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Abstract

The present study examines the effect of sonication on the structure and on the thermal behaviour of a well ordered kaolinite.
XRD data indicated that sonication produces an increase of the translation disorder of kaolinite layers as well as delamination
and particle-size reduction along thexis. As a consequence of this particle-size reduction the surface area increases sharply
with sonication time from 8.5 to 83#yg, after 20 h of treatment. When sonication time increases, the original dehydroxylation
effect shifts to lower temperatures, is narrowing and decreases in intensity at the same time that the exothermic effect, previous
to the mullite formation shifts to lower temperatures and notably broadened.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction a particle-size reduction which, traditionally, has been
produced by grinding (either wet or dry).

Kaolinite has been and continues to be one of Grinding of kaolinite has been the subject of re-
the most important and useful industrial minerals. search for a long timg1-6]. Shaw[1] studied the
Kaolinite has important applications, e.g. as a coat- effect of grinding on kaolinite clay colloids us-
ing and filler in the manufacturing of paper, as ex- ing electron microscopy. This author indicated that
tender in inks and paints, as starting material for wet grinding caused shearing along the cleavage
aluminosilicate-based ceramics, as cracking catalysts,planes whereas dry grinding fractured the crystal.
as raw material in the production of fibreglass, as Sanchez-Soto et al7] pointed out that grinding of
additive in the production of rubber and polymers, etc. kaolinite produced strong structural alterations along

The physical and chemical properties of kaolinite the c-axis resulting in disorder and total degradation
determine its use as an industrial mineral. Some appli- of the crystal structure of kaolinite and the formation
cations of kaolinite are closely related to its surface re- of an amorphous product. They observed that surface
activity. This surface reactivity can be enhanced with area increased with grinding time as a result associated

with particle-size reduction. However, the particles of

kaolinite became more agglomerated with grinding,
"+ Corresponding author. Fax:34-952-132-000. and the surface area decreased after 30 min. There was
E-mail addressffranco@uma.es (F. Franco). a limit to particle-size reduction with grinding].
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On the other hand, dehydroxylation of kaolinite is
also affected by grinding. The endothermic effect re-
lated with the dehydroxylation process shifted to lower
temperatures (from 565 to 49Q) after 180 min of
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of freshly deionised water. The dispersions were son-
icated for periods ranging from 5 to 20h. The tem-
perature reactor was kept constant at@@uring the
entire treatment by means of a cooling recirculator.

treatment, and disappeared completely above this time After treatment, samples were lyophilised to remove

[71.
Kristof et al. [8] discussed the amorphisation of
kaolin in a planetary mill. They observed that 1 h of

amorphisation is necessary to produce mullite type

crystal at 1000C.
A feasible technique for particle-size reduction is

the water of the suspension.

2.3. Sample characterisation

Brunauer—-Emmet-Teller (BET) specific surface ar-
eas were obtained with an automatic system (model

ultrasound. The extended application of ultrasound as No. 2200 A, Micromeritics Instrument Corp., Nor-

atool for material chemistry began only in 1980. Cavi-
tational collapse sonication on solids leads to microjet

cross, GA), using nitrogen gas as an adsorbate at liquid
nitrogen temperature. The samples previously were

and shock-wave impacts on the surface, together with outgassed at 14@ for 2 h.

interparticle collision, which can result in particle-size
reduction[9]. Pérez-Maqueda et aJ10] shown that
sonication of macroscopic vermiculite flakes yields

X-ray diffraction (XRD) patterns were obtained
using a Siemens D-5000 diffractometer. The XRD
patterns were obtained using Cu Kwadiation, at

submicron plate-like particles and that even after 100h 40kV and 35mA, and a step size of 0°020 at a

sonication time, vermiculite was not amorphisized and
the crystalline structure was not damaged.

In the present study, the effect of ultrasound in
the structure and thermal behaviour of a well ordered
kaolinite is extensively studied. Changes in specific
surface area, crystallite size, crystallinity indices and
dehydroxylation processes have been analysed.

2. Experimental

2.1. Material

The starting material used for this study (KGa-1)
is a well ordered kaolinite from Washington County,
Georgia, with a Hinckley index (HI) of 1.181]. This

counting time of 3s. Measurements were performed
on randomly oriented powder preparations. Defects in
kaolinite were characterised using the[#1] and the
R. index of Liétard and other|l3,14]. The HI value
was calculated as the ratio of sum of the height above
background of the (1 1 0) arid 11) reflections against
the band of overlapping reflections occurring between
20 and 238 26 compared to the total height of the
(110) above backgroundr, was calculated with the
(131) and (1 3 1) reflections intensities and the counts
in the valley between them. The apparent coherent
scattering thickness of the kaolinite crystals was cal-
culated along the*-axis, using the (00 2) reflection
(CS02), and along thév-axis using the (06 0) reflec-
tion (CSe), according to the Scherrer formulss].

The untreated kaolinite and the sonicated samples

kaolinite powder has been previously characterised were spread on a platinum (Pt) holder of a Siemens

[7,12].
2.2. Preparation of treated samples

Ultrasonic treatment was performed with a Misonic
ultrasonic liquid processor of 750W output with a
20kHz converter and tapped titanium disrupter horn
of 12.7 mm in diameter that produce a double (peak
to peak) amplitude of the radiating face of the tip
of 120pm. The horn tip was dipped into a cylindri-
cal jacketed cooling cell of 5¢cm in internal diame-
ter, where 1.5g of kaolinite were mixed with 40 ml

D-5000 diffractometer. The high temperature X-ray
diffraction (HTXRD) patterns were obtained using Cu
Ka radiation at 40 kV and 30 mA, a step size of 0.02
26 and a counting time of 1 s. Heating rate was 4 K/s.
The samples heated to a particular temperature were
held at that temperature for 600s prior to the XRD
pattern being acquired. Diffractograms were obtained
after variable temperature intervals (between 50 and
100°C) according to the expected modifications indi-
cated by the DTA-TG curves.

TG and DTA measurements of the untreated kaolin-
ite and sonicated samples were done in a simultaneous
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TG-DTA instrument (Thermoflex, Rigaku Co. Ltd., surface area obtained with ultrasound energy are no-
Tokyo, Japan). The instrument temperature was cali- tably higher than those obtained with a simple grind-
brated with indium and aluminium. Alumina was used ing. Previous studies have determined that when this
as reference for DTA measurements. An amount of kaolinite was ground in a ball mill the maximum in-
sample in the range between 40 and 45 mg was looselycrease in specific surface area (from 8.5 to 18.3/yn
packed into a platinum crucible. Experiments were was obtained after 15min of treatmejn]. Above
performed in static air at a heating rate of 10 K/min. this time the particles become more agglomerated,
and the surface area decreases as a consequence of
the enhanced surface energy of the ground particles

3. Results [7,16,17]. However, when the increase in specific sur-
face areais enhanced with ultrasound treatment this in-
3.1. Specific surface area measurements crease continues exponentially with time of treatment

reaching specific surface areas never obtained with
Fig. 1 shows the variation of the specific surface this kaolinite. Possibly, the high agitation to which
area for the KGa-1 sample as a function of sonication are subjected the particles of kaolinite in the ultra-
time. The plot clearly shows that sonication produces sound treatment causes its desegregation, preventing

a remarkable increase in the specific surface areathus the agglomeration of the particles of kaolinite.
with a treatment time between 0 and 20h. The spe-

cific surface area of kaolinite samples increased from

8.5 to 35.2 /g after 10 h of treatment, as shown in 4. X-ray diffraction analyses

Fig. 1. This surface area variation is associated with

particle-size reduction. The specific surface area con- Fig. 2 shows the XRD patterns of the untreated
tinued increasing with the sonication time reaching kaolinite and the sonicated samples at increasing
83n¥/g after 20h (Fig. 1). This result is very inter- times of treatment, between 20 and £0. The reflec-
esting because it shows that increments in the specifiction (02I), (111) and (20), (1 3I) of the untreated

2
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Fig. 1. Specific surface area vs. time of treatment.



74

(©)

26 (degrees)

Fig. 2. XRD patterns of the untreated kaolinite (a); the 10h son-
icated kaolinite (b); and the 20 h sonicated kaolinite (c); obtained
from randomly oriented powder preparations.

kaolinite (Fig. 2a) are narrow and intense, indicating
that this kaolinite is a well ordered specimen. How-
ever, Plancon and Tchoub@r8], in a previous study,
have shown that this sample contains stacking faults
that consist of the presence of a small proportion of
random shifts of layers and faults by displacement of
the Al vacancies.

Comparisons of the diffraction peak profiles of the
sonicated samples with those of the untreated kaolinite
shows that the ultrasound treatment produced.

1. A broadening of the (00 2) reflection, which indi-
cates that the thickness of the kaolinite crystallite
decreased with treatment. The apparent coherent
scattering thickness of kaolinite particles along
the c-axis decreases from 424 to 368 A after 10 h
of treatment and to 270 A after 20 h of ultrasound
treatment (Table 1). Thus, the number of layers
within an individual crystallite decreases from

4.
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Table 1
Treatment conditions and crystalline data of the starting kaolinite
and of sonicated kaolinites

Sample T(h) H Ry D((131) CSoz CSso
to (131))

KGa- 0 119 099 0.86 424 261

10 0.33 0.88 084 368 231

20 021 071 072 270 202

T: time of treatment in hours; HI: Hinckley inddt1]; Ry: index
of Lietard and other$13,14]; D: distance between (131) and
(131) in X (°); CSy02 and CSeo: apparent coherent scattering
thickness measured using the Scherrer formula on (002) and
(060) reflections.

aStarting kaolinite (K, kaolinite).

59 to 51A after 10h, and to 38 A after 20h of
ultrasound treatment.

. A progressive broadening of the (06 0) reflection,
which indicates that the dimension of kaolinite
crystals along theib-axis also decreases with the
time of ultrasound treatment. The apparent coher-
ent scattering thickness of kaolinite particles along
the b-axis decreases from 261 to 231 A after 10h
of treatment and to 202 A after 20 h of ultrasound
treatment.

. An important modification of the (O (11I)

reflections. These reflections are very sensitive to

the abundance of translation defects consisting of
random and specific interlayer displacement of
type —a/3+b/3[19]. We have used the H11] to

evaluate the modifications in this zone of diagrams

(20-22 26) and for assigning a numerical value

for the degree of structural disorder (Table 1). The

decrease of the HI from 1.19 to 0.33 indicates that

a great increase in translation defects takes place

at 10h of treatment whereas above this time a

minor decrease of the Hl indicates a lower increas-

ing in translation defects, between 10 and 20 h of
treatment (0.33-0.21).

Minor modifications on the (2Ip and (13)) re-

flections. For this reason the possibility ©#27/3

rotations among the adjacent layers in particles
must be discarded18]. This zone of diagrams

(35-40 20) is also affected by random displace-

ments [14]. Increasing the small displacements

(random displacements) between adjacent layers

is the principle effect of reducing the (131) re-

flection relative to the (B1) reflection[19]. We
have used th&, parametergl3] to measure the
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modifications in this zone of the diffractograms.
The Ry, parameter decreases from 0.99 to 0.88 at
10h and to 0.71 at 20 h of treatment.

. A slight narrowing between (131) and 31)
reflections, which is related with a minor differ-
ence betweenr and 90. This narrowing indicates
the formation of layers having vacant octahedral
C-sites (dickite-like layers)19]. The distance of
these reflections (2¢°)) are reported ifTable 1.
The distance between (1 3 1) and3(1) reflections
decreases slightly from 0.86 to 07820 in the first
10 h of treatment whereas between 10 and 20 h of
treatment the narrowing between this reflections
is higher and the distance decreases from 0.84 to
0.72 26 at 20 h.

4.1. Thermal analysis

The DTA-TG curves of the untreated kaolinite and
the sonicated samples are showrfig. 3a. The TG
curve of untreated kaolinite (Fig. 3a) shows that its
heating at a continuous rate originates a slight mass

100 -
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Fig. 3. TG curves of the untreated kaolinite (a); 10h sonicated
kaolinite (b); and 20 h sonicated kaolinite (c).
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Fig. 4. DTA curves of the untreated kaolinite (a); 10 h sonicated
kaolinite (b); and 20 h sonicated kaolinite (c).

loss below 150C, associated with the loss of the
loosely adsorbed water on the particle surface. Be-
tween 150 and 300C the TG curve shows that the
mass remains constant, whereas a slight mass loss
between 300 and 44C followed by higher mass
loss from 440 to 800C, associated with the dehy-
droxylation process, occurs. The DTA curve (Fig. 4a)
shows that the dehydroxylation process originates an
endothermic effect (between 398 and 67 centred

at 542°C. At higher temperature, an intense exother-
mic effect is also observed (between 961 and 1M

at 987°C, which is related with the formation of either
mullite nuclei or a phase with a spinel-type structure,
an-+y-alumina or cubic phase or bofh0,21].

The TG curve of the kaolinite sonicated during 10h
(Fig. 3b) shows a greater mass loss belowX5@om-
pared to that observed in the TG curve of untreated
kaolinite. From this temperature, contrary to that ob-
served in the untreated kaolinite, the mass continues
decreasing. From 42@, a change in slope on the
TG curve leads to a higher mass loss. The mass loss
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stops at 800C indicating the end of the dehydroxyla- 650°C

tion process. The DTA curve of this sample (Fig. 4b) B AR St
shows an endothermic effect centred at 10@&ssoci-
ated to the loss of the adsorbed water. The endother-
mic effect due to dehydroxylation of kaolinite appears
shifted to lower temperatures (from 542 to 585af-

ter 10 h of sonication). This later endothermic effect

600°C
g - AR o

(between 360 and 63%) is slightly narrower than 4 N
that observed in the DTA curve of untreated kaolinite, W~/ LR 0 oot i, |
the FWHM of this peak decreases from 89 to°T7 . \‘/7.181&
in 10 h of treatment. This narrowing can be related §
with an homogenisation of the particle size of kaoli- g Nj \«M 500°C MAMW
nite. Thus, the DTA curve also shows that the posi- et it st
tion and the width of the exothermic effect appears / 7144 )(
slightly affected by the first 10 h of sonication treat- J ‘
ment (Fig. 4b). t o

The thermoanalytical curves of the kaolinite soni- t WMMMWW k

cated during 20 h show that the thermal processes in-
volved in the continuous heating rate of kaolinite are M/ \ww— /&
notably affected after this sonication time (Figs. 3c 25°C

and 4c). Firstly, the mass loss below T&Dis notably R WWWW/ ™
higher to the observed in the untreated kaolinite and 5 ]8 20 I 2%

in the kaolinite sonicated during 10h. This increase 20 (degrees)

in the mass loss below 15C is accompanied by an

increase in the area of the endothermic effect centred Fig. 5. Selected HTXRD patterns of the untreated kaolinite ob-
at 100°C (Fig. 4c) and is related with an increase of tained after heating in the range 25-680

the amount of the adsorbed water, due to the increase

in the specific surface area. From 150 to 420 the 953 and 996C, shifted from 987 to 979C and no-

TG curve shows a greater mass loss compared to thattably broadened after 20 h of sonication (the FWHM
observed in the TG curve of untreated kaolinite and in of this exothermic peak increases from 35in un-

the kaolinite sonicated during 10 h. Nevertheless, this treated kaolinite to 11.37C after 20 h of treatment).
mass loss is not accompanied by a defined endother-

mic effect (Fig. 4c). From 420C, in a similar way to ~ 4.2. HTXRD results

that observed in the TG curve of the kaolinite soni-

cated during 10 h, a change in slope on the TG curve The HTXRD patterns of the untreated kaolinite ob-
leads to a higher mass loss, which correspond to thetained at increasing temperatures are showfign 5,
dehydroxylation of kaolinite. The DTA curve of this and the intensities of the first basal reflection of the
sample indicates that this dehydroxylation process is untreated kaolinite and sonicated samples during 10
notably affected by the ultrasound treatment. The en- and 20 h versus temperature are plotte&io 6. The
dothermic effect related with this process (Fig. 4c) HTXRD patterns permitted the distinction of the pro-
shifted from 542 to 516C after 20h of treatment.  cesses occurred in the room temperature to°T5ih-
The width of this endothermic peak also decreased terval. In the case of the untreated kaolinite, in a first
with time of treatment (FWHM decreases from 89 to stage the heating from room temperature to 450
63°C) indicating that the application of the ultrasound originates a slightincrease in the intensity of the (00 1)
energy leads to an homogenisation of the dehydroxy- reflections (Figs. 5 and 6) due to the loss of adsorbed
lation process. Both the temperature and width of the molecules, which probably lead to a better order in
exothermic effect also appears strongly influenced by the packing of the kaolinit¢22]. However, a slight
sonication. This exothermic peak, observed between dilation of the structure perpendicularly to the layers
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Fig. 6. Variation of the intensity of the basal reflection of the untreated kaolinite (full square), 10 h sonicated kaolinite (full triangle) and
20 h sonicated kaolinite (full circle) in the temperature range of 252650

(from 7.14 to 7.18 A) is observed at 450. In a sec- The HTXRD patterns of the sonicated kaolinite dur-
ond stage, the decrease in intensity of the kaolinite ing 20 h show in the first stage, between room tem-
reflection above 450C indicates the beginning of the perature and 450C, a minor dilation of the structure
dehydroxylation process. This is also in accordance along thec-axis (from 7.14 to 7.15 A) compared to that
with the DTA-TG results (Figs. 3 and 4), which reveal observed in the HTXRD patterns of the untreated and
that the endothermic effect due to dehydroxylation 10 h treated kaolinite. From 45C (Fig. 6) the dehy-
process begins at ca:450°C. The HTXRD patterns  droxylation process causes the decreases of the (00 1)
shows that the kaolinite (0 0 1) reflection remains until reflection of kaolinite which disappears completely at
600°C showing, at this temperature, 12% of its ini- 550°C.
tial value. At 650°C the (00 1) reflection disappeared
completely indicating thus the end of the dehydroxy-
lation process. 5. Discussion

The HTXRD patterns of the sonicated sample dur-
ing 10 h shows a similar behaviour to that observed in ~ The specific surface area analysis, the X-ray pat-
the HTXRD pattern of untreated kaolinite. In a simi- terns, the DTA-TG curves and the HTXRD patterns
lar form, in the range between room temperature and showed that the structure and the thermal behaviour
450°C, the (00 1) reflection increases slightly (Fig. 6), of kaolinite were strongly affected by the ultrasound
showing, also, a dilation of the structure alotigxis treatment.
from 7.14 to 7.16 A in this temperature range. From  The first and more evident change produced by this
450°C this reflection decreases slightly stronger than treatment is the great increase in specific surface area
the (00 1) reflection of untreated kaolinite and remains obtained. Sanchez-Soto et fl], in a previous work,
until 550°C showing, at this temperature, 17% of its shown that dry grinding in a ball mill of this kaolinite
initial value. At 600°C the (001) reflection disap- caused an increase in the specific surface area from
peared indicating that the end of the dehydroxylation 10.20 to 18 /g after 15min of treatment. Above
process occurred at lower temperatures to that ob- this time the particles become more agglomerated,
served in the HTXRD of the untreated kaolinite. and the specific surface area began to decrease, as a
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consequence of the enhanced surface energy of theserved by Gonzalez Gdecet al.[24] in the grinding
ground particles, caused by the grinding. Similar be- of kaolinite, the ultrasound treatment causes a loss of
haviours were found previously after grinding of other OH ions and the formation of other ions which are
kaolinites by several authof8,23]. Contrarily to that removed at low or medium temperatures.
observed in the grinding studies, when the increase in  The DTA curves indicated that the endothermic ef-
specific surface area is obtained from an ultrasound fect corresponding to dehydroxylation process shifts
treatment, this is exponential and no decrease is ob-to lower temperatures and decreases in area, as ul-
served even after 20 h of treatment. Apparently, the trasound treatment time increases. The HTXRD pat-
strong agitation to which the particles are subjected terns shown that the end of dehydroxylation process is
is greater than the surface energy created with the im- shifted to lower temperatures with the ultrasound treat-
pacts and it prevents the formation of agglomerated ment. Possibly, this shift is caused by the particle-size
particles. reduction and the structural disorder induced by the
The XRD patterns of the treated samples indicate sonication treatment.
that the structural changes induced by the ultrasound The exothermic peak at 98T is also affected by
treatment are time depended. After 10h of treat- the ultrasound treatment, this peak shift to lower tem-
ment, the ultrasound energy caused a great increaseperatures and is notably broadened as ultrasound treat-
of the abundance of translation defects consisting of ment time increases. According to Krist6f et H],
displacement of type-a/3 + b/3 and random trans-  this decrease in temperature may be attributed to the
lations, as shown the great decrease of the HI. In deformation of Si-O—-Al bonds produced by mechan-
addition, a decrease of the thickness of the kaolinite ical forces.
plates and a minor decrease of the dimensions of the
particles along theib-axis are also observed. After
20 h of treatment, the ultrasound energy caused a mi- 6. Conclusions
nor decrease in the HI but caused a greater decreasing
of theR; index, which indicates an increase inrandom  Sonication produces not only an important delami-
translation. In this case, a larger delamination effect, nation effect on the kaolinite sample but also a reduc-
is observed together with a greater decrease of thetion of the other particle-dimension and an increase in
CSo2 parameter. Nevertheless, the variation in the the amount of translation defects. As a consequence of
CSe0shows a similar cross breakage of the kaolinite these effects, the surface area increases exponentially.
particles compared to that obtained in the first 10 h of These structural modifications also influence strongly
treatment. However, in spite of the formation of trans- the thermal behaviour of the sonicated kaolinite. When
lation defects, the structure of kaolinite still remains, sonication time increases, the mass loss below @20
contrarily to that observed in the grinding treatments, considerably increases; the endothermic effects cor-
where a total degradation of the kaolinite structure, responding to dehydroxylation of kaolinite shifts to
probably related to the rupture of the octahedral and lower temperatures, is narrower and decreases in in-
tetrahedral layers, occurred after 2 h of grind|[idg tensity as the sonication time increases; at the same
The TG curves indicated that ultrasound treatment time that the exothermic effect previous to the mullite
also produced an increase in mass loss on heatingformation shifts to lower temperatures and is notably
at <420°C, in accordance with grinding treatment. broadened.
Nevertheless, the HTXRD patterns of the ultrasound
treated kaolinite showed no decrease of the (001) re-
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