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 5 

Abstract: Aluminosilicate zeolites are synthesized 6 

under hydrothermal conditions in basic/alkaline 7 

medium in the pH range between 9 and 14. Here 8 

we report the synthesis of MFI-type zeolite in 9 

acidic medium. The critical parameter 10 

determining the zeolite formation in acidic 11 

medium was found to be the isoelectric point 12 

(IEP) of gel particles. MFI-type zeolite was 13 

synthesized above the isoelectric point of the 14 

employed silica source, where the silica species 15 

exhibit a negative charge and the paradigm of 16 

zeolite formation based on the electrostatic 17 

interaction with the positively charged template 18 

retained. No zeolite formation is observed below 19 

the isoelectric point of silica. The impact of 20 

aluminum on the zeolite formation is also studied. 21 

The results of this study will serve to extend the 22 

zeolite synthesis field of high silica zeolites to the 23 

acidic medium and thus open new opportunities to 24 

control the zeolite properties.   25 

 26 

Zeolites are microporous aluminosilicate 27 

molecular sieves that have a variety of significant 28 

applications in catalysis, adsorption, separation, 29 

and ion exchange.
[1]

 The intensive industrial use 30 

of zeolites is based on their unique properties as 31 

ordered channel systems containing active sites in 32 

a well-defined confine environment, which is the 33 

origin of their unraveled shape-selectivity, and 34 

molecular sieving properties.
[2]

  35 

In general, zeolites are synthesized under 36 

hydrothermal conditions in a basic medium where 37 

the OH
-
 is the mineralizing agent. The 38 

conventional zeolite syntheses are performed at 39 

relatively high pH (>9) using alkali metal and/or 40 

tetraalkylammonium cation as a structure-41 

directing agent (SDA).
[3]

 Zeolites are also 42 

synthesized using F
-
 as a mineralizer. The 43 

synthesis in fluoride medium is usually performed 44 

under neutral conditions (pH = 6-8).
[4]

  The 45 

physicochemical properties of a zeolite obtained 46 

by the hydroxide and fluoride route differ 47 

substantially.
[5] 

Thus, both routes deserve attention, 48 

although the industrial syntheses are limited to the 49 

use of the hydroxide medium. 50 

The synthesis in the basic medium was first 51 

developed, mimicking the zeolite formation in 52 

nature, namely the high-temperature hydrothermal 53 

conditions in pegmatites.
[6] 

These syntheses were 54 

performed at temperatures higher than 250 °C. In 55 

the late 50ies, Milton discovered that zeolites can 56 

be obtained under much lower temperatures using 57 

highly reactive alkaline aluminosilicate 58 

hydrogels.
[7]

 This synthesis mode, which is used 59 

in the industry, was further developed by Breck.
[8]

 60 

The fluoride medium synthesis of zeolites, 61 

pioneered by Flanigen and Patton in the late 62 

1970s,
[9]

 was an important breakthrough 63 

diversifying the synthesis conditions and 64 

providing materials with different properties. Guth, 65 

Kessler, and co-workers further developed this 66 

synthetic route.
[10]

 This group systematically 67 

studied the zeolite formation in fluoride medium 68 

and synthesized different microporous materials, 69 

including aluminosilicates, aluminophosphates, 70 

and gallophosphates. The syntheses were 71 

performed in the pH range 5-9, and an attempt to 72 

obtain zeolite below pH = 5 was reported.
[11]

 73 

However, the formation of zeolite at pH below 5 74 

without using seeds was not achieved. 75 

In the conventional basic/alkaline medium 76 

synthesis, the nucleation is abundant, and the 77 

crystals grow fast. Consequently, they contain a 78 

lot of intergrowths and a relatively large number 79 
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of framework defects.
[12]

 Under framework 80 

defects, we refer missing T (tetrahedral) atom 81 

replaced by silanols. The presence of defect 82 

silanols has a negative impact on zeolite catalysts 83 

since it is a coke trap in the hydrocarbons 84 

conversion.
[13] 

The silanols also decrease the 85 

hydrophobicity of the all-silica zeolitic 86 

materials.
[14]

 Similar problems can be reduced to a 87 

considerable extent by the synthesis in fluoride 88 

medium where the crystals grow slowly, which 89 

limits the number of defects. Bleken et al. showed 90 

that the coke formation in ZSM-5 prepared via the 91 

fluoride route is negligible with respect to the 92 

hydroxide medium prepared counterpart.
[15]

 Thus, 93 

the fluoride route has shown its most notable 94 

advantage in producing zeolite crystals of fewer 95 

framework defect sites.
[16]

 However, the zeolite 96 

crystals synthesized in fluoride medium are 97 

usually several tens of micrometers large and 98 

impose diffusion limitations, which limits their 99 

applications. On the other side, the fluoride 100 

medium growth crystals are of great importance in 101 

fundamental studies of zeolites.  From a practical 102 

point of view, the synthesis in fluoride medium 103 

might present interest since the low pH might be 104 

appropriate to incorporate transition metals in the 105 

zeolite structure.
[17]

  106 

The objective of this work is to extend the 107 

zeolite formation at the pH range below 5, i.e., 108 

under acidic conditions without the assistance of 109 

seeds. This objective involves fundamental and 110 

practical aspects since the results of the study will 111 

provide valuable information about the critical 112 

factors controlling zeolite formation and bring 113 

more flexibility in the preparation of zeolitic 114 

materials with controlled properties. 115 

It is well known that silica source plays an 116 

important role in zeolite synthesis.
[18]

 Using 117 

different silica sources may result in changing the 118 

crystallization pathway and even in the formation 119 

of an undesired crystalline phase. The preliminary 120 

work on the optimization of gel composition and 121 

reaching a successful synthesis of the zeolite was 122 

performed with pyrogen silica known as fumed 123 

silica. We selected this silica source since it was 124 

previously used in the fluoride medium synthesis 125 

of zeolites.
[10c]

 MFI-type zeolite was obtained 126 

from a gel with molar composition 1.0 SiO2 : 0.3 127 

TPABr : 0.00167 Al2O3 : x HF : y NH4F : 40.6 128 

H2O, where x and y were varied to control the pH. 129 

The details on synthesis can be found in the 130 

Supporting Information. Using a gel composition 131 

with Si/Al = 300, highly crystalline MFI-type 132 

material was obtained at pH = 5.0, 3.6, and 2.3 133 

(Figure 1). The synthesis with a gel with an initial 134 

pH of 2.3 and Si/Al = 300 was reproduced using 135 

tetraethylorthosilicate (TEOS), colloidal silica 136 

(Ludox AS-40), and silicic acid as silica sources. 137 

The pH of the mother liquor after the synthesis 138 

was measured. In all case the pH was lower than 139 

in the initial gel, but varied as a function of silica 140 

source. Thus for fumed silica, TEOS, and silicic 141 

acid the final pH was about 1.7, while for the 142 

colloidal silica 1.9. The XRD patterns of the 143 

samples synthesized from these silica sources are 144 

presented in Figure S1. Thus using fumed silica, 145 

TEOS, and Ludox AS-40 yielded pure and highly 146 

crystalline MFI-type zeolite. Only traces of MFI 147 

were observed in the synthesis with silicic acid. 148 

Poor crystallinity of zeolite phase might be due to 149 

the relatively large silica particles, which might 150 

require much longer synthesis time (Figure S2e,f). 151 

Nevertheless, this set of results proved that the 152 

crystallization of zeolitic material in acidic 153 

medium is possible. The SEM inspection showed 154 

that all silica sources yielded MFI-type crystals 155 

with the typical coffin morphology (Figure S2). 156 

The crystals range between 10 and 50 µm in size. 157 

Ludox AS-40 synthesized material contains some 158 

small particles, most probably amorphous, 159 

covering the large zeolite crystals. No traces of 160 

amorphous material were observed in the TEOS 161 

synthesized sample. The amorphous phase, large 162 

particles with random shape, dominated the 163 

product obtained with silicic acid. A few but well-164 

shaped crystals with the characteristic of MFI-165 

type material features were observed in this 166 

sample.  167 

The incorporation of hetero elements in the 168 

zeolite framework is indispensable for catalytic 169 

applications, which is a major field of zeolite uses. 170 

Therefore, the impact of aluminum on the zeolite 171 

crystallization in acidic medium was studied. The 172 

best result in terms of zeolite crystallinity was 173 

obtained with fumed silica. Thus the synthesis of 174 

Al-containing MFI-type material was performed 175 

with this silica source. The crystal growth kinetics 176 

of a gel with Si/Al ratio of 300 and relatively low 177 

pH (2.3) was studied and used as a reference for 178 

the synthesis duration. The hydrothermal 179 
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treatment was performed at 160 °C. The first trace 180 

of MFI was observed after four days, and a fully 181 

crystalline material obtained after 13 days (Figure 182 

S3). This reference synthesis was used to calculate 183 

the zeolite yield, which was found to be 78 %, 184 

based on the silica plus alumina content in the 185 

initial gel. Consequently, all experiments related 186 

to the impact of aluminum on the zeolite 187 

formation under acidic conditions were performed 188 

at 160 °C for 13 days. The initial pH was 2.3 and 189 

the molar composition of the gel was 1.0 SiO2 : 190 

0.3 TPABr : z Al2O3 : 0.36572 HF : 0.17124 191 

NH4F : 40.6 H2O, where z = 0.01, 0.005, 0.0033, 192 

0.00167, and 0, giving a Si/Al ratio of 50, 100, 193 

150, 300 and infinity (∞). The synthesized 194 

samples were denoted FS-50, FS-100, FS-150, 195 

FS-300, and FS-∞ as a function of the Si/Al ratio. 196 

The XRD patterns of the obtained products are 197 

depicted in Figure S4 and their relative 198 

crystallinity presented in Table 1.  199 

 200 

Figure 1. XRD pattern of the MFI-type samples synthesized from gels with 201 
different pH values at 160 °C for 13 days. 202 

 203 
Table 1. Physicochemical characteristics of the MFI-type samples synthesized from gels with pH = 2.3 and different Si/Al ratios at 160 °C for 13 days using fumed 204 
silica as a silica source. 205 

206 

 207 

Highly crystalline samples were obtained using 208 

gels with silicon to aluminum ratio higher than 209 

150. The crystallinity of the samples synthesized 210 

from gels with Si/Al ratio of 100 and 50 was 211 

lower. A closer look at their XRD patterns reveals 212 

the presence of an amorphous phase, i.e., a halo in 213 

the 20-30° Two Theta range, for these two 214 

samples. The extension of the crystallization time 215 

to 18 days improved the crystallinity of FS-100 216 

(Figure S5) and FS-50 (Figure S6); yet some 217 

amorphous material was present in the solid. The 218 

SEM inspection confirmed that FS-∞, FS-300, 219 

and FS-150 are highly crystalline products (Figure 220 

2). The crystals are well-shaped with clean faces. 221 

No trace of other phase was observed. FS-100 and 222 

FS-50 contain crystals with the characteristic of 223 

MFI-type material morphology. The crystals are 224 

covered with small particles that do not exhibit 225 

crystalline features. The amount of this phase, 226 

which we consider amorphous due to the absence  227 

 228 

of XRD pattern, is larger in the FS-50 sample 229 

(Figure S6). The results of the SEM and XRD 230 

studies are in good agreement and confirm that a 231 

high concentration of Al is not favorable for the 232 

zeolite formation in acidic medium.  233 

The system yielding FS-300 was used to 234 

explore the pH range below 2 as the NH4F was 235 

kept constant, and the content of HF was varied to 236 

control the pH. The formation of MFI-type zeolite 237 

was still possible at pH = 2, but the crystallinity of 238 

the sample obtained after 13 days of hydrothermal 239 

treatment was relatively low. The synthesis was 240 

extended to 18 days to get a highly crystalline 241 

product (Figure S7). Further decrease of the pH to 242 

1.5 resulted in amorphous solid after 13 days of 243 

hydrothermal treatment. The first traces of MFI-244 

type material were observed after 23 days of 245 

crystallization (Figure S8), while the solid 246 

obtained after 33 days contained MFI-type 247 

material and amorphous. The crystallinity of the 248 

Sample 

 

Si/Al ratio Crystallinity 

(%) 

Weight loss (%) SBET 

m2g-1 

Vmicro 

cm3g-1 

Vtotal 

cm3g-1 Initial gel Crystalline product 25-300 (oC) 300-600 (oC) 

FS-∞ ∞ ∞ 100 0.37 12.42 336 0.18 0.18 

FS-300 300 375 100 0.49 12.45 392 0.17 0.18 

FS-150 150 182 100 0.88 12.34 466 0.18 0.18 

FS-100 100 113 63 1.20 7.51 253 0.11 0.14 

FS-50 50 61 33 3.68 5.28 128 0.05 0.12 
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zeolite phase was improved after 38 days of 249 

crystallization, but new peaks in the 20 – 23° Two 250 

Theta range appeared in the XRD pattern. These 251 

peaks reveal the co-crystallization of a dense non-252 

zeolitic phase. The synthesis at pH = 1 did not 253 

yield MFI-type material after 40 days of 254 

hydrothermal treatment.  255 

The paradigm of zeolite formation is based on 256 

the electrostatic interactions between the 257 

positively charged templating species that remain 258 

in channels/cages of zeolite structure and 259 

negatively charged silica species that built up the 260 

framework. The surface charge of silica species  261 

 262 

Figure 2. SEM micrographs of the MFI-type materials synthesized from gels with different Si/Al ratios at 160 °C for 13 days. Low and high magnification images of 263 
FS-∞ (a, f), FS-300 (b, g), FS-150 (c, h), FS-100 (d, i), and FS-50 (e, j). 264 

depends on the pH of the system. Therefore, we 265 

have performed a zeta potential analysis
[19]

 to 266 

evaluate how the pH influences the surface charge 267 

of fumed silica. The measurements were 268 

performed in the pH range 1 – 11, as each 269 

experiment was repeated ten times. Figure 3 270 

shows the zeta potential plot of the fumed silica as 271 

a function of the pH value. The isoelectric point of 272 

the employed fumed silica, where the surface 273 

charge of silica species is electrically neutral, was 274 

found to be in the pH range 2.0 – 2.2.  275 

The results of zeta potential measurements shed 276 

light on the crystalization behavior of MFI-type 277 

zeolite in acidic medium. The zeolite formation 278 

under acidic medium is possible solely at pH 279 

above the IEP of silica. With the decrease of the 280 

pH and approaching the IEP of fumed silica the 281 

zeolite formation is perturbed and even becomes 282 

impossible when the surface charge of silica 283 

species is inversed to positive, i.e., below the 284 

isoelectric point. In the system under investigation, 285 

we have successfully synthesized MFI-type 286 

material at pH equal to 5, 3.6 and 2.3; the latter 287 

being relatively close to the isoelectric point of 288 

fumed silica. The synthesis at a pH = 2, which is 289 

the IEP of the employed fumed silica, was still 290 

possible, but the time required to obtain a highly 291 

crystalline product was substantially extended. In 292 

the system with pH = 1.5, below but yet close to 293 

the IEP, only a part of the silica was converted 294 

into MFI-type material no matter the fact that the 295 

synthesis time was tripled. The last result might 296 

look surprising, but there is not a discrepancy in 297 

the experimental data. Namely, the surface charge 298 

in the IEP is considered neutral in the statistical 299 

mean. Close to the IEP there are still negatively 300 

charged silica species, which interact with the 301 

positively charged TPA
+
. These interactions, 302 

however, are strongly perturbed, which explain 303 

the decrease in the crystal growth rate and the 304 

partial conversion of silica into the zeolite. Only 305 

when the pH of the gel is substantially below the 306 

isoelectric point, and the charge of silica is fully 307 

inverted to positive the formation of zeolite is 308 

suppressed.  309 
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 310 
Figure 3. Zeta potential of fumed silica as a function of pH. 311 

 312 

As reported above, the presence of Al in the 313 

initial gel has a negative impact on the zeolite 314 

formation under acidic medium. Only when Si/Al 315 

ratio is above 150, i.e., when a few Al atoms were 316 

introduced in the initial gel, the MFI-type material 317 

can be readily obtained. The crystallinity of the 318 

samples synthesized from the initial systems with 319 

Si/Al ratio of 100 and 50 was 63 and 33 %, 320 

respectively (Table 1). We attribute this result of 321 

the higher IEP of aluminum hydroxide, which is at 322 

pH = 7.7.
[20]

 Thus the positively charged 323 

aluminum species exhibit repulsive interactions 324 

with the positively charged template. Thus the 325 

zeolite formation is sensitive to the Si/Al ratio in 326 

acidic medium. This result shows that the 327 

incorporation of transition metals in the zeolite 328 

framework under acidic conditions will depend 329 

strongly on the isoelectric point of metal 330 

hydroxide.   331 

The MFI-type materials were subjected to 332 

physicochemical characterization using 333 

complementary methods to evaluate the impact of 334 

the acidic medium on their properties. The 335 

crystallinity of materials was already discussed 336 

based on X-ray diffraction study. The short-range 337 

order was studied by comparing the 
29

Si MAS 338 

NMR spectra of silicalite-1 synthesized in acidic 339 

medium (FS-∞), and a counterpart synthesized in 340 

basic medium (Figure S9). The resonances 341 

observed in 
29

Si MAS NMR correspond to 342 

quaternary Qn species, with n = 1, 2, 3, or 4 stands 343 

for the number of another silicon atom directly 344 

connected to the Si atom concerned, through an 345 

oxygen bond (Si—O—Si). The two samples 346 

display resonances in the [–107 ppm; –120 ppm] 347 

corresponding to Q4 species (Figure 4). In 348 

contrast to the material synthesized in basic 349 

medium (Figure 4b), the FS-∞ sample exhibits 350 

well-resolved peaks corresponding to Q4 (Si—351 

(OSi)4) silicon species, reflecting different 352 

crystallographic T positions in MFI-structure 353 

(Figure 4a). The Q4 resonances of the basic 354 

medium synthesized silicalite-1 (Figure 4b) are 355 

broader because of a less ordered three-356 

dimensional Si—(OSi)4 network. Also, a broad 357 

resonance at –103 ppm corresponding to Q3 (Si—358 

(OSi)3—OH) is observed. This is typical of a 359 

discontinuity between SiO4 tetrahedra, leading to 360 

the formation of Si—OH bonds, and thus defect 361 

sites in the zeolite framework. However, no Q3 is 362 

observed in the spectrum of FS-∞ (Figure 4a), 363 

which is confirmed by the absence of signal 364 

enhancement in this region in the 
29

Si{1H} CP 365 

MAS spectrum (Figure 4, inset). The last result 366 

unambiguously proves a lack of Si—OH defects 367 

in FS-∞, reinforcing the conclusion of a well-368 

ordered 3D structure.  369 

The FS-∞ spectrum contains a broad peak at –370 

125 ppm, which is not observed in the reference 371 

basic medium synthesized silicalite-1. This peak is 372 

attributed to the fluoride ions, which have certain 373 

mobility between SiO4/2 tetrahedra. The large 374 

signal is thus typical of framework silicon sites 375 

that undergo dynamic exchange between 4- and 5-376 

coordinated environments, due to fluoride ion 377 

mobility.
[21]

 Briefly, the silicalite-1 sample 378 

synthesized under acidic conditions exhibits the.  379 

 380 

δiso
29Si / ppm (TMS)

–140–135–130–125–120–115–110–105–100–95–90–85–80

(a)

(b)x 4

δiso
29Si / ppm (TMS)

–130–120–110–100–90

(a)

(b)

 381 
Figure 4. Weight normalized 

29
Si MAS NMR spectra of as-synthesized 382 

silicalite-1 samples synthesized in (a) acidic (FS-∞) and (b) basic medium. 383 
Inset: (a) 

29
Si{1H} CPMAS and (b) 

29
Si MAS NMR spectra of as synthesized 384 

silicalite-1 samples synthesized in acidic (FS-∞) medium. 385 
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typical high ordering and absence of framework 386 

defects characteristic for the synthesis in fluoride 387 

medium 388 

The incorporation of Al in zeolite framework 389 

was studied by 
27

Al MAS NMR on sample FS-390 

150. Figure S10 shows the spectra of as-391 

synthesized and calcined ZSM-5 sample 392 

synthesized in acidic medium. Both samples 393 

exhibit aluminum signal in the region of 55 ppm 394 

corresponding to framework tetrahedral Al sites. 395 

In the case of calcined sample (Figure S10b) 396 

another resonance is observed at ≃ 0 ppm, 397 

corresponding to extraframework octahedral 398 

aluminum species, which have left the 399 

intraframework tetrahedral environment. The 400 

broadening of this signal is due to a distribution of 401 

Al
VI 

environment. The fraction of octahedral Al 402 

was ca. 10 %. 403 

The FS series of samples were subjected to 404 

thermal analysis to evaluate template and water 405 

content (Figure S11). The weight loss below 406 

300 °C is attributed to water release, and the one 407 

in the temperature range 300-600 °C to the 408 

combustion of the TPA (Table 1). Highly 409 

crystalline samples show negligible loss below 410 

300 °C, which reveals their hydrophobic nature. A 411 

similar weight loss was observed in the high-412 

temperature range corresponding to 4 TPA 413 

molecules per unit cell. The samples that were not 414 

fully crystalline (FS-100 and FS-50) showed 415 

higher water content and lower template content. 416 

Thus, there is a close correlation between the 417 

crystallinity of the samples and the results of 418 

thermal analysis.  419 

The porosity and textural characteristics of the 420 

FS series of samples were determined by nitrogen 421 

(N2) adsorption-desorption measurements at 77 K 422 

(Figure S12). The N2 sorption isotherms of highly 423 

crystalline samples (FS-∞, FS-300, and FS-150) 424 

displayed the typical type I isotherm, 425 

characteristic of microporous materials.
[22]

 These 426 

samples exhibit a second small uptake with 427 

hysteresis at about 0.1 P/P0. Such additional 428 

hysteresis has already been reported for silicalite-429 

1.
[23]

 The most plausible explanation of this 430 

feature is the orthorhombic – monoclinic phase 431 

transition of the MFI-type framework.
[22, 24]

 The 432 

micropore volume of these samples is 0.18 cm
3
g

-1
, 433 

which proves an excellent crystallinity. Lower 434 

micropore volume was recorded for FS-100 and 435 

FS-50, which is in line with the XRD analysis 436 

(Table 1).  437 

The set of the physicochemical analyses shows 438 

that the properties of zeolites synthesized in an 439 

acidic fluorine-containing medium are similar to 440 

their counterparts obtained in a neutral medium 441 

using fluorine as a mineralizer.  442 

The set of experimental data shows that it is 443 

possible to form a zeolite under acidic medium. 444 

The critical factor determining the ability of 445 

zeolite to crystallize under acidic conditions is the 446 

isoelectric point of silica, i.e., the surface charge 447 

of silica species. In the present case, the fumed 448 

silica with IEP around two readily transformed 449 

into MFI-type material in the pH range 2-5. Close 450 

to the IEP, the zeolite synthesis was still possible, 451 

but the crystallization rate slowed down, and only 452 

partial transformation of the initial system into 453 

zeolite was observed. Using a gel with pH below 454 

the IEP did not yield a zeolitic material since the 455 

surface charge of silica was reversed, which led to 456 

repulsive interactions with the structure-directing 457 

agent.  458 

It should be noted the role of the F
-
 as 459 

mineralizer that dissolves silica source and 460 

transport the silica species to the structure 461 

directing agent. The solubility of silica is limited 462 

in most of mineral acids, which make them 463 

unappropriate for zeolite synthesis. Thus the HF 464 

acid and its derivatives are probably the sole 465 

option for zeolite synthesis in acidic medium.    466 

The aluminum incorporation in zeolite 467 

framework is limited under acidic conditions, 468 

which is a consequence of the high IEP of alumina 469 

with respect to silica. Hence the introduction of 470 

heteroatoms in zeolite structure will strongly 471 

depend on their IEP, i.e., the surface charge of 472 

their species in acidic medium.  473 

The present study opens the route to the acidic 474 

medium synthesis of zeolites. This pioneering 475 

work will have to be further deepened to reach a 476 

practical perspective, as the first issues are the 477 

incorporation of heteroatoms in the zeolite 478 

framework and the decrease of the crystal size. 479 

The recycling of fluoride effluent will be 480 

necessary to make the process environmentally 481 

benign.  482 

 483 
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