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ABSTRACT 23 



 2

Smectite is a family of clay minerals that have important applications. In the 24 

majority of these clay minerals, the hydrated interlayer cations play a crucial 25 

role on the properties of the clay. Moreover, many studies have revealed that 26 

both thermal and grinding treatments affect the MMT structure and that 27 

interlayer cations play an important role in the degradation of the structure, 28 

primarily after mechanical treatment. In this study, the effects of these 29 

treatments on MMTs homoionized with mono (Na+, Li+ or K+) or polyvalent (Ca2+ 30 

or Al3+) cations were analyzed by the combination of a set of techniques that 31 

can reveal the difference of bulk phenomena from those produced on the 32 

surface of the particles. The thermal and mechanical (in an oscillating mill) 33 

treatments affected the framework composition and structure of the MMT, and 34 

the thermal treatment caused less drastic changes that the mechanical one. 35 

The effect of the interlayer cations is primarily due to the oxidation state and, to 36 

the size of the cations, which also influenced the disappearance of aluminum in 37 

the MMT tetrahedral sheet. These treatments caused a decrease in the surface 38 

area and an increase in the particle agglomeration and the isoelectric point. 39 

Both treatments caused the leaching of the framework aluminum. Furthermore, 40 

the mechanical treatment induced structural defects, such as the breakup of the 41 

particles, which favored the dehydroxylation and the increase of the isoelectric 42 

points of the montmorillonites. 43 

 44 

Keywords: Montmorillonite, homoionized montmorillonite, mechanical and 45 

thermal treatments, RMN, zeta potential. 46 

 47 

1. INTRODUCTION 48 
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 49 

The smectite group of minerals has attracted the attention of scientists, not 50 

only because of their importance in physical, chemical and environmental 51 

processes in soils and sediments but also because of their applicability in 52 

technological, environmental and industrial processes [1-4].  53 

Montmorillonite (MMT), which has an ideal structural formula of 54 

Si
4
(Al

1.67
Mg

0.33
)O20 (OH)4 [Na

0.33
.H

2
O], is a smectite composed of hydrated 55 

cations sandwiched between the 2:1 (tetrahedral and octahedral) negatively 56 

charged layers. 57 

These hydrated cations are able to modify the properties of MMT, such as its 58 

surface charge [5-6], hydroxylation capacity [7], thermal behavior [8-9], physical 59 

properties, and consequently the retention of heavy metals [10-11], dyes [12-60 

15], herbicides [16], toxins [17-19], etc.  61 

In 1958, Kulbicki [20] highlighted the possibility that primary exchange cations 62 

play an important role in thermal transformations of these minerals. Other 63 

changes in the behavior and proprieties of montmorillonite were also associated 64 

with the exchange cations, i.e., exchanged Na+ and K+-MMT neutralized the 65 

permanent charges and reduced the temperature for the production of 66 

cristobalite [21] and the migration of different cations into the MMT structure 67 

after thermal treatment caused a reduction in the swelling and adsorption 68 

capacity and increased the mean particle diameter [22, 8]. Due to the 69 

improvement of their surface structures with respect to raw MMT, exchanging 70 

the cations in montmorillonites with Al3+, Cu2+, etc. allowed them to be used as 71 

adsorption catalysts [23-28]. In addition, studies have been performed to obtain 72 
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exchanged clay for industrial uses as alternative coatings for brittle-matrix fibers 73 

[29].  74 

In previous works, [5-6, 30] it was shown that both thermal and grinding 75 

treatments affect the MMT structure and that interlayer cations play an 76 

important role in the degradation of the structure, primarily after mechanical 77 

treatments. Specifically, the analysis of X-ray diffraction patterns of MMT 78 

exchanged with different cations revealed different shifts of the d(001) interlayer 79 

spacing as a consequence of the water molecules associated with each of the 80 

cations [31-32]. The thermal treatment changed the interlayer spacing of 81 

homoionized MMT to approximately 0.93 nm, and the mechanical treatment 82 

destroyed the lamellar packing to a greater extent for the mono- than for the 83 

polyvalent exchanged cations, due to a greater electrostatic attraction of the 84 

latter to the surface of MMT. Moreover, the values of the isoelectric point (IEP), 85 

which were obtained through measurements of the diffusion potential, indicate 86 

that the damaged structure produced by the mechanical treatment of Na+, Li+, 87 

and K+ and the thermal treatment of Ca2+ exchanged MMT samples causes a 88 

surface charge behavior similar to that of an oxide mixture with an equivalent 89 

composition [33]. The IEP of homoionic-exchanged MMTs with different 90 

interlayer cations [6] exhibited a similar behavior to those obtained using the 91 

coagulation method [23]. 92 

The greater IEP pH values obtained for thermally treated MMT exchanged 93 

with Na+, Li+, and K+ than for those exchanged with Ca2+ and Al3+ and also for 94 

all the mechanical treated samples was attributed to the greater amounts of Al 95 

released from the structure, which produces a greater Al coating of the MMT 96 

surface [5].  97 
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Previous studies performed on thermal or mechanically treated kaolin 98 

indicated an enhancement of the reactivity for zeolite synthesis, which was 99 

attributed to a better extraction of Al and Si ions from the collapsed structure 100 

that originated in the Al (IV) to (VI) modification, as revealed by XPS analysis 101 

[34-35]. 102 

The purpose of this study is to determine the effect of thermal or mechanical 103 

treatments on the structure of MMT homoionized with mono- and polyvalent 104 

cations through the combination of total specific surface and apparent diameter 105 

(Dapp), Zeta potential curves, differential thermal analysis and single-pulse (SP) 106 

MAS-NMR measurements. The employed techniques can reveal the difference 107 

between the bulk phenomena from those produced on the surfaces of the 108 

particles. 109 

 110 

2. MATERIALS AND METHODS 111 

 112 

The raw smectite sample (from Volclay, Wyoming, USA) named V
0
 contains 113 

95% montmorillonite with quartz and feldspar as impurities and a cationic 114 

exchange capacity (CEC) of 63.5 meq /100 g. The results of the chemical 115 

analysis [5] of the purified montmorillonite sample are presented in Table 1. 116 

 117 

Table 1: Chemical analysis of the V0 sample  118 

 119 

SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O Li2O H2O 

59.09 19.63 3.65 2.30 1.21 2.14 0.48 <0.01 10.62 

 120 
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The homoionized montmorillonites (named VNa, VLi, VK, VCa and VAl) were 121 

obtained by three consecutive treatments with 2 N aqueous chloride solutions of 122 

the respective cations. The excess salt was removed by several washings with 123 

distilled water following by centrifuging (15,000 rpm) until the filtrate was free of 124 

Cl- (AgNO
3
 test). 125 

These samples were mechanically treated in an oscillating mill (Herzog HSM 126 

100) with a rotational frequency of 12.5 Hz for 300 seconds. The resulting 127 

materials will be referenced in this work using subscripts that represent the 128 

cation followed by the grinding time (VLi300s, VCa300s, etc.). The thermal 129 

treatments consisted of calcining the samples in air at 600 ºC for 1 h, and the 130 

products were named as follows: VK600C, VCa600C, etc.  131 

The external specific surface area (ESSA) was determined by nitrogen 132 

adsorption at 77 K (SN2) using a Micromeritics model Gemini V, and all 133 

samples were dried at 100 °C for 12 h under high vacuum before the nitrogen 134 

sorption measurements. 135 

The total specific surface area (TSSA) was determined from the adsorption of 136 

water vapor at a relative humidity of 0.56, as described elsewhere [36].  137 

The apparent equivalent sphere diameter (Dapp) was obtained by dynamic 138 

light scattering (DLS) measurements using a Brookhaven 90Plus/Bi-MAS with 139 

the Multi Angle Particle Sizing Option, which was operated at =635 nm with a 140 

15 mW solid state laser, scattering angle of 90º, and a temperature of 25  0.1 141 

ºC. All sample suspensions (1% w/w) were prepared using water with 10-2 M 142 

MClx (M=Na, Li, K, Ca or Al) or with 10-3 M KCl solutions and sonicated for 5 143 

min, and then the particle size determinations were conducted.  144 
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Electrokinetic potentials were determined in same Brookhaven equipment 145 

(electrophoretic mobility function) utilized for Dapp measurement. The 146 

electrophoretic mobility was converted into zeta potential values using the 147 

Smoluchowski equation. For each determination, 0.05 g of sample was 148 

dispersed in 100 mL of a 10-3 M KCl solution, and the slurry was stirred. To 149 

generate zeta potential versus pH curves, the pH of the slurry was adjusted 150 

using dilute HCl and KOH solutions followed by magnetic stirring until 151 

equilibrium was attained (10 min). 152 

TG/DTA experiments were conducted using a NETZSCH STA 409 PC/PG 153 

with alumina as a reference. The samples were placed in Pt crucibles and 154 

maintained under an air atmosphere throughout the heating period. The 155 

temperature was increased at a constant rate of 10 °C/min. 156 

Single-pulse (SP) MAS-NMR experiments were performed using a Bruker 157 

DRX400 spectrometer equipped with a multinuclear probe. Powdered samples 158 

were packed in 4 mm zirconia rotors and spun at 10 kHz. 29Si MAS NMR 159 

spectra were acquired at a frequency of 79.49 MHz using a pulse width of 2.7 160 

μs (π/2 pulse length = 7.1 μs) and a delay time of 3 s. 27Al MAS-NMR spectra 161 

were recorded at 104.26 MHz with a pulse width of 0.92 μs (π/2 pulse length = 162 

9.25 μs) and a delay time of 0.1 s. The chemical shift values are reported in 163 

ppm from tetramethylsilane for 29Si and from 0.1 M AlCl3 solution for 27Al.  164 

 165 

3. RESULTS 166 

3.1  Apparent diameter and total specific surface area 167 

 168 
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From the chemical composition (Table 1) and following the procedure 169 

proposed by Siguin et al. [37], the structural formula of the raw montmorillonite 170 

was determined to be [Si43.99 Al0.01](Al1.58 Fe3+
0.186 Mg0.233) O20 (OH)2 M

+
0.233.H2O.  171 

The structural formula indicated a low charge montmorillonite (M+
0.233), and a 172 

substitution of octahedral Al with 9.3% Fe and 11.65% Mg was observed. The 173 

amount of Mg allowed the sample to be classified as Cheto-type (1.38% MgO), 174 

in which the high iron content would modify the Cheto-type montmorillonite 175 

behavior [38].  176 

An accurate determination of the specific surface area (SSA) of swelling clay 177 

minerals, such as montmorillonite, is not straightforward using nitrogen. Specific 178 

interactions generated between the probe molecule and the polar surface sites 179 

indicate that nitrogen is not the best probe molecule to use for this purpose [39]; 180 

therefore, the use of nitrogen only allows the external specific surface area 181 

(ESSA) of the clay to be determined [40-41], which can range between 5 and 182 

10% of the total specific surface area (TSSA) depending on the particle size 183 

and primarily on the amount of stacked sheets that form the tactoids [42]. 184 

The water molecules penetrate the interlayer space, and the TSSA value 185 

resulting from its adsorption included the inner surface and allowed the TSSA to 186 

be determined. Because water adsorption induces swelling of the clay, TSSA 187 

determination by water adsorption may be used with the precaution of similar 188 

initial outgassing conditions, the use of a relative humidity >54% and 189 

considering that the residual water content strongly depends on the nature of 190 

the cation [39, 4344]. The TSSA and ESSA of the homoionized and treated 191 

samples are summarized in Table 2. 192 

 193 
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Table 2. External (ESSA) and total (TSSA) specific surface areas of indicated 194 

samples. 195 

Sample Raw 
(m2 g-1) 

Mechanically treated 
(m2 g-1) 

Thermally treated 
(m2 g-1) 

TSSA ESSA TSSA ESSA TSSA SN2 
VNa 
VK 
VLi 
VCa 
VAl 

855±20
508±15
637±17
757±19
959±24

38.78±2.02
16.42±1.62
32.14±2.13
14.15±1.61
13.04±0.98

301±11 
206±10 
299±12 
504±14 
454±14 

45.23±2.31
22.27±1.02 
27.38±1.78
29.95±1.27
36.63±1.82

66±5 
44±3 
61±6 

105±8 
51±4 

15.34±1.65
22.85±1.50
23.89±0.87
16.32±2.01
23.03±2.43

 196 

For smectite clays in general, thermal treatments produce a decrease in the 197 

ESSA value [45-46], whereas mechanical treatments generate an increase in 198 

this value [45, 47]. Because natural smectites generally have a high content of 199 

Na, the VNa sample followed the previously mentioned assumption for the ESSA 200 

values obtained after each treatment (table 2). The presence of different 201 

exchangeable cations strongly modifies the ESSA value and pore volumes for 202 

the dried montmorillonite samples [39 and references therein] without following 203 

a unique behavior with thermal or mechanical treatments.  204 

The TSSA values obtained (Table 2) for the homoionized samples are 205 

consistent with those deduced from the unit cell parameters [39-40], and 206 

particularly that of the VNa sample was similar to the values obtained with a 207 

similar method from Argentine MMT samples with a high Na content and a 208 

Wyoming MMT sample [18, 40]. 209 

The lower TSSA value of the VK sample among the monovalent interlayer 210 

cations would be explained by the striking stability of the single layer hydrate, 211 

which inhibits further swelling of the clay [48-49] in contrast to Li+, which tends 212 

to hydrate [49] and produce a TSSA value that is 20 % greater than that for the 213 

VK sample.  214 
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The higher TSSA values obtained for the VAl and VCa samples with respect to 215 

monovalent interlayer cations can be due to their capacity to form up to three 216 

interlayer sheets of water [50]. However, primarily compared to the VNa sample, 217 

the VAl and VCa samples have a slower swelling capacity that is generated by 218 

the greater interplatelet attraction produced by the polyvalent cations [51-52]. 219 

The thermal treatment of all samples generated approximately a 90% 220 

decrease of the initial TSSA values depending on the exchanged cations [53] 221 

and changes in the porosity system [43]. Chorom and Rengasamy [8] attributed 222 

this behavior to different bonding characteristics and migration between small 223 

(Li and Al with ionic radii < 0.7 Å) and large (Na, Ca and K) cations after thermal 224 

treatment (up to 400°C) and the observed swelling and dispersion capacity 225 

behavior.  226 

The similar TSSA values obtained for the thermally treated VLi and VAl 227 

samples can be attributed to the migration of the respective cations to 228 

hexagonal cavities with a layer charge reduction [7] and consequently the 229 

surface area hydration capacity [40]. For the VNa, VK and VCa samples, the 230 

thermal treatment reduced their hydration [8] and consequently their TSSA 231 

values.  232 

Mechanical treatment produced a ca. 50% decrease of the TSSA values, 233 

which was primarily due to greater structural damage [54] than that produced by 234 

thermal treatment. A high correlation value (R2= 0.99) between the TSSA 235 

values for the thermally and mechanically treated samples was observed 236 

without considering the VAl sample. The lower structural damage of VAl after 237 

both treatments among all the samples studied (VAl<VCa<VK<VLi<VNa; [5]) could 238 

be partially responsible for its different decrease in the TSSA value, which was 239 
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primarily attributed to the migration of Al to hexagonal cavities and to different 240 

electrostatic bonds with respect to that of Li [8].  241 

The particle size aggregation was followed by Dapp measurements in an 242 

aqueous suspension and in suspensions with ionic strength (10-2 MCl and 10-3 243 

M KCl) (Fig. 1).  244 

 245 

 246 

  247 

Figure 1: Dapp values of indicated samples in: () aqueous and ionic strength 248 

suspensions () 10-2 M MCl (chloride of the respective cations) and ()10-3 M 249 

KCl.  250 

 251 

In a water suspension, a decrease in the agglomerate size was observed for 252 

the homoionized samples that followed the order of VAl >VCa >VNa VLi  VK, 253 

which was related to the increase from mono to polyvalent cations and 254 

consequently to a stronger chemical binding from the cation to the surface of 255 

the MMT.  256 

In presence of 10-2 M MCl (M = the same cation exchanged), the obtained 257 

Dapp values were higher and followed a similar order to that observed in the 258 



 12

aqueous suspension. The higher Dapp values observed in presence of ionic 259 

strength solutions indicated the influence of surface electrostatic interactions 260 

generated by the exchanged cations, as in the aqueous suspension, and double 261 

layer thickness compression generated by the different valences of the utilized 262 

cations.  263 

The presence of 10-3 M KCl must generate an electric double layer 264 

compression less than 10-2 M and consequently an increase of the Dapp values. 265 

However, a greater increase of the Dapp values was obtained in 10-3 M KCl for 266 

all the samples and was attributed to the exchange of each interlayer cation for 267 

K+ coming from the solution. Considering that 10-3 M is a two-order of 268 

magnitude greater concentration than that obtained from considering the 269 

amount of cations that can be exchanged (CEC 63.5meq /100 g), the exchange 270 

with K+ from the solution can be produced by modifying the electric double layer 271 

compression. 272 

Thermal treatment of the samples generated increased Dapp values (fig. 2) 273 

for the respective raw MMTs that are consistent with results reported by 274 

Chorom and Rengasamy [8], with the exception of the VAl sample, in which a 275 

similar behavior could be assigned as that observed for the TSSA values. 276 

A linear trend between the Dapp and TSSA values was observed for the raw 277 

samples, which improved for the thermally treated samples and even worsened 278 

for the mechanically treated samples, which was related to the meso- and 279 

micro-porous changes associated with both treatments [44, 54].  280 

In the aqueous suspension, the influence of surface electrostatic interactions 281 

on the agglomeration behavior was evidenced by graphing (not shown) the 282 

correlation between the Dapp and IEP values (determined elsewhere, [5]). For 283 
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the raw homoionized samples, a linear trend for the Dapp (obtained in aqueous 284 

suspension or 10-3 M KCl) and IEP values was observed, and the linear trend 285 

improved when the Dapp values in chlorides of the respective cation 286 

suspensions were considered.  287 

Similarly, the linear correlation of the values of mean particle diameter and 288 

zeta potential, which were measured elsewhere [8] without ionic strength control 289 

and at different pH values (range 4.87 to 6.47) for a Wyoming MMT (CEC = 80 290 

meq/100 g), yielded a R2 = 0.92.  291 

In aqueous or in ionic strength (10-2 M) suspensions, the Dapp values of the 292 

thermally and mechanically treated samples revealed different agglomeration 293 

behavior than those obtained for the raw homoionized samples. For a better 294 

comparison of the Dapp values among samples and treatments in both 295 

suspensions, the relationship between thermal/raw and mechanical/raw 296 

samples in aqueous and ionic strength (10-2 M chloride of the respective 297 

cations) suspension is presented in Figures 2 A and B.  298 

 299 

 300 

 301 
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 302 

 303 

Figure 2: Ratio of (A) Dapp thermal/raw and (B) mechanical/raw samples. Red 304 

solid -lines and (, ) correspond to ionic strength =10-2 M (chloride of the 305 

respective cations) and black dashed lines and (, ) correspond to the 306 

aqueous suspension. 307 

 308 

For the thermally and mechanically treated samples, Dapp correlations with 309 

TSSA cannot be considered due to the leaching of octahedral Al after both 310 

treatments (up to 16.9 mg/g clay, [43]) and different behavior of the aluminum 311 

with the remnant MMT surface, formation of hydroxoaluminum species [5], the 312 

enrichment of aluminum ions at the edges and/or to the face (+) edge (−) 313 

contacts [44], and/or the migration of Al cations from the original trans-314 

octahedral sites to formerly unoccupied five-fold prisms [55].  315 

As previously indicated for the raw samples, the effects that influence the 316 

size of the agglomerates in the treated samples include the valence of the 317 

exchanged cation, which modifies the external surface electric charge 318 

(interlayer does not change its charge [56]), the valence of the cation used to 319 

maintain the ionic strength of the suspension, which compresses the electrical 320 
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double layer as function of its valence (Li <Ca <Al) and the different leachings of 321 

octahedral Al after each treatment (from 0.02 to 0.06 and from 0.01 to 0.03 322 

mg/g for monovalent mechanically and thermally treated samples, and from 323 

0.002 to 0.006 mg/g and from 0.021 to 0,024 mg/g for polyvalent mechanically 324 

and thermally treated samples), which modifies the IEP. 325 

The relationships between the size of agglomerates in the thermal/raw or 326 

mechanical/raw samples in ionic strength and water suspensions follow a 327 

similar shape, which indicates the influence of the valence of the cation-328 

exchanged that modifies the external surface electric charge.  329 

The size of the agglomerates in the thermal/raw samples was greater in the 330 

ionic strength suspension (10-2 M) than in water suspensions, whereas the 331 

opposite behavior was observed for the size of agglomerates in the 332 

mechanical/raw samples. This result must indicate both the influence of ionic 333 

strength and the different releases of structural Al after each treatment.  334 

Figure 3 presents the IEP obtained for the same samples and treatments 335 

determined by the diffusion potential in 10-3 M KCl extracted from [5].  336 

 337 

 338 

 339 
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 340 

Figure 3: IEP for () raw; () thermally and () mechanically treated 341 

samples (data extracted from [5])  342 

 343 

Figure 3 revealed higher pH values for the IEP obtained by the greater 344 

amount of structural Al released generated for monovalent respect to bi- or tri-345 

valent cations exchanged MMTs in presence of a 10-3 M KCl suspension, which 346 

generated the same double layer compression for all samples. The slight 347 

difference in the IEP values for the VAl and VCa samples was attributed to a 348 

reinforcement of the clay structure to a greater extent than monovalent cations 349 

against mechanical or thermal treatments [5]. 350 

3.2 Zeta potential curves 351 

 352 

The two different types of charges (permanent negative charge on the face 353 

and the charge of the edge changing from negative to positive with decreasing 354 

pH) of the montmorillonite surface determine the zeta potential. The 355 

predominance of the negative charges on the faces of the particles compared to 356 

the positive charge on the edges generates a negative net charge in all the 357 

investigated pH values [56], as shown in Figure 4 A. 358 

   359 
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 360 

Figure 4: Zeta potential curves (A) raw; (B) thermally treated and (C) 361 

mechanically treated samples. Symbols indicate: () VAl; () VCa; () VK; () 362 

VLi and () VNa samples. 363 

 364 

For the VNa, VLi and VK samples, the zeta potential values (approximately −20 365 

mV) exhibit flat curves without significant changes over a wide range of pH 366 

values (from pH 2 to 8), which is similar to previous reports [45, 57-59].  367 

The zeta potential curves (fig. 4 A) indicate some ordering among the 368 

homoionized samples and decreasing of the zeta potential by higher double 369 

layer compression from di- an trivalent respect to monovalent cations [60]: VAl ≈ 370 

VCa>VLi≈VK >VNa, but a zero potential cannot be observed for any of the 371 

investigated samples. The use of the potential diffusion method allowed 372 

determination of the isoelectric point (IEP) of the same samples (fig. 3), whose 373 

ordering among the samples follows a similar order to that observed in fig. 4 A.  374 

The thermally treated samples (fig. 4 B) exhibited an increase of the negative 375 

zeta potential with respect to the raw homoionized samples, which is consistent 376 

with that observed by Thomas et al. [57] for low layer charge montmorillonite. 377 

Among the thermally treated samples, the di- and trivalent samples strongly 378 

decreased the negative zeta potential with respect to their corresponding raw 379 

homoionized samples; however, for the monovalent thermally treated samples, 380 
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only the VNa sample exhibited a strong increase of the negative zeta potential 381 

with respect to the raw homoionized sample. 382 

The mechanically treated di- and trivalent samples (fig. 4 C) exhibited a 383 

similar increase of the negative zeta potential with respect to the raw 384 

homoionized samples as that observed for the thermally treated samples, 385 

whereas the mechanically treated monovalent samples exhibited a significant 386 

increase in the negative zeta potential compared to the respective raw 387 

homoionized samples.  388 

Sondi and Pravdic [45] indicated that the breakup of the particles by 389 

milling creates new edge planes without changing the character of the basal 390 

planes and influences the adsorption of ions and other charged species. These 391 

new edge planes and the octahedral aluminum loss by mechanical treatment 392 

had been reported to contribute to the increase of the IEP (fig. 3) [43] and 393 

consequently to the observed decrease of the negative zeta potential of the 394 

treated samples.  395 

 396 

3.2 Thermal analysis 397 

 398 

Thermal analyses of the raw and treated samples were conducted to 399 

analyze the dehydration and dehydroxylation processes. Figure 5 presents the 400 

DTA curves obtained from the raw MMTs from room temperature to 950°C. The 401 

primary process observed from the products corresponds to several 402 

endothermic peaks that may reflect water molecules with different bonded 403 

strengths to the structure accompanied by a weight loss at temperatures below 404 

250°C. This process can be ascribed to the dehydration of the external surface 405 
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and of the interlayer space of the montmorillonites. From this temperature, the 406 

samples exhibit a loss of weight accompanied by several endothermic peaks, 407 

which are most likely due to the dehydration of hydroxyl groups, and 408 

accumulative weight loss values at 900 °C being ca. 5 %. The dehydroxylation 409 

temperature depends on the cation nature and follows the sequence 410 

Al<Li<Na<K<Ca. Smaller interlayer cations favor the dehydroxylation, which 411 

was observed by the decreasing of the dehydroxylation temperature. With the 412 

exception of Ca, the dehydroxylation process was favored when the surface 413 

area increased.  414 

 415 

 416 

 417 

Figure 5. DTA curves of the raw samples 418 

 419 
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 420 

 421 

Figure 6.  DTA curves of the a) VLi, b) VLi 300s and, c) VLi 600C samples. 422 

 423 

Figure 6 presents the DTA curves of the VLi sample and those of the sample 424 

after the mechanical and thermal treatments; similar curves are observed for 425 

the remainder of the samples. No endothermic peak in the dehydration process 426 

is observed after the thermal treatment; however, the dehydration of the sample 427 

occurs at a higher temperature after the mechanical treatment. Regarding the 428 

dehydroxylation process, the temperature decreases after the mechanical 429 

treatment and the loss weight increases in the lower temperature range with 430 

respect to the higher temperature range (Table 4). This behavior cannot be 431 

explained by the observed decrease of the surface area after the treatment but 432 

can be explained by considering, as previously reported for the IEP values, that 433 

the mechanical treatment provokes the breakup of the particles by milling, 434 

which creates new edge planes that favored the dehydroxylation of the 435 

samples. No change is observed in the dehydroxylation temperature after the 436 

thermal treatment, although the loss weight decreases between 12% for VNa 437 

and 50% for VAl. 438 
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Table 3 summarizes the weight loss that occurred during the dehydration 439 

processes, and the amount of water molecules per cation increases as the 440 

hydration enthalpy becomes more negative. The number of water molecules per 441 

cation is directly correlated to the hydration enthalpy of those cations in 442 

aqueous solution and is consistent with the low influence of the electrostatic 443 

field on the interlayer space in low charged montmorillonites. Table 4 presents 444 

the weight loss for the raw samples and the samples after thermal or 445 

mechanical treatment. 446 

 447 

Table 3. Weight losses for the dehydration process between 25º to 250ºC 448 

Sample Loss weight 

(%) 

Water 

(mol/cation) 

∆Hºhyd 

(kJ/mol) 

VLi 11.5 16.3 -515 

VNa 9.9 13.9 -405 

VK 7.2 9.9 -321 

VCa 13.3 38.7 -1592 

VAl 13.7 59.8 -4660 

 449 

Table 4. Weight losses for the raw and after thermal or mechanical treatment of 450 

the samples 451 

Sample 

raw Mechanical 

treatment 

Thermal 

treatment 

250-500 

(ºC) 

500-900

(ºC) 

250-500

(ºC) 

500-900

(ºC) 

250-500

(ºC) 

500-900 

(ºC) 

VLi 1.1 4.2 2.9 1.9 0.4 3.2 

VNa 0.9 3.2 3.6 2.3 0.8 2.8 

VK 0.7 4.2 2.0 2.7 0.5 3.0 

VCa 0.9 3.8 2.7 2.5 0.9 2.0 

VAl 1.6 3.5 2.9 2.5 1.2 1.5 
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 452 

 453 

3.5 NMR measurements 454 

 455 

The 29Si MAS NMR spectra of the MMTs homoionized with different cations 456 

(Fig. 6 left) are characterized by two sets of signals. One signal is at ca. -108 457 

ppm, which was attributed to silicon atoms in the three-dimensional silica 458 

network (Q4 state) [61], and it is consistent with the presence of quartz as an 459 

impurity [30, 62]. The other broad signal is in the range between -105 and -80 460 

ppm and it is the convolution of three overlapped signals (Table 6-10). The 461 

signal at ca. -100 ppm is due to a feldspar impurity [30], and the two other 462 

signals at ca. -94 ppm and ca. -87 ppm were attributed to silicon atoms in the 463 

Q3(0Al) and Q3(1Al) environments of MMT, respectively [63-64]. When the 464 

interlayer sodium is replaced by the other cations, the 29Si MAS NMR spectra 465 

exhibit similar features, but the Q3(mAl) signals shift towards lower frequencies. 466 

Weiss et al. [65] observed that the dioctahedral micas with similar tetrahedral Al 467 

substitution and overall layer charge have slightly different 29Si chemical shifts 468 

(up to 1.6 ppm) for their Q3(0AI) sites. This behavior was explained on the basis 469 

of tetrahedral rotation (α) within the crystallographic a-b plane, which is caused 470 

by differences in the radii of the interlayer cations.  471 

The 27Al MAS NMR spectra (Fig. 7 right) exhibit a large peak at ca. 0 ppm, 472 

which indicates that a considerable amount of the aluminum is in the octahedral 473 

Al environments and is consistent with the octahedral character of the MMT [66-474 

68]. Additionally, two poorly resolved peaks at ca. 58 and 67 ppm were 475 

attributed to four-coordinate tetrahedral aluminum [66, 69]. The shoulder at ca. 476 
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67 ppm corresponds to a small amount of tetrahedral aluminum in the MMT, 477 

and the peak at ca. 58 ppm corresponds to aluminum in the impurity phase of 478 

feldspar [66].  479 

 480 

 481 

Figure 7. 29Si and 27Al MAS NMR spectra of the a) VNa, b) VLi, c) VK, d) VCa, and 482 

e) VAl samples 483 

 484 

The thermal and mechanical treatments caused important changes at short-485 

order range. Tables 5-9 (Supplementary Material) summarized the contribution 486 

of the Si sites to the 29Si MAS NMR spectra. In general, the thermal treatment 487 

caused a small shift of the Q3(0Al) peak and the disappearance of the Q3(1Al) 488 

environment. Similar changes were observed by Dékány et al. [70] during acid 489 

treatment of sepiolite, which provoked its dealumination. These changes were 490 

more evident after the mechanical treatment, in which an increase of the peak 491 
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at -100 ppm parallel to a decrease of the Q3(0Al) Si environment was observed. 492 

No clear relationship between the thermal changes and interlayer cations was 493 

observed, but, the interlayer cations influenced the short-order changes after 494 

the mechanical treatment. Specifically, the contribution of the Si site at -100 495 

ppm is inversely proportional to the total weight loss in the temperature range of 496 

250º-900ºC measured by TG; the only exception was Li. The loss of interlayer 497 

water after the thermal treatment (see TG results) produces a broadening of the 498 

Si Q3(0Al) peak. 499 

Considerable rearrangement of the octahedral layer of the VNa sample was 500 

observed upon dehydroxylation of the structure (Fig. 7). The 27Al MAS NMR 501 

spectrum of the untreated VNa sample (Fig. 7 left) contains a prominent peak at 502 

ca. 0 ppm, which indicates that most of the detectable aluminum atoms are in 503 

octahedral sites. Upon heating the VNa sample at 600ºC, no changes in the 504 

octahedral signal were observed, but the mechanical treatment provoked a 505 

drastic decrease of the 27Al octahedral signal without observable 5-coordinated 506 

aluminum that was most likely due to the formation of a quite distorted 507 

coordination sphere, which causes a high quadrupolar broadening. Both 508 

treatments caused the disappearance of the signal at ca. 67 ppm that 509 

corresponds to aluminum in the MMT tetrahedral sheet, which is consistent with 510 

the observed disappearance of the 29Si Q3(1Al) site (Table 5). These changes 511 

are also evident in the 27Al MAS NMR spectra of the MMT intercalated with the 512 

other alkali cations, including Li and K (Fig. 8), and the only difference is that 513 

the decrease of octahedral Al after mechanical treatment follows the order of 514 

Li> Na > K > Ca > Al  (Fig. 9 left). For cations with an oxidation state equal to 515 

+1, smaller interlayer cations favor the dehydroxylation process, as was 516 
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observed by the dehydroxylation temperature (see DTA results), which causes 517 

a decrease of the six-coordinated aluminum. The VCa and VAl samples exhibit 518 

less drastic changes on octahedral Al after the mechanical treatment; these 519 

changes decrease as the oxidation state of the cation increases (Fig. 9 left). 520 

The trend in the decrease of the aluminum coordination is in good agreement 521 

with the increase in the Dapp value, which the VLi sample being an exception.   522 

After the thermal treatment, the decrease in the octahedrally coordinated 523 

aluminum is less noticeable (Fig. 9 right) and it does not have a direct 524 

implication in the changes of the Dapp values. 525 

 526 
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 527 

 528 

Figure 8. 27Al MAS NMR spectra of the: a) VNa, b) VNa 600C, and, c) VNa 300s 529 

samples. 530 

 531 
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The NMR data revealed the presence of tetra-, penta-, and octahedrally 532 

coordinated Al forms in the mechanically treated samples and only tetra- and 533 

octahedrally coordinated Al in the 500 and 900°C kaolinite transformation, 534 

respectively [34]. 535 

 536 

      537 

 538 

Figure 9. 27Al MAS NMR spectra of montmorillonite: raw (red) mechanically 539 

treated (left, black) and heated at 600ºC (right, black). 540 

 541 

4. CONCLUSIONS 542 

 543 

In general, a structural and compositional effect on MMT is observed after a 544 

thermal or mechanical treatment. The latter treatment produces a major effect, 545 

which depends on the nature of the interlayer cation. The effect of the interlayer 546 

cations is mainly due to their oxidation state and, to a lesser extent, the size of 547 

the cations. 548 
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As expected, a quasi-linear correlation was observed between the surface 549 

area and the agglomeration of the particles. Both treatments caused a leaching 550 

of the framework aluminum, which caused an increase in the particle 551 

agglomeration and a consequent decrease in the surface area. The leaching of 552 

the framework aluminum was also responsible for the increase of the isoelectric 553 

point and the decrease of the negative zeta potential. 554 

Additionally, the mechanical treatment induces structural defects, such as 555 

breakup of the particles, which favored the dehydroxylation and the increase of 556 

the isoelectric point of the montmorillonites. 557 
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Figure Captions  760 

 761 

Figure 1: Dapp values of indicated samples in: () aqueous and ionic strength 762 

suspensions () 10-2 M MCl (chloride of the respective cations) and 763 

() 10-3 M KCl.  764 

Figure 2: Ratio of (A) Dapp thermal/raw and (B) mechanical/raw samples. Red 765 

solid lines and (,) correspond to ionic strength =10-2 M (Chloride of 766 

the respective cations) and black dashed lines and (, ) correspond 767 

to the aqueous suspension. 768 

Figure 3: IEP for () raw; () thermal and () mechanical treated samples 769 

(data extracted from [5])  770 

Figure 4: Zeta potential curves (A) raw; (B) thermally treated and (C) 771 

Mechanically treated samples. Symbols indicate: () VAl; () VCa; () 772 

VK; () VLi and () VNa samples. 773 

Figure 5: DTA curves of the raw samples. 774 

Figure 6:  DTA curves of the a) VLi, b) VLi 300s and, c) VLi 600C samples. 775 

Figure 7: 29Si and 27Al MAS NMR of the a) VNa, b) VLi, c) VK, d) VCa, and, e) VAl 776 

samples. 777 

Figure 8: 27Al MAS NMR spectra of: a) VNa, b) VNa 600C, and, c) VNa 300s samples. 778 

Figure 9: 27Al MAS NMR spectra of montmorillonite Volclay: raw (red) 779 

mechanically treated (left, black) and heated at 600º C (right, black). 780 
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