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Abstract

Two kaolinites of different structural order designated KGa-2 and KC were milled for variable times (15, 30, 45, 60, 75, 90, 105 and
120 min). The ensuing changes were monitored using particle size distribution (PSD) analyses, pH measurements and thermal methods
[thermogravimetric analysis (TGA), and differential thermal analysis (DTA)]. The size mode for the initial particles ranged from 0.31 to
0.36um in KGa-2 and from 6.6 to 7.m in KC. After 120 min of milling, however, both kaolinites exhibited similar PSD results and modes
(26.2—30.50.m). Milling caused the transformation of surface charges and produced water molecules. This resulted in a decreased pH in KC
and an increased one in KGa-2; however, both tended to converge on pH 6 after several minutes of milling. The new larger particles were
formed by bonding between the new water molecules formed. Based on the temperature at which they disappeared, the water molecules
were coordinated as zeolitic or interlayer water. The effects of milling became apparent at an earlier stage in the less ordered kaolinite. In
well-ordered kaolinites consisting of large particles, the inner-to-inner surface hydroxyl ratio results in a symmetric dehydroxylation effect;
thus, milling increased structural disorder and decreased the peak temperature, symmetry and widih-Alspincreased by effect of an
increased presence of edges and inner surface hydroxyls, wigfead, decreased with decreasing proportion of inner hydroxyls relative
to other types of OH groups.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction clude (a) calcination at different temperatuigs(b) applica-
tion of ionic and/or polar surfactants to turn its hydrophilicity
Kaolinite is one of the most abundant minerals in the Earth into hydrophobicity or organophilicitjd]; (c) amorphization
crust. Some of its properties (viz. colour, particle size, mor- by milling [2]; (d) zeolitization by treatment with Na, Ca, Mg
phology, surface chemistry and charge) are exploited by theand K oxides at 100C [1]; (e) acidification[3]; (f) various
papermaking, paint and pharmaceutical industries, amongcombinations of the previous onpj.
others[1]. Milling an inorganic material causes the disintegration of
A number of techniques have been developed in recentparticles and the consequent formation of new active sur-
years in order to alter the physical, chemical, structural and faces in addition to changes in its physico-chemical prop-
surface properties of kaolinite with a view to expanding or erties that decrease its crystallinity (through amorphization)
improving its applications. The treatments used to this end in- and increase it surface reactivig;6]. These “mechanochem-
ical” effects are observed mainly when the material is milled

— using equipment involving friction and impaction forces
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displacement between layers (delamination), (c) layer dis- The chemical composition, in wt.% as oxides, is IO
ruption and (d) adsorption of atmospheric water by the amor- 45.82, AbO3 37.65, FeO3 0.97, KO 0.80, loss on ignition
phous product. 14.76 in KC; SiQ 43.49, AbOs 38.14, FgOs3 1.15; TIO

The physical disintegration of kaolinite crystalline grains 1.91, KO 0.02, BOs 0.32, loss on ignition 14.97 in KGa-2.
results in its gradual destruction via alterations in properties  To study if the changes were due to the particle size or
such as specific surface area, ion-exchange capacity, wateto structural modifications, the kaolinite from Georgia was
absorption capacity and acid solubility, as well as through the separated into >20, 20-10, 10-5, 5-2 and2rfractions by
formation of spherical aggregates of fine partid8—15]. sedimentation, and into 1-0.5, 0.5-0.1 and g0rifractions
Changes in surface area with milling occur in three sfepk by centrifugation.
namely: (a) the formation of new surfaces, (b) aggregation
(viz. a monotonic decrease in the area change with milling 2.2. Milling procedure
time) and (c) agglomeration (which decreases the surface
area). The solids were subjected to mechanical treatment in a

The mechanochemical amorphization of kaolifilt&] in- Fritsch Pulverisette-7 planetary mill. Samples were milled
volves layer disruption and grouping, rearrangement of co- for 15, 30, 45, 60, 75, 90, 105 or 120 min. In each test, an
ordinated polyhedra and proton transfer to other sites in theamount of 3g of air-dried sample was milled in a 25cm
structure (an effect known as “prototropyt6]); the resultis stainless steel pot with the aid of three stainless steel balls;
an array of tetrahedral residual layers, and of octahedra andone ball was 15 mm in diameter and 13.6 g in weight, and the
tetrahedra distorted to an extent dependent on the particleother two 12 mm in diameter and 7 g in weight. The rotation
size and initial ordef17], as well as on the particular milling  speed used was 730 rpm.
method used.

Milling is highly likely to cause a large enough tempera- 2.3. Particle size distribution
ture change at a specific contact point fo-8H and G-H . ) o
bonds to be distorted or even broken, thereby leading to dehy- 1 he particle size distribution (PSD) of the natural and
droxylation and the formation of water molecu[@4]. The milled samples was determined on a Malver Instruments
water is formed by interaction of two hydroxyl groups in a I\/_Iastersaer—S mstrument. Tes§ was conducted in suspen-
two-step process: in the first, one hydroxyl group dissociates Sion- In order to avoid flocculation, samples were supplied
by proton transfer (prototropy) leaving a chemically bonded With sodium polyphosphate (3.6%) and sodium carbonate
oxygen, as a superoxide anion, in the lattice: in the second, the(0.8%) as dispersants and ultrasonicated for 5min. Then, in

proton released in the first step bonds to the other hydroxyl the compartment of small volume, the suspension was stirred
group to form a water molecule. If the process involves two at 3510 rpm and ultrasonicated. The lens used was 300 mmin

adjacent OH groups, then iti®mogeneous: otherwise, dif- focal length, so the measuring range was 0.05+880Each
fusion occurs and the water molecule is formed on the outer S2Mple was analysed eight times.
surface, the process beihgterogeneouf. 8].

Despite the previous evidence, some aspects of the

changes inducgd by mi[ling in kaplinite are stiII. obscure. The pH of the samples was measured with a Mettler 340
Thus, the following questions remain unanswered: (@) do par- ni_meter following stirring of a 1:2.5 sample/de-ionized wa-

ticle aggregates behave as a single particle or are they easily,, suspension for 10 min and standing for 30 min.
disintegrated? (b) why does reactivity increase with increas-

ing particle size? The aim of this work was to acquire new 2.5 Thermal methods

information with a view to facilitating the interpretation of

mechanochemical changes in kaolinite. The thermal methods used (viz. TG, DTA and DTG) were
implemented in a Setsys-16 instrument from Setaram, using
100! platinum crucibles, Pt/Pt10% Rh thermocouples,

2.4. pH measurements

2. Material and methods an argon stream at a flow-rate of 6.31/h, milled alumina
as reference sample. Both the alumina and the samples
2.1. Material were compacted in the absence of applied pressure. Prior to

heating (at a rate of 18C/min), an isotherm was recorded at
The well-ordered kaolinite (KC) was supplied by Caosil 25°C for 1000s.

(Guadalajara, Spain) with a Hinckley index of 1.19; the dis- The Setsoft 2000 module coupled to the thermal analyser
ordered kaolinite (KGa-2) was from Georgia (USA) and ob- allowed us to determine the mass change between two points
tained from the Source Clay Repository of the Clay Minerals in the TG curve or the areas of the peaks (by integration,
Society (MO, USA) with a Hinckley index of 0.43. Bothwere using DTG and DTA). Also, the DTA curves gave the onset
of sedimentary origin and the major mineral component was and offset points, which were bound by the intersect of the
kaolinite (>95%) with a minor amount of quartz and mica in baseline with the tangent at the inflection point between the
KC, and a small amount of anatase and mica in KGa-2. rising and falling segments (Fig. 1). Peak width was taken to
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Heat Flow corr/uV i i i T i of particles in 2—10 and >20m fractions decreased and in-
'150* Exo 1 creased, respectively, after 45 min of milling. Proportions lev-
o \Tor Tot |  elledoff after 75 min.

Lo T, T, Based on the PSD results for the KGa-2 natural sample,
L-10 | most of its particles were very small (0.09-049). The

L-15 | initial distribution was considerably altered after only 15 min
L-20 1 of milling, but no substantial changes were observed beyond
L-25 1 that point. The milled samples spanned three different size
r-30 1 ranges, namely: <1, 1-20 and >2th. The proportion of

[-35 T 1 particles in the first decreased after only 15 min of milling;
40 i ' that in the third exhibited the opposite trend and that in the
:"5‘2 Sample second only very slight changes.

350 400 450 500 550 600 temperature/°C Both types of kaolinite had an identical mode
(26.20-30.53um) and a similar particle size distribution
Fig. 1. Characteristic peak temperatures. upon milling for 120 min (se€ig. 2d and h).
3.2. pH

be the temperature difference between the offsgt)(and

onset (bn) and the peak symmetry was calculated from the  The two natural samples had a rather different pH; thus,
ratio (Tp — Ton)/(Tott — Tp). KC was neutral-alkaline, whereas KGa-2 was acidic. Also,
Temperatures were standardized with S#&lone, so the  they exhibited opposing trends upon milling. Thus, the pH
reported weight loss and heat flow were relative to the other of KC decreased from 7.8 to 6.2, whereas that of KGa-2 in-
samples. creased from 3.6 to 5.3 (Fig. 3). Differences in the surface
charges were produced by the effects of diffusion, delamina-
tion, disruption, and reorganization, by milling in relationship
to the size and the degree of order—disorder of the kaolinite.
In the order kaolinite decreased Otand/or increased H
the opposite occurred in the disorder. After a certain milling
The results obtained in the PSD analysis of the natural time (15 min for KGa-2 and 60 min for KC), the pH virtually

3. Results

3.1. Particle size distribution

kaolinites and milled samples are showrFig. 2 and clas- levelled off.
sified into groups of particle sizes as close as possible to the
fractionation ranges iflables 1 and 2. 3.3. Thermal methods

Milling the KC natural sample gave rise to four parti-
cle size ranges, namely: <2, 2-10, 10-20 and 20 The 3.3.1. Weight losses in the natural and milled samples
proportion of particles in the <2, and 10—2fh fractions The weight losses undergone by the natural and milled
changed little with the milling time. On the other hand, those samples (as determined by TG), and the temperature at which
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Fig. 2. Particle size distribution frequencies for the following samples: (a) natural KC, (b) KC milled for 30 min, (c) KC milled for 60 min, (d) KC milled for
120 min, (e) natural KGa-2, (f) KGa-2 milled for 15 min, (g) KGa-2 milled for 60 min and (h) KGa-2 milled for 120 min.
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Table 1

Distribution of particle sizesy/m) in natural and milled KC

Size (uwm) Natural 15min 30min 45 min 60 min 75 min 90 min 120 min
<0.09 0.03 0.02 0.08 0.05 0.06 0.04 0.03 0.07
0.09-0.49 8.83 7.87 9.34 9.33 8.33 7.60 6.75 8.03
0.49-1.06 7.98 7.52 7.86 8.06 7.78 7.78 6.39 7.02
1.06-1.95 8.64 11.40 10.36 10.69 8.67 8.23 10.17 10.90
1.95-4.88 25.80 31.41 25.06 26.66 17.50 15.24 13.12 13.64
4.88-10.48 27.53 26.72 21.83 22.77 15.78 14.18 13.17 13.37
10.48-19.31 14.25 11.17 12.38 11.62 11.72 11.79 13.19 12.78
>19.31 6.97 3.89 13.09 10.82 30.16 35.14 37.18 34.19
D[4,3] 7.34 5.83 10.47 9.53 20.63 23.84 23.67 21.07
D[3,2] 1.62 1.65 1.51 151 1.74 1.90 2.04 1.76
D(v,0.1) 0.55 0.62 0.52 0.53 0.58 0.63 0.68 0.59
D(v,0.5) 472 3.94 4.47 421 7.06 8.92 10.68 8.95
D(v,0.9) 16.19 12.95 24.30 20.60 59.89 68.26 63.91 57.24
Mode 6.63-7.72 4.88-5.69 4.88-5.69 4.19-4.88 5.69-6.63 35.56-41.43 26.20-30.53 26.20-30.53

D[4,3] =mean diameter (on a volume basig)*/y"d®; D[3,2] = Sauter mean diameter (SMD)=d%3"d?; D(v,0.x) = percentiles (i.e. percentages below
the size in question, on a volume basB}p,0.5) (the 50 percentile) represents the median; mode =the most common value.

Table 2

Distribution of particle sizesm) in natural and milled KGa-2

Size (um) Natural 15min 30min 60 min 90 min 120 min
<0.09 0.01 0.04 0.04 0.05 0.03 0.03
0.09-0.49 23.14 12.99 10.51 8.96 8.46 8.73
0.49-1.06 14.39 7.39 6.60 7.72 8.21 7.01
1.06-1.95 8.68 9.42 9.11 7.17 7.71 10.20
1.95-4.88 15.37 13.24 12.62 11.77 12.31 12.68
4.88-10.48 13.63 11.89 11.92 12.13 12.72 12.54
10.48-19.31 12.25 11.32 11.88 12.74 13.48 12.89
>19.31 12.53 33.71 37.32 39.46 37.08 35.92
D[4,3] 7.40 21.15 22.74 26.41 23.26 23.26
D[3,2] 0.89 1.38 161 1.78 1.84 1.76
D(v,0.1) 0.31 0.40 0.47 0.54 0.57 0.55
D(v,0.5) 2.47 7.72 10.00 11.78 10.78 9.83
D(v,0.9) 22.06 59.33 61.85 66.28 60.33 62.64
Mode 0.31-0.36 30.53-35.56 30.53-35.56 30.53-35.56 26.20-30.53 26.20-30.53

D[4,3] =mean diameter (on a volume basis)x*/>"d®; D[3,2] = Sauter mean diameter (SMD}=d%/Y"d?; D(v,0.x) = percentiles (i.e. percentages below
the size in question, on a volume basByp,0.5) (the 50 percentile) represents the median; mode =the most common value.

Table 3

Percent weight loss (WL) and peak temperatdyg {or natural and milled KC

Sample 25-95C 95-180°C 180-380°C 380-700C 700-1000C 95-1000C

% WL Ty % WL Tp % WL % WL Tp % WL % WL

Natural 1.84 44.7 0.29 134.0 0.56 1104 532.3 0.13 12.02
15min 2.11 46.0 0.63 132.9 0.89 11.93 531.8 0.47 13.92
30 min 1.54 43.5 1.09 120.0 1.25 11.27 532.3 0.46 14.07
45 min 1.74 49.8 1.12 114.8 1.64 10.67 527.5 0.39 13.82
60 min 2.57 48.9 1.81 128.2 2.49 9.80 519.1 0.44 14.54
75 min 1.59 50.6 1.97 128.5 2.74 8.92 516.2 0.35 13.98
90 min 1.82 50.2 2.65 129.6 3.74 7.99 505.7 0.39 14.77

105 min 2.24 49.5 2.87 129.3 3.99 7.57 499.0 0.43 14.86

120 min 2.70 50.3 3.02 130.6 4.13 6.99 494.1 0.38 14.52
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I These results lead to the conclusion that the weight losses

are dependent to structural order—disorder but are indepen-
M dent to size particle.
7d = ——KC 3.3.3. Heat changes in the milled samples
——KGa-2

T( 3.3.3.1. Endothermal effect below 2aD. All samples ex-
o 15 30 45 B0 75 90 10 120 hibite_zd an endo_thermal effec_t _peaking below °@0 that

was identical whichever the milling time. Between 120 and
130°C, both types of kaolinites exhibited an additional en-
dothermal effect that grew with increasing milling time.
Because the two effects were overlapped, the heat changes in-
volved could not be accurately determined; rather, they were
“examined separately by DTG.

pH
W A~ O N 00 O

Milling time (min)

Fig. 3. Variation of pH with the milling time.

the dehydration and dehydroxylation peaks occurred (as de
termined by DTG) are listed ifiables 3 and 4.

Although the samples were held in a desiccator containing
CaCb for 24 h, and an isotherm was run atZ5for 1000 s, 3.3.3.2. Endothermal effect at ca. 50D. The temperature
prior to each test, the weight losses between 25 aritCc95 for the endothermal effect of the dehydroxylation of KC was

exhibited no definite trend; this was a result of retained water slightly higher than that for KGa-2 (sd€g. 6a). Also, the
being of the physisorbed tyg&9]. peak temperature for the latter decreased from the beginning,

The weight loss between 95 and 18Din both kaolinites whereas that for the former remained constant within the first
increased with increasing milling time through the formation 45 min and then decreased. .
of water molecules that were more strongly retained than ph-  The amount of heat through dehydroxylation from both
ysisorbed water. Weight losses over the range 1802380 kaolinites was similar and decreased gradually with increas-
also increased with increasing milling time; however, the ab- ing milling time (Fig. 6b). If the heat flow values (Vs my)
sence of a DTG minimum (Figs. 4 and 5) suggests that the for the unmilled samples are taken to be 100%, then only 30%
hydroxyl groups resulting from the mechanical rupture were ofthg initial hydroxylation sites were preserved after 120 min
bonded in a less uniform manner. On the other hand, weightof milling (Table 6). _
losses over the range 380—7@ decreased with increas- The endothermal effectin the KC samples was more asym-
ing milling time as a result of the presence of fewer OH Metric. Also, its width decreased with increasing milling time
groups—part of the structure had already been destroyed andy effect of the difference betwedn andT, increasing by
hydroxyl groups lost at lower temperatures. 10°C; on the other hand, the difference betwdgm and Ty
decreased by nearly 2@ upon milling for 120 min. By con-
trast, milling resulted in virtually no change in symmetry or

3.3.2. Weight losses in the fractionated samples
g P peak width in KGa-2 (Fig. 7).

The thermogravimetric study of the different fractions of
natural KGa-2 (Table 5) revealed no changes (within exper-
imental error) in weight losses among samples at tempera-3.3.3.3. Exothermal effect atca. 900. The temperature of
tures up to 110C; only between 180 and 38C there was  the exothermal peak was slightly higher for KC than for KGa-
a slight increase with decreasing particle size associated to2 in both the natural and milled samples (Fig. 8); it decreased
the amount of amorphous material present in such fractionsby 5°C, with no symmetry change, after 120 min of milling.
observed. The <04m fraction exhibited dehydroxylationat However, the amount of heat released by KGa-2 increased
higher temperatures, which is consistent with higher bonding slightly with increasing milling, KC exhibiting the opposite

energy. trend.

Table 4

Percent weight loss (WL) and peak temperatiig) {or natural and milled KGa-2

Sample 25-95C 95-180°C 180-380C 380-700C 700-1000C 95-1000C

% WL Tp % WL To % WL % WL To % WL % WL

Natural 1.85 45.4 0.32 135.0 0.81 1512 526.2 0.37 16.62
15min 271 45.9 1.00 125.6 1.70 12.61 516.1 0.51 15.82
30min 2.44 49.7 1.25 136.0 1.93 11.15 509.1 0.29 14.62
45min 3.05 48.1 1.83 127.2 2.60 10.78 509.3 0.40 15.61
60 min 2.80 48.9 2.18 128.8 3.09 9.91 504.1 0.34 15.52
75min 3.57 48.8 271 128.1 3.80 9.26 497.0 0.50 16.27
90 min 3.26 49.3 2.90 128.9 4.11 8.68 495.2 0.44 16.13

105min 2.76 49.5 291 131.9 4.06 7.65 487.4 0.28 14.90

120 min 2.99 49.3 3.26 130.3 451 7.39 485.5 0.42 15.58
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Fig. 4. TG and DTG curves for natural and milled KC.

3.3.4. Heat changes in the fractionated samples

3.3.4.1. Endothermal effect below 2UD. The samples ex-
hibited an endothermal effect at 58; the temperature, how-
ever, decreased in the particle size »I0. One another

800

ences among particle size fractions. The heat flow decreased

very weak endothermal effect was observed between 134 and-'eS (Fig- 10).
152°C the temperature of which increased with decreasing

particle size (Table 5).

3.3.4.2. Endothermal dehydroxylation effe€he onset,

slightly with decreasing particle size (Fig. 9). On the other
hand, peak symmetry and width exhibited virtually no change
at particle sizes aboveydn, but decreased in smaller parti-

3.3.4.3. Exothermal transformation effe&s can be seen
from Figs. 9 and 10, the temperature, heat flow and width of

the exothermal peak remained constant in all fractions; by

peak and offset temperatures exhibited only slight differ- exception, the symmetry for the <Quin fraction decreased.

Table 5
Percent weight loss (WL) and peak temperatdyg) for the different grain size fractions of KGa-2
Sample (p.m) 25-110C 110-180C 180-380°C 380-700C 700-1000C 110-1000C
% WL Tp % WL Tp % WL % WL Tp % WL % WL
>20 2.10 45.4 0.50 134.7 1.42 13.36 517.7 0.47 15.75
20-10 2.63 44.0 0.52 135.2 1.47 13.08 507.3 0.62 15.69
10-5 2.30 58.0 0.43 143.9 1.65 13.51 517.7 0.48 16.07
5-2 2.49 57.9 0.61 141.6 1.86 11.33 514.8 0.44 14.24
2-1 2.13 58.8 0.23 151.4 1.20 13.24 514.7 0.05 14.72
1-0.5 3.02 57.6 0.50 148.4 2.17 14.00 513.6 0.53 17.20
0.5-0.1 2.58 57.7 0.42 150.0 2.82 13.58 510.7 0.44 17.26
<0.1 1.63 58.2 0.26 152.1 1.68 13.30 525.0 0.32 15.56
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Fig. 5. TG and DTG curves for natural and milled KGa-2.

4. Discussion Milling breaks hydrogen bonds between layers and shifts
them across thab plane (delamination) forming particles
The changes of the mode and mean diameter of the KCwith curved surfaces (27) similar to ones of halloysite; this ac-
sample are consistent with the surface afggs14,17]. Ini- tion causes a decrease in the strength of th©@%ind AHOH
tially, milling decreased particle size and that increased sur- bonds at the edges. The MAS NMR technid@8] has re-
face area. Subsequently, particles formed larger aggregatesealed that the octahedral layers are more readily altered by
and reduced the surface area as a result. Finally, the aggremilling than are the tetrahedral layers. Also, the FT-IR tech-
gates formed clusters of constant size and area. Because theique[14] has exposed the formation of water molecules and
initial particle size in KGa-2 was so small (the mode was revealed that inner surface hydroxyls are lost before their in-
0.3um), the first step observed in KC was absent here. As ner counterparts. The broken hydrogen bonds between layers
the aggregates could not be disintegrated by dispersants oproduced hydroxyl groups with different grades of acidity,
ultrasounds, they can be assumed to behave as particles. which react to provide interlayer water by a homogeneous
The layers in natural kaolinites possess three different process17,27]. On the other hand, the diminution in the
types of surfaces, namely: (a) the plane of oxygen atoms strength bonds at the edges produced more activity and were
bound to the Si tetrahedral layer; (b) the plane of hydroxyl able to form zeolitic water (heterogeneous process). The wa-
groups bound to the Al octahedral layer; (c) the edgés. ter molecules formed through milling (increased with milling
The layers are connected by hydrogen bd2ds22]to form time) were lost at 130C; this suggests that they were more
particles; therefore, the charge of a kaolinite particle dependsstrongly retained than physisorbed water molecules. The ze-
on its diameter-to-thickness rafi23]. The edges bear a dif-  olitic or interlayer water from clay mineraJg9], was lost at
ferent type of surface charge that is pH-depen{izh®4,25] such temperature levels which is also similar in halloysites
and results from the cleavage of bonds on the periphery of[30], and are assumed to be coordindted 18,27,30].
the mineral; therefore, the charge increases with decreasing The fact that the weight loss increased with increasing
crystal size in kaolinit¢26]. milling time over the range 180-38C but decreased from
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Fig. 6. Variation of the temperature (a) and heat flow (b) of the endothermal dehydroxylation effect with the milling time.

\T/;t')il:tign of the heat flow (%) of the endothermal effect at ca. 8DWith the milling time

Sample

Natural 15min 30min 45 min 60 min 75min 90 min 105 min 120 min
KC 100 91 82 78 65 57 42 35 31
KGa-2 100 90 85 73 65 58 47 38 33

380 to 700°C suggests that the hydroxyl groups are more were confronted with hydroxyl groups in the octahedral layer
weakly bound. The increased structural disorder resulting or the edges — which were loosened by milling — to form wa-
from the distortion of the tetrahedral and octahedral layers re- ter molecules and raise the pH. In the KC sample, which
duced the homogeneity of the hydroxyl groups, so they were possessed a larger particle size and a higher structural order,
more readily released. They were lost little by little without the high pH (7.8) relative to the previous one led to a preva-
an inflexion point, and for this reason the peak is absent from lence of the charge of hydroxyl ions. If the charge originated
the derivative recordings. However, some hydroxyl groups from the plane of OH groups in the octahedral layer, then
were still identified at positions similar to those in the initial delayering would facilitate bonding to nearby protons in the
sample (~30%) — but more weakly bound as they were lost at same layer (homogeneopsocess) or protons at the edges
a lower temperature — after 120 min of milling. The fact that (with an also decreased bonding energy). In the latter case,
the natural and milled samples exhibited similar weight loss the process would be identical, albeit of opposite sign, for

changes between 95 and 10@ (within limit error) sug- both kaolinites. On the other hand, if the negative charges
gests that the water molecules were formed through internalin KC originated from the edges, bonds would be formed
transformations rather than via external proce§sék mainly between edges, thereby giving rise to larger particles

In the KGa-2 sample, which possessed a smaller initial and pores of a larger inner surface area. In any case, water
particle size (mode =0,8m), the charge was located largely molecules formed facilitate the connection between particles
at the edgef25]. By virtue of its low pH (3.6), the protons  and the formation of larger ones.
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Fig. 7. Variation of the symmetry (a) and width (b) of the endothermal dehydroxylation peak with the milling time.

Some author$l7] have shown that the effectiveness of tial pH values for the two types of kaolinite were different;
the mechanochemical treatment depends on the crystallinitywhile that of KC was lowered and that of KGa-2 raised by
of the kaolinite. However, in the samples KC and KGa-2, milling, both levelled off at 6 (Fig. 3). Such effects, how-
despite their rather different degrees of structural order andever, were appreciable only after 15min of milling in the
the particle sizes, exhibited a similar particle size distribu- kaolinite with the lower structural order and particle size,
tion after milling for 120 min (Fig. 2d and h). Based on the and in the kaolinite with the higher initial structural order
heat flow results, roughly 67% of all releasable OH groups and particle size the effects of milling became apparent after
were modified by the milling (Table 6). As regards, the ini- 45 min.

Exothermal effect

1000 |

g 996?__0._0_.0
5 992 O
g 988
§ --0--KC

984 7 —a—KGa2

980 T T T L) T 1 T 1

0 15 30 45 60 75 90 105 120
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Exothermal effect
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2 50
(o] A O O -
T 40 =5+ -
8 30
T 2

- -0 - KC
10 —m— KGa-2
0 T 1 1 1 1 1 1 1
0 15 30 45 60 75 90 105 120

(b) Milling time (min)

Fig. 8. Variation of the temperature (a) and heat flow (b) of the exothermal transformation effect with the milling time.
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Fig. 9. Variation of the temperature (a) and heat flow (b) of the endothermal and exothermal effects in the different grain size fractions of KGa-2.

The endothermal dehydroxylation effect in the different ence of outer and inner surface hydroxyls over that of inner
grain-size fraction samples of KGa-2 were asymmetrical. hydroxyls and the latter contributed to a greater extent to

Tp — Ton Was almost twice greater thdy — Ty (Fig. 10a).
None of the temperatures {,TTon Or Tofr) changed in the
>1 m fractions, only in the <fum fractionsTs decreased.

In the natural KC sample, the endothermal dehydroxyla-
tion effect was symmetrical and 12GQ wide (Fig. 7). Milling

This decreased of heat flow, peak width and symmetry was decreased its peak area, symmetry and width—the latter
possibly because the small particle size favoured the pres-is seemingly abnormal as the width should have increased

Symmetry for fractions of KGa
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Fig. 10. Variation of the symmetry (a) and width (b) of the endothermal and exothermal effects in the different grain size fractions of KGa-2.
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