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ABSTRACT 25 

 The specific surface area of three layered silicates was 26 

determined by three independent methods; it was estimated from 27 

the average dimensions of individual silicate layers, 28 

determined by nitrogen adsorption using the BET model and 29 

calculated from the adsorption of methylene blue on their 30 

surface in aqueous sol. The BET model gave smaller surface 31 

areas than expected, because nitrogen molecules cannot 32 

penetrate freely into the interlayer space of the silicates. 33 

Geometric calculations and the methylene blue approach yielded 34 

very similar values for two different types of Laponite when 35 

the pH of the dispersion was adjusted to 6.5 or the edges of 36 

the silicate were modified with tetrasodium pyrophosphate 37 

dispersing agent. The measurement of surface area in water 38 

without the control of pH yielded smaller surface area, 39 

because methylene blue decreased the pH of the solution 40 

resulting in the competitive adsorption of methylene blue 41 

cations and protons at the basal surface. The methylene blue 42 

approach resulted in larger surface area than expected for the 43 

silicate with large ion exchange capacity, because of the 44 

tilted orientation of the adsorbed methylene blue molecules. 45 

All these factors must be considered during the use of the 46 

methylene blue method for the determination of the specific 47 

surface area of smectites. 48 

 49 
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 53 

1. INTRODUCTION 54 

 Methylene blue (MB) is routinely used for the 55 

determination of the specific surface area of materials in 56 

aqueous medium (Cenens and Schoonheydt, 1988; Gürses et al., 57 

2004; Kipling and Wilson, 1960; Ruiz-Hitzky, 2001; Schoonheydt 58 

and Heughebaert, 1992). The planar molecule has a rectangular 59 

shape with the area of approximately 1.7 nm x 0.76 nm and a 60 

thickness of 0.325 nm (Ruiz-Hitzky, 2001), thus one molecule 61 

covers 1.30 nm2 area (Santamarina et al., 2002). Methylene 62 

blue can interact with the surface of layered silicates both 63 

through ionic and secondary, van der Waals forces, since in 64 

water MB dissociates into a cation with one positive charge 65 

(MB+) and an anion (chloride) (see Fig. 1). The specific 66 

surface area and cation exchange capacity (CEC) of smectites 67 

are often determined simultaneously by the adsorption of MB 68 

on their surface (Hang and Brindley, 1970; Kahr and Madsen, 69 

1995; Yener et al., 2012). The isotherm obtained can be divided 70 

into two sections in which different interactions dominate. 71 

Below the optimum flocculation point (OFP) mainly ionic 72 

interactions develop between the silicate surface and 73 

methylene blue. Above this concentration the permanent 74 
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negative charges of the silicate are neutralized by MB cations 75 

thus adsorption occurs mainly by physisorption (Kahr and 76 

Madsen, 1995). In the case of smectites, the amount of MB 77 

necessary to reach the optimum flocculation point is regarded 78 

as their cation exchange capacity (Hang and Brindley, 1970) 79 

and below this point methylene blue is irreversibly bonded to 80 

the surface (Bergmann and O'Konski, 1963). In the second part 81 

of the isotherm, the adsorption of MB molecules is in dynamic 82 

equilibrium. The various aspects of the adsorption of 83 

methylene blue on the surface of smectites have already been 84 

investigated in detail (Arab et al., 2015; Chang et al., 2016; 85 

Cottet et al., 2014; Gao et al., 2016). The type of the counter 86 

ion influences the extent of cation exchange, contrary to 87 

sodium ions, calcium ions cannot be completely exchanged to 88 

MB+ ions resulting in smaller apparent specific surface area 89 

values (Hang and Brindley, 1970).  90 

 In spite of the frequent use of the methylene blue 91 

technique for the determination of the specific surface area 92 

of layered silicates, a number of factors have not been paid 93 

attention to or have not been investigated sufficiently 94 

thoroughly yet. Up to now, only a few attempts have been made 95 

to determine the influence of cation exchange capacity and 96 

layer charge on the measured specific surface areas. Yener and 97 

co-workers, for example, studied the effect of cation exchange 98 

capacity on the surface area measured, but the CEC values used 99 
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were quite small (smaller than 0.34 meq/g clay) (Yener et al., 100 

2012; Gürses et al., 2006). At small ion exchange capacity 101 

methylene blue molecules orient parallel to the surface and 102 

the surface area determined is proportional to the number of 103 

adsorbed molecules. 104 

 On the other hand, large layer charge was shown to lead 105 

to the tilted orientation of surfactants used for the 106 

modification of the clay (Lagaly and Weiss, 1970) with 107 

increasing tilting angles at larger surface coverages (Pozsgay 108 

et al., 2004). Sponza et al. (Sponza et al., 2015), for 109 

example, measured very large, 1295 m2/g, specific surface area, 110 

but they did not characterize their silicate sufficiently 111 

(cation exchange capacity and the size of the platelets are 112 

missing) and the authors did not give any explanation for the 113 

unrealistically large value. Tilting may occur also during the 114 

adsorption of methylene blue, but sufficient attention has not 115 

been paid to the structure of the adsorbed layer including its 116 

effect on the adsorbed amount from which the specific surface 117 

area of the silicate is derived. Moreover, large layer charge 118 

leads to the aggregation of MB molecules, but its effect on 119 

the surface area measured has not been studied either (Bujdák 120 

and Komadel, 1997; Gessner et al., 1994; Neumann et al., 2002; 121 

Pentrák et al., 2012), and especially not at adsorption levels 122 

exceeding the cation exchange capacity of the silicate 123 

(Beltrán et al., 2014).  124 
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 The pH dependent charge of the edges of the silicate may 125 

also influence adsorption by electrostatic attraction or 126 

repulsion. Since the addition of MB into an aqueous dispersion 127 

results in the decrease of pH, the edges of the silicate 128 

platelets become positively charged below a certain pH value. 129 

Positively charged edges repulse MB+ cations, thus adsorption 130 

capacity decreases resulting in smaller apparent specific 131 

surface area. According to our knowledge, the effect of pH on 132 

the measured surface area of smectites has not been studied 133 

in sufficient detail yet. Although Amrhar et al. (Amrhar et 134 

al., 2015) observed the dependence of the adsorbed amount of 135 

MB on pH for illite, adsorption was very limited and the 136 

structure of the mineral differs considerably from that of the 137 

clays studied in this work. 138 

 The goal of our work was to study questions related to 139 

the determination of the specific surface area of smectites, 140 

which have not been explored sufficiently yet. The structure 141 

of the adsorbed methylene blue layer was studied for a smectite 142 

with large CEC value to determine the effect of the orientation 143 

of MB molecules on the surface area obtained. We investigated 144 

the effect of measurement conditions, and specifically that 145 

of pH, on the adsorption isotherm of methylene blue on various 146 

layered silicates. The influence of the edge charge of the 147 

silicate platelets on their surface area was determined in 148 

measurements carried out with and without the control of pH. 149 
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Smectites with small diameter were used in the experiments, 150 

for which the ratio of the surface of the edges is not 151 

negligible compared to the total surface area of the silicate 152 

(~7%). A silicate modified at the edges was also used as 153 

reference to obtain further information about the role of edge 154 

charges in MB adsorption.  155 

 156 

2. MATERIALS AND METHODS 157 

2.1. Materials 158 

 Sodium montmorillonite (Nanofil 116, NaMt; density 159 

(ρ) = 2.86 g/cm3, CEC = 1.16 meq/g, diameter (d) = 240 nm, 160 

height (h) = 0.96 nm) was obtained from Rockwood Clay 161 

Additives GmbH, while Laponite XLG (ρ = 2.53 g/cm3, 162 

CEC = 0.55 meq/g, d = 25 - 30 nm, h = 0.92 nm) and Laponite 163 

XLS (ρ = 2.53 g/cm3, CEC: no data, d = 25.0 nm, h = 0.92 nm) 164 

were purchased from Byk Additives and Instruments. Laponite 165 

XLS is prepared from XLG by modification with pyrophosphate 166 

to obtain edges with negative charges in aqueous medium. All 167 

three smectites were fine powders and were used as received; 168 

they will be abbreviated as NaMt, XLG and XLS, respectively, 169 

in the further part of the paper. The chloride salt of 170 

methylene blue (MB) trihydrate (>98.5%) and sodium chloride 171 

(NaCl, analytical grade) was obtained from Sigma-Aldrich. 172 

Phosphoric acid (85 wt%) and sodium hydroxide (NaOH, a.r.) 173 

were purchased from Reanal, Hungary. De-ionized water (MilliQ 174 
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reagent grade, resistance larger than 18.2 MΩcm, Millipore, 175 

USA) was used for sample preparation. All experiments were 176 

done at 25 °C unless otherwise indicated. 177 

 178 

2.2. Methods 179 

 The specific surface area of the silicates was determined 180 

by nitrogen adsorption using a Quantachrom Nova 2000 181 

apparatus. Samples were degassed at 200 °C in vacuum for 24 182 

hours before the measurement. The specific surface area was 183 

obtained from the Brunauer-Emmett-Teller (BET) model (Brunauer 184 

et al., 1938) using 0.162 nm2 as the area occupied by one 185 

nitrogen molecule. 186 

 The adsorption isotherm of MB on the silicates was 187 

determined in aqueous medium. 1.2 g silicate was dispersed in 188 

100 ml MilliQ water with 10 min ultrasonication. 100 µl of the 189 

aqueous silicate sol with the concentration (c) of 12 g/l was 190 

diluted with 10 ml 10 mM NaCl or 10 ml phosphate buffer (10 191 

mM, pH = 6.5) to keep the ionic strength constant during the 192 

experiments. Various amounts (0-1200 µl) of aqueous MB 193 

solution (c = 1.95 mM) was added to the sol and the samples 194 

were stirred intensively at 25 °C for 24 h to reach 195 

equilibrium. Subsequently the dispersion was centrifuged 196 

at 13 500 rpm for 10 min and the absorbance of the supernatant 197 

was determined in a glass cuvette (path length = 1 cm) using 198 

a Unicam UV 500 UV-Vis spectrophotometer. MB concentration was 199 
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calculated after calibration with aqueous solutions 200 

(λ = 665 nm, ε = 6.24·105 M-1cm-1). As the silicates were not 201 

dried before the adsorption measurements, water content had 202 

to be determined to obtain the amount of dry silicate. Water 203 

content was deduced from thermogravimetric analysis (TGA6, 204 

Perkin Elmer). The weight change of samples of 10-15 mg were 205 

measured in nitrogen atmosphere in the temperature range of 206 

30-800 °C with 10 °C/min heating rate. The pH of buffer 207 

solutions was checked with a pH/ion analyzer (Radelkis OP-208 

271/1). All adsorption experiments were done in polyethylene 209 

centrifuge tubes to avoid the adsorption of MB on the surface 210 

of the container. The amount of adsorbed MB was determined by 211 

thermogravimetric analysis as well. Solid MB was added to 212 

aqueous silicate sols (c = 10 g/l) and left standing for 24 213 

hours. The dispersions were centrifuged, precipitates were 214 

dried at 60 °C and then characterized by TGA. Measurements 215 

were carried out in oxygen atmosphere in the temperature range 216 

of 30-800 °C with 10 °C/min heating rate (TGA6, Perkin Elmer). 217 

After MB adsorption and drying the gallery structure of the 218 

silicates was characterized by X-ray diffraction using a 219 

Philips PW 1830/PW 1050 equipment with CuKα radiation 220 

(0.154 nm) at 40 kV and 35 mA anode excitation with 0.04 step 221 

size and 4 s counting time. Zeta potential was determined in 222 

the same supernatant solutions used also for the measurement 223 

of the concentration of methylene blue in the adsorption 224 
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experiments by using a ZetaPALS analyser (Brookhaven 225 

Instruments Co.) at 30 °C in polystyrene cuvettes. The 226 

Smoluchowski equation (Eq. 1) was used for the calculation of 227 

zeta potential: 228 




 E         (1)  229 

where ξ is zeta potential, μE is electrophoretic mobility, 230 

while η is the viscosity and ε the permittivity of water (Wall, 231 

2002). Five parallel runs were done on each sample and each 232 

run consisted of 10 cycles. 233 

 234 

3. RESULTS AND DISCUSSION 235 

 The results are presented in three separate sections. The 236 

adsorption isotherms of methylene blue on the various 237 

silicates is described first together with the fitting of 238 

models and the calculation of the specific surface area of the 239 

silicates. This section includes the comparison of results 240 

obtained by various methods and the interpretation of the 241 

differences observed. The effect of pH on the adsorption of 242 

methylene blue on the surface of smectites is discussed in the 243 

next section followed by considerations about the influence 244 

of charge density on the orientation of adsorbed molecules and 245 

thus on the specific surface area determined. 246 

 247 

 248 
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3.1. Adsorption isotherms 249 

 The three smectites compared have different structure and 250 

surface properties. Sodium montmorillonite (NaMt) is a 251 

dioctahedral layered silicate with aluminum partially 252 

substituted by magnesium in the octahedral sheets, while 253 

Laponites are synthetic trioctahedral smectites in which 254 

magnesium is partially substituted by lithium. Both types of 255 

silicates have negatively charged basal surfaces in aqueous 256 

medium, but the surface charge of the edges is different. NaMt 257 

and XLG have pH dependent charge at their edges (Pecini and 258 

Avena, 2013; Tawari et al., 2001; Willenbacher, 1996), while 259 

XLS is modified with tetrasodium pyrophosphate dispersing 260 

agent that results in negative charges (Brunier et al., 2016). 261 

The specific surface area of the three smectites was 262 

determined by three independent approaches. The BET model was 263 

applied for the evaluation of the results of nitrogen 264 

adsorption measurements and the specific surface area 265 

determined in this way is the BET surface (ABET). Surface area 266 

was also calculated from the dimensions of the individual 267 

platelets, from their average height (h), diameter (d) and 268 

density (ρ) to obtain the geometric surface area (Ag). These 269 

two values are compared to that obtained by the third method, 270 

which was the methylene blue approach (AMB). 271 

 The method is based on the determination of an adsorption 272 

isotherm, the fitting of models to the isotherms and the 273 
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calculation of the specific surface area from them. The 274 

adsorption isotherms measured on the three smectites studied 275 

is presented in Fig. 2. The amount of adsorbed MB converges 276 

towards an equilibrium value. The largest adsorption is 277 

measured on NaMt and smaller values for the two Laponites. The 278 

large difference between the latter two is quite surprising, 279 

since the geometry and size of the silicate platelets are the 280 

same, only the surface charge of the edges differs. The 281 

dissimilarity calls the attention to the importance of the 282 

character and behavior of the functional groups located at the 283 

edges of the platelets, but also to that of measurement 284 

conditions, including the pH of the medium used.  285 

 The adsorption of MB onto solid surfaces from aqueous 286 

medium is usually described with the Langmuir or the 287 

Freundlich isotherm. The Langmuir isotherm assumes an 288 

energetically homogenous surface of identical adsorption 289 

sites, definite number of these latter, monomolecular coverage 290 

and the lack of interaction among the adsorbed molecules. The 291 

model has the advantage of providing constants with physical 292 

meaning and it usually performs well when the surface is 293 

homogeneous and only one type of adsorption site exists. The 294 

model can be expressed in the following way to describe liquid-295 

solid equilibrium quantitatively 296 

LL

LmL
s

CK

CSK
C

   1

  
  


     (2)  297 
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where CS is the amount of MB adsorbed on the solid surface at 298 

equilibrium (M), CL is the equilibrium concentration of MB 299 

(M), Sm is the apparent sorption capacity or adsorption maximum 300 

(mol/g) and KL is the Langmuir coefficient (g/mol). Eq. 2 can 301 

be expressed in a linear form 302 

m

L

mLS

L

S

C

SKC

C
  

 

1
       (3) 303 

Plotting the results according to Eq. 3, i.e. CL/CS against 304 

the equilibrium concentration of methylene blue (CL) should 305 

result in a straight line from which the maximum amount of 306 

adsorbed material and the specific surface area can be 307 

determined. The linear plots of the isotherms are presented 308 

in Fig. 3 in this way and straight lines are obtained indeed 309 

with very good determination coefficients (R2) indicating 310 

excellent fit. The parameters derived from the fits are 311 

compiled in Table 1. 312 

 The Freundlich model can handle energetically 313 

heterogeneous surfaces, multilayer and infinite coverage, but 314 

it lacks the proper thermodynamic basis. It can be expressed 315 

as 316 

n
eFe cKq

1

         (4) 317 

where qe is the adsorbed amount of the adsorbate (mol/g), ce 318 

the equilibrium concentration of the sorbate (M), KF (mol/g) 319 

relates to adsorption capacity (larger KF indicates larger 320 

maximum capacity), while n gives information about surface 321 
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heterogeneity and the interactions between the adsorbent and 322 

adsorbate. The Freundlich isotherm can also be linearized and 323 

it takes the following form 324 

eFe c
n

Kq log
1

  log  log     (5) 325 

The linear form of Freundlich model was also fitted to the 326 

experimental data and the results are shown in Fig. 4. The 327 

quantities determined are also collected in Table 1. 328 

 The comparison of determination coefficients (R2) 329 

indicates that the Langmuir model describes the experimental 330 

results better than the Freundlich model. The better fit also 331 

implies that the surface of the silicates studied is 332 

energetically homogenous and a monomolecular coverage develops 333 

during adsorption. Accordingly, the maximum sorption capacity 334 

and the specific surface area of the silicates were derived 335 

from the Langmuir model. The comparison of the specific 336 

surface areas obtained by the different approaches allows the 337 

drawing of several conclusions. Surface areas resulting from 338 

the geometry of the platelets and that determined by the 339 

adsorption of methylene blue are larger than values obtained 340 

by the BET model. This is not very surprising since the 341 

penetration of nitrogen molecules into the gallery space of 342 

the dry silicate is quite limited. It is worth to note that 343 

some correlation can be seen between the penetration of 344 

nitrogen molecules and the regularity of gallery structure. 345 
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The X-ray diffractogram of NaMt indicates a relatively large 346 

degree of order, while regularity is much smaller for the two 347 

Laponites (Fig 5). Regular stacks with large diameter result 348 

in a BET surface area for NaMt one order of magnitude smaller 349 

than the geometric surface area, while the Laponite powders 350 

consist of more randomly arranged disks with small diameter. 351 

Differences can be observed also between surface areas 352 

obtained by MB adsorption and geometric calculations for NaMt 353 

and XLG. The deviations are unexpected because the MB method 354 

is widely accepted and used for the determination of the 355 

specific surface area of smectites and they obviously need 356 

further study and considerations. 357 

 358 

3.2. Competitive adsorption, the effect of pH 359 

 The surface area determined by the adsorption of 360 

methylene blue on XLG is considerably smaller (654 m2/g 361 

calculated from the sorption capacity of 0.838 mmol/g clay) 362 

than its geometric surface area, Ag (922 m2/g). On the other 363 

hand, the MB surface area of XLS is significantly larger 364 

(1.175 mmol/g silicate, 917 m2/g) and equals the geometric 365 

one. Since XLS is produced from XLG by the modification of its 366 

edges, this dissimilarity in binding capacity must be caused 367 

by the influence of the tetrasodium pyrophosphate dispersing 368 

agent. XLG has Si-OH and Mg-OH groups on their edges. Si-OH 369 

groups are deprotonated above pH = 4.5-5, while for oxides and 370 
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hydroxides of magnesium zero charge is reached above pH = 10 371 

(Kosmulski, 2016), i.e. the charge of the edges depends on pH. 372 

The dependence of MB adsorption on pH has been observed before 373 

(Amrhar et al., 2015). The pH of silicate sols decreases upon 374 

the addition of methylene blue as shown by Fig. 6 resulting 375 

in the protonation of the edges thus repulsive interactions 376 

may develop between them and MB+ cations. 377 

However, the difference between the measured specific 378 

surface area and the area of the basal surface (268 m2/g) is 379 

larger than the surface area of the edges (63 m2/g). As a 380 

consequence, another effect must hinder the adsorption of MB+ 381 

onto the surface of XLG at small pH values. The increase in 382 

proton concentration results in the competitive adsorption of 383 

MB+ cations and protons onto the basal surface of this 384 

smectite, i.e. in smaller equilibrium MB+ adsorption. In the 385 

case of XLS, the lack of competitive adsorption can be 386 

explained with the larger pH of XLS dispersions (see Fig. 6) 387 

and the permanent negative charge of its edges due to the 388 

modification with tetrasodium pyrophosphate. 389 

 The repulsive forces between XLG and MB+ were confirmed 390 

by zeta potential measurements. In Fig. 7 zeta potential is 391 

plotted against the amount of MB added to the sol for the XLG 392 

sample suspended in distilled water or in a buffer solution 393 

at pH 6.5, and also for XLS as reference. At small amount of 394 

MB the zeta potential of the sol containing the silicate 395 
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particles is negative both in water and in the buffer solution. 396 

Without pH control XLG has a negative to positive transition 397 

in zeta potential as a function of the amount of MB, because 398 

of its positively charged edges. On the other hand, the zeta 399 

potential of the sol buffered to pH 6.5 containing XLG and 400 

that of the sol prepared from XLS does not take positive values 401 

independently of the added amount of MB showing that repulsive 402 

electrostatic forces do not develop among the components. 403 

In order to prove the effect of pH, adsorption 404 

measurements were carried out with XLG in a buffered solution 405 

at pH = 6.5 and an adsorption isotherm was recorded. The 406 

Langmuir model was fitted to the experimental data, and the 407 

maximum amount of adsorbed MB determined at controlled pH was 408 

1.162 mmol/g silicate corresponding to a specific surface area 409 

of 906 m2/g. This value almost equals the geometric (922 m2/g) 410 

and the MB surface area of XLS (917 m2/g) that strongly 411 

corroborates our hypothesis about the competitive adsorption 412 

of MB+ and H+. 413 

 When pH is controlled, the adsorption of MB+ cations is 414 

favored on the silicate surface and they neutralize the 415 

negative charges of the surface. Instead of protonation, 416 

functional groups at the edges and the negatively charged 417 

basal surface of the silicate are covered by MB+ cations 418 

resulting in zero zeta potential (Pecini and Avena, 2013). In 419 

this case, the amount of adsorbed MB is determined only by the 420 
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surface area of the silicate. 421 

 422 

3.3. Cation exchange capacity, orientation 423 

 The other surprising result which needs explanation is 424 

the large specific surface area obtained for sodium 425 

montmorillonite by the methylene blue approach. Literature 426 

references give a value of 750 m2/g (Santamarina et al., 2002) 427 

specific surface area for this silicate and the value obtained 428 

from geometric calculations is 734 m2/g (see Table 1). However, 429 

the maximum amount of MB adsorbed by NaMt was 1.377 mmol/g 430 

that translates to a specific surface area of 1074 m2/g, which 431 

exceeds considerably both values mentioned above. The 432 

difference can be explained with the large cation exchange 433 

capacity of the NaMt used which is 1.16 meq/g. If all the 434 

charges were neutralized by MB cations, the covered surface 435 

would be 904 m2/g assuming that the absorbed molecules are 436 

oriented parallel to the silicate platelets. The only 437 

reasonable explanation is that MB molecules are tilted to the 438 

basal surface of NaMt, or coverage is not monomolecular. The 439 

tilted orientation of adsorbed molecules (surfactants) was 440 

observed earlier on layered silicates, when CEC was 441 

sufficiently large (Lagaly and Weiss, 1970). 442 

 The gallery structure of the silicate samples was checked 443 

by XRD measurements and layer distance was calculated from the 444 

position of the silicate reflection observed in the recorded 445 
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XRD patterns. The orientation of MB molecules among the 446 

silicate layers was determined as a function of the adsorbed 447 

amount of MB. This latter was measured by TGA on centrifuged 448 

and dried silicate samples. The layer distance of all 449 

investigated silicates increased as a result of MB adsorption 450 

indicated by the shift of the silicate reflection towards 451 

smaller 2 degrees in the diffractograms (not shown). The 452 

dependence of layer distance on the amount of adsorbed MB is 453 

presented in Fig. 8. 454 

 Tilted orientation can be confirmed by comparing the 455 

dependence of layer distance on MB content for NaMt and XLG, 456 

respectively. Layer distance increases stepwise for XLG having 457 

an ion exchange capacity of 0.55 meq/g (see Fig. 8). Below 0.6 458 

mmol MB/g Laponite, the layer distance indicates monolayer 459 

coverage. The thickness of one MB molecule is 0.325 nm, while 460 

that of an XLG platelet is 0.92 nm. Layer distance is 1.37 nm 461 

when the amount of adsorbed MB is less than 0.62 mmol/g, which 462 

is close to the combined thickness of the platelet and the dye 463 

molecule (1.25 nm). At larger amount of adsorbed MB, above 464 

0.62 mmol/g, the dye molecules can only be arranged in a double 465 

layer among the collapsed silicate disks. In this case, the 466 

layer distance is 1.5 nm, which is close to the sum of the 467 

thicknesses of one silicate layer and two MB molecules 468 

(1.57 nm). In the case of NaMt having large CEC, a continuous 469 

increase of layer distance is observed with increasing MB 470 
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content that indicates the tilted, non-parallel orientation 471 

of the adsorbed molecules among the silicate layers. In this 472 

case, dye molecules do not lie parallel to the surface of the 473 

clay and the specific surface area determined from MB 474 

adsorption is apparently larger than at monomolecular coverage 475 

and parallel orientation. Specific surface area can be 476 

calculated through geometric consideration by taking into 477 

account the tilting of the molecules. Values between 724 and 478 

803 m2/g were obtained in this way, which agree well with 479 

published data and the value determined from the geometry of 480 

silicate platelets.  481 

 482 

4. CONCLUSIONS 483 

 The specific surface area of three layered silicates was 484 

determined by three different approaches and good agreement 485 

was observed for some of the results, while considerable 486 

discrepancies in other cases. If adsorption occurs through 487 

attractive ionic forces and the adsorbed molecules are 488 

arranged parallel to the silicate layers in a monomolecular 489 

coverage, the agreement between surface areas calculated from 490 

the geometry of the plates and those determined by the 491 

adsorption of methylene blue agree well with each other. The 492 

specific surface area of a silicate with relatively small size 493 

(Laponite XLG) was smaller than expected because of the 494 

dependence of the adsorbed amount of MB molecules on pH. The 495 
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addition of methylene blue solution decreases pH considerably 496 

leading to particles with positive charge, as shown by zeta 497 

potential measurements, to smaller methylene blue adsorption 498 

and small specific surface area. Modification of the clay or 499 

the control of pH by a buffer solve the problem, and real 500 

values for surface areas are obtained which agree well with 501 

geometric calculations. At large ion exchange capacity (NaMt, 502 

CEC = 1.16 meq/g), the molecules adsorb in a tilted 503 

orientation and not parallel to the surface. Tilted 504 

orientation results in larger than monomolecular coverage and 505 

the specific surface area calculated from MB adsorption is 506 

considerably larger than the real surface of the silicate. 507 

 508 
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CAPTIONS 653 

Fig. 1 The chemical structure of methylene blue. 654 

Fig. 2 Adsorption isotherm of methylene blue on the surface 655 

of the investigated silicates. Symbols: () NaMt, 656 

() Laponite XLS, () Laponite XLG. 657 

Fig. 3 Fitting of the Langmuir model onto the adsorption 658 

isotherms of Fig. 1. Symbols: () NaMt, () Laponite 659 

XLS, () Laponite XLG. 660 

Fig. 4 Correlations obtained by the fitting of the 661 

Freundlich model to the isotherms presented in Fig. 662 

1. Symbols: () NaMt, () Laponite XLS, () Laponite 663 

XLG. 664 

Fig. 5 X-ray diffractograms of Laponite XLG (black), XLS 665 
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(red) and NaMt (blue). 666 

Fig. 6 The pH of the silicate sols plotted against the added 667 

amount of methylene blue in water. Symbols: () NaMt, 668 

() Laponite XLS, () Laponite XLG. 669 

Fig. 7 Zeta potential of the silicate particles plotted as 670 

a function of the added amount of MB. Symbols: 671 

Laponite XLG with () and without () pH control, 672 

Laponite XLS () shown as reference.  673 

Fig. 8 Layer distance of silicates plotted against the 674 

amount of adsorbed methylene blue. Symbols: () NaMt, 675 

() Laponite XLG. 676 

  677 



29 

 

Hegyesi, Fig. 1 678 
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Hegyesi, Fig. 2 694 
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Hegyesi, Fig. 3 705 
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Hegyesi, Fig. 4 716 
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Hegyesi, Fig. 5 727 
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Hegyesi, Fig. 6 737 
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Hegyesi, Fig. 7 747 
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Hegyesi, Fig. 8 757 
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