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Abstract

Carbonate rocks were mechanically activated in a high energy planetary ball mill using dry grinding method. The fine grinding test
works were carried out with the same ball to powder ratio (9:1) at three levels of revolution speed (250 rpm, 350 rpm and 450 rpm)
and grinding time (30 min, 60 min, 90 min) respectively. The chemical composition and elemental constituents of the raw dolomite
and limestone samples were determined using X-ray fluorescence (XRF) and energy dispersive X-ray spectroscopy (EDX). The
structural properties such as degree of crystallinity (DOC), crystallite sizes and lattice strains of non-activated and mechanically
activated carbonate rocks were analyzed using X-ray diffraction (XRD) while the morphological analysis conducted using scanning
electron microscopy (SEM). Results obtained showed that high revolution speed and longer grinding duration have pronounced
effect on the grindability, increase in fineness, decrease in crystallite sizes and amorphization of Perlis dolomite compared to the
limestone source. This might be due to the difference in material hardness and existence of appreciable amount of quartz content
in limestones.
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1. Introduction

Carbonate rocks have numerous and diversified applications as fillers in paper, paint and polymer products. These
rocks are also used as aggregates, cement and lime (CaO) in building constructions, soil correctives and fertilizers in
agricultural sector, source of lime in ceramics, flue gas desulfurization and metallurgical fluxes2.
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Recent studies by Mineral and Geoscience Department (JMG) Malaysia showed that the dolomite deposits
(CaMg[CO:s].) of approximately 600 million metric tonnes available in Perlis are of the highest quality in Malaysia.

Mechanical milling is a convenient way of producing fine products with attrition, planetary, oscillating and
vibration mills being the common types of grinding mills employed for this purpose. Mechanical treatment in a high
energy mill generates a stress field within the solids. The stress relaxation occurs via several mechanisms such as heat
release, development of a surface area as a result of brittle fracture of the particles, structural defects and stimulation
of chemical reactions within the solids®. The enhancement of solid reactivity prior to mechanical activation is highly
interconnected with the deformation of crystal structure, structural disordering, increase in fineness, creation of new
surfaces, amorphization, etc. In addition, aggregation which is the weak, reversible adhesion of particles due to van
der Waals forces due to short grinding period and agglomeration prior to long duration grinding with formations of
very compact, irreversible adhesion of particles are the common phenomenon in fine grinding. Eventually these
increase the particle size and decrease the free surface* > 6,

Numerous works have been accomplished on various aspects of fine grinding and breakage mechanisms of
particulates involving different type of grinding mills and environments. Uniqueness of planetary ball milling is the
rotation of the milling jar around its own axis while orbiting around a central axis and the collisional mechanisms
involve multiple possible contacts, i.e. ball-ball, ball-wall, ball-powder, powder-powder and powder-wall. For
performing a crushing process, the work that needs to be imparted on the powder is proportional to the average impact
energy and the total number of impacts with a minimum energy transfer during each collisions’. The efficiency of
collision depends on several factors such as the collision velocity and the frequency of collisions with higher collision
velocity and frequency can be obtained by increasing the rotational speed of planetary mill at optimum ball to powder
filling ratio.

The current study focuses on the physical and structural transformations of high quality dolomites (CaMg[COs].)
and limestone (CaCOgs) with appreciable amount of quartz (SiO;) abundantly available in Perlis. Both the non-
activated and activated samples were analyzed for mineralogical composition, structural disordering (lattice
distortions, amorphization, etc.), physical alterations (size, shape and texture) and grindability due to the mineral
hardness and quartz contents. In particularly, this work is aimed at developing the in depth fundamental knowledge
on the physico-chemical and mechano-chemical properties of the mechanically activated Perlis carbonate rocks for
end applications.

2. Experimental
2.1. Raw material

Dolomites and limestone used in this experimental work were supplied by quarries in Chuping, Perlis and Sungai Batu
Pahat, Perlis. The coarser bulk samples were crushed using jaw crusher for size reduction purpose. Sampling and
sample preparation techniques were used to obtain representative and homogenous samples for fine grinding test
works. The mineral constituents, phases and crystallite properties of the raw samples were identified using XRD
method while the morphological and elemental analyses were carried out using SEM and EDX techniques. The
chemical composition of the raw samples determined using XRF analysis is given in Table 1.

Table 1.The chemical composition of raw limestone and raw dolomite.

Type of composition CaO SiO, Fe,0s Al,O3 K0 MgO TiO, Sro Traces
Limestone (weight
percent, %) 62.78 21.63 4.36 7.42 2.53 0.21 0.57 0.11 0.02
Dolomite (weight 83.50 1.90 1.14 1.80 - 10.0 0.22 - 1.16

percent, %)
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2.2. Mechanical Activation

Mechanical milling of Perlis carbonate rocks has been carried out in a batch type planetary ball mill (Pulverisette
P6, Fritsch GmbH, Germany) having one milling chamber. The grinding bowl rotates around its own axis while
orbiting around a central axis. As a result, forces are exerted on grinding balls and materials which constantly changing
directions. The grinding bowl and the milling medium (balls) are made of stainless steel. All the experiment uses 10
mm diameter milling medium (balls). The grinding time and revolution speed are varied while the ball to powder ratio
and media are kept unchanged. At a constant ball to powder ratio of 9:1 (by weight), 22.2 g of Perlis carbonate rocks
is grounded at different revolution speeds and grinding time as shown in Table 2.

Table 2. Grinding speed (rpm) and time (min) used in experiments.

Revolution speed Grinding time
(rpm) (min)
First batch Second batch Third batch
250 30 60 90
350 30 60 90
450 30 60 90

2.3. Characterization

X-ray fluorescence (XRF) was used to determine the chemical composition of initial samples. The mineral
composition was analyzed using X-ray diffractometer (Bruker Co.). Each sample was scanned continuously at 1°/min
intherange 20 = 5° to 60° at 10 kV and 30 mA in 0.04° steps. Peak positions (20) and the full-width at half maximum
(FWHM) area under peak (A) were obtained from the XRD spectra to characterize the microstructure such as
crystallite size, Dv using Scherrer equation, lattice strain, and degree of crystallinity (DOC), as shown in Egs. (1) - (3)
respectively 101t

Dv = (KMFWHM) cos 6 Q)
Where Dv is the volume weight mean of the crystalite size, K is a constant, 0 is the bragg angle of (h,k,l)
reflection, and X is the wavelength of X-ray used (A=1.542 A).

e=Pp/4tan0 2
Where ¢ is the lattice strain and B is the integral breadth profile.

DOC = (At/ Ag) x 100 (3)
Where, DOC is the degree of crystallinity, Ag and A are the areas under the peak for feed and ground sample. The
morphology of samples was analyzed by using JSM 6460LA Scanning Electron Microscope (SEM) which produced
the secondary electron images at an accelerating voltage of 10 kV.

3. Results and discussion
3.1 XRD pattern and mechanochemical effect

Structural changes and microstructure characterization were analyzed using x-ray diffraction. Figs. 1 and 2 show
the XRD pattern of the raw and ground products. The prominent peaks at 29.48° and 26.67° represent calcite and
quartz peaks for raw limestone. Meanwhile, the prominent peak at 30.99° occurs at raw dolomite sample. The
diffraction of ground samples have lower intensity, broader peak base as well as shift of peak compared to the raw
sample, mainly was due to the disordering process of limestone and dolomite crystal structure from mechanical milling
process. The reduction of peak intensities implied the formation of amorphous materials in the ground powders®%,
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The reduction of peak intensity was clearly observed when the revolution speed was increased from 250 rpm to
450 rpm and grinding time from 30 min to 90 min. The broadening of the diffraction peaks continued to increase with
increasing revolution speed and grinding times for all ground samples. The collision between grinding media and
samples is vigorous at higher revolution speed, higher grinding time and impact breakage mechanism is more
pronounced, which leads to tremendous stress energy being imparted on the particles resulting in massive strain in the
crystal lattice. More plastic deformation and disordering of the limestone and dolomite lattice occur under intensive
revolution speed and grinding time?*. This trend provides the evidence supporting the idea that the larger the value of
the full width at half maximum (FWHM), the lower the crystalline degree which indicated the crystal planes was
distorted®.
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Fig. 1. XRD pattern for the feed and ground limestone products at (a) 250 rpm; (b) 350 rpm; (c) 450 rpm.
(F: fluorophlogopite ; Q: quartz ; C: calcite ; A: anorthite ; D: dolomite)

3.2 Degree of crystallinity (DOC), crystallite size and lattice strain.

Fig. 3 shows the quantification of amorphism during high intensity milling in the planetary mill in terms of degree
of crystallinity. Generally, the degree of crystallinity decreases as the revolution speed and grinding time increases.
The degree of crystallinity ranges from 31.69 % to 97.17 % for limestone and, 36.55 % to 54.17 % for dolomite. As
the revolution speed increases, the degree of crystallinity decreases but reaches saturation at 350 rpm at respective
grinding time. This result proved that the particles fall into ductile range during grinding process and at the same time
it undergo plastic deformation!5, Besides that, the diffraction pattern also shows that the initial stage of grinding at
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lower revolution speed produces a gradual reduction in the degree of crystallinity for limestone and drastic reduction
in the degree of crystallinity for dolomite at 250 rpm due to the different concentration of quartz (SiO2) within the
sample. In addition, the existence of silicone dioxide (SiO2) within the limestone which shows the peak broadening
of quartz and reduction in intensity is almost not altered revealed of high in mechanical strength 1213, Therefore,
limestone need prolonged grinding or increase in the revolution speed to reach equilibrium in degree of crystallinity.

a ] D i b C
) 5000 90 min ) 2500 D 90 min ) 2000 rt 90 min
4000 4 2000 _ ‘
3000 1500
| 1000 |
2000+ 1000+ ‘
1 D 500 "
000 D DD
e D ‘l D D,;D o p | opP \' D\ DN'\D D ,DDP J|L ]'3 F\
| DpD oY | f ]
0 Dr JURI AL N 0 hrsremmescsd M NAA N e W v LY AN
7000 300 D
7 D 3000 .
6000 60 min 60 min | 60 min
2500 4 2000
5000 |
2000
4000 4 13001
1500 1
30004 10004
2000 1000 & 1 5
S00 4 D
— D b DD 500 o bpD p pb 500 ¥ |olb D D
o _p? PP ok Y T
%‘ 80001 " ’g 6000 e ’g 3000 D
70004 30 min . .
‘S 1000 < s000 30 min > o 30 min
= 60001 5 =
T 5000 5 4000 g 20
S 4000 = 3000/ = s
3000
2000 |
2000 1000 .
D
1000 DD 1000 | D ] |p DD
b | DpP | ],) i D pP 30 D |DDD I ¥
o U J pD !L)DD‘ ] D Gar i A
ieo05] b 0 P W e N Y Y Y 0 et AN
0 16000 D 160004 D
000 ]
14000 Raw 14000 | 14000 1
12000 Raw ) Raw
- 12000 12000 |
10000 | 10000 ] 10000
sl ]
8000 8000 | 8000
6000 |
6000 6000
4000 D 4000 ] b 4000 ] b
2000 DD ’ p DD ] o, B
DD D 2000 D DD 2000 4 DpD
D ppP l 1
0 " 5 TS 4 ] L‘ﬂ 0 bP IR | M ; 0 — ‘P!I) il N Iﬂl '
( 20 0 :
S N 10 20 30 40 50 60 10 20 30 40 S0 60
20 () 20 (°) 20 ()
Fig. 2. XRD pattern for the feed and ground dolomite products at (a) 250 rpm; (b) 350 rpm; (c) 450 rpm.
(D: dolomite)

During high energy milling of non-metallic minerals, part of applied energy is stored in the material during the
mechanical stressing of finely divided solids. Nevertheless, there is a limitation in terms of the energy stored. Part of
stored energy will be released during prolonged grinding, and this energy is used to bend or break the crystalline solid,
which leads to several phenomena, such as amorphization, formation of active surface and increase in reactivity!'.
Major part of the energy stored were in the form of strain energy, structural disorder and point and line defect®,

Figs. 4 and 5 show reduction in crystallite size and increase in lattice strain for limestone and dolomite as the
revolution speed and grinding time increases. The crystallite size in limestone gradually decreases to a minimum value
of 26.15 nm while, for dolomite sharply decrease at 60 and 90 minutes to a minimum value of 22.07 nm. Apparently,
the lattice strains show a gradual increase to a maximum value of 0.54 for limestone and 0.63 for dolomite after
grinding at 450 rpm revolution speed and 90 min of grinding time. The findings which proved that smaller lattice
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strains corresponds to a larger crystallite size while larger lattice strain corresponds to a smaller crystallite size are in
accordance to the findings by D. Chaira et al., (2009) and R. Arbain et al., (2011).

The minimum value of reduction in crystallite size of limestone for 450 rpm at 90 min was bigger compared to
dolomite at the same parameter due to the different material hardness®. Therefore, limestone can stand high impact
energy and shear stress that implied between the grinding media and the mineral surface compared to dolomite.
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Fig. 3. Degree of crystallinity of ground sample as a function of revolution speed of (a) limestone; (b) dolomite.
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3.3 Particles size and morphology analysis

Photomicrographs of feed, limestone and dolomite products are shown in Figs. 6(a) to (f). Small, intermediate
and large particles with irregular shape are widely distributed in the feed limestone and dolomite samples in Figs. 6(a)
and 6(d). As shown in Table 3, the existence of Ca and Mg elements in dolomite and Ca for limestone strongly proves
the type and quality of the carbonate rocks. Photomicrographs of ground products in Figs. 6(b) and 6(e) indicate the
size reduction during grinding might be possible by rupture of joints, cleavage and massive breakage of the
constituting particles'” %8, It is noticed that the particles were considerably reduced in size and their shape became less
defined with the increase of the revolution speed and grinding time. The morphological characteristics of the ground
limestone and dolomite products can be seen in Figs. 6(c) and 6(f) at 10,000x and 40,000x magnifications. The fine
particles can be seen sticking on the coarse particle [Fig. 6(f)] and formation of coarser agglomerate with the fines
interaction [Fig. 6(c)]. With the increase in revolution speed and grinding time, the sharp edges and corner of the
particles were trimmed off into more rounded or even edges. The morphology resulting from the prolonged grinding
exposure may explain an intense agglomeration and aggregation between fines and partially broken particles for
grinding >350 rpm. Such aggregation is a result of interactions among the fine particles through Van der Waals forces,
leading to particles size increase'®.
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Fig. 6. SEM micrographs of (a) feed limestone; (b) limestone product at 350 rpm and 60 min at magnification x500; (c) limestone product at 350
rpm and 60 min at magnification x10,000; (d) feed dolomite; (e) dolomite product at 350 rpm and 60 min at magnification x500; (f) dolomite
product at 350 rpm and 60 min at magnification x40,000.

Table 3. EDX of raw limestone and raw dolomite.

Element O Ca Si K Al C Mg
Limestone
(mass percent, %)  45.8 38.1 8.5 4.1 35 - -
Dolomite
(mass percent, %)  54.0 17.8 4.2 - 4.1 10.0 9.9

4. Conclusion

The effect of dry grinding on the physicochemical properties of carbonate rock prepared from planetary ball mill
has been studied. The phase structure, degree of crystallinity, crystallite size and lattice strain were considerably
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changed upon fine grinding. The broadening of the peak base prior to grinding proved amorphization with the degree
of crystallinity to be decreased to a minimum value of 31.69% for limestone and 36.55% for dolomite. During the
early stage of grinding process at 250 rpm and 30 min, phase structure, degree of crystallinity and crystallite size
gradually decreased but lattice strain gradually increased for both materials. After 60 min of grinding, the results show
gradual decrease for limestone and drastic decrease for dolomite at 350 rpm. It can be concluded that, the existence
of SiO, within the limestone makes it to be harder compared to dolomite. Besides that, minimum lattice strain of
limestone is higher compared to dolomite and this showed that limestone is harder compared to dolomite. The hardness
of the materials make the bonding between the particles is stronger and difficult to break during grinding. SEM images
also indicate that agglomeration tends to occurs as the grinding time and revolution speed exceeds 60 min and 350
rpm for mechanically activated dolomite and limestone samples.
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