Sadhana

(2023) 48:267 © Indian Academy of Sciences

https://doi.org/10.1007/s12046-023-02340-8

®

Check for
updates

Effect of solid/ball ratio and grinding time on the mechanical
activation of kaolin

MERYEM GOKTAS

Department of Metallurgy, Vocational College, Bilecik Seyh Edebali University, Bilecik 11230, Turkey
e-mail: meryem.goktas@bilecik.edu.tr

MS received 26 November 2022; revised 27 June 2023; accepted 20 October 2023

Abstract. Kaolin is one of the most important clay minerals that attracts attention due to its various appli-
cation areas such as the ceramic industry. In this study, the effects of solid/ball ratio and grinding time on the
mechanical activation of kaolin were investigated. Samples with 10 pm particle size were activated in The
Fritsch Pulverisette 5 Ball Mill (Two Chamber Mill) at 400 rpm at different solid/ball ratios (1/10, 1/20, 1/30)
and at different times (0, 15, 30, 45, 60 min.). The Planetary Ball Mill had 2 pieces of 80 ml tungsten carbide jar.
Fritsch Pulverisette 5 was used in mechanical activation experiments and the planetary ball mill that can grind
with the effect of impact/collision force. The X-ray diffraction (XRD) analysis results showed significant
decrease in the intensity of the peaks after activation. The Fourier Transform Infrared Spectroscopy (FTIR)
analysis spectra of the ground samples showed transformation to amorphous kaolinite. The results of the
Scanning Electron Microscopy (SEM) with EDX analysis (SEM-EDS) analysis showed that in the unactivated
kaolin, micro-size particles agglomerated among the larger particles. In the results of the particle size analysis
and the Brunauer—-Emmett-Teller (BET) analysis, it was observed that the specific surface area of kaolin
increased as the grinding time increased. In the Thermogravimetric Analysis and Differential Scanning
Calorimetry (TGA-DSC) analysis results, it was observed that the mass loss in mechanically activated samples
occurred at lower temperatures. All the analysis results were examined and it was determined that the grinding
time was more effective than the solid/ball ratio. It was concluded that the mechanical activation process of
kaolin was more successful under the conditions 1/30 solid/ball ratio and 45 min. grinding time.
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1. Introduction

Clay minerals are widely used in many areas of our lives
such as geology, agriculture, construction, engineering,
process industry and environmental applications. They are
also used in plastics, drilling fluids, foundry bonds, chem-
ical carriers, liquid barriers, decolorization, catalysis
applications and the ceramics industry. Therefore, its tra-
ditional applications are quite numerous. In many of these
applications, high purity, fine particle size and distribution,
whiter and brighter colored clays with modified surface
chemistry obtained by physical and chemical modifications
are used. For this reason, the processing of raw kaolin in the
ceramic industry is one of the important issues that have
been emphasized in recent years [1, 2].

Mechanical activation is defined as the change in the
reactivity of solids due to physicochemical changes during
grinding and is one of the preferred methods for developing
more environmentally processes to obtain new materials
[3-8]. Mechanical activation of kaolin plays a key role in
the preparation of ceramic raw materials. The partical size
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is reduced and thus the temperature is lowered during the
sintering process.

The reason for this is that there is intense deterioration
and partial amorphization in the structure due to excessive
grinding. Grinding causes time-dependent physical prop-
erty changes in terms of particle properties (morphology,
(BET)), structure (crystal size), and surface charge (zeta
potential) [9]. In addition, longer grinding time reduces the
activation energy of the dehydroxylation process and thus
the process takes place at lower temperatures [10, 11]. The
variation of the grinding time affects the behavior of the
structure.

Finally, the mechanical activation method is an envi-
ronmental approach and provides superiority over chemical
methods [9]. For this purpose, the effect of mechanical
activation on kaolin ore below 10 um particle size was
investigated. The improvement of the structural properties
of the mechanically activated kaolin ore with the effect of
mechanical activation was emphasized. As a result, it is
aimed at obtaining activated kaolin that can be used for
various purposes in the ceramic industry. Thus, it is
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predicted that the firing temperature will be reduced
according to the findings obtained from the study.

2. Experimental

2.1 Effect of solid/ball ratio and grinding time
on mechanical activation

Unactivated kaolin samples obtained under 10pum particle
size was ground in the Planetary Ball Mill (Planetary Ball
Mill) at 400 rpm. Dry grinding was carried out at different
solid/ball ratios (1/10, 1/20, 1/30) and at different times (0,
15, 30, 45, 60 min.). By using the mechanical activation
method [12, 13], amorphization was achieved in the
structure of the kaolin mineral [14]. All samples were
weighed using a Mettler Toledo brand AB104-S model
precision balance. Photographs of planetary ball mill, jar
and tungsten carbide balls were given in figure 1. The final
size is <1 pm and has an operating speed of 50-400 rpm.

In this study, experiments were carried out both at dif-
ferent solid/ball ratios and at different grinding times. The
effect of mechanical activation on the structural properties
of the samples was investigated.

The flow chart of the experimental methods has been in
figure 2.

In table 1, the experimental conditions (solid/ball ratio
and grinding time) and codes of the mechanically unacti-
vated and activated samples obtained during the experi-
mental procedures were given.

2.2 Characterization techniques

XRF analysis was performed on raw samples to determine
the major oxide components of the unground (raw) kaolin
(SKO) sample. XRD, FTIR and SEM-EDS analyzes of the
samples were performed before and after mechanical acti-
vation. The resulting mechanically non-activated and
mechanically activated samples were characterized using
X-Ray Diffraction (XRD, PAN analytical, 5-80° scanning
range and 1°/min scanning speed with Empyrean instru-
ment) and CuKo (A=1.540590 A) radiation. Fourier trans-
form infrared spectroscopy analysis (FTIR) was performed

The planetary mill Jar and balls.

Figure 1. Photographs of the planetary mill, jar and balls.
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Figure 2. The flow chart of the experimental methods.

Table 1. Rates and codes of mechanically unactivated and
activated samples.

Number of Sample Solid/ball ratio Grinding time
samples codes (weight %) (min.)
1 SKO - -

2 01-10-15 01/10 15

3 01-10-30 01/10 30

4 01-10-45 01/10 45

5 01-10-60 01/10 60

6 1-20-15 01/20 15

7 1-20-30 01/20 30

8 1-20-45 01/20 45

9 1-20-60 01/20 60

10 1-30-15 01/30 15

11 1-30-30 01/30 30

12 1-30-45 01/30 45

13 1-30-60 01/30 60

at room temperature using a Spectrum 100, Perkin Elmer
spectrophotometer instrument in the wavenumber range of
400-4000 cm™. Scanning electron microscope (SEM)
analysis to examine the surface properties was carried out
using Zeiss Supra 40 VP brand SEM instrument at 5 kV
voltage. Particle Size Distribution and Multipoint BET
Surface Area analyzes were performed to characterize the
samples obtained after mechanical activation. Thus, the
obtained results were compared with the changes in the
structures of raw kaolin and mechanically activated kaolin
samples. In addition, thermal analyzes (TGA-DSC) of raw
kaolin and mechanically activated kaolin samples were
carried out in order to measure and interpret the changes in
the properties of the samples as a result of physical and
chemical reactions against temperature changes.

3. Results and discussion

3.1 XRF and sieve fraction analyses

In table 2 [15] and table 3, the XRF analysis results of the
major oxide components of unground (unactivated) kaolin
used in the study were given, respectively. The XRF
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Table 2. Chemical analysis results of major oxide components of
the SKO sample [15].

Chemical analysis Y%
Na,O 0.72
K,0 2.39
MgO 0.35
CaO 0.44
Fe,03 1.70
TiO, 0.68
Al,O3 17.02
SiO, 72.64
Loss of ignition 4.06
Total 100

Table 3. Physical analysis results of the SKO sample.

Particle size distribution %
+10 mm 3

+6 mm 25
+3 mm 25
+1 mm 32

-1 mm 15
Humidity % 5-8

analysis of the obtained unground kaolin (SKO) sample, it
was observed that it has 72.64% SiO, and 17.02% Al,Os5,
2.39% K50, 1.70% Fe,03, 0.72% Na,0, 0.68% TiO,, 0.44
CaO and 0.35% MgO content by weight (table 2) [15]. The
remaining weight-based % values were found to cause loss
of ignition. Mebrek et al [2] stated that kaolin consists of
two main chemical structures, SiO, (silica) and Al,O3
(alumina), and the loss of ignition was due to the presence
of water in the mineral. The % Al,O5 content obtained from
the XRF analysis results of the SKO sample given in table 2
demonstrates that it was a suitable clay raw material for
ceramic applications. The physical analysis results given in
table 3 were examined, it was observed that 32% of the
SKO sample had +1 mm, 25% had +3 mm, and 25% had
+6 mm particle size.

Particle size analysis of kaolin samples and the analysis
of sieve fractions are important for ceramic production
[16]. For this reason, sieve fraction analysis performed on
SKO sample and the cumulative sieve curve was given in
figure 3.

Figure 3 was examined, the sieve opening values corre-
sponding to the dgg, dso (average size) and d;o dimensions
of the SKO sample, 100% of which were grounded below
10 mm, were determined, and the proportion of materials
with a diameter of less than 6 mm was 97%, the proportion
of materials with a diameter of less than 3 mm was 72%,
the proportion of materials with a diameter of less than +1
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Figure 4. XRD analysis results of SKO sample [15].

mm is 47%, and the proportion of materials with a diameter
of less than -1 mm was calculated as 15%. Considering the
physical properties of the SKO sample, a clay mineral, it
was observed that it was concentrated in smaller fractions
below 6 mm [17].

3.2 XRD analysis

XRD analysis results of SKO (unground) and ground kaolin
samples were given in figure 4 [15]. Figure 4 was exam-
ined, the peaks of kaolinite, indicated by K, were evidently
observed from the SKO sample.

Figure 4 was examined, a large number of kaolinite
peaks were detected in addition to the prominent peak of
the SKO sample at 20°=~12.4° [15, 18]. In addition to the
kaolinite (K) peaks, cristobalite ( ) and quartz (Q) peaks
were evidently observed [15, 19].

In figures Sa—c, significant expansions and decreases in
the intensities of kaolinite (K) peaks were recorded with
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Table 4. Amorphization degrees of kaolinite (K) mineral in

ground ore [15].

Solid/
Mill speed, ball Grinding  Sample % Degrees of
rpm/min. ratio time, min.  codes amorphization
400 1/10 15 1-10-15 57.06
30 1-10-30 60.22
45 1-10-45 72.36
60 1-10-60 77.71
1720 15 1-20-15 61.96
30 1-20-30 65.19
45 1-20-45 75.35
60 1-20-60 79.24
1/30 15 1-30-15 66.18
30 1-30-30 79.07
45 1-30-45 80.61
60 1-30-60 84.49
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Figure 5. XRD analysis results of samples (a) SKO, 1-10-15,

1-10-30, 1-10-45, 1-10-60, (b) SKO, 1-20-15, 1-20-30, 1-20- 45,
1-10-60, (c) SKO, 1-30-15, 1-30-30, 1-30-45,1-10-60.

increasing grinding times with the mechanical activation
process. The reason for this was the intense deterioration
and partial amorphization of the structure due to mechan-
ical activation. These reductions were consistent with the
literature [15, 18, 20-23]. The increase in quartz (Q) peak
with increasing grinding time showed that the
mechanochemical activation of kaolin accelerated [15, 24].

The main purpose of mechanical activation was not only
to remove water from the mineral [24], but also to weaken
the lattice bonds by disrupting the crystal lattice structure
[18]. Mechanical activation does not lead to complete
dehydroxylation; however, it causes a significant deterio-
ration and amorphization in the crystal structure of the clay
mineral [1, 18, 22]. In short, the mechanical activation
process was provided obtained with high efficiency of
physical structure corrupted clay mineral [24].

Depending on the grinding speed (400 rpm/min.), the
solid/ball ratio (1/10, 1/20, 1/30) and the grinding time (15,
30, 45 and 60 min.), the amorphization degrees of the
kaolinite (K) mineral in the ground ore based on the XRD
analysis were tried to be determined. Amorphization
degrees of kaolinite (K) mineral were given in table 4.

The Amorphization Degree (%A) of mechanically acti-
vated kaolinite was calculated with the help of the formula
given below, considering the kaolinite peaks as stated in the
literature [22, 25, 26].

The Amorphization Degree = 100
— [(UolIx/ IoUx) x 100]

Io is the area of the diffraction peak for the unground ore,
Ix is the area of the diffraction peak for the ground ore, Uo
is the ground value of the diffraction peak for the unground
ore, and Ux is the ground value of the diffraction peak for
the ground (mechanically activated) ore.

Table 4 was examined, it was observed that the per-
centage of amorphization increased as the grinding (me-
chanical activation) time and solid/ball ratio increased. The
degree of amorphization after mechanical activation was
calculated as 66.18%, 79.07%, 80.61% [15] and 84.49%,
respectively (table 4) with respect to 1/30 solid/ball ratio at
15, 30, 45 and 60 min. The standard error of the amor-
phization degree of ground kaolinite samples was calcu-
lated as £+2%.

After 45 minutes of grinding, some of the kaolinite peaks
disappeared. This has been attributed to the state of partial
amorphization in existing crystal structures [27]. It was
observed that the degree of amorphism increased with the
mechanical activation process up to 60 minutes of grinding
time (table 4) [15]. The obtained amorphous degree (A%)
results and XRD patterns were evaluated together, and it
was concluded that the sample with the code number 1-30-
45 was the sample under the grinding conditions, especially
where the kaolinite mineral was the most amorphous and
the quartz mineral was the least amorphous. The kaolinite
amorphous structure induced by grinding had reduced peak
intensities. As a result, it was concluded that the grinding
time of 45 minutes was sufficient for the mechanical acti-
vation process. The high SiO, (72.64%) content of the SKO
sample (table 2) accelerated the mechanochemical process
and increased the degree of amorphization [24, 25, 28].
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Figure 6. FTIR analysis results of activated samples and SKO
(1200-400 cm™).

Because quartz particles acted as grinding bodies during the
dry grinding of kaolinite [23].

3.3 FTIR analysis

FTIR analysis results of all samples were given in figure 6.
The changes in the intensities of the defined bands were
examined and the effect of the grinding time was explained.
In the FTIR analysis, characteristic bending and stretching
vibration bands were identified. Characteristic bands at
(3600-3700) cm™" representing the main absorption bands
have been attributed to O-H stretching vibrations [20]. The
peaks of three main characteristic bands at 3689, 3650 and
3619 cm™' were identified. The number and location of
these absorption bands were consistent with the literature
[20, 21]. Although no band close to 3670 cm! was
observed, the corresponding bands at 3689 and 3650 cm™
were defined as basal hydroxyls. In the FTIR analysis in
figure 7, characteristic bands at 3689, 3650, and 3619 cm’!
corresponding to SiO-H stretching vibrations were signif-
icantly reduced or disappeared in the band intensities of the
mechanically activated samples; for 45 minutes no change
was observed in the other bands. However, a significant
increase in repetition band intensities was observed over 45
minutes. These increases were attributed to the reduction of
in-phase surface hydroxyl vibrations [24].

Significant broadening of the bands at 3689 and 3619
cm' at 45 minutes grinding times was attributed to
kaolinite amorphization [29]. These bands were attributed
to the presence of residual kaolinite phases and that the OH
groups remain bound between the kaolin layers [21]. The
appearance of a broad band at 3443 cm™' indicated
hydroxyl vibration of adsorbed water, OH stretching and
HOH deformation of the well-crystallized hydroxyl mole-
cule with peaks in the range of 3400-1620 cm™' [20, 21]. In
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Figure 7. FTIR analysis results of activated samples and SKO
(4000-400 cm™).

addition, 3400 cm™ and 1625 cm™ O-H stretching bands
were formed as a result of water bending vibration, not
observed in figure 7 [20, 21]. It was stated that the grinding
of kaolinite may cause a weak absorption band around 3400
cm’!, but in this study, the presence of such a band was not
found with increasing grinding times [20]. The weak band
seen at 1114 cm™ was attributed to apical oxygenated Si—O
bonds in the OH plane [18, 20]. The region between
1000-1039 cm™ was defined as SiO stretching region (Si-O
bonds (Si with basal oxygen)).

The OH deformation of the region between 937-905 cm™
was attributed to the Al-OH bending vibration hydroxyl
modes of the bands at 910 and 938 cm™'. These bands were
also bands observed in both weak and very regular kaolinite
structures [20]. The FTIR spectra of the ground samples
were examined, no bands were found at 913 cm™ indicating
the presence of Al-O-H bonds. This showed that trans-
formation to amorphous kaolinite and mechanochemical
dehydroxylation had taken place [21].

Al-OH bending vibrations corresponding to these bands
obtained at 60 minutes grinding times showed better
resistance than O\H bands. The bands (Si—O bond) at 798,
778, 750 and 691 cm™ were attributed to the presence of
quartz [29], the band at 644 cm™' was attributed to SiO
deformations and octahedral sheet vibrations [20].

Regardless of the grinding time, the bands at 1039-905,
536 cm’' were not observed over 45 min. [29]. With
increasing grinding time, the decrease in peak intensities in
the stress regions showed a scission of O\H bonds. In fig-
ure 6, it was seen that the decrease in peak intensities in the
wavenumber range of 1200-500 cm™ was weaker than in
the OH stretching region [20]. Very weak bands in this
range, after 60 min. of interval showed that after grinding,
there were bonds between the OH groups and the kaolinite
layers, that was, some residual kaolinite phase. However, as
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the grinding time increased, these bands disappeared
completely and the dehydroxylation process was com-
pleted. It was observed that the obtained FTIR analysis
results supported the XRD analysis results (figure 4).

3.4 SEM-EDS analysis

Scanning Electron Microscopy (SEM) analysis was planned
and the stage of determining the analysis conditions was
initiated. In figure 8, the SEM image of the SKO-coded
sample and the EDS analysis result were given. The SEM
image of the SKO sample in figure 8 was examined at
1.000x magnification, it was seen that small-sized particals
were located between large-size particles (large and small
particles with irregular shapes in different sizes) [2, 15] and
these particles had a leaf-like structure [15, 18].

In figure 9, SEM images of the mechanically activated
samples at the same magnification (1.00KX magnification)
were given. The SEM images (figure 9) of the samples with
a low grinding time (15 and 30 min.) were examined, a
decrease in particle size was observed with the effect of
grinding, and it was observed that the smaller particles
became more dominant with increasing grinding time (45
and 60 minutes) [15, 28]. The SEM images of all samples
were evaluated together, it was seen that micron-sized
particles were more prominent and the particles were ran-
domly dispersed in kaolin samples subjected to the
mechanical activation process for 45 minutes [1, 15, 28].
On the other hand, SEM images of samples subjected to
mechanical activation for 60 minutes demonstrated
agglomerated particles, proving the presence of more
spherical-shaped, fused particles among randomly dis-
persed kaolin particles. Similar results had also found in the
literature [22, 29].

In addition, the SEM-EDS analyzes of the 1-30-60
sample given in figure 10 were examined, a large amount of
O as 50.11% by weight, Si as 29.53% by weight and Al as
17.96% by weight based on content distribution was
observed.

Mako et al [24] and Tang et al [30] found that quartz
(Si0,) particles with a Mohs hardness of 7 (from the EDS
analysis results given in figure 10) contributed to the
mechanical activation of kaolin by acting as a grinding
medium during dry grinding. The results of XRD, FTIR and
SEM-EDS showed that the mechanical activation of the
kaolin sample was successful.

XRD and SEM results showed that the structural prop-
erties of kaolin depend on the grinding time as well as the
solid/ball ratio, and the grinding time was more effective
than the solid/ball ratio on the mechanical activation of the
kaolin. The analysis results were examined together, it was
seen that the SEM results supported the XRD analysis
results (figures Sa—c). In addition to the analyzes made,
particle size analyzes were planned and the stage of
determining the analysis conditions was started.
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Figure 8. SEM-EDS analysis
(1.000x)

results of the SKO sample

1-30-60.

Figure 9. SEM analysis results of coded samples as 1-10-15,
1-10-30, 1-10-45, 1-10-60, 1-20-15, 1-20-30, 1-20-45,1-20-60,
1-30-15, 1-30-30, 1-30-45, 1-30-60 (1.00 KX).
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Figure 10. SEM-EDS analysis results of the 1-30-60 sample
(1.000x%).
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Figure 11. Particle size analysis of the SKO sample.

3.5 Particle size analysis

Particle Size Analyzes were performed using Malvern
brand Mastersizer 2000 model particle size measuring
instrument, which can measure particle sizes between 200
nm and 2000 pm. The graphs showing the particle size
distribution obtained from the Particle Size Analysis results
of the mechanically activated kaolin samples coded SKO
and 1-30-60 were given in figures 11 and 12, respectively.
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Figure 12. Particle size analysis of 1-30-60 coded mechanically
activated kaolin.

Table 5. d10, d50 and d90 values of SKO and mechanically
activated kaolin samples at different solid/ball ratios and different
times.

Samples djo/pm dso/pm doo/pm
SKO 2.526 15.222 58.822
1-10-15 2916 16.527 56.93

1-10-30 2.532 11.31 33.347
1-10-45 2.186 9.456 22.774
1-10-60 2.068 7.161 28.675
1-20-15 2.23 8.879 26.025
1-20-30 2.14 8.717 23.538
1-20-45 2.071 8.685 24.867
1-20-60 2.018 8.457 28.256
1-30-15 2.351 12.194 37.115
1-30-30 2.103 8.947 29.42

1-30-45 1.826 8.28 27.186
1-30-60 1.815 7.86 28.357

The data obtained from the particle size analysis results
were examined, it was observed that the particle size of
kaolin decreased with the mechanical activation process
(increasing grinding times).

In addition, d;q, dso and dggvalues of SKO obtained from
Particle Size Analysis and mechanically activated kaolin
samples at different solid/ball ratios and different times
were given in table 5. The dsy values given in table 5 and
the SEM analysis results of the SKO sample were evaluated
together, it was seen that it consisted of leafy particles with
a value of 15.222 um. After 60 minutes of grinding, the
spherical particles increased and the leaf-shaped particles
disappeared completely. Table 5 was examined, decreases
in dso values were observed with increasing grinding time.
In figure 13, the effect of grinding times on d;q, dso and dgg
particle sizes of mechanically activated kaolin samples at
different solid/ball ratios and different times were com-
pared. Increasing grinding times caused to decreases in d;q
and dsq values, it caused an increase in dgg values over 45
minutes of grinding time (Figure 13). The mechanic
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Figure 13. The effect of grinding time on d,, dsg and dggy values
of mechanically activated kaolin samples at different solid/ball
ratios (a) 1/10, (b) 1/20 and (¢) 1/30 and at different times (15, 30,
45, 60 min.).

activation process was importantly changed the morphol-
ogy of the kaolin samples because of the repeated breaking
and coalescenceof particles during grinding. dgy particle
sizes of mechanically activated kaolin samples increased
with grinding time up to 45 minutes and decreased slightly
after 60 minutes of grinding as a result of particle
agglomeration [29]. This indicated that the mechanical
activation process had been carried out successfully. These
results obtained were an indication that there was amor-
phization in the structure of kaolin with the mechanical
activation process [29, 30]. The particle size analysis results
were supported the XRD and SEM-EDS analysis results.

3.6 BET surface area analysis

Multi-point (7-point) BET (Brunauer—-Emmet—Teller) Sur-
face Analysis was used to determine the surface area in
solids and the changes in the surface area of the mechanical
activation process. BET Surface Analysis was carried out
using the Micromeritics Gemini VII 2390 type instrument,
with nitrogen (N,) gas adsorption technique in a liquid
nitrogen environment at -198°C. The results obtained were
given in table 6. The BET Specific Surface Area distribu-
tion results of SKO and the mechanically activated kaolin
samples at different solid/ball ratios and different times
were examined in table 6, it was seen that the samples with
smaller particle sizes have a larger surface area [31]. It was
observed that the surface area of the kaolin increased dur-
ing the 45 minutes grinding time. As seen in table 6, the
surface area of the kaolin samples ground for 45 minutes
increased more than the SKO sample. Figure 14 was
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Table 6. BET analysis results of SKO and mechanically acti-
vated kaolin samples at different solid/ball ratios and different
times.

Samples Grinding time (min.) Sger Yiizey Alani (mz/ er)
SKO 0 10.1903
1-10-15 15 16.7013
1-10-30 30 18.2274
1-10-45 45 23.1258
1-10-60 60 15.479
1-20-15 15 11.9637
1-20-30 30 12.0246
1-20-45 45 15.6357
1-20-60 60 14.0583
1-30-15 15 10.6641
1-30-30 30 11.8524
1-30-45 45 12.9001
1-30-60 60 6.2164

examined, it was seen that the maximum value (23.1258
m?/g) was reached after 45 minutes of grinding time (in the
sample of 1-10-45), and it was determined that it decreased
to 15.4790 m*/g in a grinding time of 60 minutes (in the
sample of 1-10-60) at a ratio of 1-10 by weight of solids/
balls. It was observed that the surface area increased
depending on the grinding time and the activated kaolin had
a higher surface area compared to the unactivated kaolin
[32]. The BET specific surface area at 1/30 solids/ball ratio
for 45 minutes was found to be 10.1903 m*/g for the SKO
sample, and 12.9001 m%*g for mechanically activated
kaolin (table 6 and figure 14). The data obtained from the
Partical Size Analysis results were examined together with
the BET analysis given in table 6, the partical size of the
kaolin decreased with the mechanical activation process
(increasing grinding times) and accordingly the BET sur-
face area increased. It was concluded that the decrease in
the surface area value with the increased grinding time and
solid/ball ratios (6.2164 m?%/g in mechanically activated
kaolin for 60 minutes at 1/30 times/ball ratio) resulted from
the agglomeration occurring between the particles
[24, 29, 33]. Suraj et al [34] obtained results similar to
those obtained in the BET Specific Surface Area analysis in
figure 14.

N, adsorption isotherm curve and BET specific surface
area graphs for SKO and 1-10-45 samples, respectively,
were given in figures 15 and figure 16. The N, adsorption
isotherm curves given in figure 16a and figure 16a were
examined, it was seen that the amount of adsorbed N, gas
gradually increases with increasing relative pressure (P/Po)
[35]. In figure 15b, figure 16b and table 7, BET specific
surface area values and pore volumes of SKO, 1-10-45 and
1-10-60 samples were compared. It was observed that the
pore volume of the SKO sample given in table 7 was
2.4501 cm?/g and the pore volume increased as the grinding
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Figure 14. Effect of grinding time on BET surface area of
mechanically activated kaolin samples at different solid/ball ratios
(1/10, 1/20 and 1/30) and different times (15, 30, 45, 60 min.).
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Figure 15. (a) N, adsorption isotherm curve and (b) BET
specific surface area of the SKO sample.

time increased (5.3131 cm®/g in the 1-10-45 sample) [36].
The BET Surface Area analysis results of the samples
obtained were evaluated together, it was determined that
the micro and mesopore volumes as well as the total pore
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Table 7. Comparison of BET specific surface area and pore
volumes of SKO, 1-10-45,1-10-60 samples.

Sample BET specific surface area/ Pore volumes/
codes (m2/g) (cm3/g)
SKO 10.1903 2.4501
1-10-45 23.1258 5.3131
1-10-60 15.4790 3.5563

volume increased up to 45 minutes of grinding time.
However, in samples ground for 60 minutes, this trend
reversed (3.5563 cm’/g) and decreased as a result of par-
ticle agglomeration (table 7) [29]. This was proof that while
the particle size decreases with the mechanical activation
process, the specific surface area and, accordingly, the pore
volume increase [37]. It was concluded that changes in
particle morphology and size during mechanical activation
directly cause an increase in mesopore volume. On the
other hand, it was determined that the mechanical activa-
tion process caused an increase in the micropore volume
and
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thus the total porosity, leading to the amorphization of
the crystal structure of the kaolin mineral [37].

With the grinding process, the small pore on the surface
of the particles was further enlarged and thus the specific
surface area corresponding to the reactive surface was also
increased. The effects of grinding time on the change of
specific surface area and the degree of amorphization were
examined together, it was observed that the degree of
amorphization and the specific surface area values
increased as the grinding time increased. However, the
surface area value of kaolinite, which agglomerated in 60
minutes of grinding time, decreased as the grinding time
increased [25]. In addition to the increase in the specific
surface area of the over-ground minerals, their exposure to
mechanical activation causes chemical or physicochemical
transformations in their structures and affects the next
process [12, 29]. The results of the XRD analysis showed
that the samples were activated successfully, and the results
of the SEM-EDS analysis showed that in the unactivated
kaolin, the micro-size particles were agglomerated among
the larger particles and had a particularly leafy structure.
According to the results of Particle Size and BET Analysis;
with the mechanical activation process, the particle size of
the kaolin decreased and the surface area value increased
accordingly. It was seen that the obtained BET Surface
Area Analysis results supported the results of XRD, Particle
Size and SEM Analysis.

3.7 TGA-DSC (thermogravimetric) analysis

TGA-DSC Analysis (Thermogravimetry analysis) results of
mechanically activated kaolin samples at different solid/
ball ratios and different times were given in figure 17. The
TGA-DSC analysis results were examined, the following
thermal events were observed: 1) At ~100 °C, the mass
loss occurred due to the loss of the body water of kaolinite
and this situation lasted up to ~350 °C due to the dehy-
dration of the samples [1]. Mass loss due to dehydroxyla-
tion (transformation from crystalline phase to amorphous
phase) was observed [38]. 2) Its structure was transformed
into metakaolinite as a result of kaolinite dehydroxylation
at ~514 °C shown in the DSC curve characterized by an
endothermic peak [39]. The changes in dehydroxylation
temperature varied with grinding time and mass loss [10].
3) The exothermic peak observed at ~990 °C indicated the
formation of a new crystalline phase called mullite (fig-
ure 17) [22, 40].

The exothermic peak observed in the SKO sample at
~ 1005 °C was attributed to primary mullite formation. The
same formation occurred at ~990°C in the mechanically
activated samples. This showed that the dehydroxylation of
kaolinite increased with increasing grinding time [10].
Chen et al [39] stated in their study that the secondary
mullite phase was formed at temperatures above 1300C and
the crystallization of the secondary mullite phase increased
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Figure 17. TGA analysis results of SKO and mechanically
activated kaolin samples at different solid/ball ratios and different
times.

with the addition of solid ratio (alumina). An exothermic
peak indicating secondary mullite formation was observed
at ~1327°C in the SKO sample, the same peak was
observed in the mechanically activated 1-30-45 sample at
~ 1260 °C [22]. The peaks observed between 1150-1200°C
were attributed to the crystallization of cristobalite from
amorphous SiO; [41]. Over 1200 °C, a small exothermic
peak was observed due to the formation of new phases, and
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this peak shifted to lower temperatures due to agglomera-
tion due to the deformation of Si—O-Al bonds released
during mechanical activation [25, 42].

In figure 18 and figure 19, SKO and TGA and DSC data
of mechanically activated kaolin samples at different solid/
ball ratios and different times were given comparatively.
The SKO and TGA data of the mechanically activated
kaolin samples at different solid/ball ratios and different
times in figure 18 were examined, a mass loss of ~0.8%
was calculated due to the evaporation of the absorbed water
and correspons to the first endothermic peak. Secondary
mass loss was associated with a secondary endothermic
peak at ~514 °C, occurring between 450 °C and 750 °C
(~6%) and resulted from dehydroxylation of kaolinite
[2, 14]. It was seen that the shift of the TGA curves in
figure 18 to lower temperatures was proportional to the
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increasing grinding times. In figures 17, 18 and 19, where
the results of TGA and DSC Analysis were given, were
examined together, it was observed that the mass loss
(maximum in the sample with code 1-30-45) occurred at
lower temperatures due to the effect of excessive grinding
in the mechanically activated samples. This showed that
mechanical activation causes the formation of a new crys-
talline phase, mullite, at lower temperatures [20, 21, 43].

4. Conclusions

The effects of different solid/ball ratios and grinding times
on mechanical activation were investigated by performing
XRD, SEM-EDS, Particle Size Distribution, BET analyzes
and TGA-DSC analyzes on SKO and mechanically acti-
vated samples. The results obtained from the study were
given below.

e [t can be seen from the XRD that the Intensity of peaks
corresponds to Q increases with milling time, whereas
peaks corresponds to K are almost same. This was due
to the intense deterioration and partial amorphization
of the structure due to mechanical activation.

e The FTIR spectra of the ground samples indicated
transformation to  amorphous  kaolinite  and
mechanochemical dehydroxylation. Significant broad-
ening of the bands at 3689 and 3619 cm™ at grinding
times of 45 minutes was attributed to kaolinite
amorphization. The FTIR spectra of the ground
samples were examined, no bands were found at 913
cm™ indicating the presence of Al-O-H bonds. This
indicated that transformation to amorphous kaolinite
and mechanochemical dehydroxylation had taken
place. It was observed that the peak intensities in the
stress regions decreased with the increase of the
grinding time. Weak bands in the 1200-500 cm™
range indicated some residual kaolinite phase and
bonds between the OH groups and the kaolinite layers
after 60 minutes of grinding. However, as the grinding
time increased, the disappearance of these bands
showed that the dehydroxylation process was
complete.

e SEM-EDS analysis showed that in unactivated kaolin,
micron-sized particles were agglomerated among
larger particles and consisted mainly of leaf-like
structures. Micron-sized particles were found in the
SEM images of the kaolin exposed to mechanical
activation for 45 minutes, agglomerated particles were
found among randomly dispersed kaolin particles in
the SEM images of the kaolin samples subjected to
mechanical activation for 60 minutes.

e Based on the particle size distribution analysis, the
effects of grinding times on d;q, dsy and dg, particle
sizes at different solid/ball ratios were compared. The
dio, dso and dog values of the samples obtained were
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examined, it was observed that while increasing
grinding time caused decrease in d;o and dso values,
it was seen that over 45 minutes of grinding time it
caused an increase in dgy values due to agglomeration
(60 minutes).

e The particle size analysis results and BET analysis
results were examined together, it was observed that
the specific surface area of kaolin increased as the
grinding time increased. However, it was concluded
that the decreases in the surface area values over 45
minutes grinding time (60 minutes) were due to the
agglomeration that occurred between the particles
(6.2164 m?/g in mechanically activated kaolin for 60
minutes at a ratio of 1/30 times/ball ratio). According
to the results of BET Surface Area and Particle Size
Analysis, the surface area of the kaolin was increased
by the mechanical activation process. Thus, kaolin,
whose physical structure was amorphous by mechan-
ical activation process, was obtained.

e According to the results of TGA-DSC Analysis
performed to determine the mass change and thermal
stability of all samples, it was observed that the mass
loss occurred at lower temperatures in the mechani-
cally activated samples with the effect of increasing
grinding time.

All the analysis results obtained were examined together,
it was concluded that the mechanical activation process of
the sample obtained under grinding conditions with a solid/
ball ratio of 1/30 and a grinding time of 45 minutes was
more successful. As a result, it was concluded that the
mechanical activation process was effective on the struc-
tural and surface properties of kaolin samples activated at
different solid/ball ratios and grinding times.
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