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Abstract: Mechanochemical treatment of Serbian kaolin clay was performed in
a planetary ball mill using two different milling media, hardened steel or zir-
conia vias and balls. The samples obtained after various milling times were
characterized by particle size laser diffraction (PSLD), X-ray diffraction (XRD),
differential scanning calorimetry/thermogravimetry (DTA/TGA) and Fourier-
transform infrared (FTIR) analyses. The mechanochemical treatment induced
amorphization of the kaolinite phase accompanied by dehydroxylation. It was
found that for given milling parameters, amorphization mainly occurred in the
milling period up to 15 min, and was completed after about 30 min of milling
for both employed milling media. The pozzolanic activities were determined by
the Chapelle method. Milling in the hardened steel milling medium had no
significant influence on pozzolanic activity, even though there was accumu-
lated iron contamination. For both milling media, a pozzolanic activity of 0.79
was obtained for the samples milled for 15 min and it remained amost
unchanged with prolonged milling. The determined pozzolanic activity values
were similar to those of commercial metakaolinite or metakaolinite obtained by
calcination of the same clay, thereby, indicating that highly reactive pozzolana
could be obtained by mechanochemical treatment of Serbian kaoline clay.

Keywords. kaolin clay; kaolinite; metakaolinite; mechanochemical treatment;
pozzolana.

INTRODUCTION

Kaoline clays are important industrial materials, used in engineering and
construction applications, ceramic processing, environmental remediation and in
many other miscellaneous applications.! There is an ongoing interest in the
utilization of kaolin clays as raw materials for the manufacture of metakaolin
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(MK), a dehydroxylated form of the clay mineral kaolinite, as a pozzolanic addi-
tive for cement and concrete. MK usage can be found in many aspects of obtain-
ing concrete and can have beneficial effects on the ultimate compressive strength,
permeability and chemical durability, as well as economic and ecological advan-
tages.2 Bearing this in mind, as well as the lack of traditional pozzolanic mate-
rials (e.g., fly ash and silica fume), great effort has been given to improving the
technical characteristics MK as well as its production using kaolin clay as the
raw material .3-5

Metakaolinite (Al>Sio0O7) is an X-ray amorphous reactive aluminosilicate,
commercially obtained by heat treatment of kaolinite (Al>SioOs(OH)4) clay.6.”
The heat trestment involves the use of fossil fuels that produce CO, and other
gases (NOy and SOy types), al of which are air pollutants. Recently, there has
been an effort to reduce the emissions of greenhouse gases, and to develop pro-
cesses less aggressive to the environment. One of these processes is mechanical
treatment, widely applied for the modification and synthesis of various classes of
materials.8-10 The mechanochemical treatment of kaolinite has also been re-
ported in several papers.11-21,

In Serbia, there are several high-quality kaolin clay deposits. the Arande-
lovac Basin, the Kolubara Basin, and the Vranje and Kriva Reka Basin. Certain
guantities of the kaolin clays from these deposits are used in the ceramic industry
and for the production of refractory materials. In order to find other possible
applications, a process of metakaolin production by heat treatment (calcination)
of Serbian kaolin clay was developed.22 Good pozzolanic activity, as well as
mechanical and physical characteristics of the cements with the addition of
metakaolin produced by calcination and subsequent milling,23 gave substantial
reason to try to produce reactive pozzolana with a process less aggressive to the
environment, i.e., mechanochemical treatment.

Although a lot of work on milled kaolinite has been reported in recent
years,11-21 there seem to be only one report on the pozzolanic activity of amor-
phous kaolinite obtained by mechanochemical treatment.19 Furthermore, it should
be born in mind that the mineral composition of natural kaolin clays from dif-
ferent locations usually differ remarkably, thus influencing the physical and che-
mical properties of produced kaolinite.

In this work, the results of mechanochemical treatment of Serbian kaolin
clay, performed using either hardened steel or zirconia vial and balls as the mil-
ling media, are presented. The investigations were focused on how milling influ-
ences the pozzolanic activity and whether contamination arising from balls and
vial debris affects the properties of the final product. The results obtained enable
a better understanding of kaolinite preparation by milling and its properties as a
pozzolanic additive.

Available online at www.shd.org.rs/JSCS/

Copyright (C)2013 SCS

@080

EW MG RMD



MECHANOCHEMICAL TREATMENT OF SERBIAN KAOLIN 581

EXPERIMENTAL
Material

Kaolin clay from the Arandelovac Basin in Serbia was used for mechanochemical treat-
ment. Before characterization and mechanochemical treatment, clay was dried to less than 0.5
% moisture content, crushed and then ground in ball mill for 10 min (sample denoted as 0 h).

The chemical composition of the starting clay expressed in mass % of oxides was SiO,,
48.00; Al,O3, 31.75; Fe,03, 4.38; Ca0, 1.00; MgO, 0.48; Nay,O, 0.16; K,0, 1.50 and loss on
ignition 12.33 %. The main physical characteristics of the starting clay were given previoudy.23

The semi quantitative estimation, namely chemical analysis in combination with X-ray
diffraction (XRD) analysis was used to determine the kaolinite and quartz contents of 80 and
10.6 mass %, respectively.

Milling procedure

The powders were milled without any additives (dry milling) in a planetary ball mill —
Fritsch Pulverisette 5 — using either hardened steel 500 cmd vials and 13.4 mm diameter balls
or 500 cmd zirconia vials (yttrium oxide added ZrO,) vias and 10.0 mm diameter balls, in an
air atmosphere. The masses of the powders were 25 and 20 g for milling in the hardened steel
and zirconia vials, respectively, giving a balls-to-powder mass ratio of about 25 for both sets
of milling. The angular velocity of the supported (basic) disc, measured by a tachometer,
varied between 340 and 350 rpm (35.6 and 36.7 rad s1) throughout the milling. Thus, the
milling parameters were such that the same milling intensity may be expected for both milling
media242> Due to contamination arising from ball and vial debris, the color of the powders
milled in the hardened steel vials gradually darkened from almost white to black. Prolonged
milling up to 5 h was deliberately performed in order to investigate the possible effect of
contamination on the properties of the clay prepared by mechanochemical treatment. Thus,
chemical analysis of the powder milled for 5 h revealed an iron contamination of 5.6 %.
Milling in zirconia was performed for up to 2 h of milling. Determination of the ZrO, con-
tamination by chemical analysis was not performed but since the XRD analysis did not reveal
aZrO, phase, it should be no greater than afew percent.

Experimental techniques

The particle size distribution was measured by laser particle size analyzer on Mastersizer
2000 (Malvern Instruments Ltd., UK), which covers the particle size range of 0.02-2000 um.

The X-ray powder diffraction data were collected on a Philips PW1710 diffractometer
using Cu-Ke graphite-monochromatized radiation (4 = 1.5418 A) in the 26 range 4—65° (step-
length: 0.02° 26, scantime: 5 s).

The thermal behavior of the staring clay and powders milled for 15 and 30 min and for 1
and 2 h was investigated from room temperature up to 1100 °C using an SDT Q600 simul-
taneous DSC-TGA instrument (TA Instruments) with a heating of 20 °C min'l under a
dynamic (100 cm3 min'1) N, atmosphere.

The Fourier-transform infrared (FTIR) spectrawere recorded using Nicolet 6700 Thermo
Scientific spectrometer. Measurements were conducted in the wave number range 4000-400
cml, with 4 cm? resolution.

The pozzolanic activity was evaluated according to the Chapelle test.28 Kaolinite clay of
amass of 1 g was mixed with 1 g Ca(OH), and 200 cm? boiling water. The suspension was
subsequently boiled for 16 h and the free Ca(OH), was determined by the means of sucrose
extraction and titration with HCI solution.
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582 MITROVIC and ZDUJIC

RESULTS AND DISCUSSION
Particle size distribution

Particle size measurements revealed that mechanochemical treatment using
either hardened steel or zirconia vials and balls induced only a moderate powder
change compared to the kaolin clay pre-milled for 10 min (Fig. 1). Mean particle
size slightly increased from 9.85 to 11.34 um after 15 min, because of particle
agglomeration, and remained almost unchanged for milling times up to 30 minin
the hardened steel vial. Such an observation is in an agreement with previously
reported results.1> Particle size reduction of the fraction of coarse powder particle
size could also be noticed. The powder behaved in a similar manner during mil-
ling in the zirconiavial.
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Fig. 1. Particle size distribution of the kaolin clay pry-milled for 10 min (0 h) and milled for
15 and 30 min using hardened steel balls and vial and milled for 30 min using
zirconiaballs and vial.

XRD structural analysis

The XRD patterns of the starting clay and samples milled for various milling
times, for both milling media, are presented in Figs. 2 and 3. XRD analysis of the
starting clay identifies kaolinite (Al2SioO5(OH)4) by basal reflections at about 26
12.4, 20.0, 21.0 and 25.0° (JCPDS card No. 89-6538), quartz at 20 20.9 and 26.7°
(JSPDS card No. 89-8934) and mica at 26 8.9 and 17.9° (JCPDS card No. 88-
0791). In the XRD pattern of the sample milled for 15 min, the peaks of kaolinite
had almost vanished (or can hardly be resolved) as the result of deterioration of
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MECHANOCHEMICAL TREATMENT OF SERBIAN KAOLIN 583

the kaolinite structure. The loss of peak intensity at 20 12.4° suggests breaking of
the bonds between the kaolinite layers (001).15 Mechanochemical treatment
induces dehydroxylation, and the consequential transformation of kaolinite to a
very disordered (amorphous) structure. It was aready demonstrated that during
milling, the kaolinite phase becomes gradually distorted and amorphous.13-16
For the thermally induced transformation of kaolinite to metakaolin, a molecular
dynamic study showed that the loss of crystallinity was governed by the loss of
hydroxyl groups at the surface of the inter-layer spacing and the migration of the
aluminum into the vacant sites.”
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Fig. 2. XRD Patterns of the kaolin clay milled for various milling times using hardened steel
balls and vial (K — kaolinite, Q — quartz, M —mica).

The XRD patterns of the samples milled for longer milling times (30 min, 1,
2 and 5 h) are similar (Figs. 2 and 3), indicating that with prolonged milling
structural changes occurred very slowly. The XRD patterns suggest that the
quartz phase was not altered because the position of peaks at 26 21.2 and 27.4°
remained almost unchanged. However, their intensities gradually decreased, per-
haps as the result of very slow dissolution of quartz into the disordered (amor-
phous) matrix. XRD analysis of mechanically treated samples during either hard-
ened steel or zirconia milling medium indicated fast deterioration of the kaolinite
structure during milling, mainly within the first 15 min. The results obtained in
this study are consistent with previous investigations.11-19
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584 MITROVIC and ZDUJIC
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Fig. 3. XRD Patterns of the kaolin clay milled for various milling times using zirconia balls
and via (K —kaolinite, Q —quartz, M —mica).

Intensity, Arb. Units

The observation that almost identical results were obtained in both milling
media suggests that specific energy dose defined as cumulative mechanical
energy transferred to the powder during milling time is responsible for the kine-
tics and final phase formation, in spite of different milling parameters such as
impact energy and frequency.2’

DTA/TGA thermal analysis

Thermal analysis of the samples milled for various milling times further
supports the XRD findings. On the DTA curve (Fig. 4a) of the pre-milled clay
(milling time O h), two heat effects could be identified. A well-developed endo-
thermic peak at a temperature of about 511 °C, assigned to the process of dehyd-
roxylation, was accompanied with aweight loss of about 12 % during heating up
to temperatures of about 800 °C (Fig. 4b). At higher temperatures, the exother-
mic heat effect at about 982 °C could be assigned to the crystallization of spinel
and/or mullite phases.12
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For the sample milled for 15 min, the endothermic heat effect had almost
disappeared, indicating that mechanochemical treatment induced breaking of
O—H bonds. It should also be noted that this peak was shifted to a lower tem-
perature of about 460 °C. Thus, mechanochemical treatment through the gene-
ration of lattice defects decreased the dehydroxylation temperature by about 50
°C. For prolonged milling times, such a heat effect could not be detected, im-
plying that the process of dehydroxylation was completed in up to about 30 min
of milling. The exothermic peak shifted to lower temperatures with milling time
(from 982 to 920 °C for 0 and 2 h, respectively), which is in agreement with

Available online at www.shd.org.rs/JSCS/

Copyright (C)2013 SCS

@080

EW MG RMD




586 MITROVIC and ZDUJIC

previously reported results.12 DTA results (Fig. 4b) show that water release was
facilitated in the milled samples in comparison to the unmilled sample.
DTA/TGA curves of the samples milled in the zirconiamilling medium
along with metakaolinite sample prepared by heat treatment (calcination) of the
kaoline clay at 650 °C for 90 min,22 are given in Fig. 5. As can be seen, milled
samples exhibited a very similar thermal behavior to that milled in hardened
steel, suggesting contamination had no significant effect on the dehydroxylation
process. Therefore, the weight loss between 100 and 300 °C (Figure 4b and 5b)
may be attributed to the liberation of coordinated water, which is formed from
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MECHANOCHEMICAL TREATMENT OF SERBIAN KAOLIN 587

the OH groups because of mechanochemical dehydroxylation of kaolinite. The
difference in the thermal behavior of amorphous kaolinite and of metakaoliniteis
obvious from Fig. 5. The metakaolinite sample was characterized by the absence
of a dehydroxylation heat effect (Fig. 5a), while the TGA measurement did not
reveal any significant weight loss (Fig. 5b).

Infrared analysis

The FTIR spectra of the pre-milled kaolin clay and those of the kaolin clay
milled for 15 and 30 min, and 1 and 2 h in the zirconia-milling medium are
shown in Fig. 6. The characteristic bands at 3697, 3651 and 3620 cnm1, assigned
to SIO—H stretching vibrations, were markedly decreased in intensity in the spec-
tra of the mechanochemically treated samples, indicating the scission of O—H
bonds. The appearance of a broad band at 3443 cm~1 may be assigned to the
hydroxy! vibrations of interlayer and adsorbed water.11.19-21.28 The very weak
but detectable bands at 3697 and 3624 cnL indicate that after 30 min of milling,
some OH groups still remained bonded between the adjacent kaolin layers,
evidencing that some residual kaolinite phase still existed. However, on prolong-
ing the milling time up to 1 h, these bands completely disappeared, implying
completion of the dehydroxylation process. No significant difference could be
observed between samples milled for 1 and 2 h.

FTIR spectra of the samples milled in hardened steel milling media (not
given) exhibited almost identical features as presented in Fig. 6.

Pozzolanic activity

Determination of pozzolanic activity, and in particular lime reactivity, of
various materials is essentia for their efficient application in cement and con-
crete. The influence of milling time of the kaolin clay on the pozzolanic activity
is given in Table I. It is evident that after 15 min of milling, the pozzolanic
activity reached its highest value of 0.79 g Ca(OH)» per g pozzolana. Prolonged
milling dslightly decreased the pozzoloanic activity. The values obtained were
similar to those of metakaolinite obtained by calcination?2 and subsequent mil-
ling23 for the same kaolinite clay, as well as commercial metakaolinite, implying
that mechanochemical treatment could be applied to produce highly reactive poz-
zolana.

It is known that the lime reactivity of a pozzolanic material depends on its
particle size and surface area as well as its mineralogical composition.2° High
reactivity pozzolans are those that contain large proportions of amorphous alumi-
nosilicates, have particles of small average mean diameter and relatively high
specific surface. Therefore, taking the structural changes of the starting clay
during milling into the account, it could be presumed that amorphization of the
studied kaolinite was the main factor responsible for the obtained pozzolanic
activity.
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TABLE |. Pozzolanic activity of the kaolinite clay milled for various milling times in either
hardened steel or zirconia milling medium (balls and vial), and obtained by calcination and
subsequent milling in comparison to commercial metakaolinite

Pozzolanic activity, g Ca(OH), per g pozzolana

Milling time

Hardened steel Zirconia

0 h (pre-milled for 10 min) 0.59
15 min 0.79 0.79
30 min 0.75 0.74
2h - 0.73
5h 0.76 -
Metakaolinite obtained by calcination?! 0.65
Metakaolinite obtained by calcination and

oo 0.76
subsequent milling
Commercia metakaolinite 0.78
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MECHANOCHEMICAL TREATMENT OF SERBIAN KAOLIN 589

CONCLUSIONS

The results obtained in this study show the feasibility of obtaining highly
reactive pozzolan by mechanochemical treatment. The results could be summa-
rized asfollows:

Milling in a hardened steel or zirconia medium has no significant effect on
the pozzolanic activity beyond a milling time of 15 min.

Contamination arising from ball and via debris during milling in hardened
stedl also had significant effect on the pozzolanic activity.

Milling of the pre-milled clay induces only moderate changes in the particle
size distribution.

XRD and DTA/TGA analyses of mechanically treated clays indicated a fast
deterioration of the kaolinite structure (amorphization) occurred mainly within
thefirst 15 min.

The absence of a signal at 913 cm2 arising from Al-O—H bonds in the IR
spectra of milled samples confirmed mechanochemical dehydroxylation and
transformation to amorphous kaolinite.

Milling for more than 30 min was unnecessary, as further milling has no sig-
nificant effects on the characteristics of the pozzolan.

In conclusion, mechanochemical treatment instead of the heat treatment
could be employed for the production of pozzolan with the same activity.

Acknowledgements. This work was financially supported by the Ministry of Education,
Science and Technological Development of the Republic of Serbia (Grants Nos. TR 36017
and 45001). The authors are grateful to their colleagues Smilja Markovi¢ and Zoran Stoja-
novi¢ for the particle size measurements.

H3BOJ

PEAKTUBHH ITYIOJIAH JOBMJEH MEXAHOXEMHWJCKHUM TPETMAHOM
IOJOMARE KAOJIMHCKE I''TMHE

AJIEKCAHIPA MHTPOBUE' n MHOIPAT SHYJI/I'BZ

1 HHCTHTYT 3a HCITHTHBAamEe MaTeprjasia, byinesap sojpoge Mumnha 43, 11000 beorpan ZHHCTHT_VT
TEXHHYKHX HAyKa CPIICKe aKageMuje Hayka H yMeTHOCTH, Krnes Muxannosa 35, 11000 beorpan

Iomaha KaoJHMHCKa INIMHA jé MEXaHOXEMHjCKH TPETHPaHa y IUIaHETAPHOM MJIMHY KO-
puwhemem yenuuHux win ZrO, mocyza M KyIIHLa. Y30pUM JOOHjEHH NOC/IE PasTHYMTHX
BpEMEHa MJIEBEHa HCIMTHBAaHH Cy DEHATEHCKOM CTPYyKTypHOM (XRD) M gudepeHuHjanHO
TEPMHjCKOM U TepMorpaBumeTpujckom (DTA/TGA) aHanu3om, HHPPALPBEHOM CHEKTPOCKO-
nujom ca Pypujeosom Tpancdopmanujom (FTIR), kao 1 macepckom oUQPaKIHjoM pacrojese
BenrnyuHe yectuna ((PSLD). MexaHOXeMHjCKH TPeTMaH NMPOYy3poKyje amopdu3annjy KaoarH-
cke dasze mpaheny mexuppoxcunaudjom. Haheno je ma je amopdusaudja WHTE3WBHA TOKOM
noyeTHux 15 min mieBena, a 1a je TOTOBO y MOTIIYHOCTH 3aBplieHa HakoH 30 min MieBemna.
ITynonaHcka akTUBHOCT je onpehusana Chapelle MeTonom. MieBemwe y 4YeIHUHUM IOCyJama y
Tpajamy of 5 h Hema OuTHOr yTulaja Ha IyLOJAHCKY aKTMBHOCT, MaKO je TOKOM MJeBema
TOILLJIO [0 3amp/bamka Npaxa reoxhem. BpegHocT nynonaHcke akTUBHOCTH of 0,79 nobujana je
3a y3opak miieBeH 15 min y yeIM4HMM Kao U 3a OHaj MieseH y ZrO, mocygama, ¥ 0CTaje ro-
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TOBO HENPOMeEHeHa 3a Jya BpemeHa mieBewa. OnpeheHe myrosaHcke akTUBHOCTH Oiucke
Cy BpEAHOCTMMA 3a KOMepLHjalHH MEeTaKaoJIMHHUT, Ka0 U 32 METaKaolIMHUT NOOUjeH Kaslu-
HallMjoM KaOJIMHCKE IJIMHE MCTOT XEMU]jCKOT cacTaBa. Ha OCHOBY OoBOra, MOXe Ce 3aKk/byYUTH
Ila je MeXaHOXeMHjCKH TPeTMaH MOroiHa MeToza 3a JoOujake PeKaTUBHOT Myli0JIaHa.
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