
HAL Id: hal-03420234
https://hal.science/hal-03420234

Submitted on 20 Dec 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

The Pivotal Role of Critical Hydroxyl Concentration in
Si-Rich Zeolites for Switching Vapor Adsorption

M. Lions, Cécile Daniel, B. Coasne, Frédéric Meunier, A. Tuel, D. Farrusseng

To cite this version:
M. Lions, Cécile Daniel, B. Coasne, Frédéric Meunier, A. Tuel, et al.. The Pivotal Role of Critical
Hydroxyl Concentration in Si-Rich Zeolites for Switching Vapor Adsorption. Journal of Physical
Chemistry C, 2021, 125 (41), pp.22890-22897. �10.1021/acs.jpcc.1c07124�. �hal-03420234�

https://hal.science/hal-03420234
https://hal.archives-ouvertes.fr


1 
 

The Pivotal Role of Critical Hydroxyl Concentration in Si-rich zeolites  

For Switching Vapor Adsorption 

 

Mathieu Lions†, Cécile Daniel†, Benoit Coasne‡, Frederic Meunier†, Alain Tuel†, David Farrusseng†,* 

 

† Université de Lyon, Université Claude Bernard Lyon 1, CNRS, IRCELYON, Villeurbanne, France 

‡ Univ. Grenoble Alpes, CNRS, LIPhy, 38000 Grenoble, France 

 

* To whom correspondence should be addressed: David Farrusseng  

Email: david.farrusseng@ircelyon.univ-lyon1.fr 

 

Abstract. The design of efficient separation and catalytic processes in nanoporous adsorbents requires 

to finely tune gas adsorption in their porosity. Here, using a large set of Si-rich zeolites (Silicalite-1, 

Beta, Chabazite, ITQ-13), we report on an experimental study of vapor adsorption in zeolites showing 

the pivotal role of the hydroxyl concentration. By studying the adsorption of water and methanol in 

zeolites assisted with in situ IR and 29 Si NMR measurements, we find that adsorption switches from 

non-wetting to wetting as the hydroxyl surface density reaches the same critical value ~2.5 OH/nm2. 

While this hydroxyl concentration-induced crossover is well-known for water, we extend here the 

concept of a critical concentration by showing that a consistent picture arises when different polar 

substrates are considered. In particular, by establishing a generic behavior between the two protic 

substrates (H2O, MeOH), we pave the way for the rational design of hydrophobic adsorbents.   
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INTRODUCTION 

 

The properties of confined water but also other polar molecules such as methanol and ethanol in 

subnanometric cavities – the so-called angstropores – is an important issue in many areas of science 

and technology 1,2. The special case of water confined in hydrophobic cavities, especially in 

hydrophobic zeolites such as dealuminated zeolites (Y, EMT), Si-rich BEA and ZSM-5, and all-silica 

zeolites (Silicalite-1, Beta), remains a topic of fundamental and applied relevance 3. In addition, with 

more and more separation and catalytic processes to design, understanding the competing adsorption 

behavior for other molecules is becoming urgently needed. In this context, understanding the changes 

in adsorbate molecule properties due to its interactions with a hydrophobic substrate is relevant to 

many application fields such as molecular spring 4,5, alcohol-water separation 6, waste water 

treatments 7,8, COV capture 9 and catalytic epoxidation 10. In the specific context of water in 

nanoporous media, the thermodynamics of capillary evaporation and/or intrusion in hydrophobic 

environments has been considered in detail using both experimental and molecular simulation 3, 11–13. 

More recently, by considering several adsorbent/adsorbate couples, adsorption was found to display 

reminiscent capillarity 14 even when the pore size is much lower than the critical pore diameter below 

which pore filling becomes reversible and continuous 15. Yet, despite such available frameworks to 

describe gas adsorption in extreme confinement, the estimation at which gas filling (or emptying) 

occurs remains a complex challenge as structural defects in zeolites – whose nature and concentration 

depend of the synthesis process – largely impact and even prevail in the thermodynamics at play.  

 

The chemistry of zeolitic defects – including its zoology (e.g. type, density) and impact on surface 

adsorption (e.g. hydrophobicity/philicity) has been intensively studied 6, 11, 16–20. Defective sites “Si–OH” 

in  zeolites are classified as follows: (a) Si–O- defects (siloxy groups) which counterbalance the charge 

of cations for Al-containing zeolites such as ZSM-5 or partially dealuminated zeolites, (b) Si–OH defects 

formed from Si–O–Si bridges via hydrolysis, (c) Si–OH groups generated by missing tetrahedral 

framework atoms (T vacancies) coined as “silanol nest” defects, (d) Si–OH groups due to a stacking 

disorder, and (e) Si–OH groups at the external surface 21. These defects interact with water, and once 

the number of water molecules in the cavities is increased, water clusters are formed through 

hydrogen bonding.  All of these defect types can possibly coexist in as-synthesized zeolites and post-

synthesis treated zeolites (e.g. dealumination). For Si-rich zeolites, the strongly hydrophilic Al sites are 

the source of water attraction, while for all-silica zeolite (e.g silicalite-1) it is well-known that a 

substantial number of internal defects in the form of silanol groups can form in basic synthesis 

conditions 17, 21, 22. The polar nature of these silanol groups makes the zeolite more hydrophilic than 
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expected. On the other hand, zeolites prepared in fluoride (F−) medium show significantly lower 

concentration of internal silanol defects 23–26.  

 

In contrast to films and surfaces, for which wetting (i.e. hydrophilicity) can be estimated by contact 

angle measurements, there is no unique method and even less a unique wettability scale for 

nanoporous materials. Advantages and drawbacks of proposed methods and associated 

hydrophobicity indexes have been critically reviewed by Gläser 27. For the fine characterization of 

surface-adsorbate interactions, avoiding as much as possible the impact of adsorbate-adsorbate 

interactions, adsorption isotherms in the low pressure – typically, the Henry regime where adsorbed 

amount increases linearly with pressure – is the most appropriate technique. In particular, from low 

pressure adsorption isotherms, adsorption (Henry) constant and heat of adsorption at vanishingly 

small coverage can be estimated. In the specific case of water adsorption, there is an abundant 

literature on the nature and concentration of Si–OH defect sites and its impact on the hydrophobic to 

hydrophilic transition in zeolites. Of particular relevance, by means of Monte Carlo simulations, it was 

found that the presence of 0.125 silanol nest per unit cell in silicalite-1 increases significantly the heat 

of adsorption at low coverage while the additional water uptake is almost insignificantly 28. On 

amorphous silica film, a hydrophobic-hydrophilic transition has been estimated for a silanol 

concentration of 3.7 Si-OH/nm2. While the concept of a critical hydroxyl concentration to induce 

hydrophilicity is rather intuitive, there is to date no simple rationalization of its value. The situation is 

even more puzzling as data are reported either in surface density (typically, for films and non-porous 

surfaces) or volume density (dense and porous materials). Even for a given nanoporous material type 

– e.g. zeolites – there is to the best of our knowledge no model to predict the critical hydroxyl 

concentration above which the non-wetting/wetting crossover is observed. Last but not least, while 

the impact of such defects on water adsorption and the underlying concept of 

hydrophobicity/hydrophilicity has been investigated, its extension to other dipolar fluids to establish 

a generic picture of such crossover in nanoporous adsorbents is still lacking.  

 

To address these central questions, we report here an experimental study to assess the critical OH 

concentration below which silica-rich and all silica-zeolites remains non-wetting. To this end, we have 

prepared a broad set of silica rich zeolites and measured their adsorption properties towards two 

prototypical dipolar fluids: water and methanol. By combining such adsorption measurements with 

29Si NMR and IR spectroscopy measurements, we show that for both fluids the non-wetting/wetting 

crossover observed upon increasing the -OH concentration occurs at the same surface density ~2.5 

OH/nm2. In addition to providing a single critical value for all zeolites, our findings allow generalizing 

the impact of such defects to other dipolar molecules (i.e. molecules sensitive to such defect types). In 
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particular, we show that our results provide a means to establish correlations between the vapor 

uptakes for different hydrophobic zeolites through their dependence on the OH concentration. 

 

RESULTS 

We have followed different synthesis approaches to prepare a variety of Si-rich zeolites with different 

concentrations in hydroxyl groups. Most samples have been synthesized without aluminum sources 

(e.g all-silica zeolites). For all-silica zeolites, as discussed in the Supporting Information, the synthesis 

approaches in basic (OH-) and fluoride media (F-), which are known to generate different levels of 

hydrophobicity, have been used 17,29. Nearly perfect hydrophobic silicalite-1 crystals can be obtained 

with an extremely low density of internal defects by using fluorine ions as the mineralizing agent at 

near neutral conditions (instead of the traditional OH- mineralizing agent at alkaline conditions). For 

parent Aluminum containing-zeolites, post-treatments (e.g. steaming, dealumination by acid/base 

treatments) have been applied for the removal of Al species, which is supposed to be accompanied by 

the formation of hydroxyl defects 30. Two Si rich BEA zeolites with Si/Al= 10 and 18 have been added 

to complete the zeolite library. In total, 15 zeolite samples – with different structures and/or chemical 

compositions – have been considered in the present study. Their morphological and chemical 

compositions together with their adsorption capacity for nitrogen at 77 K and water and methanol at 

ambient temperature are shown in Table S1 in the Supporting Information. Throughout this 

manuscript, the different samples will be referred to using the following convention: each sample is 

assigned a code Xk where X is a number denoting its zeolite framework and k is a letter denoting a 

synthesis mode. For a few samples, we also indicate by the use of a ’ sign (i.e. Xk’) a variant obtained 

by a post-treatment process. In practice, as shown in Table 1, X = 1, 2, 3 and 4 refer to silicalite-1, ITQ-

13, beta and chabazite zeolites while k corresponds to a, b, c or d.  

 

The N2 physisorption data at 77 K shown in Figure S3 of the Supporting Information display type I 

adsorption isotherms with inferred BET surface area matching the expected values for these zeolite 

structure. A sharp increase in the N2 uptake for P/P0 > 0.95 can be observed – especially for 1a, 1a’, 3a, 

3a’, 3b, 3b’ which can be explained by the small size of the crystal that lead to adsorption at the extra-

crystalline surface. In order to avoid porous volume overestimation, pore volumes for the three 

different probe molecules (N2, H2O and MeOH) were assessed from the adsorption capacity at P/P0 = 

0.95.  Additional characterization by SEM, IR and 29Si NMR, which are consistent with available data 

from the literature, can be found in the Supporting Information. The structure of the samples has been 

checked by Powder X-Ray Diffraction (see Figure S2 in the Supporting Information).  A discussion on 
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the characterization of the type of defects goes beyond of this study and readers are encourage to 

read literature on this subject 16,18–21.   

 

Table 1. Synthesis routes and adsorption capacities for the different zeolites considered in the present 

study. The adsorption capacities were assessed using different adsorbate probes: nitrogen at 77 K and 

water and methanol at ambient temperature.  

 

Code Synthesis Name Si/Al S BET (m2/g) VN2*(cm3/g) VH2O (cm3/g) VMeOH (cm3/g)      VH2O/VN2 

1a (OH-) silicalite-1 ∞ 462 0.210 0.080 0.158 0.382 

1a' (OH-) & NH4F silicalite-1 ∞ 474 0.210 0.061 0.193 0.292 

1b (OH-) & (F-) silicalite-1 ∞ 489 0.190 0.100 0.208 0.526 

1c (OH-) & (F-) silicalite-1 ∞ 503 0.190 0.056 0.174 0.295 

1d (F-) silicalite-1 ∞ 382 0.190 0.005 0.087 0.028 

2a (F-) ITQ-13 ∞ 358 0.150 0.131 0.145 0.873 

2a' degerm. (F-) ITQ-13 ∞ 372 0.150 0.109 0.204 0.727 

2b (F-) ITQ-13 ∞ 445 0.170 0.031 0.162 0.184 

3a (OH-) Beta 10 588 0.230 0.252 0.271 1.096 

3a' (OH-) dealum. Beta ∞ 456 0.150 0.205 0.238 1.367 

3b (OH-) Beta 18 738 0.290 0.271 0.299 0.934 

3b' (OH-)  dealum.  Beta ∞ 676 0.260 0.303 0.306 1.163 

3c (F-) Beta ∞ 560 0.230 0.030 0.257 0.131 

3c' (F-) & steamed Beta ∞ 582 0.230 0.029 0.266 0.127 

4a (F-) Chabazite ∞ 962 0.370 0.117 0.295 0.377 

The * indicates that the porous volume was estimated from the adsorbed amount at P/P0 = 

0.90. 
Synthesis codes: basic medium (OH-), fluoride medium (F-), degermination process (degerm), 

dealumination (dealum), steamed 

 

Figures 1 and 2 show for each zeolite sample the water and methanol adsorption isotherms at room 

temperature, respectively. The data are presented here by structure type: silicalite-1, chabazite and 

ITQ-13, and beta in panels a, b, and c, respectively. We can classify the isotherms in 3 different groups: 

Type I isotherms with different slopes, Type V isotherms with the “S” characteristic shapes and lastly 

rather linear isotherms with low to very low uptake at pressure when approaching P0.  
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Figure 1. Water adsorption isotherms at 293.15 K for the different zeolite samples. The adsorbed 

amount is expressed in mol of water per gram of sample. The pressure axis is normalized to the bulk 

saturating vapor pressure P0
 at the measurement temperature.   

 

 

 
Figure 2. Methanol adsorption isotherms at 293.15 K for the different zeolite samples. The adsorbed 

amount is expressed in mol of water per gram of sample. The pressure axis is normalized to the bulk 

saturating vapor pressure P0
 at the measurement temperature.  

 

 

Fig. 3 compares the pore volumes estimated from the adsorption isotherms for H2O and MeOH at room 

temperature with those obtained from the low temperature N2 adsorption isotherm. The latter being 

considered as reference data as usually done in the literature (we simply assume that the porous 

volume seen by N2 physisorption is the most reliable data owing to the small size for this probe 

molecule). In all cases, as indicated in Table 1, the porous volumes VN2, VH2O and VMeOH were estimated 

from the adsorbed amount n(0.95 P0) at P = 0.95 P0 which is then converted into a volume using the 

liquid density l
0 of the adsorbate at saturation, i.e. V = n(0.95 P0)/l

0. For the 3b sample, the increase 

in water pressure due to capillary condensation between grains starts before P/P0 = 0.95. In that 

respect, the porous volume VH2O was taken at P/P0 = 0.9. By plotting in Fig. 3 VH2O and VMeOH as a function 

of VN2, we aim to check whether or not the data obeyed Gurvich rule stating that adsorbates exploring 

the same porosity provide the same porous volume when converting adsorbed amounts using the 

liquid density at saturation. A clear trend appears from the data shown in Fig. 3. The estimated pore 

volumes using MeOH and N2 are found to be strongly correlated, therefore suggesting that these two 

molecules explore the entire porosity for all samples. In contrast, except for a few samples, the data 
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for water does not correlate with those from nitrogen as the porous volume inferred from water 

adsorption is about 25% lower that than obtained from nitrogen adsorption. In more detail, owing to 

the presence aluminum, the samples 3a and 3b are hydrophilic so that VH2O is similar to VN2 as water 

gets adsorbed through their entire porosity. Similarly, despite their large Si/Al ratio (Si/Al → ∞), the 

samples 3a’ and 3b’ are also hydrophilic so that porous volumes inferred from water and nitrogen 

adsorption are found to be consistent. For those two samples, the hydrophilic character can be 

attributed to a high density of internal silanols resulting from the dealumination. These data show that 

water is an appropriate probe for the characterization of hydrophilic surfaces as adsorption for these 

samples is not governed by fluid/fluid interactions but rather by surface/fluid interactions at low 

pressure. 

 
Figure 3. Correlation between the pore volume inferred from water adsorption capacity (blue 

square) and methanol adsorption capacity (red square) at room temperature and the pore volume 

estimated by means of nitrogen adsorption at 77 K. For these three adsorbate probes, the pore 

volume is determined from the adsorbed amount at P/P0 = 0.95 converted into porous volumes using 

the bulk liquid density at the corresponding temperature.  

 

 

Major differences between water and MeOH adsorption uptakes can be observed from the low-

pressure range of the adsorption isotherms shown in Figs. 1 and 2. In general, while water uptake is 

very little on hydrophobic zeolites, MeOH uptake is significant even at low pressure. There are however 

two exceptions to this general trend; BEA zeolites synthesized in alkaline media (3a, 3a’, 3b, 3b’) are 

known to be relatively hydrophilic and ITQ-13 synthesized in fluoride media (2a, 2a’). To provide a 

quantitative analysis of surface affinity towards each molecular probe, Henry constants K for water 

and methanol adsorption was determined from the slope of the adsorption isotherms at low pressure 
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(P/P0 < 0.1), n ~ KP. As shown in Table 2, the Henry constants K for the zeolite set considered here 

spans over two orders of magnitude; this indicates that K is a well-suited parameter for surface analysis 

despite the fact that we considered only Si-rich zeolites. From the Henry constants for water 

adsorption, we can classify the zeolites into 3 categories depending on their 

hydrophobicity/hydrophilicity: 1 - Very hydrophobic zeolites with K ~ 15.10-7 – 150.10-7 mol.g-1.Pa-1; 

these samples are synthesized in fluoride media at the exception of chabazite which is known to  show 

defects despite the fluoride media; 2 - Hydrophobic zeolites K ~ 150.10-7 – 3300.10-7 mol.g-1.Pa-1; these 

samples correspond to silicalite-1 zeolites synthesized in basic media and chabazite synthesized in 

fluoride media and 3- Less hydrophobic zeolites with K ~ 3300.10-7 – 4500.10-7 mol.g-1.Pa-1; these 

samples correspond to beta zeolites synthesized in basic media (regardless post-treatment). 

  

 

  

Table 2. Number or density of OH groups in the considered zeolite structures as determined by 29Si 

NMR and infrared spectroscopy.  The water and methanol Henry constants as calculated from 

the slope of the adsorption isotherms in the low-pressure range. Such Henry constants are 

given in 107 mol.g-1.Pa-1. The K’ notation corresponds to the normalized Henry constant by 

saturation vapor pressure of water or MeOH at 293.15 K. 

 

Code OHIR ( a.u) [OH]NMR /nm2 Kwater  KMeOH  K’MeOH/K’water 

1a 71.8 4.5 2900 520 0.96 

1a' 51.4 1 .5 1400 650        2.48  

1b 46.3 2.3 825 1140 7.39  

1c 36.4 2.0 525 1360 13.85  

1d 18.3 0.3 15 100 35.65  

2a 37.4 n.m. 75 530 37.79  

2a' 39.1 3.1 150 230 8.20  

2b 20.0 4.4 45 100 11.88  

3a 112.5 n.m. 3900 3000 3.98  

3a' 161.2 14.6 4500 6500 7.72  

3b 77.2 n.m.  2770 3160 6.10  

3b' 104.6 9.2 4050 3680 4.86  

3c 32.6 0.8 23 70 16.64  

3c' 22.6 0.5 30 80 14.26  

4a 82.0 3.9 3300 1260 2.04 

 
n.m. Not measured. The concentration of OH for 2a, 3a and 3b cannot be measured by Si NMR as 
these two solids contain Al, unlike other solids. 
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For silicalite-1 (1a) and BEA (3a, 3a’, 3b, 3b’) zeolites obtained in alkaline media, the concentrations of 

Q3 silanols per nm2 are relatively high when comparing to others and  in good agreement with literature 

data 22,33. The low intensity of Q3 signals for zeolites prepared in fluoride media can make  hard the 

accurate estimation of the silanol concentration – especially for 1d, 3c and 3c’ zeolites for which 

concentrations are below 1/nm2. In order to check the estimation of OH concentration, especially for 

low concentration, a semi-quantitative analysis of hydroxyl groups was carried by means of Diffuse 

Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) for all solids. Typical DRIFTS spectra for 

the beta and silicalite-1 zeolites are shown in Fig. 4. The signal from ~3800 to ~3000 cm-1, which 

corresponds to vibration modes of free and H-bonded hydroxyls, were integrated and corrected for 

the two following effects (see supplementary information for full detail: Figures S6 and S7). First, the 

OH band areas were divided by the area of the overtone signal corresponding to zeolite framework 

1800-2100 cm-1), therefore leading to a signal normalized to the sample mass. Thereafter, these 

concentrations are labelled “normalized hydroxyl numbers” in arbitrary units OHIR (a.u) as shown Table 

2.  

 

 

Figure 4. DRIFTS spectra of 1b (bottom) and (3b’) zeolite showing the integration boundaries of zeolite 

overtone 1800-2100 cm-1) and hydroxyl stretching vibrations (3000-3800 cm-1). The spectra were 

offset for the sake of clarity.  

 

 

The silanol concentrations as measured by 29Si NMR are compared with the normalized hydroxyl 

numbers as determined by DRIFTS (Fig. 5). We observe a strong correlation between these two 

Wavenumber (cm-1)

21001820
38003000

1600

Log (1/R) 0.4
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analytical methods even if they probe different species. Indeed, whereas NMR is sensitive to the Si 

atom environment, DRIFTS is sensitive to O-H vibrations. Importantly, we can observe that low OH 

concentrations as determined by 29Si NMR (samples 1d, 3c and 3c’) do not deviate from the linear 

correlation which confirm the validity of  29Si NMR  for almost defect free all-silica zeolites. The zeolite 

ITQ-13 prepared in fluoride media (sample 2b) is obviously an outlier. We believe that this departure 

is due to the presence of an amorphous phase in this zeolite structure (as suggested by the XRD data 

shown in the Supporting Information: Figure 2).  

 

Having this linear correlation in hands, it allows an estimation of silanol concentration for Ge- and Al-

containing zeolites. For 2a, 3a, and 3b zeolites, the silanol concentration could not be determined by 

means of 29Si NMR spectroscopy due to the presence of Germanium or Aluminium atoms in the 

structure. Therefore, to overcome this issue, the silanol concentration for these samples – 2.13, 8.95, 

and 5.77 Si-OH per nm2, respectively – was estimated from their normalized hydroxyl numbers 

determined by DRIFT using the linear correlation between hydroxyl numbers (DRIFTS) and the Q3 

silanol concentration (29Si NMR) observed for the other samples and used as calibration method.  

 

 
 

Figure 5. Correlation between hydroxyl concentrations as determined by DRIFTS and the concentration 

of Q3 silanol measured by 29Si NMR for Si-rich zeolites as labelled in in the figure (see Table 1 or Table 

2 for the labelling code). The red line shows a linear regression fit of the data. The error bar, which is 

indicated for each datapoint, is smaller than the symbol size for some samples.  

 

 

To assess the impact of silanol concentration on surface interactions, we plot the Henry constants K 

for water and MeOH adsorption as a function of the silanol defect concentration for each zeolite 
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considered in this study. The main figure (Fig. 6) shows the data obtained for the entire zeolite library 

while the insert shows a zoom in the low defect concentration region. Regardless of the probe 

molecule (i.e. water or methanol), two major trends can be noted. First, the Henry constants K are very 

low for silanol concentrations < 2.5 OH nm2 while K increases with the silanol concentration for silanol 

concentrations > 2.5/nm2. Typically, K is of the order of 10-6 mol.g-1.Pa-1 for low silanol concentrations 

while it increases from ~10-6 to ~10-5 mol.g-1.Pa-1 for higher silanol concentrations. Second, the Henry 

constants (K) for water are smaller than those for methanol when the silanol concentration is below 

2.5/nm2 while the opposite trend is observed when the silanol concentration > 2.5/nm2 . These data 

suggest that the critical silanol concentration around ~2.5 per nm2 drives the adsorption of polar 

substrates in Si-rich zeolites. 

Figure 6. Correlation between the number of Si-OH per nm2 and the Henry constants for water and 

MeOH adsorption (the blue and red data are for water and methanol, respectively). The insert shows 

a zoom on low silanol concentration range.  

 

DISCUSSION 
 

The shape for each single isotherm including hysteresis between adsorption and desorption branches 

can be interpreted as follows (see also Figure S4 and S5 in Supplementary Information). As expected 

for zeolite materials, all N2 adsorption isotherms at 77 K are characteristic of microporous materials. 

In particular, the adsorbed amount increases strongly in the low pressure range as N2 gets adsorbed in 

the very narrow porosity in the subnanometer/nanometer range. Moreover, depending on the 

mesoporosity available in the samples, which mostly corresponds to the volume available between the 

zeolite grains, a sharp increase in the adsorbed amount at pressures above 0.8 P0 is observed31. Such 

an increase corresponds to capillary condensation within the mesopores as further confirmed in some 

cases by the fact that desorption shows a hysteresis loop (for a discussion on the hysteresis loop 
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observed for large pores but absent for small pores, the reader is referred to 32). In contrast to nitrogen 

adsorption, the data for methanol and water adsorption displays behaviors that drastically depend on 

the silanol surface density. For water adsorption, while the adsorbed amount increases strongly at low 

pressure for large silanol densities, the adsorbed amount increases only very weakly and in a linear 

fashion for small silanol densities.  In particular, for some intermediate silanol densities (see sample 

2a), a hybrid wetting situation is observed as only little water adsorption is observed at low pressures 

while rapid pore filling occurs at moderate pressures around 0.4 P0. Overall, the same transition 

between non-wetting or weakly wetting to wetting situations is observed for methanol upon 

increasing the silanol surface density. However, as expected, for a given sample, due to its weaker 

interactions with the surface compared to water, the adsorption of methanol is always more favorable 

than that of water. 

The structural silanol defects (SiOH) consist of terminating silanol groups in the Si–O–Si network where 

oxygen atoms are not bonded to two silicon atoms or form internal silanol groups where the Si–O–Si 

bonds are broken. In the latter case, it is also possible that silicon or aluminum atoms detach from the 

zeolite framework during synthesis so that a maximum of four silanol groups can be accordingly 

formed per each missing silicon atom; this structure is coined as ‘silanol nest’. The concentration and  

types of silanol defects – either distributed in the structure or localized as ‘nest’ or “patches” – are the 

two key aspect which governs the condensation mechanism for water and possibly for other polar 

adsorbates on overall hydrophobic Si-rich zeolites 13, 16, 17, 19. The DRIFTS and 29Si NMR techniques used 

in this study are not spatially resolved so that we cannot determine whether the silanol defects are 

homogeneously distributed in the crystals or localized at specific sites. Yet, the combination of these 

two powerful techniques provides an overall assessment of the silanol defect concentration. As far as 

DRIFTS is concerned, it allows semi quantitative analysis of hydroxyl numbers for Al- or Ge- containing 

zeolites. Also the higher sensitivity of this technique to hydroxyl signals makes this technique very 

relevant for the quantification of low defective Si-rich zeolites. On the other hand, DRIFTS does not 

provide quantitative concentrations as the optical path in such measurements is unknown in most 

cases (unless calibration curves or relevant absorption coefficients are available for both zeolite 

overtones and hydroxyls). As for 29Si NMR, this method provides silanol defect concentration per unit 

cell which can be readily converted per surface area. Yet, it cannot be applied to Al- Ge containing 

zeolites. Also, it is not very sensitive to low silanol concentration, therefore making it less appropriate 

for low defect zeolites. However, as shown in this paper for a large variety of silica-rich zeolites, the 

strong correlation observed between DRIFT and 29Si NMR silanol assessment provides a cross-

validation between these two techniques. Such a linear correlation, despite its empirical nature, 

enables accurate quantification of the overall surface silanol concentration through the integration of 
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the hydroxyl signals obtained by DRIFT – even for Ge- and Al-containing zeolites and very weakly 

defective silica-rich zeolites.   

 

Our data obtained using this two strategies approach suggest that the silanol concentration of 2.5 

SiOH/nm2 plays a pivotal role in the adsorption properties of Si-rich zeolites. As shown in this paper, at 

this specific concentration, a crossover is observed in both water and methanol adsorption. While 

zeolites with lower silanol concentrations hardly adsorb neither water nor methanol, the adsorbate-

surface interaction (as probed through the Henry constant in the low pressure range) increases linearly 

with the silanol concentration beyond this critical concentration. Moreover, this critical silanol 

concentration of 2.5 OH/nm2 is also discriminant for hydrophobic zeolites when looking at  

MeOH/water ideal selectivity; indeed, there is a clear selectivity transition in the region around 3 

OH/nm2 (Fig. 7). For lower silanol defects, the separation factor at isopressure – as inferred from the 

Henry constant ratio for MeOH/water –is above 30, therefore indicating a very selective behavior 

towards MeOH. On the other hand, for larger defect concentration, the zeolites are not hydrophobic 

enough to be selective towards MeOH.  

Finally, we note that the existence of a silanol concentration is consistent with available microscopic 

studies on water adsorption in Si-rich zeolites. The mechanism of water condensation in hydrophobic 

zeolites – especially all silica zeolites – was studied by means of Grand Canonical molecular simulations. 

Fuchs and coworkers 13,34 reported the impact of silanol patches on water adsorption in silicalite-1 

which modifies its adsorption properties. Similarly, 28 Ahunbay et al. studied water adsorption on 

silicalite-1 with different amount of “nest” defects (4 adjacent Si-OH) and found that the existence of 

0.125 silanol nest per unit cell increases the heat of adsorption for water at low coverage. As far as the 

surface silanol density is concerned, we note that Siboulet et al. 35,36 observed for an amorphous silica 

surface a hydrophobic to hydrophilic transition located between 0 and 3.7 OH nm-2 (such a crossover 

was observed either by monitoring the shift in capillary condensation or hydrodynamics slippage at 

the pore surface).  
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Figure 7. Correlation between the number of silanol per nm2 and the ratio of Henry's constants 

showing the selectivity of zeolites towards water and MeOH  

 

Conclusions.   

Despite this abundant theoretical literature, the establishment of a robust experimental correlation 

between silanol defect concentration in zeolites and water adsorption was still lacking.  The present 

work is an important step in this direction as we have reported important data showing the existence 

of a critical silanol concentration at 2.5 OH/nm2 inducing a crossover in the adsorption properties not 

only for water, but also for methanol. While this parameter does not take into account the microscopic 

nature of silanol defects, it constitutes a strong descriptor as it seems to govern adsorption for polar 

substrates, such water and methanol in silica-rich zeolites. 

Supporting informations. 

Zeolite synthesis procedures; NMR spectra; XRD patterns; N2, water and MeOH adsorption-

desorption isotherms; DRIFTS spectra; electronic microscopy pictures are available in the supporting 

information file.  
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