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Abstract 

The aim of this work is to investigate the effect of thermal treatment on the grinding behavior of manganese 

ore in the various size fractions of -1.7+1.18, -1.18+0.6, -0.6+0.3 and -0.3+ 0.15 mm. Breakage Function 

Determination Software (BFDS) is used to calculate the selection function of the experiment. The results of 

SEM analysis show the micro-cracks in the thermally treated manganese sample, and DTA/TG analysis 

show that heating at 750 °C leads to dehydroxylation of montmorillonite, and decomposition of calcite and 

decomposition of montmorillonite to silicate minerals occur at 850 °C. Montmorillonite mineral with a 

hardness of 2 is turned into silicate minerals with an average hardness of 7. Therefore, it can be seen that the 

thermal treatment leads to a decrease in the specific rate of breakage from 1.04 min
-1

 to 0.65 min
-1

 

(approximately to 37%) for a size fraction of -0.300+ 0.15 mm. It; can be expressed that the thermally treated 

sample is broken more slowly than the untreated sample. Also, parameter “A” is the maximum Si value, 

decreasing for the heated sample from 4.36 min
-1 

to 4.28 min
-1

. The selection function results show that all 

size fractions of this material follow a first-order kinetics.  

 

Keywords: Thermal Treatment, Specific Rate of Breakage, Grinding Kinetics, Breakage Function 

Determination Software, Manganese Ore.  

1. Introduction 

The comminution process is extensively applied 

in industries such as mineral processing, ceramics, 

and chemical industries [1]. Two mineral 

processing problems, energy consumption and 

mineral recovery, have dominated research works 

in comminution. Comminution in the mineral 

processing industry includes two processes, 

crushing and grinding. It has been estimated that 

comminution processing is the most energy 

consuming stage in mineral processing and 

grinding is a more energy consuming process than 

crushing [2]. Therefore, in order to make the 

grinding more efficient, details should be 

considered carefully [3-4]. The breakage kinetics 

in the mills has been developed as a practical 

model. Selection function conception is used to 

analyze grinding in the ball mill [5]. Therefore, 

the selection function is a main parameter for: 

 Ball and rod mill circuits simulation 

 Simulating the grinding mechanisms  in 

mill and determining the dominant 

mechanisms 

 Simulating the material movement in mill 

 Investigating the mill performance and 

improving the operating parameters, while 

there are mechanical defects in grinding [6-7].  

It is known that developing the pretreatment 

methods could significantly decrease the energy 

consumption. Conventional heating is one of the 

Thermal treatment methods in which heat is 

transferred from the outside inward through 

standard heating mechanisms [8]. Microwave 

heating is fundamentally different from 

conventional heating, as opposed to conventional 

thermal processing because microwave is a  

non-ionizing electromagnetic radiation and can 

penetrate deep into the sample.  

One of the major applications of thermal 

treatment is assisting grinding processing. Vorster 
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et al. (2001) have studied the influence of 

microwave radiation on the grindability of  

copper-zinc ores. The results obtained showed 

that 50% reduction in the strength of ore happened 

after 90s of microwave radiation [9]. Sikong and 

Bunsin (2009) have carried out an investigation 

on the thermal treatment of granite rock. The 

results obtained showed that the strength of 

treated granite was less than 60% of the original 

after 30 minutes of exposure [10]. Also Zhao et al. 

(2014) have studied the effect of microwave 

treatment on the selective heating behavior, and 

the magnetic separation characteristics of ilmenite 

ore have been investigated. The results obtained 

showed that micro-cracks appeared at grain 

boundaries of ilmenite ore after microwave 

treatment. Also the results of magnetic separation 

showed that magnetic separation characteristics of 

the treated samples were better than the untreated 

ilmenite samples [11]. Few studies have focused 

on the effect of thermal treatment on grinding 

kinetics, out of which the following can be 

mentioned.  Kumar et al. (2010) have investigated 

the effect of microwave treatment on the specific 

rate of breakage of iron ore. The results obtained 

showed that microwave pretreatment led to an 

increase in the specific rate of breakage value for 

a fraction size of -19.5+12.7 mm up 50% [12]. 

Also Koleini et al. (2012) have investigated the 

effect of microwave treatment on the grinding 

kinetics of iron ore. The results obtained showed 

that the specific rate of breakage (Si) increased by 

an average of 50%. In addition, it was found that 

microwave-treated iron ore produced a coarser 

material than untreated iron ore by considering the 

γ value of Bi,j [13].  

In this work, the effect of thermal treatment by 

muffle furnace on the grinding behavior of 

manganese ore was investigated by the specific 

rate of breakage (Si). The thermal mechanism is 

fundamentally different from microwave heating, 

and previous studies have been carried out on 

microwave, so this work has been done for the 

first time. Phase transformations and structural 

changes in the sample were explained by thermal 

analysis (DTA/TG), and scanning electron 

microscope (SEM) images.  

2. Modeling 

The selection function or specific rate of breakage 

is a measure of grinding process kinetics. In other 

words, it is an indication of how fast the material 

breaks. The selection function is defined as the 

fraction by weight of particles of given size i that 

are selected and broken per unit times of grinding. 

The value varies with size [6]. 

There is a sample experimental evidence that 

batch grinding of brittle and homogeneous 

materials follows a first order kinetics (Eq.2)  

[1, 14, 15].  
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where, Si is a proportionality constant called the 

specific rate of breakage of feed size material with 

the unit of time
-1

, Wi(t) and Wi(0) are the mass 

fractions of the top size fraction at times (t) and 0, 

respectively. 

The equation proposed for variation in the specific 

rate of breakage (Si) with particle size is [16-18]: 

0
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i i

X
S A Q

X
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In this equation, Xi is the maximum size of the 

screen interval indexed i (mm), X0 is the standard 

size that it is considered 1 mm here, and A and α 

are the model parameters depending on the 

material and the milling condition. Qi is a 

correction factor which is 1 for smaller sizes 

(normal breakage) and less than 1 (abnormal 

breakage) for particles that are too large to be 

nipped and fractured properly by the ball size in 

the mill. In an abnormal breakage region, values 

for Qi are empirically described by: 

1
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(5) 

where μ is the particle size when the correction 

factor is 0.5, and λ is a positive number (λ> 0) and 

an index of how rapidly the rates of breakage fall 

as size increases that are the higher than the value 

of λ, the more rapidly the values decrease [7, 13, 

16]. 

3. Materials and methods 

3.1. Mineralogy and identify of the manganese 

ore  

The sample used in this work was obtained from 

Venarj Manganese Mining located in Qom, Iran. 

For identification of the types of minerals in the 
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sample, an X-ray diffraction (XRD) analyzer 

(model PW1800) with a copper tube was used. 

The XRD analysis showed that the main minerals 

of the sample included hematite (Fe2O3), braunite 

(       
        , quartz (SiO2), and calcite 

(CaCO3), and the minor minerals were 

montmorillonite clay mineral 

(                              , orthoclase 

(          , and albite (                 
(Figure1). 

SEM and energy dispersive X- ray spectroscopy 

(EDS) analyses were carried out to identify the 

minerals present in the sample, and the results 

obtained were shown in Figure 2. The results 

obtained indicated that braunite was the major 

manganese mineral in the sample (bright gray) 

(Figure 2A, EDS 1). Quartz mainly disseminated 

in rock matrix, as shown in (Figure 2A, EDS 2). 

Orthoclase and albite minerals were present at the 

edge surrounding the braunite grains (Figure 2A, 

EDS 3 and EDS 4). Braunite was inter-locked 

with quartz, orthoclase and albite of mainly triple 

types (Figure 2A), which decreased with particle 

size.  

 

 
Figure 1. XRD pattern for manganese ore. 

 

 
 

 
 

  

Figure2. SEM image (A) of manganese ore; energy dispersive X- ray spectroscopy of points (EDS 1, EDS 2, EDS 

3, and EDS 4). 

 

EDS 1 

EDS 4 EDS 2 EDS 3 
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3.2. Phase and structure changes during 

thermal treatment 

In order to study the phase transformations of the 

sample in different temperatures, thermal analysis 

using DTA/TG (model STA409PC LUXX, 

NETZSCH, Germany) was carried out. For this 

purpose, 46 mg of the ore sample was used for the 

analysis, and also alumina was used as the 

reference substance. The thermal analysis of the 

sample was done from 22 °C to 1000 °C with a 

heating rate of 10 °C/min in the atmospheric 

condition. In addition, for observation, cracks 

were created in samples due to thermal treatment 

using a scanning electron microscope SEM 

(model LEO1430VP, Germany and England). To 

evaluate the effect of thermal treatment, one 

sample was treated in a muffle furnace (model 

AWF 12/25, Lenton, England) and was compared 

with the untreated sample.  

3.3. Grinding test  

In order to investigate the influence of thermal 

treatment on grinding kinetics, the selection 

function or specific rate of breakage (Si) was used. 

Single-size fractions of feed, i.e. -1.7+1.18, 

-1.18+0.6, -0.6+0.3, and -0.3+0.15 mm, were 

prepared. Two samples from each fraction 

weighting 300 g were prepared. One sample was 

thermally treated for 60 min in 750 °C, and was 

compared with the untreated sample. Grinding 

tests were performed in a laboratory ball mill with 

a 20 cm diameter, a 25 cm length, and the critical 

speed of 76 rpm (80% of the critical speed). The 

mill charge consisted of stainless steel balls with 

diameters ranging 15–40 mm, and the total weight 

of the grinding charge was 8.869 kg. The BFDS 

(Breakage Function Determination Software) was 

used for calculation of the selection function of 

the experiment; this software is able to calculate 

the breakage and selection function parameters 

[19].  

4. Results and discussion 

4.1. Phase and structure changes during 

thermal treatment 

4.1.1. Thermal analysis (DTA/TG) 

The DTA-TG curves for the sample are shown in 

Figure 3. Based on the Differential Thermal 

Analysis (DTA) curve, the first endothermic peak 

at 100 °C is associated with evaporation of 

moisture or physically bound water (Eq. 6), which 

corresponds to a weight loss of ca. 1%. The 

weight loss continued until the temperature 

reached 600 °C, which is due to the 

dehydroxylation of montmorillonite clay mineral 

(exiting the hydroxyl ions from the 

montmorillonite structure) in the sample (Eq. 7). 

This alteration continued until the temperature 

reached 775 °C. The weight loss of ca. 5% 

observed at 600-775˚C can be attributed to the 

dehydroxylation of montmorillonite and calcite 

decomposition in this temperature range (Eq. 9) 

[20-24]. The second endothermic peak in 750 °C 

happened because of the same reason. The 

exothermic peak at 850 °C and the weight loss 

from 775 to 1000 °C are due to the decomposition 

of montmorillonite to silicate minerals 

(cristobalite, mullite, spinel, and cordierite) (Eq. 

8) [22, 23].  

  

(6) 0.2 2 4 10 2 2 0.2 2 4 10 2 2( , ) ( ) , ( , ) ( ) Ca Al Mg Si o OH H O Ca Al Mg Si O OH XH O  

(7) 0.2 2 4 10 2 2 0.2 2 3 2 2 2( , ) ( ) ( .2 .2 . )  Ca Al Mg Si o OH O Ca Al O SiO MgO SiO H O  

(8) 
0.2 2 3 2 2 2

2 3 2 2 3 2 2 3 2

(7 .4 .4 .4 )

3 .2 2( . ) 2 .2 .5



    

Ca Al O Sio MgO SiO

Al O SiO MgO Al O SiO MgO Al O SiO Ca
 

(9) 3 2 CaCO CaO CO  
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Figure3. Thermal analysis (DTA/TG) of  manganese ore (experimental conditions: sample weight, 46 mg; 

heating rate, 10 ˚C/min; reactive gas, air; reference substance, Al2O3). 

 

4.1.2. SEM analysis  

Figure 4 shows the scanning electron micrograph 

of the thermally treated and untreated samples. 

The SEM micrograph shows the thermal treatment 

induced micro-fractures in the ore. The main 

reason for facture induction is the α-β quartz 

inversion at 573 ˚C, leading to a crystal volume 

increase of 2% [25]. This along with anisotropic 

expansion of quartz crystals causes the  

inter-granular structure to build up throughout the 

structure (cracks and fractures). Other reason for 

sample cracking during thermal treatment are 

calcite decomposition and CO2 gas emission 

(Eq.9). 

 

 

  

Figure4. Scanning electron micrograph of untreated manganese ore; (b) scanning electron micrograph of 

manganese ore treated at 750 ˚C for 60 minutes.  

 

4.2. Effect of thermal treatment on specific rate 

of breakage (Si) 

4.2.1. Effect of mass retained  

The selection function was calculated using the 

BFDS software. In order to determine the specific 

rate of breakage for size fractions,  

semi-logarithmic curves of the mass remained on 

the screen vs. the grinding time were plotted for 

untreated and thermal treated samples in Figures 5 

and 6, respectively. As it can be seen in these 

figures, the breakage process follows a first-order 

behavior for all size fractions. 

a b 
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The specific rates of the breakage values were 

estimated using the average slopes of the plots, 

and the equations related to the lines in various 

size fractions are given in Figures 5 and 6. The Si 

values for various size fractions in both the 

untreated and thermal treated samples are shown 

in Tables 1 and 2, respectively. The results 

obtained show that the specific rate of breakage 

for size fraction of -0.300+0.15 mm decrease after 

thermal treatment (approximately to 37%). Based 

upon the DTA/TG results, heat caused the 

decomposition of clay minerals and 

transformation to silicate minerals (cristobalite, 

mullite, spinel and cordierite) having higher 

hardness (Table. 3). Montmorillonite mineral with 

a hardness of 2 was turned to silicate minerals 

with an average hardness of 7. The clay mineral 

changes (increasing resistant of clay mineral) 

(Table. 1) overcome the micro-cracks occurred, 

which was caused by phase transformations of 

quartz and calcite decomposition. Thus with 

particle size reduction, structural changes in the 

sample affect the comminution behavior.  

Previous research works carried out by Kumar et 

al. (2010) and Koleini et al. (2012) showed that 

after microwave treatment, the specific rate of 

breakage (Si) increased by an average of 50%. 

This implies that the sample under microwave 

treatment is broken faster than the untreated 

sample [12, 13]. Therefore, in this work, the 

specific rate of breakage values for the thermally 

treated sample in comparison with the untreated 

sample decreased. It can be expressed that the 

thermally treated sample is broken slower than the 

untreated sample.  

  

  

  

Figure5. First-order plots of various size fractions for untreated sample. 
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Figure 6. First-order plots of various size fractions for thermally treated sample. 

 
Table 1. Specific rates of breakage for various size fractions for untreated samples. 

Size fractions (mm) 
Specific rate of breakage 

S
-1 

min
-⨁ 

-1.7+ 1.18 0.0491 2.95 

-1.18+ 0.6 0.04465 2.68 

-0.6+ 03 0.03084 1.85 

-0.3+ 0.15 0.0173 1.04 

 
Table 2. Specific rates of breakage for various size fractions for thermally treated samples.  

Size fractions (mm) 
Specific rate of breakage 

S
-1 

min
-⨁ 

-1.7+1.18 0.04794 2.88 

-1.18+0.6 0.0384 2.30 

-0.6+0.3 0.02773 1.66 

-0.3+0.15 0.0108 0.65 

 
Table 3. Phase transformations of montmorillonite to other minerals with higher hardness caused by thermal 

treatment. 

(Mohs) Hardness  Mineral  

1-2 Montmorillonite Before thermal treatment 

6-7 Mullite 

After thermal treatment 
6-7 Cristobalite 

7-7.5 Cordierite 

7.5-8 Spinel 
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4.2.2. Effect of particle size 

Figure 7 shows the variation in specific rate of 

breakage versus particle size for the untreated and 

treated samples. It can be seen that the values 

increase until 0.6 mm for both conditions (thermal 

treatment and untreated) and then increase slowly. 

This means that there is an optimal size fraction 

(in this condition, approximately 0.6 mm), where 

the greatest breakage occurs. This can be 

explained by the fact that a large size fraction is 

difficult to reduce and ground by the charge 

medium, thus the grinding efficiency has to be 

decreased. Variation in the specific rate of 

breakage values with size fractions were fitted to 

Eq. 4, and then the specific rate of the breakage 

parameters A, α, µ, and λ that depend on the 

properties of the materials and grinding conditions 

for both conditions (thermal treatment and 

untreated) are given in Tables 4 and 5. 

 

 
Figure7. Variation in specific rate of breakage with particle size. 

 
Table 4. Results of fitted Eq. 4 relationship for variation in specific rate of breakage with particle size for 

untreated samples. 

Size fractions (mm) 
Specific rate of breakage 

Error Squared Error 
Experiment Model (Eq. 4) 

1.18 2.95 2.9604 0.0104 0.0001 

0.6 2.68 2.6837 0.0037 0.0000 

0.3 1.85 1.7874 -0.0626 0.0039 

0.15 1.04 1.1043 0.0643 0.0041 

Sum of  squares Errors 0.0082 

A (min
-1

) 4.3416 

α 0.7197 

µ (mm) 1.4 

λ 2.5014 

 
Table 5. Results of fitted Eq. 4 relationship for variation in specific rate of breakage with particle size for 

thermally treated samples. 

Size fractions (mm) 
Specific rate of breakage 

Error Squared Error 
Experiment Model (Eq. 4) 

1.18 2.88 2.8998 0.0098 0.0001 

0.6 2.3 2.3430 0.0430 0.0019 

0.3 1.66 1.4650 -0.1950 0.0380 

0.15 0.65 0.8371 0.1871 0.0350 

Sum of  squares Errors 0.0750 

A (min
-1

) 4.2876 

α 0.8552 

µ (mm) 1.4 

λ 2.0090 
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5. Conclusions 

The aim of this work was to investigate the effect 

of thermal treatment on the grinding behavior of 

manganese ore. SEM analysis showed  

micro-cracks in the thermally treated manganese 

sample, and DTA/TG analysis showed that 

heating at 750 °C led to dehydroxylation of 

montmorillonite and decomposition of calcite, and 

that decomposition of montmorillonite to silicate 

minerals occurred at 850 °C. Montmorillonite 

mineral with a hardness of 2 was turned to silicate 

minerals with an average hardness of 7. Dry 

grinding of size fractions of manganese ore 

showed that all size fractions of this material 

followed the first-order kinetics. The specific rate 

of breakage (Si) values for manganese ore 

increased with increase in the feed size fractions 

until 0.6 mm for both conditions (thermal 

treatment and untreated) and then increased 

slowly . Therefore, it can be seen that thermal 

treatment led to decrease in the specific rate of 

breakage from 1.04 min
-1

 to 0.65 min
-1

 

(approximately to 37%) for a size fraction  

of -0.300+0.15 mm. It, could be expressed that the 

thermally treated sample was broken slower than 

the untreated sample in terms of the Si and “A” 

values. However, “A” value for the thermally 

treated sample decreased from 4.36 min
-1 

to 4.28 

min
-1

, which was the maximum Si value.  
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 چکیده:

+ 71/1و  -2/1+ 9/1، -78/7+ 2/1، -1/7+ 78/7هاای ابعاادی ملتلا     رفتار خردایش کانسنگ منگنز، در محدوده هدف این مطالعه بررسی اثر عملیات حرارتی بر

نشاان داد، حارارت باعای ای ااد میکارو       SEM( استفاده شد. نتایج آنالیز BFDSافزار تعیین تابع شکست )متر است. برای مطالعات تابع انتلاب از نرممیلی -9/1

هاای  من ر به دی هیدروکسیلیشن کاانی  C111°(، حرارت تا دمای DTA/TGبر اساس نتایج به دست آمده از آنالیز حرارتی )نگنز شده است. ها در نمونه مترک

 موریلونیات باا سالتی   کانی مونتهای سیلیکاته شده است. موریلونیت به کانیمن ر به ت زیه کانی رسی مونت C811°رسی و همچنین ت زیه کلسیت و در دمای 

دهد که عملیات حرارتای من ار باه کااهش ثابات      تبدیل شده است. نتایج تابع انتلاب نشان می 1میانگین  طور  بههای سیلیکاته با سلتی بر اثر حرارت به کانی 2

minاز  -mm 71/1 +9/1 نرخ شکست برای محدوده ابعادی
minتا  10/7 1-

که بیانگر این است، نموناه تحات عملیاات حرارتای      %( شده است91)تقریباً  21/1 1-

min که بیشینه ثابت نرخ شکسات اسات، بارای نموناه تحات حارارت از       Aآرامی شکسته شده است. همچنین پارامتر نسبت به نمونه بدون عملیات حرارتی به 
-1 

min  تا 92/0
 کند.های ابعادی از سینتیک مرتبه اول تبعیت میی محدودهکه همهبر این، نتایج تابع انتلاب نشان داد کاهش یافته است. علاوه  28/0 1-

 تعیین تابع شکست، کانسنگ منگنز. افزار نرمعملیات حرارتی، ثابت نرخ شکست، سینتیک خردایش،  کلمات کلیدی:

 

 

 

 


