse Aggregates. 

ASTM C 128-57 Standard Test Method for Specific Gravity and Absorption of Fine Aggregates. 

BOLEN P. W., 2011. USGS Mineral Commodity Summaries 2011. U.S. Department of the Interior, U.S. 
Geological Survey, Reston, Virginia-USA. 

CELIK A.G., 2010. Production of lightweight bricks from boron added perlite mixtures and 
determination of technological properties. Ph.D. Dissertation, Çukurova University, Department of 
Mining Engineering, Adana. 

DEMIRBOGA R., ORUN I., GUL R., 2001. Effects of Expanded Perlite Aggregate and Mineral 
Admixtures On The Compressive Strength of Low-Density Concretes. Cement Concrete Res. 31(11), 
1627–1632. 

DEMIRBOGA R., GUL R., 2003. The Effects of Expanded Perlite Aggregate, Silica Fume and Fly Ash 
on The Thermal Conductivity of Lightweight Concrete. Cement Concrete Res. 33 (5), 723-727. 

DOGAN M., ALKAN M., 2004. Some Physicochemical Properties of Perlite As An Adsorbent. Fresenius 
Environmental Bulletin. 13, 252–257. 

HARBEN P. W., BATES R.L., 1990. Industrial Minerals Geology and World Deposits. Metal Bulletin 
Inc., London. 



 A.G. Celik, A.M. Kilic, G.O. Cakal 700 

LANZON M., GARCIA-RUIZ P.A., 2008. Lightweight Cement Mortars: Advantages and 
Inconveniences of Expanded Perlite and Its Influence on Fresh and Hardened State and Durability. 
Construction and Building Materials. 22, 1798-1806. 

ROULIA M., CHASSAPIS K., KAPOUTSIS J.A., KAMITSOS E.I., SAVVIDIS T., 2006. Influence of 
Thermal Treatment on the Water Release and the Glassy Structure of Perlite. J Mater Sci. 41, 5870-
5881. 

SARI A., KARAIPEKLI A., ALKAN C., 2009. Preparation, Characterization and Thermal Properties of 
Lauric Acid/Expanded Perlite As Novel Form-Stable Composite Phase Change Material. Chemical 
Engineering Journal. 155, 899–904. 

SENGUL O., AZIZI S., KARAOSMANOGLU F., TASDEMIR M., 2011. Effect of Expanded Perlite on 
The Mechanical Properties and Thermal Conductivity of Lightweight Concrete. Energy and 
Buildings. 43, 671–676. 

SINGH M., GARG M., 1991. Perlite-Based Building Materials A Review of Current Applications. 
Construction and Building Materials. 5(2), 75-81.  

SODEYAMA K., SAKKA Y., KAMINO Y., SEKI H., 1999. Preparation of Fine Expanded Perlite. 
Journal of Materials Science. 34, 2461-2468. 

TEKIN N., DINCER A., DEMIRBAS O., ALKAN M., 2010. Adsorption of Cationic Polyacrylamide (C-
PAM) on Expanded Perlite. Applied Clay Science. 50, 125-129. 

TOPCU I.B., ISIKDAG B., 2007. Manufacture of High Heat Conductivity Resistant Clay Bricks 
Containing Perlite. Building and Environment. 42, 3540–3546. 

TOPCU I.B., ISIKDAG B., 2008. Effect of Expanded Perlite Aggregate on The Properties of Lightweight 
Concrete. Journal of materials processing technology. 204, 34–38. 

TS 1114 EN 13055-1, 2004. Lightweight Aggregates - Part 1: For Use In Concrete, Mortar And The 
Juice. 

TS 3529, 1980. Determination of Specific Gravity and Water Absorption Ratio in Concrete Aggregates.  

TS EN 1744-1, 2000. Tests for Chemical Properties of Aggregates-Part 1: Chemical Analysis. 



Physicochem. Probl. Miner. Process. 49(2), 2013, 701−712 
Physicochemical Problems 
of Mineral Processing  

www.minproc.pwr.wroc.pl/journal/ 
ISSN 1643-1049 (print) 

ISSN 2084-4735 (online) 

 Received March 5, 2013; reviewed; accepted April 23, 2013 

PREPARATION AND CHARACTERISATION  
OF UNMODIFIED AND POLY(ETHYLENE GLYCOL) 

GRAFTED MAGNESIUM HYDROXIDE 

Agnieszka PILARSKA*, Magdalena NOWACKA*, Krzysztof PILARSKI**,  
Dominik PAUKSZTA*, Lukasz KLAPISZEWSKI*, Teofil JESIONOWSKI* 

* Poznan University of Technology, Faculty of Chemical Technology, Institute of Chemical Technology and 
Engineering, M. Sklodowskiej-Curie 2, PL-60-965 Poznan, Poland; teofil.jesionowski@put.poznan.pl 

** Poznan University of Life Science, Faculty of Agriculture and Bioengineering, Institute of Biosystems 
Engineering, Wojska Polskiego 50, PL-60-637 Poznan, Poland 

Abstract: The method for the synthesis of either unmodified magnesium hydroxide or functionalised 
with poly(ethylene glycols) of different molecular weights and physicochemical properties of the 
products are presented. Magnesium hydroxide was obtained by the precipitation method under well 
defined conditions from ammonia solution and different magnesium salts. Dispersive properties of the 
products were characterised by polydispersity index, particle size, as well as SEM images. Crystalline 
structure of magnesium hydroxide samples were determined by the WAXS method. To confirm the 
presence of functional groups introduced by appropriate modifiers the samples were subjected to 
spectroscopic analysis. Electrokinetic stability of the studied samples was determined on the basis of zeta 
potential dependence vs. pH measurements. The modification has resulted in reduction of particle 
diameters in some Mg(OH)2 samples.  

Keywords: magnesium hydroxide, poly(ethylene glycols), modification, dispersive and electrokinetic 

properties 

Introduction 

Mg(OH)2 is usually precipitated from solutions of magnesium salts by a precipitating 
agent which usually is a strong base such as NH4OH (Fellner 2011, Wang 2007; 2011) 
or NaOH (Pilarska 2011, Song 2011, Veldurthi 2012). The most often used precursors 
of magnesium are inorganic salts such as MgCl2, MgSO4 and Mg(NO3)2. Sometimes 
organic compounds of magnesium are used, e.g. Mg(CH3CO2)2 (Alvarado 2000). 
Parameters of the process have a considerable influence on the structure and 
morphological−dispersive properties of the products. For this reason the choice of 

http://dx.doi.org/10.5277/ppmp130228 
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optimum conditions of the process that would lead to obtaining products of target 
properties has been of profound interest to many research groups. 

Most often the influences of the rate and direction of reagent dosing, their 
concentrations, mass and volume contributions, temperature of precipitation and 
calcination, and methods of drying have been studied (Wang 2005, Wang 2007, Yun 
2009).  

According to the recent literature data, the final properties of materials, in 
particular their morphology, are strongly related to the types of precursor and 
precipitating agents applied (Wang 2011; Pilarska 2012). Recently, besides the main 
reagents increasingly often the modifying compounds are involved in syntheses of 
chemical compounds. Modification of the reaction system by introducing an 
additional organic or inorganic chemical substance, leads to changes in the properties 
of the products including those in the product surface. The purpose of such 
modification of the original properties of the reaction products is first of all to increase 
the activity and selectivity of catalysts based on Mg(OH)2. Modification can also bring 
improvement in the dispersion and insulating properties of sintered ceramic materials, 
and sometimes in development of surface area of the material modified (Azhari 2010; 
Tang 2011). Introduction of organic modifying compounds is particularly important 
when inorganic compounds such as magnesium hydroxide should be bound to organic 
compounds such as polymers. The modification results in changing the hydrophilic 
character of the surface into hydrophobic, which improves the compatibility of the 
composite components and has beneficial influence on its mechanical properties (Wei 
2008; Chen 2009). Organic modifying compounds are also applied to help reduce the 
magnesium hydroxide particle size and develop their surface area. The majority of the 
hitherto used modifiers have been relatively expensive. Recently much interest has 
been paid to the use of PEG type compounds as modifiers PEG (Wang 2007; Wang 
2011). Poly(ethylene glycols) are not only cheap but they also have a beneficial effect 
on the microstructure and surface character of magnesium hydroxide (Pilarska 2012). 

One of the parameters characterising functional properties of chemical materials is 
zeta potential. It is a measure of electrostatic interactions between molecules/partilces 
and permits estimation of stability of colloidal dispersion of a system that is 
a tendency to coagulation of particles limited by the repulsive forces between them. 
This also informs about the magnitude of electric charge in direct vicinity of the solid 
state surface and has been widely used for quantitative evaluation of the electric 
charge on the double electric layer (Kosmulski 2001; Jesionowski 2003).  

The aim of the study presented is analysis of the influence of the modifiers applied 
on the dispersive and physicochemical properties of Mg(OH)2 samples obtained in 
precipitation reaction and discussion of their potential use.  
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Experimental 

The substrates used for the synthesis of magnesium hydroxide were: hydrated 
magnesium sulphate (MgSO4·7H2O, analytical grade), magnesium chloride 
(MgCl2·6H2O), magnesium nitrate (Mg(NO3)2·6H2O, analytical grade), ammonium 
hydroxide (NH4OH, analytical grade) as a precipitating agent (all made by POCh SA.) 
and non-ionic compounds from the group of poly(ethylene glycols): PEG 200, PEG 
8000 and PEG 20000 (purchased from Sigma-Aldrich), as 2% solutions. Magnesium 
hydroxide was obtained from a 5% solution of a given magnesium salt and ammonia 
solution prepared with the excess of the stoichiometric amounts of the reactants, 
where salt/NH4OH = 1:1.5. Reaction of magnesium hydroxide precipitation was 
carried out in a reactor of 500 cm3 in capacity, equipped with a fast rotating stirrer 
made by Eurostar digital IKA-Werke (1800 rpm.). The reaction system was 
thermostated in a bath made by MP14 Julabo. The process was conducted at 80 ºC. 
The reagents were dosed simultaneously into the water system containing PEG. The 
use of a peristaltic pump (Ismatec ISM833A type) ensured a constant flow rate of the 
reagents (2.3 cm3/min). On completion of reagents introduction, the reaction system 
was stirred for about 30 min. The precipitate of magnesium hydroxide was filtered off, 
washed out and dried in a dryer (Memmert) at 105ºC for about 6 h. A technological 
scheme of the process is shown in Fig. 1.  

 
Fig. 1. Preparation of magnesium hydroxides – a technological scheme:  

1 – reactor, 2 – peristaltic pomp, 3 – pressure filter, 4 – vacuum pomp, 5 – drier 

The magnesium hydroxides obtained were subjected to physicochemical and 
dispersive-morphological characterisation. The particle size distribution was 
determined by two instruments Zetasizer Nano ZS (0.6–6000 nm) and Mastersizer 
2000 (0.2–2000 µm) employing two measuring methods NIBS and laser diffraction, 
respectively. Both instruments were made by Malvern Instruments Ltd. The 
morphology and microstructure of the products were characterised on the basis of 
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observations by a scanning electron microscope Zeiss EVO 40. The crystalline 
structure of selected magnesium hydroxide samples was determined by WAXS. The 
X-ray diffractograms were recorded by a computer-controlled horizontal 
diffractometer, equipped with a HZG-3 type goniometer. The magnesium hydroxides 
were also subjected to FT-IR spectral analysis (using an IFS 66v/S made by Bruker). 
Here the materials were analysed in tablet form, made by pressing a mixture of 
anhydrous KBr (ca. 0.1 g) and 1 mg of the tested substance in a special steel ring 
under a pressure of approximately 1000 MPa. The electrokinetic stability of the 
products was determined on the basis of zeta potential dependence on pH, using a 
Zetasizer Nano ZS (Malvern Instruments Ltd.) with an autotitrator attached. 
Measurements were made in a 0.001M NaCl solution in the range of pH from 2 to 12. 

Results and discussion 

Dispersive and morphological characteristics 

Table 1 presents results characterising dispersive properties of magnesium hydroxide 
samples unmodified and modified by PEG (2% solution) of different molecular mass: 
PEG 200, 8000, 20000. All magnesium hydroxide samples were obtained using 5% 
solutions of particular magnesium salt (magnesium sulphate, chloride and nitrate) with 
an excess of ammonium hydroxide with respect to its stoichiometric amount of 1:1.5 
(salt/NH4OH), at 80 °C. The particle size distribution was determined in two ranges of 
values by two instruments Zetasizer Nano ZS and Mastersizer 2000. 

Pilarska (2012) reported results of dispersion study and other measurements for 
magnesium hydroxide samples obtained from the same substrates but under different 
process conditions, that is at the stoichiometric rate of the reagents and at 60°C. For 
the products obtained in this process the authors have not observed the modification 
applied to improve the dispersive properties. The smallest particles (59–142 nm) were 
obtained for the sample precipitated from a solution of magnesium sulphate and 
modified by PEG 400.  

The particle size distributions in the scale extended to 0.2−2000 μm (Mastersizer 
2000) of magnesium hydroxide samples obtained in this study evidence the 
effectiveness of application of ammonium hydroxide in excess amount, in particular in 
preventing formation of large agglomerates (S-NH3-unmod., N-NH3-unmod., Cl-NH3-
unmod, Table 1). Thus the excess of ammonium hydroxide produced a different effect 
than the excess of sodium hydroxide in the reactions with the same magnesium salts 
for which a undesirable microstructural changes were observed (Myerson 2002; 
Pilarska 2010). The best example illustrating the positive effect of the excessive 
amount of ammonium hydroxide on dispersive properties of the product is the sample 
S-NH3-unmod., obtained from a solution of magnesium sulphate and having particles 
of diameters from the range 160−190 nm and a low polydispersity index of 0.154.  
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Table 1. Dispersive characteristic of unmodified magnesium hydroxide  
and grafted with 2% solution of appropriate PEG 

Precipitation process 
conditions 

Dispersive properties 

Particle size 
from Masteriszer 2000 

(nm) 

Sample 
No. Type 

of salt 

Mean 
molecular 
weight of 

PEG 

PdI 

Range of 
particle size

from Zetasizer 
Nano ZS 

(nm) d(0.1) d(0.5) d(0.9) 

S–NH3–unmod.  – 0.154 160–190 3.53 20.58 29.42 

1S–NH3–mod. 200 0.641 79–1720 7.78 21.79 39.70 

2S–NH3–mod. 8000 0.521 68–531 13.28 20.20 31.00 

3S–NH3–mod. 

magnesium 
sulphate 

20000 0.437 51–459 3.46 16.84 30.61 

N–NH3–unmod.  – 0.496 4800–5560 3.16 7.80 15.97 

1N–NH3–mod. 200 0.708 44–5560 5.58 15.46 32.34 

2N–NH3–mod. 8000 0.543 51–5560 3.29 8.91 18.27 

3N–NH3–mod. 

magnesium 
nitrate 

20000 0.582 79–5560 2.81 8.30 17.19 

Cl–NH3–unmod.  – 0.397 190–615 8.38 14.66 24.57 

1Cl–NH3–mod. 200 0.686 59–5560 3.09 6.60 11.76 

2Cl–NH3–mod. 8000 0.435 51–1480 4.32 12.24 26.43 

3Cl–NH3–mod. 

magnesium 
chloride 

20000 0.205 91–190 7.05 11.67 19.13 

Of significant importance is the type of magnesium salt used (Pilarska 2011). It has 
been shown on the basis of dispersion studies that the salts of higher water solubility, 
such as magnesium sulphate and magnesium chloride, have beneficial effect on the 
product dispersion. The results evidencing better properties of samples labelled S and 
Cl than those obtained for the sample synthesised with the use of magnesium nitrate 
(sample N) are shown in Table 1. The diameters of particles in sample N often reached 
values close to 6 µm, and the relatively high values of the polydispersity index 
determined for this sample, 0.496–0.708, suggest heterogeneous character of this 
sample. The elevated temperature of precipitation and the use of a salt of good water 
solubility, like magnesium sulphate, favours formation of particles of smaller sizes.  

In general, only in some modified samples the particles had smaller sizes than in 
their unmodified correspondents. On the basis of measurements by Zetasizer Nano ZS, 
a considerable improvement in the dispersive properties was noted for sample 3Cl–
NH3-mod (Fig. 2). The particle size distribution (Fig. 2a) confirms that the modified 
sample has particles of significantly smaller diameters, reduced from 459 to 142 nm. 
The SEM images presented in Figs. 2b, c, clearly reveal the differences in dispersive 
properties between the unmodified and modified samples. The sample of magnesium 
hydroxide obtained with the use of PEG 20000 is homogeneous (PdI = 0.205) and 
small particle sizes, while in the unmodified sample the particles form smaller and 
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larger agglomerations. Restricted tendency towards formation of secondary 
agglomerates was also noted for the sample 1Cl–NH3-mod. (PEG 200). For the other 
samples no significant improvement in the dispersive properties was observed upon 
modification.  

(a)  

(b)   (c)   

 Fig. 2. (a) Particle size distributions (Zetasizer Nano ZS) and (b), (c) SEM images  
of magnesium hydroxides Cl-NH3-unmod., 3Cl-NH3-mod. 

WAXS analysis 

Physicochemical characterisation of the magnesium hydroxide samples obtained was 
supplemented with X-ray studies. Exemplary X-ray patterns are presented in Fig. 3 
and show the maxima characteristic of the crystalline structure of Mg(OH)2 brucite. 
Figure 3a shows the X-ray patterns of unmodified samples precipitated with the use of 
three different magnesium salts. In the samples Cl–NH3-unmod. and N–NH3-unmod., 
the crystalline structure was much better developed than in S–NH3-unmod., as follows 
from the shape and intensity of peaks. These observations confirm that the type of 
magnesium salt used as magnesium precursor affects the development of crystalline 
structure. For instance when magnesium sulphate is used, the crystallites of 
magnesium hydroxide are poorer developed and irregular, which is reflected in the 
properties (e.g. adsorptive or catalytic) of magnesium hydroxide produced (Climent 
2007; Pilarska 2012).  
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(a)  (b)  

Fig. 3. X-ray diffraction patterns of magnesium hydroxides obtained with the use of 
(a) magnesium sulphate, chloride and nitrate (unmodified); (b) magnesium chloride  

and modifiers of different molecular weights of poly(ethylene glycols) 

According to literature (Lv 2004) the crystalline structure characteristic of brucite 
does not change, despite the differences in the particles morphology. According to 
literature, the parameters of the method of synthesis of magnesium hydroxide e.g. 
temperature, time of reaction, time of maturation of the post-reaction mixture 
(Alvarado 2000; Meshani 2009), also have no effect on the crystalline structure. As 
follows from the X-ray patterns of the modified samples precipitated with the excess 
of ammonia solution and magnesium chloride, Fig. 3b, also the type and amount of the 
modifier have no effect on the crystalline structure.  

FT-IR analysis 

In order to confirm the presence of functional groups introduced by the modifiers 
(poly(ethylene glycols), the samples of magnesium hydroxide precipitated in solutions 
of different salts were subjected to FT-IR analysis. The studies were performed for  
 

(a)  (b)  

Fig. 4. FT-IR spectra of magnesium hydroxide samples precipitated (a) without and with modifiers of 
PEGs and magnesium sulphate (b) without and with modifiers of PEGs and magnesium chloride 
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both unmodified samples and those modified with PEG 200, 8000, 20000. The FT-IR 
spectra presented in fig. 4 prove the presence of functional groups introduced from 
PEG grafted to Mg(OH)2. In the spectra of the samples obtained with the use of 
magnesium sulphate as a precursor of magnesium the bands assigned to the functional 
groups O–H (PEG) and C–H (PEG) have significantly higher intensities. Small and 
rather insignificant changes in the character of the FT-IR spectra of all modified 
samples imply incorporation of similar amounts of the modifiers in the samples.  

The first absorption maximum, of pointed shape and high intensity at 3700 cm–1 is 
assigned to the asymmetric stretching vibrations of –OH groups from Mg(OH)2. The 
band at 1650 cm–1 is assigned to the stretching vibrations of –OH groups from water. 
The broad peak at 3430 cm–1 corresponds to the adsorbed –OH PEG groups, while the 
low-intensity bands at 2930 cm–1 and 2860 cm–1 are assigned to the methylene groups 
–CH2 (stretching vibrations of PEG). The broad peak at 1400 cm–1 is also assigned to –
CH2 groups from PEG (bending−scissoring vibrations). The band at 1115 cm–1 
corresponds to the asymmetric stretching vibrations of ether groups C−O−C PEG. The 
last intense and broad maximum at 440 cm–1 corresponds to the stretching vibrations 
of Mg–O. The assignment is in agreement with literature data (Hsu 2005; Wang 
2011).  

Electrokinetic characterisation  

Figure 5 presents zeta potential versus pH for unmodified magnesium hydroxide 
samples obtained with the use of magnesium sulphate (S-NH3-unmod., Fig. 5a) and 
magnesium nitrate (N−NH3-unmod., Fig. 5b) and for these samples modified with 
PEG 200, 8000, 20000. In the analysed pH range, the electrokinetic curves reach zeta 
potential values from the range −5÷62 mV. The unmodified samples S−NH3-unmod., 
N-NH3-unmod. show electrokinetic stability in a relatively wide range from pH 2 to 9, 
while their modified correspondents are stable in a narrower range of pH, from 1 to 
6.5.  

 (a) (b)

Fig. 5. Zeta potential vs. pH for Mg(OH)2 samples unmodified and modified with PEGs  
and precipitated with the use of (a) magnesium sulphate, (b) magnesium nitrate solutions 
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According to the DLVO (Deriaguin, Landau, Verwey, Overbeek) theory, stability 
of colloidal systems at particular values of zeta potential is determined by overlapping 
of double electric layers that protect two approaching each other molecules from 
colliding. In other words, the sample is stable until the electrostatic (repulsive) forces 
overcome the attractive van der Waals forces (Kosmulski 2009). 

The proposed method for the synthesis of magnesium hydroxide in the presence of 
poly(ethylene glycol) has slightly reduced the pH range of electrokinetic stability of 
the analysed samples. The small changes in stability of magnesium hydroxide samples 
after introduction of PEGs are arguments for the use of such modifiers. According to 
literature data (Saravanan 2005) poly(ethylene glycol) shows electrokinetic stability in 
two pH ranges, from 2 to 6.5 and from 10 to 12. Probably, if PEGs were applied in 
higher concentrations, the electrokinetic curves measured for the modified samples 
would be shifted towards much smaller potential values (below –30 mV). Because of 
a number of attractive properties of PEG, such as nontoxicity or biocompatibility, this 
compound has been often used as an adhesive in the ceramic industry, as a plasticiser, 
as a stabiliser of oxide ions (PEG protects iron oxide nanoparticles, PEG-PIONs) or 
as a modifier of a layered double hydroxides, LDHs of multifunctional use, e.g. in 
polymer coatings (Ujii 2011; Li 2011). The isoelectric points of unmodified 
hydroxides (S-NH3-unmod., N-NH3-unmod., Figs. 5a, b) occur at pH of about 11, 
which fully correlates with literature data (Schott 1981). Zeta potential of a colloidal 
system is a parameter directly related to its pH. The reactions of dissociation of 
unmodified and modified products in acidic environment (HCl) and alkaline 
environment (NaOH) (1–4), were proposed to occur according to the scheme: 

 HO–Mg–OH + 2H+ → +H2O–Mg–OH2
+ (1) 

 HO–Mg–OH + 2OH– → –O–Mg–OH– + 2H2O (2) 

 HO–Mg–(–O–CH2–CH2)nOH + H+ → +H2O–Mg–(–O–CH2–CH2)nOH (3) 

 HO–Mg–(–O–CH2–CH2)nOH + OH– → –O–Mg–(–O–CH2–CH2)nOH + H2O (4) 

In the acidic environment (HCl) in which zeta potential takes the most beneficial 
values, proton is attached to the –OH group and generates charge thanks to which the 
surface of the products becomes more reactive (1, 3) and their colloids much more 
stable. It should be noted that thanks to the electrostatic interactions in acidic media, 
a reaction between MgOH2

+ and ethoxyoxgen from PEG of small negative electric 
charge, which makes the modification with these reagents even more effective. The 
negative charge appearing upon the reaction of the products in an alkaline medium 
(NaOH) causes a decrease in zeta potential, leading to total destabilisation of the 
system at certain pH values (reactions 2, 4). For modified samples of Mg(OH)2, 
reactions with the –OH groups from PEG are also possible both in acidic and alkaline 
media.  
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The knowledge of zeta potential of a given substance permits a selective use of its 
properties, so the interest in its determination has substantially increased, also in 
industry. On the basis of the known zeta potential it is possible to indentify the 
mechanisms and conditions of adsorption or separation (flotation) of dispersed solids 
for which isoelectric point determination is essential (Fuerstenau 2005; Kosmulski 
2001). The same is true for Mg(OH)2 both that obtained from minerals and by 
synthesis.  

Conclusions 

No particularly beneficial changes in the dispersive properties have been noted as a 
result of functionalisation of precipitated magnesium hydroxide samples with PEG 
compounds. Only for a few samples modified with PEG 20000 (3S-NH3-mod., 3N-
NH3-mod., 3Cl–NH3-mod), the formation of particles of smaller size was evidenced. 
As confirmed by the WAXS study, modification with PEGs had no effect on the 
crystalline structure that remained to be typical of brucite. However, differences in the 
degree of development of this structure were observed, depending on the magnesium 
salt used as magnesium precursor. In the samples obtained with the use of magnesium 
sulphate the structure was irregular and poorly developed. The results of FT-IR 
analysis confirmed the presence of functional groups coming from PEG in the 
modified samples. The zeta potential measurements proved that the samples obtained 
were electrokinetically stable in a wide range of pH, from 2 to 9. The isoelectric points 
detected corresponded to the pH values being in full agreement with the literature 
data. Modification with PEG compounds only slightly reduced the pH of 
electrokinetic stability of the samples studied (to 1−6.5).  
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Abstract: Carbonate fluorapatite (francolite), calcite and dolomite separately, as well as their model 
mixtures, were subjected to flotation after conditioning the particles with microemulsion consisting of 
20% of Custafloat AR27 (collector, blend of fatty acid soaps and sulfates), 55% fuel oil #5 and 25% 
water at 70% solids density and subsequent pulp dilution with water to 25% solids. The best separation of 
carbonate fluorapatite from calcite and dolomite occurred at pH 8.5 and microemulsion dose between 0.9 
and 1.5 kg/Mg, 1.5 min conditioning time and 2 minutes of flotation time. The obtained flotation 
concentrates using 1.5 kg/Mg of collector contained 84% carbonate fluorapatite (34% P2O5) with 84% 
recovery. The 84/84 separation efficiency in terms of grade-recovery indices points to promising results 
which can be obtained for real phosphate ores. 

Keywords: phosphates, flotation, microemulsion, separation 

Introduction 

Ores and other raw materials can be processed by different methods including gravity, 
hydraulic, magnetic, electric and other separations as well as by coagulation, oil 
agglomeration and flotation (Wills and Napier-Munn, 2006). Among beneficiation 
methods, flotation is used the most often because of its superior efficiency in many 
application (Drzymala, 2007). There are different modifications of flotation because it 
responses well to variation of operational variables and applied reagents. As a result, 
there is a constant search for flotation improvements. One of recent modifications is 
a direct contact of particles with flotation reagents in the form of microemulsions or 
similar structures (Ahmed, 2005; Ahmed and Drzymala, 2004, 2012) and subsequent 
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flotation after dilution of the pulp with water. This method differs from the traditional 
approach in which the particles are brought into contact with aqueous solutions or 
emulsions of the flotation reagents. The direct contact approach tends to overcome the 
problem of insufficient adsorption of flotation reagents, especially in the case when oil 
is used as the flotation collector or extender and the surface of particles is not able to 
absorb it. It happens for instance in the flotation of oxidized coal because the 
adsorption of oil on hydrophilic coal surfaces is significantly reduced. To increase the 
chance of oil and other flotation reagents to be adsorbed, it was proposed to change 
the procedure of flotation. In this approach, particles are contacted with reagents either 
in the absence of water or with reagents forming with water special structures such as 
microemulsion or liquid crystals. Next, the pulp is diluted with water to slurry density 
typical in froth flotation. It was proved that this modification works very well for 
highly oxidized coals (Ahmed and Drzymala, 2012) because there was no flotation 
when the flotation reagents were added to the aqueous suspension and very good coal 
flotation in the case of the direct contact approach. In this paper the separation 
efficiency using the direct contact technique and flotation will be investigated for 
a model carbonate fluorapatite-calcite-dolomite system while in another paper, part 2 
of this paper, the case of phosphate ores will be presented. Phosphates were selected 
for investigations because they are a global resource of phosphorus, an essential 
element for plant and animal nutrition (Negm and Abouzeid, 2008). However, there is 
a constant depletion of the high-grade phosphates (Negm and Abouzeid, 2008), so 
there is a need to optimize the available mineral processing technologies, to maximize 
the benefits of the low-grade phosphate resources in a more efficient manner, and to 
minimize the associated wastes. This can be achieved by looking for new processing 
technologies or adaptation of recent innovations in the classical upgrading techniques 
including flotation. However, flotation has its limitation in treating low grade 
phosphate ores in addition to the high price of some reagents used. Therefore, this 
paper aims at modifying the classical flotation technique to improve flotation of low 
grade phosphate ore. We will test the approach of direct contact of flotation reagents 
with particles before flotation for separation of carbonate fluorapatite from the calcite 
and dolomite gangue.  

Experimental 

Minerals 

Carbonate fluorapatite (francolite, Ca5(PO4)2.5(CO3)0.5F), dolomite (CaCO3·MgCO3) 
and calcite (CaCO3) were investigated. Carbonate fluorapatite was obtained from 
Ma’aden Company while dolomite and calcite from Saudi Carbonate Co. Ltd. Their 
identity and purity was checked by the X-ray analysis. The minerals were dry crushed 
in a jaw crusher and wet ground in a ball mill to get the size fraction below 0.25 mm.  
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Reagents  

For the direct contact (conditioning) stage we used microemulsion ME1 (Fig. 1) 
consisting of collector (Custafloat AR27, a blend of fatty acid soaps and sulfates), oil 
(extender, fuel oil #5) and water. The phase diagram of the Custafloat AR27 - fuel oil 
#5 - water system is presented in Fig. 1. It was constructed using a water titration 
method at ambient temperature. The mixtures of oil and collector, at certain weight 
ratios, were mixed with water added as drops, under moderate stirring with a magnetic 
bar. After being equilibrated at ambient temperature for 24 hours, the system was 
visually analyzed under strong light to detect microemulsions, emulsions and other 
structures. The finding were confirmed by measuring transmittance using a Digital D-
801 Photocon colorimeter at the 570–590 nm wavelength (Chen et al., 2004).  
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Fig. 1. Ternary collector-oil-water phase diagram showing used in experiments  
microemulsion ME1 region and composition  

The phase diagram shows that the investigated collector-fuel oil-water system is 
able to form microemulsions. The shape of the microemulsion area is like a lens. The 
lower boundary of the lens is represented by a line having collector-to-fuel oil ratio of 
approximately 1:19, while the upper boundary is determined by the collector-to-fuel 
oil ratio of 1:2.33. The lens is oriented from the bottom towards the higher water 
content and from the top towards the lower water content. This indicates that the 
microemulsion, called ME2, starts to form at low collector concentrations and high 
water content. This can be attributed to the fact that in the presence of water, the 
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collector starts to act as a surfactant which accumulates at the water-oil interface 
leading to more stable droplets. On the other hand, microemulsion ME1 is formed at 
low water concentrations (top head of the lens), but at a higher collector amount. In 
our investigation we will use ME1 because of smaller amount of water in its structure. 
Preliminary tests with carbonate fluorapatite showed superiority of ME1 over ME2. 
The weight fractions of ME1 were 20% collector, 55% oil and 25% water with a 
collector-to-oil ratio of 20:55, which is equivalent to 1:2.75. 

The phase diagram also shows that at the collector concentration less than 30% an 
emulsion is formed, while higher concentrations of the collector lead to the formation 
of a complex reagents structure. Usually these complex structures hamper flotation as 
it was observed by Ahmed (2005) during oxidized coal flotation.  

Flotation tests 

Flotation tests were carried out in a D-12" Denver flotation cell equipped with a 1 dm3 
flotation tank. Tap water was used in all the tests. After establishing the collector-oil-
water phase diagram (Fig. 1), the flotation tests were performed using a special 
procedure. In this procedure the flotation reagents in the form of microemulsion were 
added to a single, binary or tertiary pure mineral(s)-water system and conditioned at 
a high solid percent equal to 70%. The reagentized pulp was diluted to the targeted 
solid/liquid ratio and aerated for initiation of flotation. The different obtained products 
were collected, dried and weighted. In the case of binary and ternary pure minerals 
mixtures, they were subjected either to mineralogical or chemical analyses for 
determination of flotation performance. In single pure mineral flotation in the presence 
of microemulsions, different parameters such as conditioning time, conditioning pH, 
flotation pulp solids content and microemulsion dosage were investigated. The 
determined optimum conditions were applied for binary or ternary pure mineral 
systems as simulation of real ore flotation. It is worth mentioning that the aeration rate 
and flotation time were kept constant for the entire test program. The impeller speed 
was 1200 rpm in all the tests. 

Results and discussion 

Pure minerals flotation using a direct contact with microemulsion ME1 

The first parameter that has been taken into consideration when using ME1 for 
flotation of pure minerals is the microemulsion conditioning time with pure single 
minerals. This was so because the conditioning time is an important parameter in 
determining the amount of microemulsion to be adsorbed on the mineral surface. The 
results of this series of experiments along with some additional process parameters 
(conditioning pulp density 70%, natural pH, microemulsion dosage of 0.5 kg/Mg) are 
given in Fig. 2. It shows that at the applied microemulsion dose, the carbonaceous 
gangue yield is small and is not highly affected by the conditioning time. On the other 
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hand, the carbonate fluorapatite recovery to the concentrate is affected by the 
conditioning time and varies from 70 to approximately 98% with maximum at 1.5 min 
of conditioning. The reduced recovery at a short conditioning time may be attributed 
to incomplete adsorption of microemulsion on the carbonate fluorapatite surface. With 
increasing conditioning time, the adsorption increases, leading to an increase in the 
carbonate fluorapatite recovery. Longer conditioning times result in decreasing 
carbonate fluorapatite recovery. This effect can be attributed to mechanical removal of 
microemulsion from the carbonate fluorapatite surface and decomposition of the 
microemulsion by cations coming from the carbonate fluorapatite surface into the 
solution. The obtained result indicates that the 1.5 min conditioning time is sufficient 
and it will be used in the subsequent experiments. 
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Fig. 2. Effect of conditioning time on single mineral flotation recovery  
using 0.5 kg/Mg of ME1 (pH = 8.5, solids density: conditioning 70%, flotation 25%)  

0

1 0

2 0

3 0

4 0

5 0

6 0

7 0

8 0

9 0

1 0 0

4 6 8 1 0 1 2 1 4
C o n d i t io n in g  p H

 M
in

e
ra

l r
e

c
o

v
e

ry
 in

 f
lo

ta
ti

o
n

 
c

o
n

c
e

n
tr

a
te

, % F ra n c o l i te

D o lo m i te

C a lc i te

 
Fig. 3. Effect of conditioning pH on single mineral flotation recovery  

using 0.5 kg/Mg of ME1 (conditioning: time 1.5 min, solids density 70%;  
flotation: time 2 min, pH 8.5, solids density 25%)  
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Another important parameter which controls reagents adsorption on the solid 
surface is conditioning pH. The conditioning pH was changed from 5 to 12 and the 
obtained results are plotted in Fig. 3. According to Fig. 3 the optimum conditioning 
pH is 8.5. In fact, this supports the interpretation of the pH effect in the case of 
conditioning time optimization previously assumed.  

The next studied parameter was solid content in the pulp (Fig. 4). It can be seen 
that the solid content providing the best recovery of carbonate fluorapatite is about 
25%. 
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Fig. 4. Effect of flotation pulp solids content on single mineral flotation recovery 
 using 0.5 kg/Mg of the ME1 (conditioning: time 1.5 min, solids density 70%, pH = 8.5;  

flotation time: 2 min, pH 8.5, solids density variable)  
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Fig. 5. Effect of microemulsion dose on single mineral flotation recovery using ME1  
(conditioning: time 1.5 min, solids density 70%, pH = 8.5, emulsion dose variable;  

flotation: time 2 min, pH 8.5, solids density 25%)  
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The hitherto determined favorable conditions were used to determine the dose of 
the microemulsions. The dose was changed from 0.1 to approximately 1.8 kg/Mg. The 
obtained results are shown in Fig. 5. The figure shows that the carbonate fluorapatite 
recovery increases sharply up to about 0.6 kg/Mg when the recovery is almost 
complete.  

Two pure minerals mixtures flotation using microemulsion ME1 

In this set of experiments, two separate mixtures were formed. The first mixture was 
composed of pure carbonate fluorapatite mixed with pure dolomite while the second 
mixture was made of pure carbonate fluorapatite mixed with pure calcite. The 
carbonate fluorapatite-to-dolomite ratio of the first mixture was 1:1 by weight while 
the carbonate fluorapatite-to-calcite ratio in the second mixture was 2:1 by weight. 
These ratios of mixing were selected to simulate the mineralogical ratios observed in 
many phosphate ores (Al-Wakeel, 2005).  

The effect of microemulsion dose on flotation of carbonate fluorapatite either from 
the carbonate fluorapatite-dolomite mixture or carbonate fluorapatite-calcite mixture 
was investigated. In both sets of experiments, the operating conditions were kept 
constant as previously determined for single pure minerals flotation (conditioning: 
time 1.5 min, pH = 8.5, solids density 70%; flotation: time 2 min, pH 8.5, solids 
density 25%) for carbonate fluorapatite-to-dolomite ratio as 1:1. Figure 6 shows the 
flotation response with microemulsion ME1 for the carbonate fluorapatite-dolomite 
mixture while Fig.7 for the carbonate fluorapatite-calcite mixture.  
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Fig. 6. Effect of microemulsion (ME1) dose on carbonate fluorapatite flotation from carbonate 
fluorapatite-dolomite binary mixture (conditioning: time 1.5 min, pH = 8.5, solids density 70%; 
 flotation: time 2 min, pH 8.5, solids density 25%) (carbonate fluorapatite: dolomite ratio 1:1) 
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It can be seen in Figs 6 and 7 that the recovery of minerals in both systems 
increases with the dose of microemulsion and the recovery of francolite reaches 95% 
while for dolomite and calcite the recovery is about 15%. Thus, the separation of 
carbonate fluorapatite by flotation from binary mixtures with either dolomite or calcite 
is very efficient. 
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Fig. 7. Effect of microemulsion ME1 dose on carbonate fluorapatite flotation  

from carbonate fluorapatite-calcite binary mixture (conditioning: time 1.5 min, pH = 8.5,  
solids density 70%; flotation: time 2 min, pH 8.5, solids density 25%)  

at carbonate fluorapatite-to-calcite ratio equal to 2:1 

It can be noticed that the plateau at 95% recovery of carbonate fluorapatite from 
the binary mixture using microemulsions is lower than that in the case of single pure 
mineral flotation using the same microemulsion ME1 because the recovery is 99% 
(Fig. 5). This may be attributed to some microemulsion consumption by dolomite and 
calcite.  

Three pure minerals mixture flotation using microemulsion ME1 

In a trial to simulate a real phosphate ore, a synthetic mixture of carbonate 
fluorapatite, dolomite and calcite were made. The minerals ratios in the artificial 
mixture were as 2:2:1 by weight of carbonate fluorapatite, dolomite and calcite, 
respectively. Flotation of carbonate fluorapatite from this mixture was tried using 
different doses of microemulsion ME1. The operating conditions were as follows: 
conditioning: time 1.5 min, pH = 8.5, solids density 70%; flotation: time 2 min, pH 
8.5, and solids density 25%. The obtained results are presented in Fig. 8. 

According to Fig. 8 a good separation of carbonate fluorapatite from the ternary 
mixtures by flotation occurs at the microemulsion dose from 0.9 to 1.5 kg/Mg. At 1.5 
kg/Mg the concentrate contains 83.6% carbonate fluorapatite. Microemulsion dosages 
lower than 0.9 kg/Mg provided less favorable results.  
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Fig. 8. Effect of microemulsion ME1 dose on carbonate fluorapatite flotation from carbonate fluorapatite-
dolomite-calcite (2:2:1) ternary mixture (conditioning: time 1.5 min, pH=8.5, solids density 70%; 

flotation: time 2 min, pH 8.5, solids density 25%)  

The results from Fig. 8 were replotted as the grade-recovery Halbich upgrading 
curve to see better the possible separation results for phosphate ores containing 
carbonate fluorapatite using the approach of the direct contact of flotation reagents 
forming microemulsion and interacting with particles at high solids densities, and 
subsequent flotation after dilution of the slurry to typical densities. Figure 9 shows that 
this approach provides high quality concentrates (above 33% of P2O5) with reasonable 
P2O5 recovery of about 85%. The calculations are based on the assumption that the 
investigated carbonate fluorapatite (francolite) contains 40% of P2O5 (Melike et al., 
2011).  

 The results obtained in this study indicate a possibility of using microemulsion for 
upgrading phosphates. The noticeably shortcoming of special concern is a relatively 
high dose of microemulsion needed. A dose of 0.6 kg/Mg of microemulsion was 
enough to recover more than 90% of carbonate fluorapatite when it was floated alone. 
This dose has increased to approximately 0.8 kg/Mg to recover about 85% of 
carbonate fluorapatite when floated from binary mixtures containing dolomite or 
calcite and now the dose has increased to above 0.9 kg/Mg. The high dose required in 
this case may be attributed to the fact that the mixture was not deslimed. This may 
lead to a high surface area requiring a high dose of microemulsions for surface 
coverage and flotation. One more reason is that the high surface area of the 
carbonaceous minerals may lead to a noticeable increase in Ca2+ ions concentration in 
the solution and thus disturb the microemulsion droplets. 
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Fig. 9. Carbonate fluorapatite (francolite) separation from tertiary carbonate fluorapatite–dolomite–calcite 
model mixtures by flotation after a direct contact of flotation reagents forming microemulsion  
and reacting with particles at 70% solids density and subsequent dilution to 25% solids density 

 in terms of the Halbich grade (P2O5)-recovery (P2O5) upgrading curve 

Conclusions 

It results from the flotation tests conducted at pH 8.5 on a model carbonate 
fluorapatite-dolomite–calcite system that a direct contact of the flotation reagents 
forming microemulsion and consisting of 20% of collector, 55% oil, and 25% water 
with particles at solids density 70% and subsequent dilution of the system with water 
to form flotation aqueous suspension of 25% density, provide high quality carbonate 
fluorapatite concentrates containing for instance 83.6% carbonate fluorapatite with 
84.6% carbonate fluorapatite recovery when the microemulsion dose of the 
microemulsion is 1.5 kg/Mg. Negligible separations were achieved when the 
microemulsion-particles direct contact stage was eliminated. The 84/84 separation 
efficiency, in terms of the francolite content in concentrate - francolite recovery, 
points to promising results which can be expected during beneficiation of real 
phosphate ores. Therefore, the obtained results will be verified with a low quality 
phosphate ore.  
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Abstract: The mineralogical studies indicated that the Charagah ore deposit contains approximately 17% 
pyrolusite, 78% calcite and 3–4% quartz. Pyrolusite as a main valuable mineral is found in the forms of 
coarse and fine pyrolusites. The coarse grains pyrolusite with simple texture is liberated at 180 micrometers. 
Another kind of pyrolusite with particle size finer than 10 m is disseminated inside gangue phases. This 
kind of pyrolusite has important effect in beneficiation processes and can affect the manganese grade of the 
concentrate and its recovery negatively. By jigging machine a pre-concentrate with 20% MnO and a final 
tailing with about 13% manganese loss are obtained. Using tabling technique or wet high intensity magnetic 
separation (WHIMS) and also their combination with jigging machine, production of a final pyrolusite 
concentrate with suitable grade but average recovery is possible. By jigging-tabling a concentrate with –
500+45 m size fraction, 44.3% MnO and 61.3% recovery is obtained while jigging-WHIMS produces 
a concentrate containing 52.6% MnO with a recovery up to 56.6% and d80 = 180 m.  

Keywords: pyrolusite, manganese ore, ore characterization, gravity separation, magnetic separation  

Introduction 

Manganese is used mainly in steel production, directly in pig iron manufacture and 
indirectly through upgrading ore to ferroalloys. Globally, the most of (90 to 95%) Mn is 
used in the metallurgical industry as a requisite deoxidizer and desulfurizer in steel 
making and as an important alloy component. Various amounts of Mn commonly are 
added to the steel for industrial use, making low or high Mn alloys. High grade ores (Mn 
content more than 42%) are usually used in metallurgical application. The remainder of 
the Mn (5 to 10%) is used in the chemical industry, light industry, production of dry cell 
batteries, in plant fertilizers and animal feed, and as a brick colorant (Fan and Yang, 
1999; Lasheen et al., 2009). The world annual production of the total manganese alloys 
passed 10.3 million MT and it will increase (Lasheen et al., 2009). 
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The main manganese minerals are the oxide types, such as pyrolusite MnO2, 
hausmannite Mn3O4 and manganite MnO(OH). Manganese is also found in several 
minerals, such as pink rhodochrosite (MnCO3), rhodonite (MnSiO3), wad and 
alabandite (MnS) (Fuerstenau et al., 1986; Fan and Yang, 1999; Corathers and 
Machamer, 2006). Minerals such as rhodochrosite, rhodonite and hausmannite are 
often replaced by pyrolusite. Pyrolusite containing 63.2% Mn is the most common 
manganese mineral) (Zhang and Cheng, 2007). Manganese ores may accumulate in 
metamorphic rocks or as sedimentary deposits, frequently forming nodules on the sea 
floor (Jessica et al., 2006).    

The main sources of manganese come from the former U.S.S.R, Brazil, South 
Africa, Australia, Gabon and India. Russia and South Africa produce about 85% of the 
world's pyrolusite. Manganese nodules or ferro-manganese concretions, usually 
containing 30–36% Mn, have been found on ocean floors (Jessica et al., 2006; 
Mohapatra et al. 2009) and could provide another source of manganese. These nodules 
are found in both the Atlantic and Pacific Oceans, but principally in the Pacific Ocean. 
Although the primary interests in deep sea nodules are nickel, copper, and cobalt 
values, the large quantities of manganese could also be of future importance. As a 
result, much research work has been devoted to recovering not only nickel, copper and 
cobalt but also manganese as well (Zhang and Cheng, 2007). 

Each type of a manganese deposit is a problem by itself in the matter of selection 
of a proper method of concentration, depending on the manganese minerals and their 
gangue constituents. Beneficiation technology as applied to manganese ores is similar 
to that for iron ores. Most ores are crushed and screened, with the lump product (+6 
mm) generally being smelted and the fine product (–6 mm) used as feed for chemical 
and/or electrolytic processing. Sink-float, jigging, tabling, flotation and high-intensity 
magnetic separation are usually used to upgrade fine manganese ore. Physical 
separation technologies such as flotation and roasting, and chemical separation process 
such as leaching have been developed for beneficiation lower grade and more 
refractory resources (Abeidu, 1972; Fuerstenau et al., 1986; Rao et al., 1988; 
Mohapatra et al., 1995; Jessica et al., 2006; Zhang and Cheng, 2007; Ito et al., 2008; 
Mishra et al., 2009).  

With increasing the steel production in Iran, exploration and processing of the 
manganese ores in the country is necessary. There are some manganese mines 
(venarch mine) and deposits in Iran. The Charagah ore deposit locating in the 82 km at 
the North-West of Tabriz, is one of the new indexes (Mehdilo et al., 2010; Hojjati-rad 
and Irannajad, 2011). The characterization of Charagah ore from process 
mineralogical viewpoint and its upgrading are the main purposes of this article. 

Materials and methods 

Around one megagram of representative sample, collected from different trenches of 
deposit, was prepared according Fig. 1 and used for characterization and upgradation 
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experiments. The detailed characteristics of the sample are presented in section 3-1. 
The corresponding polished thin sections were studied for ore and rock-forming 
minerals and their textural relationships by reflected and transmitted light microscopy. 
The chemical and mineralogical composition of different samples carried out by X-ray 
fluorescence (XRF) and X-ray diffraction (XRD). The Philips scanning electron 
microscopy (model: XL30) equipped with WDX (wave length dispersive X-ray) was 
used for description of texture and determination of valuable mineral. The microspec 
WDX (model: 3pc) was used for X-ray mapping analysis.  

ASTM standard screens were used in sieve analysis. The gravity separation tests 
were performed using the laboratory jigging machine, shaking table and some heavy 
liquids. Methylene iodide (density 3.32 g/cm3) and bromoform (density 2.89 g/cm3) 
were used in heavy liquid experiments. The wet high intensity magnetic separation 
tests were carried out using a Boxmag separator.  

 

Fig. 1. The procedure of sample preparation 

Results  

Ore characterization 

Chemical and mineralogical composition 

According to the X-Ray diffractography (Fig. 2), the ore consist of pyrolusite as the 
main valuable mineral of manganese and calcite as well as quartz as gangue minerals. 
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The chemical composition of a representative sample analyzed by XRF is shown in 
Table 1. The studied ore sample by average grading of 13.8% MnO which implies 
about 17% pyrolusite (by considering 81.6% theoretical MnO for pyrolusite), is one of 
the low grade deposits in the world. Based on XRD and XRF analysis, the amounts of 
calcite and quartz of the ore are about 79% and 2–3%, respectively.  

Microscopical studies  

Based on the results obtained from transmitted-light microscopy studies, the coarse 
and fine grains of ore minerals are surrounded by gangue minerals containing calcite 
and quartz. The interlocking of ore and gangue minerals is shown in Fig. 3. The study 
of polished sections by reflected-light microscopy showed that pyrolusite (about 12–
15 vol %) is the main ore mineral (Fig. 4). The small amount of hematite is also found 
in the samples.  

The studies by scanning electron microscopy indicated that the mineralization of 
pyrolusite is occurring in two forms. The coarse grains pyrolusites with size about 200 
m have simple interlocking with gangue minerals (Fig. 5a and 5b). Another kind of 
pyrolusites with complicated texture and interlocking are even finer than 10 
micrometers sizes (Fig. 5g). In fact, these very fine pyrolusites are disseminated inside 
gangue minerals. The distribution or X-Ray mapping of manganese (Mn) as 
demonstrator of pyrolusite is shown in Figs 5c, 5e and 5h. The small amount of barite 
particles is also observed in this part of study which is evidenced by analysis using 
WDX (X-Ray mapping of Ba in Fig. 5f). 

 
Fig. 2. X-ray diffraction pattern of representative sample 
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Table 1 the chemical composition of representative sample 

 
Fig. 3. Study by transmitted light microscopy 

(a) Interlocking of calcite, quartz and coarse grains of ore minerals (pyrolusite) 
(b) Fine grains mineralization surrounded by gangue minerals 

 

Fig. 4. Study by reflected light microscopy (interlocking of pyrolusite and gangue minerals) 

a) b)  

Fig. 5 
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c) d)  

e) f)  

g) h)  

Fig. 5. BSE (Backscattered Electron) images taken by Scanning Electron Microscopy (SEM) and WDX 
X-Ray mapping: (a) Interlocking of coarse grains of pyrolusite and gangue minerals containing calcite 
and quartz (–1190+600 m size fraction); (b) Interlocking of coarse grains of pyrolusite and gangue 

minerals containing calcite and quartz (–180+150 m size fraction); (c) X-Ray mapping of manganese 
(Mn) as demonstrator of pyrolusite in Fig. 5b; (d) Interlocking of coarse grain pyrolusite and barite  

with gangue minerals containing calcite and quartz (–1190+600 m size fraction); (e) X-Ray mapping  
of manganese (Mn) as demonstrator of pyrolusite in Fig. 5d; (f) X-Ray mapping of barium (Ba)  

as demonstrator of barite in Fig. 5d; (g) Interlocking of fine grains of pyrolusite and gangue  
minerals containing calcite and quartz;  (h) X-Ray mapping of manganese (Mn) as demonstrator  

of pyrolusite in Fig. 5g 
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Liberation degree 

One of the 1 kg samples was sieved and a representative polished section was 
prepared from each of eight sieve fractions. BSE (Backscattered Electron) images 
were taken from different parts of each polished section. In all images of each section 
the surface area of liberated and locked pyrolusites were measured by using 
JMicroVison software. Then, the percent of liberation degree is calculated by using 
Eq. 1 for different fractions. The results, as percent of liberation degree versus size 
fraction, are shown in Fig. 5. Based on these results the liberation degree of pyrolusite  

 100(%) 



IPLP

LP

SS

S
LD  (1)  

is determined as 180 micrometers, where SLP is the total surface area of liberated 
pyrolusites in all images of each polished section and SIP is the surface area of 
interlocked pyrolusites in all images of each polished section. 

 

Fig. 5. Liberation degree of pyrolusite, determined using JMicroVison 

The laboratory grinding of 1 kg samples with size distribution according Table 2 
showed that about 90% of the sample is entered to –180 µm size fraction after 
grinding for 15 and 9.5 minutes by rod and ball mill, respectively.  

Sieve and chemical analysis  

After crushing the sample under 2 mm according Fig. 1, a 1 kg representative sample 
was subjected to sieve analysis using ASTM standard screens and each fraction is 
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chemically analyzed by XRF. The results of size and chemical analysis of fractionated 
materials are shown in Table 2. By decreasing the size fraction, the MnO content is 
increased but the CaO content is decreased gradually. The size and chemical analysis 
of a sample (-2000 µm) ground by the rod mill for 15 min is presented in Table 3. The 
results show that the distribution of MnO and CaO in all the size fractions of mill 
product (Table 3) is almost more uniform than mill feed materials (Table 2). Based on 
the obtained results, it is clear that pyrolusite is ground more easily than calcite and 
quartz and also its distribution in fine size fractions is more than coarse size fractions. 
These fine particles could have negative effects on physical separation processes  

Table 2. The size and chemical analysis of a sample crushed under 2000 µm 

SiO2 CaO MnO 

Distribution  Distribution  Distribution  

Cumulative(%)
% 

Cumulative(%)
% 

Cumulative(%) 
% 

Cumulative 
passing (%)

Weight
)%( 

Size  
(μm) 

100 15.24.4 100 10.748.1100 7.9 10.4100 10.4 –2000+1680

84.8 25.13.3 89.3 23.447.992.1 20.312.289.6 22.8 –1680+1190

59.7 30.02.7 65.9 34.448.171.8 30.112.466.8 33.3 –1190+600

29.7 6.2  2.6 31.5 7.4 47.841.7 6.7 12.833.5 7.2 –600+425 

23.5 2.5  1.7 24.1 4.5 47.735.0 4.5 14.126.3 4.4 –425+300 

21.0 4.7  2.8 19.6 4.8 44.530.5 5.9 16.221.9 5.0 –300+180 

16.3 5.3  4.6 14.8 3.0 41.024.6 5.3 20.716.9 3.5 –180+75 

11.0 11.02.4 11.8 11.840.819.3 19.319.813.4 13.4 –75 

– 1003.0 – 100 46.6- 100 13.7- 100 Bulk 

Table 3. Size and chemical analysis of a sample ground by rod mill for 15 min 

SiO2 CaO MnO 

Distribution  Distribution  Distribution  

Cumulative(%)
% 

Cumulative(%)
% 

Cumulative(%) 
% 

Cumulative 
passing (%)

Weight
 % )(

Size  
(μm) 

100 8.3  12.2100 4.2 45.9100 2.2 7.5 100 4.1 –300+210 

91.7 16.56.5595.8 16.147.597.8 10.69.9 95.9 15.1 –210+150 

75.2 28.46.9679.7 25.145.587.2 22.613.080.8 24.5 –150+75 

46.8 17.66.0554.6 17.043.164.6 19.315.656.3 17.5 –75+38 

29.2 29.24.4537.6 37.643.045.3 45.316.438.8 38.8 –38 

- 1006.0 - 100 44.4- 100 14.1- 100 Bulk 
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Beneficiation tests  

Jigging tests 

Some jigging tests were performed on different size fractions including –9500+4750, 
–4750+2000 and –2000+1180 m to remove some gangue minerals as a clean tailing 
with minimum content of MnO and a suitable pre-concentrate. The results shown in 
Table 4 indicated that the tailing with the minimum grade and recovery is obtained 
using the feed material by sizing of –9500+4750 m the produced pre-concentrate in 
this size fraction with 20% MnO is favorable for other separation techniques such as 
tabling, magnetic separation and flotation.   

Table 4. The results of jigging tests 

Size fraction (m) product Weight (%) MnO (%) Recovery (%) 

Concentrate 50.3 20.0 77.4 
-9500+4750 

Tailing 49.7 6.2 22.6 

Concentrate 40.2 23.7 65.2 
-4750+2000 

Tailing 59.8 8.5 34.8 

Concentrate 36.4 22.4 56.7 
-2000+1180 

Tailing 63.6 10.3 43.3 

Heavy media separation studies 

The –180+75 μm size fraction sample was subjected to sink and float studies using 
methylene iodide (density, , 3.32 g/cm3) and bromoform ( = 2.89 g/cm3) as medium. 
The results of the studies are presented in Fig. 6 and the chemical analysis of the 
products is shown in Table 5.  The results show that using a medium with =3.32 
g/cm3, a pyrolusite concentrate containing 71.7% MnO and about 88% purity is 
produced. This product contains 76% of the manganese. By separating the float 
product of medium with  = 3.32 g/cm3 in bromoform solution another concentrate 
(sink in  2.89 g/cm3) with 32% MnO and 14.5% recovery is obtained. The SiO2 
content in the sink product of bromoform is relatively high and this can be due to 
unliberated hard quartz. The float product of the medium with = 2.89 g/cm3 is a final 
tailing with 68.6% weight percent which contains only 2.86% MnO. This indicates 
that most of the gangue minerals are present in the liberated form. It is also observed 
(Table 6) that BaO content is increased in sink products which related to minor 
amount of barite mineral in the ore sample. 

Tabling tests 

The representative sample was ground to below 1190m size and classified into four 
fractions viz. –1190+425 μm, –425+180 μm, –180+75 μm and –75 μm. These 
fractions were subjected to tabling studies and results are shown in Table 6 and Fig. 7. 
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Fig. 6. Procedure and results of heavy liquid tests 

Table 5. Chemical analysis of the sink floats products 

Composition (%) 
Product 

MnO CaO SiO2 Fe2O3 Al2O3 MgO BaO SO3 L.O.I Others 

Sink in 3.32 71.7 6.6 1.8 0.81 0.0 0.81 2.46 0.6 13.2 2.02 

Sink in 2.89 32.1 28.1 11.6 1.05 0.36 0.71 1.06 0.46 22.96 1.6 

Float in 2.89 2.98 52.5 5.1 0.52 0.66 0.74 0.083 0.087 36.84 0.51 

Table 6. Results of tabling tests on different size fractions 

Size fraction (m) product Weight (%) MnO (%) Recovery (%) 

Concentrate 27.4 29.2 59.6 

Middling 36.4 11.2 30.4 -1180+425 

Tailing 36.2 3.7 10.0 

Concentrate 19.4 42.8 52.1 

Middling 34.8 13.1 28.6 -425+180 

Tailing 45.8 6.7 19.3 

Concentrate 15.3 47.8 41.1 

Middling 42.3 15.6 37.0 -180+75 

Tailing 42.4 9.2 21.9 

Concentrate 10.4 57.6 32.2 

Middling 42.3 16.9 38.4 -75 

Tailing 47.3 11.6 29.4 

 
These results indicate that by decreasing the particle size a concentrate with high MnO 
content is obtained but the recovery is also decreased. The –425+75 μm size fraction 
(mixture of –425+180 μm and –180+75 μm fractions) is selected as suitable feed for 
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separation by tabling which could result in a concentrate containing more than 44% 
MnO with about 50% recovery.  

After removing –30 μm particles as slime, the tabling test was performed on  
–180+30 μm size fraction and a concentrate having 66% MnO with 40.4% recovery 
and a tailing with 10.1% MnO are obtained. The size distribution of the concentrate 
and tailing according Fig. 8 showed that the average particle size of the concentrate 
(d80 = 134 μm) is finer than tailing (d80 = 163 μm). These results confirm that it is more 
easily to grind pyrolusite than gangue minerals and its distribution in fine size 
fractions.    

Magnetic separation 

The representative sample for wet high intensity magnetic separation (WHIMS) tests 
was prepared according Fig. 9. The feed material (d80 = 0.18 mm) was subjected to 
magnetic separation at different magnetic intensities (1.2, 1.5 and 1.77 tesla). The 
results are presented in Table 7. The results show that the weight percent of magnetic 
product and recovery of MnO increase with increasing of magnetic intensity while the 
MnO grade is decreased slightly. As seen from Halbich upgrading curves presented in 
Fig. 10, the better separation is achieved at higher intensity (1.77 Tesla) which results 
in more selectivity index f (f = β·∑ε/100 (Drzymala, 2007)) value in comparing with 
that’s of two other options. It is possible to get a product with 52.6% MnO by 
recovering 64.6% MnO. The loss of MnO in non-magnetic fractions has also been 
reduced at higher intensity. About 90% of CaO and 84% of SiO2 are concentrated in 
the non-magnetic product or tailing fraction. 

 

Fig. 7. MnO grade and recovery as a function of size fraction in tabling tests 
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Fig. 8. The size distribution of concentrate and tailing of tabling test on –180+30 μm size fraction 

 

Fig. 9. The procedure of sample preparation for wet high intensity magnetic separation tests 

Table 7. The results of magnetic separation tests at different intensities 

Grade (%) Recovery (%) Intensity 
(tesla) 

Product Weight (%)
MnO CaO SiO2 MnO CaO SiO2 

Concentrate 18.1 53.5 15.9 5.8 52.3 7.9 13.8 

Tailing 81.9 10.8 40.9 8.0 47.7 92.1 86.2 1.2 

Feed 100 18.5 36.4 7.6 100 100 100 

Concentrate 21.6 52.1 16.6 6.5 60.4 9.5 17.1 

Tailing 78.4 9.4 43.5 8.7 39.6 90.5 82.9 1.5 

Feed 100 18.6 37.7 8.2 100 100 100 

Concentrate 22.6 52.6 16.2 6.5 64.6 9.8 16.1 

Tailing 77.4 8.4 43.5 9.9 35.4 90.2 83.9 1.77 

Feed 100 18.4 37.3 9.1 100 100 100 
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Fig. 10. The Halbich upgrading curves for magnetic separation at different intensities 

 

Fig. 11. Procedure and results of jigging-WHIMS combination  

Combination of gravity and magnetic separation methods 

Based on the results obtained from gravity and magnetic separation tests, different 
combinations of them were also examined. The procedure and results of two suitable 
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combination including jigging-WHIMS and jigging-tabling are shown in Fig. 11 and 
Fig. 12, respectively. By combination of jigging-WHIMS a concentrate (magnetic 
product) with 52.6% MnO and 56.6% recovery is obtained. But, the combination of 
jigging-tabling produces a concentrate containing 44.3% MnO with 61.3% recovery. 
The separation efficiency (SE) was calculated 49.83% and 48.5% for jigging-WHIMS 
and jigging-tabling, respectively. The Halbich upgrading curves were also displayed 
for both combinations in Fig. 13. These curves showed that the selectivity index (f) for 
jigging-WHIMS combination is always higher than jigging-tabling one. However, the 
selection of the best flowsheet depends on the technical and economical condition but 
from separation efficiency (SE) and selectivity index (f) point of view, the Jigging-
WHIMS combination is a little better than jigging-tabling alternative.  

Discussion  

The Charagah ore by average grading of 13.8% MnO which implies about 17% 
pyrolusite (by considering 81.6% MnO for pyrolusite) as main valuable is one of the 
low grade deposits in the world. Mineralogical studies indicated that the ore contains 
about 79% calcite and 3–4% quartz as gangue minerals. The amount of other minerals 
such as barite and hematite which were observed in microscopical studies is 
negligible. So, pyrolusite and calcite are two major phases and the ore mineralization 
is mainly occurred in limestone. Pyrolusite is found in the forms of coarse and fine 
pyrolusites. The coarse grains pyrolusite with simple texture is liberated in 180 
micrometers. Another kind of pyrolusite is very fine particles which have been 
disseminated inside the gangue phase. 

Two major phases, pyrolusite and calcite, differ significantly in respect of their 
densities (4.7 and 2.7 g/cm3, respectively). With efficient density of 2.2 g/cm3, it is 
expected that the upgradation of the ore will be possible easily. This matter is well 
demonstrated in the heavy liquid separation studies using bromoform (2.89 g/cm3) as 
the separating media. The results of this study clearly demonstrate upgrading of Mn-
value up to 59% MnO with 90.5% recovery at –180+75 μm size fraction. Using 
jigging separation, considerable amount of gangue minerals is removed as tailing with 
about 13% manganese loss. This tailing is very important in decreasing energy 
consumption in the later milling process. The results of tabling experiments revealed 
that a concentrate containing 44% MnO with about 52% recovery is obtained in the 
size fraction of –425+180 μm. With reduction of the size, the MnO content of the 
concentrate is increased (47.8% for –180+75 μm and 57.6% for –75 μm) but the 
recovery is decreased significantly. The lower grade of the manganese in the coarse 
fractions is due to finely disseminated pyrolusite, which takes the locked gangue 
minerals into the concentrate. The decreasing recovery in the fine fractions is related 
to entrance of very fine liberated pyrolusites into the tailing. As an alternative, wet 
high intensity magnetic technique was employed on -180 μm size fraction to find out 
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Fig. 12. Procedure and results of jigging-tabling combination  

the possibility of pyrolusite separation from gangue minerals. Pyrolusite is a para-
magnetic mineral and can easily be separated from calcite and quartz as diamagnetic 
minerals using high intensity magnetic separators. By increasing magnetic intensity, 
the recovery of manganese is increased significantly while the MnO grade is 
decreased slightly. Using WHIMS the fine particles of pyrolusite are recovered more 
efficiently than the tabling technique. 
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Fig. 13. The Halbich upgrading curve for the two examined combinations 

Conclusion  

The ore mainly contains pyrolusite and calcite with significant difference in their 
densities and magnetic susceptibilities. It is expected that the concentration of the ore 
can be done easily. Some mineralogical features of pyrolusite can affect the 
manganese grade and recovery in the concentrate of the physical separation techniques 
negatively. These features are dissemination of very fine pyrolusites inside gangue 
minerals and distribution of the most of pyrolusites in fine size fractions (-75 μm) in 
the grinding process to achieve the determined liberation degree (180 μm). 
Nevertheless, using jigging-tabling or jigging-WHIMS, production of a concentrate 
with suitable grade (44–53% MnO) and average recovery (56–62%) is possible.  
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Abstract: Granulation is one of the fundamental operations in particulate processing which has an 
ancient history and a widespread use. Compost fertilizer was granulated using drum granulation method 
under different level of drum rotational speed. Rotational speed of the drum (ω) ranged from 40 to 60 rev 
min–1 (40, 45, 50, 55 and 60 rev min–1). The effect of rotational speed of the drum (ω) on some physical 
properties of granulated compost fertilizer including: useful granules, granules size, fracture force, mass 
of the granules, bulk density, angle of friction and angle of repose are investigated in the present 
study.Results indicated that with the increasing drum rotational speedthe percentage of useful granules, 
fracture force, bulk density, angle of friction and angle of reposeincrease from 69.91% to 80.88%, 34.35 
N to 35.23 N, 743.23 to 765.08 kg m–3, 26.50 to 28.01º and 10.83 to 12.88º, respectively. Also the 
average size of granules decreases from10.15 to 7.05 mm. 

Keywords: drum granulation, compost fertilizer, drum .rotational speed, fracture force, granule size, 

granule mass 

Introduction 

High moisture content, high volume and non-uniformity of the materials in manure are 
the factors that limit the usage of the manure in agriculture. Normally, because of low 
specific gravity the transportation of manure fertilizers is difficult and expensive 
(Ghadernejad et al., 2012). Biomass is very difficult to handle, transport, store and 
utilize in its original form (Sokhansanj et al., 2005). On the other hand governments 
are looking for ways to dispose of municipal, mineral, industrial, and agricultural 
wastes. Spreading these wastes on agricultural land is perceived as the most 
appropriate solution if the wastes can be used to support plant production (Allaire and 
Parent, 2004). These wastes were spread directly on agricultural land. When the 
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wastes are combined with mineral fertilizers, the mineral part may compensate for the 
lack of certain nutrients in the wastes while the organic matter could improve the 
efficiency of the mineral fertilizers (Allaire and Parent, 2004).  

One method to get easy storage, transportation, dispose of agricultural wastes and 
to decrease the costs is to reduce the volume of the manure by compression in granule 
form. The compressed manure can be used as the fertilizer in agricultural farms. This 
also eliminates the need for manure plants and reduces the cost of manure (Adapa et 
al., 2003). The agglomeration of fertilizer granules in storage, known as caking or bag 
set, is a significant quality assurance problem for the fertilizer industry. The 
agglomeration of fertilizer granules can take place over weeks or months in storage 
(Walker et al., 1999). 

Granulation is one of the fundamental operations in particulate processing and has 
an ancient history and a widespread use. Much fundamental particle science has 
developed over the last few years to help understand the underlying phenomena. Yet, 
until recently the development of granulation systems was mostly based on popular 
practice (Cameron et al., 2005). 

While a lot of research concerning granulation processes and physical and 
mechanical properties of granules in chemistry and pharmacy sciences have been 
made, a limited number of published literature are available about physical and 
mechanical properties of fertilizer granule. The mechanisms for granule growth 
(granulation) including nucleation, growth, random coalescence, pseudo-layering and 
crushing and layering were studied by Sastry and Fuerstenau (1973). Coalescence 
agglomeration occurs when two or more particles adhere together using a liquid as the 
binding agent. In industrial processes, binding liquids include water, water-based 
solutions and melts. Coalescence is random if the rate of agglomeration is size 
independent or preferential if agglomeration is size dependent (Walker et al., 2000). 
Litster and Liu (1989) in their research on the granulation of fertilizers have found that 
coalescence is the most probable mechanism for low temperature fertilizer granulation 
using a feed with a broad particle size distribution.  

In the operation of drum granulation systems there are a number of process 
parameters that will affect the extent of size enlargement and physical properties of the 
final granulate. One of the important parameters is drum rotational speed. With low 
rotation speed, the granulate slides about the bottom of the drum with little agitation of 
the granules, with increasing drum speed the granule begins to roll, cascading occurs 
and the probability of agglomeration increases (Sherrington and Oliver, 1981). It has 
been suggested that the optimum drum speed is half the critical speed, where the 
critical speed is defined as the speed at which the dry material will be carried around 
the drum by centrifugal force (Walker et al., 2007). Effect of the viscosity of binder 
solution, flight arrangement and critical speed on fertilizer granulation procedure were 
studied by Walker et al. (2000). 

The effect of the granulation parameters on physical properties of the granules is 
one of the most important factors in optimal granulation conditions. Therefore the 
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objective of the present work is to investigate the effect of rotational speed of the drum 
(ω) on some physical properties of granulated compost fertilizer including: useful 
granules, granules size, fracture force, mass of the granules, bulk density, angle of 
friction and angle of repose.  

Materials and method 

Production of granules 

The powder used in the production of the granules was multicomponent fertilizer 
powder supplied by Moshaver Haseb Company. The granules were produced in a no 
internal flights drum granulation. Production of the granules for each batch was 
repeated three times. A schematic diagram of the experimental set up is shown in 
Fig. 1. Drum (3) was driven by electromotor (5) by means of a belt transmission and 
a clutch. A change of rotational velocity of the drum was obtained by means of 
inverter (6). The granular bed placed in the drum was wetted drop-wise by means of 
sprinkler (4), which was introduced axially to the device that ensured a uniform liquid 
supply. The sprayer was mounted on stand (8), which was independent of the 
granulator. The wetting liquid (Sugar beet molasses) was supplied from reservoir (1), 
placed at the height of 300cm from the drum axis and its constant flow rate (Q =  
10–6 m3/sec) was fixed by means of rotameter (2). During the experiment a constant 
liquid level was kept in the tank, which guaranteed a constant pressure of supplied 
liquid. The granular bed was wetted until the material got over-moist which caused 
that the bed stuck to the inner wall of the granulator (Obraniak and Gluba, 2012). 

 

Fig. 1. A schematic diagram of the experimental set up  

In the present work the following parameters were used: drum diameter D = 200 
mm; drum length L = 380 mm, filling of the drum with granular material φ = 7.5%. 
The solution to solid phase ratio, defined as the ratio of volume of liquid phase to that 
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of solid phase in the granule and is given by the equation 1 cited by Walker et al. 
(2000): 

 
(1 )

(1 )
s

L

M S
y
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where y is solution to solid phase ratio, M is the moisture content, S is the fertilizer 
solubility, ρsis the solid fertilizer density and ρL is the liquid fertilizer density. For each 
granulation system, the fertilizer liquid and solid densities must remain constant.  

Rotational speed of the drum (N) ranged from 40 rev min–1 to 60 rev min–1 (40, 45, 
50, 55 and 60). The range change of drum angular velocity is selected in such a way to 
provide cascading – the typical feed movement for drum tumbling granulators 
(Obraniak and Gluba, 2012). 

The critical rotational speed within drums is the speed at which material can be just 
carried around the drum by centrifugal action. In terms of the Froude number 
describing the ratio of inertial to gravitational forces, the critical rotational speed can 
be defined as: 

 
D

cr
4.42

  (2) 

where: ωcr is the critical rotational speed (rev min–1) and D is the drum diameter (m).  
In practice, good granulation can be achieved in drums containing no internal 

flights when rotational speed (ω) ranged from 0.3ωcr to 0.5ωcr. In the present work 
critical speed ωcr = 94.81rev min–1 is calculated using equation 2. 

After granulation processes, wet granules were left in the atmosphere to dry. After 
being dried in the atmosphere,the granules were collected for measuring their physical 
properties. 

Physical properties of granules 

Physical properties of produced granules and effect of the granulation parameters on 
physical properties of the granule is one of the most important factors in optimal 
granulation conditions. Effect of the drum rotational speed on some physical 
properties of produced granules including: useful granules, granules size, granules 
fracture resistance, granules mass, bulk density, coefficient of friction and angle of 
repose of granules were studied in the present work.  

Useful granules 

For the purpose of the present work granules in the size range 5 to 10 mm were 
required. It was therefore necessary to optimize the process to ensure that the larger 
fraction of the granules from each batch would be within this size range. Any granules 
that are larger than 4 mm are regarded as oversize and these would need to be crushed 
in a continuous granulation circuit. Any granules passing through 5 mm were 
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classified as fines and these could be recycled by reintroducing them into the 
granulation process. The efficiency of the process, η, is defined as the percentage of 
the product which meets the size requirement (Mangwandi et al., 2012): 

 100
Total

Target 
M

M
  (3) 

where MTarget is mass of useful granules and MTotal is mass of the batch granules. The 
mass of the useful granules batch using sieving was measured. Determination of the 
percentage of the useful granules was repeated three times. 

Granules size 

The size distribution of the produced granules for each batch was determined using 
sieving. The stack of sieves with the granules was placed on an orbital sample shaker. 
Retsch sieves (Retsch GmbH, Germany) were used in the size analysis and the aperture 
sizes are as follows; 850, 1000, 1180, 1700, 2360, 3350, 4750, 12700 and 19050μm. 
The duration of sieving was adjusted according to size of the sample. The sieving times 
for the 500 g batches were 22 min respectively at a speed of 180 rpm. The masses of 
granules retained on the sieves to determine the size distribution of the granules were 
used. Determination of the average of the granule size was repeated three times. 

Granules fracture force 

To investigate fracture force, for each rotational speed of the drum, 20 granules in the 
shape close to spherical were taken from the bulk sample, and next each granule was 
placed separately between parallel compressing plates (mobile and immobile). The test 
lasted until the moment when the granule was destroyed between the compressing 
plates. Pneumatics press for measuring fracture force of the granules was used (Fig. 2). 

 

Fig. 2. Schematic of the pneumatics press  
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Bulk density 

One of significant parameters that describe the properties of granular materials is bulk 
density. For the determination of bulk density, the bulk material (granules) was put 
into topless cylindrical container with known weight, height (150 mm) and volume 
(500 dm3) from a height of 150 mm at a constant rate (Dash et al., 2008; Singh et al., 
1996; Sacilik et al., 2003). Bulk density (ρb) was calculated from the mass of bulk 
granules divided by volume containing the mass. Measurement of the bulk density 
was repeated ten times. 

Mass of the granules 

In order to determine the effect of the drum speed on mass of the single granule, 100 
granules were selected from the bulk samples, quite randomly. Then mass of the 
granules was measured. From bulk sample 300 granules were selected quite randomly; 
then granules were divided into three bins so that in each bin 100 seeds were placed. 
Bin weight was measured and multiplied by 10 to give mass of 1000 granules. The 
mass of the single granule and 1000 granules mass were measured using a digital 
balance with an accuracy of 0.01g. 

Mass of granules distribution was modelled using log-normal probability density 
functions. The probability density functions f(x) and cumulative frequency functions 
(F(x)) for Log normal distribution are showed in equation 4 and 5.  
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According to the equation 4 and 5, for the log-normal distribution, µ is scale 
parameter, σ is shape parameter and γ is location parameter. Whenever γ is equal to 
zero log-normal distribution is called two parameters distribution, otherwise it is 
called three parameters distribution. Whenever γ is equal to zero and µ equals one the 
log-normal distribution is called standard log-normal distribution (Mirzabe et al., 
2012). In this study, Log-normal distribution with two parameters was used. 

Angle of friction 

The coefficient of external static friction, using iron sheet, was determined. A topless 
and bottomless metallic box with known dimensions (length 100 mm, width 100 mm 
and height 50 mm) was put on the surface. The box was filled by granules. The 
surface was gradually raised by the screw. Both horizontal and vertical height values 
were measured using a rule and digital caliper when the seeds started sliding over the 
surface and, the coefficient of static frication was calculated using the following 
equation (Burubai et al, 2007): 
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 Fs Atan  (6) 

where: μs is coefficient of static friction; AF is angle of static friction. Measurement of 
the angle of friction was repeated ten times. 

Angle of repose 

Static angle of repose of granules was measured by the use of pouring method 
(Fraczek et al., 2007). The angle of repose was determined using a topless and 
bottomless metallic cylinder of 250 mm height and 150 mm diameter. The cylinder 
was placed at the iron surface and was filled with bulk material. The cylinder was 
raised very slowly. The height and diameter of the cone was measured using digital 
caliper and the static angle of repose was calculated using the following equation cited 
by Mirzabe et al. (2012): 

 







R

H
AR arctan  (7) 

where: AR is angle of repose; H is height of the cone; R is radius of the cone. 
Measurement of the angle of repose was repeated ten times. 

Results and discussion 

The effect of rotational speed of the drum (ω) on some physical properties 
ofgranulated compost fertilizer including: useful granules, granules size, fracture 
force, mass of the granules, bulk density, angle of friction and angle of repose were 
investigated in present study. 

Useful granules  

The effect of rotational speed of the drum on percentage of the produced useful 
granules (η) is illustrated in Fig. 3. According to Fig. 3 with increasing drum 
rotational speed from 40 rev min–1 to 60 rev min–1, percentage of the produced useful 
granules was increased from 69.9% to 80.9%. For the purpose of present work 
granules in the size range 5 to 10 mm were required. Therefore maximum 
percentage of the useful granules was produced when the rotational speed of the 
drum was equal to60 rev min–1.  

Granules size 

The effect of drum rotational speed on average of produced granule size (D50) is 
illustrated in Fig. 4. According to Fig. 4 with increasing drum rotational speed from 
40 rev min–1 to 60 rev min–1, average size of the produced granules was decreased 
from 10.15 mm to 7.05 mm. The effect of drum rotational speed on average size of 
produced granule of potassium nitrate was investigated by Rojas et al. (2005). Result 
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indicated that, when the rotational speed increased from 4 to 7 rev min–1 (RPM) 
average size of the produced granules decreased. 

 

Fig. 3. Effect of drum rotational speed on percentage of useful granules 

 

Fig. 4. Effect of drum rotational speed on average of size 

Fracture force 

The effect of drum rotational speed on fracture force of the produced granules (F) is 
illustrated in Fig. 5. According to Fig. 5 with increasing drum rotational speed from 40 
rev min–1 to 60 rev min–1, fracture force of produced granules was increased and then 
decreases from 34.35 N to 35.23 N. 
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Fig. 5. Effect of drum rotational speed on fracture force 

Bulk density 

The effect of drum rotational speed bulk density of produced granules (ρb) is 
illustrated in Fig. 6. According to Fig. 6 with increasing drum rotational speed from 40 
rev min–1 to 60 rev min–1, bulk density of the produced granules was increased from 
743.23 kg m-3 to 765.08 kg m-3. The effect of rotational speed on bulk density of 
produced granules of bentonite was investigated by Heim et al. (2005). The results 
indicated that the effect of relative rotational speed appeared to be very small and 
could be considered negligible. 

 

Fig. 6. Effect of drum rotational speed on bulk density 

Mass of the granules 

The effect of drum rotational speed on mass of the produced granules (M1) is 
illustrated in Fig. 7. According to Fig. 7 with the increaseof the drum rotational speed 



 Y. Ghasemi, M. H. Kianmehr, A. H. Mirzabe, B. Abooali 752 

from 40 rev min–1 to 50 rev min–1, mass of the produced granules increased from 0.486 
g to 0.639 g; but with the increaseof drum rotational speed from 50 rev min–1 to 60 rev 
min–1 mass of the produced granules decreased from 0.639 g to 0.548 g. 

 

Fig. 7. Effect of drum rotational speed on mass of granules 

The distribution of mass of granules was modeled using log-normal probability 
density functions. The value of the log location parameter, log scale parameter, mean 
of log-normal distribution, variance of log normal distribution and log likelihood for 
each rotational speed were calculated (Table 1). The probability density functions of 
log-normal distributions for all rotational speed are showed in Fig. 8. 

Table 1. Parameters of log normal distributions for mass of the granules 

Rotational speed 
(rev min–1) 

Log location 
parameter 

Log scale 
parameter 

Mean of 
distribution 

Variance of 
distribution 

Log likelihood 

40 −1.012 0.892 0.540 0.355 −14.082 

45 −0.797 0.814 0.628 0.371 −20.329 

50 −0.655 0.681 0.655 0.253 −18.481 

55 −0.661 0.761 0.690 0.373 −23.746 

60 −0.854 0.849 0.610 0.393 −19.548 

Angle of friction  

The effect of drum rotational speed on angle of friction of produced granules (AF) is 
illustrated in Fig. 9. According to Fig. 9 with increasing drum rotational speed from 40 
rev min–1 to 60 rev min–1, angle of friction of the produced granules was decreased 
from 26.50º to 28.01º. 
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Fig. 8. Probability density function of Log normal distributions for all rotational speed 

 

Fig. 9. Effect of drum rotational speed on angle of friction 

Angle of repose 

The effect of drum rotational speed on the angle of repose of produced granules (AR) is 
illustrated in Fig. 10. According to Fig. 10 the angle of repose of the produced 
granules decreased from 10.8º to 12.9º with increasing drum rotational speed from 40 
rev min–1 to 60 rev min–1. Results of the angle of friction indicated that, with 
increasing drum rotational speed, angle of repose of the produced granules increased. 
Perhaps, with increasing drum rotational speed internal friction coefficient between 
granules increased, therefore with increasing coefficient of friction, angle of repose of 
the produced granules increased. Also increase in the value of the angle of repose with 
the increase in drum rotational speed can be caused by the size and shape of the 
granules. 
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Fig. 10. Effect of drum rotational speed on angle of repose 

Conclusions 

In present study the effect of drum rotational speed (ω) on useful granules, granules 
size, fracture force, mass of the granules, bulk density, angle of friction and angle of 
repose of granulated compost fertilizer were investigated. The result indicated that, 
when the rotational speed increased from 40 to 60 rev min–1: 
1. percentage of the produced useful granules increased, 
2. average size of the produced granules decreased, 
3. fracture force of produced granules increased, 
4. bulk density of the produced granules increased, 
5. speed mass of the produced granules increased, 
6. speed angle of friction of the produced granules decreased, 
7. speed angle of repose of the produced granules decreased. 
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Abstract: The pulp-froth interface position is important from a metallurgical point of view because it 
determines the relative importance of the cleaning and the collection zones. The pulp-froth interface 
position is measured based on variations of specific gravity, temperature or conductivity between the two 
zones to locate the pulp froth interface position. In this study, the pressure measurements are used to 
calculate the values of the froth layer height. These two meters are installed in the upper part of the 
column at 1.4 m and 2.4 m respectively, from the top of the column. Methods using pressure gauges are 
commonly used in industrial operations Even though their accuracy is limited (due to assumptions of 
uniformity of the pulp and froth density), and they always have some error. In the Sarcheshmeh copper 
industrial plant (Iran), a float was installed near the column with 2.5 m height that was calibrated to 5 cm 
intervals in order to determine the more exact forth height and compare it with the recorded froth height 
in control room. In this paper, an algorithm based on Kalman Filter is presented to predict on-line froth 
height errors using two pressure gauges. This research is based on the industrial real data collection for 
evaluating the performance of the presented algorithm. The quality of the obtained results was very 
satisfied. The RMS errors of prediction froth height errors was less than 0.025 m. 

Keywords: prediction; accuracy; froth height; Kalman filter; error 

Introduction 

Nowadays column flotation is an important mineral processing unit. Figure 1 presents 
a simplified scheme of a flotation column that consists of two principal zones: the 
collection zone (less than 20% of air) and the froth zone (more than 70% of air). The 
pulp feed (15–40% solids) enters near the top of the collection zone. Hence, particles 
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are contacted counter-currently with air bubbles generated near the bottom of the 
column. Hydrophobic particles collide and adhere to the bubbles and they move 
upwards to the pulp/froth interface. The froth zone is a mobile bubble bed, 
approximately 1 m in froth depth, which is contacted counter-currently with wash 
water (added near the overflow level). 

Level control in flotation columns is an important factor that influences the 
recovery and grade of concentrate from the column. A flotation column is a nonlinear, 
multi-variable problem with changeable parameters that traditional methods have 
difficulty controlling. 

When the pulp level is too high the concentrate overflows too much and the grade 
of the concentrate is reduced. When the pulp level is too low the concentrate yield 
may be reduced, which also results in a reduction in the recovery. 

 

Fig. 1. Flotation column 

Many techniques have been proposed in the past for the froth depth measurement. 
The most common were summarized by Finch and Dobby (1990) and some further 
developments were presented by Bergh and Yianatos (1995) and Del Villar et al. 
(1999). All these methods use the difference in physical characteristic, such as specific 
gravity, temperature or conductivity, between the pulp and the froth to locate the pulp 
froth interface position. Even though the principles behind these methods are fairly 
simple, some of them have encountered important operating problems that limit their 
accuracy. Nevertheless, methods based on the use of a float or pressure gages (one to 
three) are commonly used and seem to be precise enough for day-to-day process 
supervision. 

Some experimental works, for example Hyma and Salama (1993) as well as Pal 
and Masliyah (1991), discussed and tested the control of the froth layer height by 
manipulating the non-floated flow rate in a pilot plant using PI controllers. Del Villar 
et al. (1999) designed and implemented a distributed PI controller in which the bias 
and the froth layer height were controlled by manipulating the wash water flow rate 
and the non-floated flow rates, respectively. 
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More recently, artificial neural network (ANN) based system identification and 
model predictive control of a flotation column has been reported by Mohanty (2009). 
The ANN is an empirical modeling tool, which is analogous to the behaviour of 
biological neural structures. ANNs are very powerful to effectively represent complex 
non-linear systems. It is also considered as a non-linear statistical identification 
technique. He describes the design of a ANN based model predictive controller for 
controlling the interface level in a flotation column. 

The pulp level in a floatation column changes frequently during operation because 
of changes to the nature of the pulp and the varying discharge rate. Methods using 
pressure gauges are commonly used in industrial operations even though their 
accuracy is limited (due to assumptions of uniformity of the pulp and froth density), 
and they always have some error. 

Until now, most studies have focused in importance of froth height system 
accuracy in floatation operation, and there are not any report in the field of prediction 
and correction of errors in this system.  

This paper aims at presenting a new method to get prediction of froth depth 
measurement errors using Kalman Filter (KF) on the pressure profile along the column 
upper section. A KF is an algorithm for obtaining a minimum mean square error point 
estimate of a random process. In this study, the Kalman Filter method was done using 
data from case study on CISA flotation column at the Sarcheshmeh copper plant in 
Iran. 

Industrial plant 

The Sarcheshmeh copper ore body which may rank as third or fourth largest in the 
world contains 1 billion tones (1 petagram) averaging 0.90% copper and 0.03% 
molybdenum. The process consists of grinding circuit with their associated flotation 
circuits. Figure 2 shows the flotation circuit of the Sarcheshmeh concentrator plant. 

The flotation circuit consists of rougher, cleaning and column flotation stages. The 
rougher flotation bank consists of 8 cells (130 m3) and the regrind mill is a 3.962 m by 
5.791 m ball mill. The cleaner, scavenger banks each have 3 (50 m3), 5 (50 m3) cells, 
respectively. The single stage column flotation operation is composed of a Metso 
Minerals CISA column with 4 m internal diameter, 12 m height and associated 
instruments (Fig. 3). A final product with an average grade of 28–30% Cu 
(chalcopyrite and chalcocite) and 0.7–0.8% Mo are obtained after flotation stages.  

The primary objectives are column recovery and concentrate grade, which 
represent the indices of process productivity and product quality. Common practices to 
control secondary objectives, such as pH at the feed, froth depth, air flow rate and 
wash water flow rate. These are usually implemented as local controllers or under 
Distributed Control Systems (DCS). Ideally, when primary objectives are measured, 
the control strategy is to change the set points of the controllers under DCS, in order to 
achieve a good process performance. 
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Fig. 2. The flow sheet of flotation circuit of the Sarcheshmeh industrial plant 

 

Fig. 3. Sarcheshmeh industrial plant flotation column 

Figure 4 illustrates simplified flotation column instrumentation with all of the 
variables included. The wash water flow rate is measured by means of an 
electromagnetic flow meter and controlled by a pneumatic valve. The air flow rate is 
measured by a mass flow meter and controlled by a pneumatic valve. The pulp feeding 
is controlled by means of a peristaltic pump with variable speed. Since the non-floated 
fraction flow rate is not directly measured, it must be inferred from the signal sent to 
the corresponding frequency inverter. The use of a peristaltic pump to control this 
flow rate requires special attention, due to the pressure variation at the pump inlet 
during the operation. 

The instruments and the actuators (pumps and valves) are all connected to a data 
acquisition system which takes care of the analog-to-digital conversion of the output 
variables and of the digital-to-analog conversion of the manipulated variables.  

The pressure measurements (P1 and P2 taken, respectively, by LT) are used to 
calculate the values of the air hold up in the recovery zone and of the froth layer 
height. These two meters are installed in the upper part of the column at H1 and H2, 
respectively, at 1.4 m and 2.4 m from the top of the column. Each sensor required to 
12–53 DC volt energy source and transfer 4–20 mA flow to control system. A real 
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time data acquisition system was used to store the operating variables on a PC 
computer hard disk. The ultimate objective of automatic control is to continuously 
adjust process operation to maintain the best profitability despite disturbances and 
uncertainties while respecting constraints such as safety and environmental issues. To 
achieve this goal, a hierarchical indirect optimization structure is often selected. 

 

Fig. 4. Schematic diagram of the flotation column and associated instrumentation 

Froth height 

Interface position is important from a metallurgical point of view, because it 
determines the relative importance of the cleaning and collection zones. Many 
techniques have been proposed in the past for froth depth measurement. All these 
methods use the difference in a physical characteristic, such as specific gravity, 
temperature or conductivity, between the pulp and the froth to locate the pulp-froth 
interface position. Nevertheless, methods based on the use of a float or pressure 
gauges (one to three) are commonly used. The approach privileged in this work is 
based on the use of two pressure gauges and a float (Fig. 5). The relationships between 
the pressure values and the process variables can be expressed by: 
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The froth layer height is inferred from the measured pressures and is given by 
equation (4): 
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where P1 and P2 are the pressure measured values (Pa), H1 = 1.4 m and H2 = 2.4 m 
(pressure meters distance from the top of the column) and f  and c  are the average 
value of the froth layer density and pulp in collection zone (kg/m3), respectively. 

 

Fig. 5. Two pressure gauges are installed in the upper part of the column 

The plant sensors provide raw measurement of secondary variables. Since 
measurements may be corrupted by bias, noise and even sensor failures, an observer is 
essential. Observation and data reconciliation, supervised by process and sensor fault 
detection and diagnosis techniques, extract consistent and reliable information from 
raw measurements, can infer unmeasured process states or temporarily replace 
defective sensors, etc. In the Sarcheshmeh copper plant, a float was installed near the 
column with 2.5 m height which is calibrated to 5 cm intervals, in order to, determine 
the accurate forth height and compare it with the recorded forth height in control room 
(measured froth height by two pressure gages) that is observable continuously by 
camera (Fig. 6). 

 
Fig. 6. Installed float near the column 
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Research method 

Kalman Filter formulation 

The KF is an optimal estimation technique that minimizes the estimation error in 
a well-defined statistical sense. As a linear filter using a recursive algorithm which 
processes measurement information sequentially in time, the KF involves two main 
steps: filtering and prediction. Filtering is the estimation of the state vector at the 
current epoch based on all previous measurement information. 

Prediction involves the estimation of the state vector X  at a future time (Simon, 
2006). The KF system state vector (dynamic model) which evolves with time can be 
written as: 

  
kkkk WXX  1 . (5) 

corresponding to the measurement vector (measurement model): 

 kkkk VXHZ   (6) 

where ),0(~ kkk QNW  and ),0(~ kkk RNV  are the system and measurement noises 
which are mutually uncorrelated vectors. Subscript k  refers to the epoch of time. The 
processes W and V are independent, zero mean Gaussian proportional to 2

  and 2
v  

variances. 2
  coefficient and also β1, β2 are estimated using autocorrelation equations 

as described below (Mosavi et al., 2010):  
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where   is the transition matrix. A KF requires that the system model to be in state-
space form. In this modeling, the transition matrix can be obtained by using the time-
varying Auto-Regressive (AR) model. AR is a famous model, which is used in a 
discrete-time stochastic process. A time varying AR model of second-order is 
mathematically described by: 

 )()2()()1()()( 21 kekykakykaky   (11) 
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where )( iky  demonstrates the output of the model and e(k) describes the noise value 

of the system at time k for k = 1, 2.... ai(k) for i = 1, 2 is the sets of parameters which 
describes the model structure. To identify the system, the parameters i should be 

calculated in a way that summation of square errors gets the minimum value. The 
parameter matrix k  may be estimated using the least-squares (LS) method as shown 

by Mosavi et al., 2002: 

 k
T
kk

T
kk YFFF 1)(   (12) 

where matrices Fk and Yk are calculated as follows: 

 











)1()(

)2()1(

kyky

kyky
Fk  (13) 

 










)1(

)(
ky
ky

kY . (14)  

Once the model parameters ai(k) are known, the value of function y(k) for an 
arbitrary k  can be computed as follows: 

 )2()1()( 12  kyakyaky . (15) 

In order to generate state-space some AR differential equations should be used as 
the sequence of equations below show: 
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Finally, we are led to the following canonical controllable state-space 
representation: 
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in which, the transition matrix k  is resulted from: 
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In the KF formulation, H is the measurement connection matrix. Elements of H are 
the partial derivatives of the predicted measurements with respect to each stage and 
must be computed for every epoch.  

The respective Kalman filtering algorithm involves Kalman gain (K), covariance 

update (Pk) and prediction ( 
1kP ), in the time update and measurement update steps. 

The brief description of second-order KF algorithm is as follows (Mosavi et al., 2006): 
Step 1: Initialize KF parameters  
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Step 2: Calculate Kalman gain 
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Step 3: Update the estimation process  
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Step 4: Update the error covariance 
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Step 5: Project the state ahead 
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Step 6: Project the error covariance ahead 

 k
T
kkkk QPP 

 1 . (29)  

Data collection 

The data for this study were collected during the normal operation of the Sarcheshmeh 
concentration plant. Flotation column is operated under distributed control of froth 
depth, and chemical reactive dosages, to collect operation data at steady state. In order 
to collect real data to assess efficiency of suggested method, 300 observations of froth 
height were provided in 60-hours simultaneously with float and tow pressure gauges, 
i.e. that during the measurement period (12 minutes), the froth height was measured at 
the same time twice, one by pressure gauges and the other by float. Field 
instrumentation was installed and calibrated, and data signals communicated to a PC 
computer. 

Results and Discussion 

The previous section provided the algorithm for the KF and the means for estimating 
the quantities needed to start the filter. In this section the implementation of the KF for 
use in predicting the error of the two pressure gages will be described. Figure 7 shows 
the comparison plots of the measured froth height by pressure gages and the actual 
froth height for 60-hours data set. The prediction of froth height error by using KF was 

estimated by the MATLAB software. The results are shown in Fig. 8 and Tables 1. 
The performances of the models developed in this study have been assessed using 

various standard statistical performance evaluation criteria. The statistical measures 
considered have been correlation maximum, minimum average and root mean square 
(RMS) error. The RMS criteria is calculated according to the following equation: 

 
2

1
2

)(
1





   YX
n

RMS  (30) 

 

Fig. 7. Comparison of real froth height values  
in column flotation floatation with measured values 
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Fig. 8. Comparisonof predicted results using the KF model  

with actual errors values for froth height in the flotation column 

Table 1. Maximum, minimum, average and RMS errors in the prediction  
froth height errors in the column flotation using KF 

Parameters Measured froth height error prediction error (m) 

Maximum 0.099 

Minimum –0.1131 

Average 0.0002 

RMS 0.025 

 
Table 1 presents the error values in the prediction of froth height errors in the 

column flotation by using KF when RMS is lower than 0.025 m. From these results, 
a KF model which can be used to predict the error of a sensor with an acceptable error. 
Also, the result from a test of real data shows that the KF method will guarantee 
access to more accurate froth height by prediction and correction of sensor 
measurement errors.  

Conclusion 

In this paper, we have provided a summary and improvements of the most common 
techniques used in the flotation column for measurement of froth height. We have 
shown that the standard implementation of the Kalman filter provides proper forecast 
of random error. It is able to provide an efficient analysis when measurements are 
available. The method described in this paper is based on KF using real data from 
industrial scale in order to predicate measured froth height errors of the Sarcheshmeh 
copper complex. The quality of the obtained results was very satisfied. The RMS 
errors of prediction froth height errors were less than 0.025 m. Moreover, with 
correction of predicted errors, it can be possible to reduce RMS errors in on-line 
analyzers. Therefore, the implementation of estimators such as Kalman Filter could 
significantly improve the measuring of the froth depth and as well as the column 
metallurgical performance. This could lead to great possibilities for plant optimization 
of the flotation column process. 
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Professor Jerzy Sablik, Ph.D., D.Sc. 

a tribute on his 80th birthday 

. 

Jerzy Sablik was born on 20 May 1933. In 1951, in Cieszyn, he received a secondary 
school certificate. In 1954 he graduated with a B.Sc. degree in chemistry from the 
Higher School of Pedagogy (WSP) in Katowice (presently the University of Silesia). 
Over the next 12 years he worked for the Centre of Teaching Education (Zakład 
Kształcenia Nauczycieli) and in the Medical Secondary School. In 1956 he started to 
continue his education at the Jagiellonian University and in 1959 he graduated with a 
M.Sc. degree in chemistry. In 1960 he was awarded a doctoral scholarship from the 
Polish Ministry of Education and started his Ph.D. under supervision of prof. Zbig-
niew Kwapniewski. In 1966 he received the Ph.D. degree after defending his disserta-
tion entitled “Analiza estrów fosforowych inozytolu metodą elektroforezy bibułowej 
w komorze wilgotnej”. In 1965–1966 he worked as a volunteer at WSP Katowice, 
Department of Organic Chemistry. In 1967 he started his work in the Central Mining 
Institute in Katowice, where he spent the rest of his scientific life. He received the 
degree of doctor habilitatus (D.Sc.) in technical science in 1987 after submitting the 
thesis entitled “Własności powierzchniowe węgli kamiennych i stymulatory ich akty-
wności flotacyjnej”. The President of Poland conferred on him the title of Professor of 
Engineering Sciences in 1999. 

Jerzy Sablik worked in the Central Mining Institute in Katowice as a technician, 
assistant professor, associate professor, professor and academic consultant, respec-
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tively. He was a head of the Laboratory of Flotation, a vice head of the Department of 
Mineral Processing and Waste Management, and a leader of scientific area of “Clean 
coal technologies”. He was also an expert in coal preparation and physicochemical and 
technological properties of the fine coal particles. Prof. J. Sablik retired on January 1, 
2007. 

Prof. Jerzy Sablik has published 165 research papers (32 in English) in national and 
foreign journals, more than 50 papers at national and foreign conferences, congresses 
and symposiums, 23 patents and 7 standards. He is an author of several monographs 
including “Flotacja węgli kamiennych” 1998, “Fizykochemiczne właściwości po-
wierzchniowe węgli kamiennych”, 2007, and a co-author (with Marek Lenartowicz) of 
“Energetyczne właściwości powierzchniowe ziaren w produktach przemysłowej flota-
cji węgla”, 2007. 

Prof. Jerzy Sablik was a supervisor of 5 and reviewer of 12 doctoral dissertations. 
He reviewed 6 applications for the position and title of professor, and 4 for the title of 
doctor habilitatus. 

Professor Jerzy Sablik was a chairman of several national and international orga-
nizing committees, seminars and scientific meetings, including: 
 Scientific Industry Seminars of Coal Flotation (1978–1993) (Naukowo-

przemysłowe seminaria flotacji węgla w ramach “Dni Techniki ROW”), acting as 
an editor of eight proceedings volumes 

 Technical Committees of Standardization for the Natural Solid Fuels and for the 
Mechanical Processing of Coal (1993–2007) (within Polish Standardization 
Committee)  

 the chairman of Polish delegation to the Technical Committee of ISO/TC27 
“Natural Solid Fuels” (1995, Beijing, China; 1997, Cape Town, RSA; 1999, 
Norfolk, USA; 2001, Szczyrk, Poland). He was an editor of the Flotation section 
of the International Coal Preparation Congress held in 1994 in Cracow 

 the International Conference on Clean Coal, Regional Direction of Sustainable 
Energy Production (2001) (Czysty węgiel, racjonalny kierunek zrównoważonego 
rozwoju produkcji energii), which was organized in co-operation with the Energy 
Committee in the European Commission of Economy ONZ. 

Professor Jerzy Sablik is a member of Mineral Resources Beneficiation Section of  
Mining Committee of Polish Academy of Sciences and Mining Commission (Mineral 
Processing Section) as well as Chemical Science Commission of Polish Academy of 
Sciences (Katowice Branch). 

Jerzy Sablik was an expert of the Polish Association of Mining Engineers and 
Technicians in the field of mechanical processing of coal. He was a founding member 
of the Polish Mineral Engineering Society, vice-president in 1996–1999 and president 
in 2000. He is a member of editorial boards of the Journal of the Polish Mineral Engi-
neering Society Inzynieria Mineralna, Physicochemical Problems of Mineral Process-
ing, and a member of committee of the Scientific Papers of Central Mining Institute 
(Prace Naukowe Głównego Instytutu Górnictwa). 
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Initially, his research interests included issues related to the use of thin-layer chro-
matography and electrophoresis for analysis of selected organic compounds. In the 
Central Mining Institute he focused on theoretical and technological properties of coal 
preparation, especially physicochemical aspects of upgrading, including: 
 determination of impact of various technological parameters on coal flotation 
 new method of wetting surface tension measurement for coal covered with differ-

ent flotation reagents 
 determination of wetting surface tension at zero contact angle 
 determination of surface properties of different types of coal with native surface 

and surface covered with different flotation reagents to optimize flotation process 
 study of new groups of flotation reagents called promoters and an explanation of 

their activity mechanism 
 study of the three-phase flotation foams properties to determine flotation and drain 

processes 
 foundations of steam coal flotation 
 construction of new machines and devices for physicochemical methods of up-

grading 
 purification of contaminated soil using mineral oils used in mineral processing 
 presence of organic sulfur in coal and its desulfurization 
 application of statistics for prediction and evaluation of coal preparation. 

He and his team developed 18, implemented in industry, technologies, including: 
 standard flotation technology of coal 
 flotation technology of coal with low concentration of solid 
 steam coal flotation technology 
 column flotation technology in the FLOKOB column 
 new groups of flotation reagents called promoters 
 modification of the three–phase flotation foams to improve drain process 
 conditioning technology of coal slurry in the UFOZ device. 

For his community work Professor Sablik has received dozens of awards, medals 
and distinctions in Poland, including the Knight’s and Officer's Crosses of Polonia 
Restituta, the Silver and the Gold Crosses of Merit, the Gold Badge of Merit Mining, 
and others. He is a General Director of Mining (grade III). 

Prof. Sablik was married with Daniela (she died in 2009). In 2004 the President of 
Poland honored him the “Medal for long-term marital status”. He is a father of two 
sons, Krzysztof and Bogdan, a grandfather of Michal, Tomasz, Anna and Wojciech 
and a great-grandfather of Witold. 

He likes classical music, skiing, swimming, hiking and travelling. He was the or-
ganizer of many hiking and camping groups. 
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