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Abstract: A versatile desilication design strategy for the creation of 

hierarchical H-ZSM-5 catalysts with different Si/Al ratio has been 

demonstrated. The nature, strength and the accessibility of the acid 

sites after the alkaline treatment was elucidated by employing a 

range of physico-chemical characterization tools; notably probe-

based FTIR spectroscopy along with SS MAS-NMR. In addition, 

structural and textural properties of the hierarchical zeolites were 

also explored and compared to their corresponding microporous 

analogues. CO was used to probe the acidic properties of the 

hierarchical zeolites with the concomitant deployment of a bulky 

molecular probe, 2,4,6-trimethylpyridine (collidine), which is too large 

to access the micropores, to specifically investigate the enhanced 

accessibility of the active sites. The hierarchical zeolites were 

evaluated in the industrially relevant, acid-catalyzed Beckmann 

rearrangement of cyclohexanone oxime to -caprolactam, the 

precursor for Nylon-6, in liquid phase and at low-temperatures.  The 

catalytic findings with the hierarchical catalysts reveal a significant 

enhancement in the production of -caprolactam, compared with the 

parent microporous H-ZSM-5 zeolite, thereby highlighting the merits 

of our design approach in facilitating enhanced diffusion and mass-

transfer. 

Introduction 

Zeolites and zeotypes materials have been widely applied to 

heterogeneous catalysis, adsorption and ion exchange. The 

unique features of these materials are related to their tunable 

surface properties as well as their crystalline microporous 

structure, which facilitates shape selectivity towards reactants 

and products. However, the limitations afforded by microporous 

channels impose significant diffusion constraints, especially for 

low-temperature acid catalysis. Recently, hierarchical zeolites, 

which combine micro and mesopores in a multilevel pore 

network, strongly emerged as novel materials for catalytic 

applications to overcome typical drawbacks of traditional 

microporous materials such as poor mass-transfer and hindered 

diffusion.[1,2] Direct benefits of the incorporation of micropores 

and mesopores within a single porous architecture have been 

demonstrated in key catalytic processes for petroleum refining, 

catalytic cracking of hydrocarbons, isomerization and fine 

chemical applications.[3-5] Many synthetic strategies (e.g. bottom-

up and top-down approaches and zeolite recrystallization) have 

been explored for the formation of hierarchical zeolites, which 

contain interconnected micro- and mesopores, in prospect of 

possible industrial applications.[6-10] Among the different synthetic 

procedures that can be followed to produce hierarchical zeolites, 

the top-down routes based on post-synthetic treatments in acid 

or alkali solutions are widely used, owing to favourable HSE 

(health-safety-environment) considerations and low production 

costs.[6,11,12] This method partially extracts the framework 

constituents (Al or Si) and depending on type of treatment, it can 

be classified into dealumination or desilication. In particular, 

under optimized conditions (acid or alkali sources, concentration, 

temperature and contact time), desilication in alkali media can 

be extensively used to create mesopores in zeolites, whilst 

preserving the crystalline structure almost entirely with a 

decreasing of the Si/Al ratio. In addition a clear advantage of this 

method in access-limited and diffusion-constrained reactions is 

that the produced mesopores are interconnected and accessible 

from the external surface of the zeolite crystal.[13,14] The 

desilication methodology was for the first time applied in 1960 to 

a mordenite zeolite, which upon the alkali treatment displayed 

high crystallinity with enhanced benzene adsorption capacity.[15] 

Nevertheless, for several decades, such type of post-synthetic 

treatments did not find great scientific interest due to an 

incomplete understanding of mesopore formation mechanism. 

Recently, explicit evidence of mesopore formation in ZSM-5 

crystals by NaOH treatment has been reported,[16] which opens 

up promising potential for acid catalysis with bulky substrates. 

Currently, desilication is the most widely used method to 
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Figure 1. Graphical representation of hierarchical H-ZSM-5 zeolite containing 
different acid sites. (a): Brønsted acid sites; (b) extra-framework aluminols; (c) 
Lewis acid sites; (d) isolated silanols; (e) nest silanols. 
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introduce disordered mesopores into microporous zeolite 

frameworks and it is accepted that the long-range order and 

Brønsted acidity of the zeolites is retained upon alkaline 

treatment.[17] The hierarchical zeolites have shown enhanced 

catalytic performances with respect to the microporous 

analogues in diffusion-constrained reactions or those carried out 

in the liquid-phase at low temperatures.[11, 18] In the present study, 

a post-synthetic desilication strategy in alkali media was 

followed to achieve hierarchical H-ZSM-5 (Fig.1), starting from 

parent MFI zeolites with different Si/Al ratio.  H-ZSM-5 is a well-

known microporous zeolite with a cross-section of straight 

channels (5.1 Å x 5.5 Å) intersected by zig-zag channels (5.3 Å 

x 5.6 Å) and it is widely used as a heterogeneous acid catalyst in 

a large number of reactions.[19,20] In H-ZSM-5 microporous 

zeolites, different types of silanol groups are present, external 

and internal Si-OH and nest Si-OH, together with stronger Si-

OH-Al Brønsted sites. The alkali treatment adopted to produce 

hierarchical H-ZSM-5 can modify these OH sites, in terms of 

their localization, concentration and acid strength.[2] To get 

information on the nature, strength and accessibility of the acid 

sites after the alkaline treatment, a detailed physico-chemical 

characterization using FTIR spectroscopy of adsorbed 

molecules together with SS MAS-NMR was performed. In 

addition, structural and textural properties of the hierarchical 

zeolites were also explored by means of XRD and volumetric 

analyses.  FTIR spectroscopy of adsorbed probe molecules is a 

powerful tool for systematic studies of acidity of hierarchical 

zeolites providing information on the influence of desilication 

conditions on location, content, acid strength and accessibility of 

both Brønsted and Lewis sites.[21-23] In this study, CO was used 

to assess the acidic properties of the hierarchical zeolites and a 

larger basic molecule such as 2,4,6-trimethylpyridine (collidine), 

which cannot assess the micropores, was used to get 

information on the enhanced accessibility to the active sites. The 

hierarchical H-ZSM-5 zeolites were evaluated in the industrially 

relevant acid-catalyzed Beckmann rearrangement of 

cyclohexanone oxime to -caprolactam in the liquid-phase and 

at low temperatures, specifically to avoid the formation of large 

molecular weight condensation products and other by-products 

that are generated in the conventional gas-phase process.[24] 

Compared to the vapor-phase Beckmann rearrangement, which 

is usually carried out at temperatures in excess of 275°C, the 

liquid-phase approach that we outline in this article provides a 

viable alternative for minimizing the catalyst deactivation,[25] 

through the associated production of tars, as highlighted above. 

The use of heterogeneous acid catalysts for Beckmann 

rearrangement of cyclohexanone oxime is a highly desirable 

alternative to the industrial Raschig process (Fig.S1 A in the SI). 

In fact, an industrial process based on high-silica microporous 

MFI catalyst has been developed in vapour-phase at 350-400°C 

for the commercial production of -caprolactam in 2007 (Fig. S1 

B in the SI). [26] Nevertheless, the specific role of active sites of 

different acid strength in zeolites for Beckmann rearrangement is 

still under debate.[27] In particular, the role of strong Brønsted 

acid sites and weak acid sites such as silanol groups and 

eventually their synergy has to be considered for effective 

structure-property correlation and mechanistic insights. From 

early studies, nest silanols (four neighbouring silanol groups, Fig. 

S2 B in the SI) play a key role in the vapor-phase Beckmann 

rearrangement,[26, 28] while in the liquid phase; the Brønsted sites 

(Si-OH-Al groups, Fig S2 A in the SI) are the active centers.[25] 

By combining the textural and structural properties of the 

hierarchical zeolites with detailed spectroscopic probe-based 

characterization, unique insights into the role of solid acid sites 

that are effective for low-temperature Beckmann rearrangement 

will be revealed. 

Results and Discussion 

The hierarchical H-ZSM-5 zeolites with different Si/Al ratio 

(labelled 30H and 80H) were obtained by top-down route using 

an alkaline treatment (0.2 M NaOH solution) of the parent 

zeolites (labelled 30P and 80P). It is known that desilication 

method can improve the defect concentration within the 

framework together with the introduction of intracrystalline 

mesoporosity. To assess the porosity, the structural changes 

and the nature, accessibility and strength of the acid sites, a 

detailed physico-chemical characterization was performed by 

means of structural, volumetric and spectroscopic analysis. The 

desilication in alkali media used to introduce mesopores into 

microporous zeolites normally increases the defect 

concentration and amorphization of the framework. To control 

the crystal structure of the hierarchical materials obtained by 

alkaline treatment, X-ray diffraction (XRD) analysis was 

performed (Fig.2A). The alkaline alkaline-treated samples 

showed the typical diffraction pattern of the MFI structure, 

indicating that the long-range order was preserved in the 

hierarchical zeolites; only a slight decrease in the peak 

intensities is observed. The ICP analysis evidenced a slightly 

decrease in the Si content along with an increase of the Al 

concentration in the alkali treated catalysts as expected (Table 

1). 

 

Table 1. ICP chemical analysis of parent and hierarchical zeolites. 

Materials Si / wt % Al / wt % Si/Al SiO2/Al2O3 

80P 43.88 0.92 48 80 

80H 39.55 1.87 21 36 

30P 40.80 2.28 18 30 

30H 38.32 3.59 10.6 18 
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The introduction of mesoporosity upon alkaline treatment in H-

ZSM-5 zeolites is evidenced by N2 adsorption/desorption 

analysis at 77 K (Fig. 2B). The isotherms of the parent samples 

show a profile typical of microporous materials (type I isotherm), 

on the contrary an enhanced N2 uptake at intermediate and 

relative high pressures, with a profile typical of mesoporous 

materials (type IV isotherm) was observed for the hierarchical 

catalysts. The desorption branch of the isotherms were analysed 

by means of the NLDFT (non-localized density functional theory) 

method to obtain the pore-size distributions of the materials (Fig. 

2C). The pore size distribution of the parent zeolites evidenced 

that beside the predominant fraction of micropores, some 

mesoporosity is also observed. In particular the 80P sample, 

show mesopores at about 25 Å, while 30P centered at ca. 30 Å, 

possibly due to some intercrystalline porosity between small 

crystals.[29] The quantification of the specific pore volumes and 

surface areas via the NLDFT method is summarized in Table 2. 

Upon the alkaline treatment, a broad mesopore distribution 

centred at about 60 Å for both hierarchical samples is visible 

together with an enhancement of the mesopore volume (Vmeso) 

and a reduction of the micropores volume (Vmicro). An 

enhancement up to 87-88 % of the total volume is observed in 

the hierarchical zeolites. The total surface area (SDFT) decreases 

from 965 m2/g to 731 m2/g and from 731 m2/g to 488 m2/g 80P 

and 30P samples respectively (trend also confirmed using BET 

method). This appears reasonable considering that the 

desilication should perturb the micropore network in favour of 

the mesopores formation. Indeed, in Fig. 3C-inset, it is clear that 

the signal related to the micropores is weaker in the hierarchical 

samples than in the parent ones: in fact micropores area (Smicro) 

decreases from 946 m2/g to 516 m2/g and from 629 m2/g to 287 

m2/g for 80P and 30P samples respectively, while the 

mesopores area (Smeso) greatly increases reaching 215 and 201 

m2/g for 80H and 30H samples respectively.  

Due to the high heterogeneity of the hydroxyl centres possibly 

present in hierarchical HZSM-5 zeolites and in order to assess 

the impact of the post-synthetic desilication on their acidic 

properties of hierarchical zeolites, FTIR spectroscopy of 

adsorbed probe molecules coupled with 1H MAS-NMR 

spectroscopy was used. 

The effect of the alkaline treatment on hierarchical HZSM-5 is 

visible in the O-H stretching region of the FTIR spectra (Fig. 3A); 

the samples have been treated at 250 °C and 500 °C in vacuum. 

The alkaline-treated zeolites (30H and 80H) show an increasing 

of the signal due to isolated Si-OH groups (3745 cm-1) with 

respect to the parent zeolites (30P and 80P) in agreement with 

their increased external surface area. On the contrary, a fraction 

of the bridging Si-OH-Al groups (Brønsted acid sites, BAS), that 

show a typical band at 3615 cm-1, was lost in the hierarchical 

catalysts; this effect is particular evident in the low Si/Al catalyst 

(30H). In addition, a band at 3665 cm-1 due to the stretching 

Figure 2. A: XRD pattern of parent and hierarchical calcined HZSM-5. B: N2 
adsorption/desorption isotherms at 77 K of parent and hierarchical zeolites. 
C: Pore size distribution of the zeolites in the mesopores range. In the inset, 
the pore size distribution in the micropore range is reported. 

Materials SBET 

m2/g 

SDFT 

m2/g 

Smicro 

m2/g 

aSmeso 

m2/g 

bRelative 

mesopore 

area 

Vtot DFT 

cm3/g 

Vmicro 

cm3/g 

Vmeso 

cm3/g 

cRelative 

mesopore 

volume 

30P 432 731 629 102 14 % 0.301 0.13 0.171 57 % 

30H 395 488 287 201 41 % 0.584 0.0675 0.516 88 % 

80P 544 965 946 19 2 % 0.239 0.203 0.036 15 % 

80H 500 731 516 215 29 % 0.809 0.105 0.704 87 % 

 

Table 2 - Textural properties of parent and hierarchical H-ZSM-5 zeolites 

 

aSmeso = SDFT –Smicro; bRelative mesopore area = Smeso/SDFT x100; cRelative mesopore volume = Vmeso/Vtot DFT x100 
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mode of extra framework Al-OH groups was visible in the 30P 

and 30H samples. Among all the samples, the OH population of 

the high silica parent sample (80P) was most affected by the 

thermal treatment: in the spectrum of the sample treated at 

250 °C, the signal due to the stretching of Si-OH groups was 

broad with a contribution at lower frequency and a large 

absorption cantered at ca. 3500 cm-1 was present. The peak at 

3745 cm-1 was assigned to isolated Si-OH groups located on the 

external surface of the zeolite (SiOHext), while the broad signal at 

lower frequencies (3720-3710 cm-1) was attributed to Si-OH 

sites predominantly located inside the zeolite structure (SiOHint). 

The broad feature at ca. 3500 cm-1 was instead assigned to 

internally located silanols involved in strong hydrogen bonds, so-

called nest silanols (Si-OHnests).[21,30] This latter feature 

disappeared after the thermal treatment at high temperature 

(500 °C) and contemporarily in the low frequency region (inset of 

Fig. 3A), a signal at ca. 900 cm-1 appears. This signal, which is 

present in the spectra of the parent and hierarchical zeolites, 

was assigned to a stretching mode of strained Si-O-Si bridges 

formed by silanol condensation at high temperature.[31,32] This 

behaviour provides indirect evidence of the presence of nest 

silanols, at the operating conditions of the catalytic tests. 

Thermogravimetric analysis (Fig. S3 in the SI) confirms the 

condensation of silanols, in fact a weight loss, due to water 

elimination, is observed at temperature higher than 300 °C. 

 Together with FTIR spectra, 1H MAS NMR spectroscopy 

provided direct information about the different proton sites 

present in the hierarchical zeolites (Fig. 3B). The proton spectra 

of parent and hierarchical zeolites (recorded on catalysts treated 

at 250°C) consist of contributions from isolated external silanols 

(1.6-1.8 ppm), internal silanols (ca. 2.0 ppm), hydroxyl units 

bound to Lewis acid sites (LAS) and extra-framework aluminum 

species (EFAl) through hydrogen bonding (2.4 – 2.8 ppm), 

Brønsted acid sites (3.8 ppm) and hydrogen bonded hydroxyls 

(Si-OHnest) (4.3 ppm).[33-35] In addition, a peak at 0.8 ppm due to 

isolated Al-OH is particularly visible in the 30P sample. The 

origin and the attribution of the broad component centred at 6.6 

ppm is not straight forward. It might be due to the proton 

interaction on the heterogeneous surface of the samples and/or 

partly from the probe background. Quantitative representations 

of various protonic species are shown in Table 3. The 

desilication treatment produces an increase in the signal 

intensity of isolated Si-OH groups with respect to the parent 

zeolites and a loss of a fraction of Brønsted acid sites, 

particularly evident for the low Si/Al ratio zeolite. These features 

are in agreement with the FTIR data. Moreover, the presence of 

H-bonded species is also confirmed in all samples and the 

presence of isolated Al-OH species is evidenced only in the low 

Si/Al samples.  

The 1H - 27Al TRAPDOR NMR experiment was performed by 

irradiating a 27Al pulse in the delay τ period of the spin-echo 

pulse sequence applied to 1H nuclei. During this experiment, the 

signals of proton groups, which are strongly coupled to 

aluminum atoms are suppressed.[36] By subtracting the 1H - 27Al 

TRAPDOR spectrum from the 1H spin-echo MAS NMR spectrum, 

information on protonic species in close proximity to aluminium 

nuclei are obtained (Fig.S4 in the SI). The resulting spectra (Fig. 

4) of the parent zeolites (30P and 80P), showed signals due to 

Brønsted acid sites and H-bonded Al-OH. The spectra of the 

hierarchical zeolites (30H and 80H) had a decrease in the 

bridging Si(OH)Al groups peak intensity and an increase in the 

intensity of hydroxyl units bound to Lewis acid sites and extra-

framework aluminum species through hydrogen  

Figure 3. A: FTIR spectra in the O-H stretching region of parent and 
hierarchical ZSM-5 thermally treated at 250 °C (black lines) and at 500 °C (red 
lines); in the inset, the FTIR spectra in the stretching region of Si-O-Si 
constrained bridges. B: 1H MAS NMR spectra recorded using a MAS rate of 
15 kHz after outgassing the catalysts at 250 °C. Experimental and 
deconvoluted spectra with individual contribution from each 1H sites are 
reported for each samples. 

Figure 4. 1H - 27Al TRAPDOR NMR difference spectra of parent and  
hierarchical zeolites. 
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bonding. Furthermore, signals due to isolated silanols and 

silanol nests were detected in hierarchical zeolites (Table 3 and 

Figure 4). From the 1H - 27Al TRAPDOR NMR studies, it is clear 

that a substantial amount of isolated silanols and silanol nests in 

samples 30H and 80H were close to aluminium nuclei and these 

sites can be called pseudo bridging silanols.[37] 

The changes in the local coordination and population of Al and 

Si sites in hierarchical zeolites upon desilication were elucidated 

by 27Al and 29Si MAS NMR spectroscopy (Fig. 5 A and B). The 
27Al MAS NMR spectra showed different contributions in the 

range 43-59, 28-40 and -1-9 ppm due to four-coordinated (AlIV), 

five-coordinated (AlV) and six-coordinated aluminum sites (AlVI), 

respectively (Fig.5A).[38] The resonances lacked the distinct 

peaks and shoulders of the second order quadrupolar line 

shapes, due to the disorder in the aluminum sites, leading to a 

distribution in the isotropic chemical shift and quadrupolar 

interaction. The peaks of the tetrahedral 27Al were about 20 ppm 

wide, which are larger than those typically observed in spectra of 

highly crystalline zeolites[39] and indicate a large spread of Al-O-

Si angles in samples. The quantitative distributions of 27Al sites 

are shown in Table 4. In general, parent zeolites (30P and 80P) 

show higher concentration of tetrahedral Al. However, minor 

fractions of octahedral aluminum sites were also seen. The 

influence of alkali treatment substantially changes the 27Al site 

distributions, in fact, higher amount of six coordinated and 

significant amount of five coordinated aluminum sites are formed 

at the expense of AlIV sites in the hierarchical zeolites.  

The 29Si MAS NMR spectra of parent and alkali treated samples 

show Q4(0Al), Q4(1Al) and Q3(0Al) sites (Fig. 5B).  There are two 

crystallographically different Q4(0Al) [Si(OSi)4] silicon sites at -

116 ppm and -112 ppm, Q4(1Al) [Si(OSi)3OAl] site at -108 ppm 

and  Q3(OAl) [Si(OSi)3(OH)] site at -101 ppm are seen in 

hierarchical zeolites. It is important to note here that, after alkali 

treatment, the amount of Q3(0Al) sites has increased compared 

to parent samples. Besides, a substantial part of the silica are 

removed from the zeolites leading to a lower Si/Al ratio in alkali 

treated samples, confirmed by ICP analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

νOH /cm-1 1H Chemical shift (δ) /ppm Assignments 1H Species (%) 

30H 30P 80H 80P 

- 0.5 – 0.8 Isolated Al-OH 2 4 0 0 

3745 1.6 – 1.8 Si-OHext 12 4 17 6 

3720-3710 1.8 – 2.0 Si-OHint 17 11 10 11 

3655 2.4 – 2.8 OH bound to Lewis acid and EFAl 

species (LAS) through H-bond 

18 16 22 18 

3615 3.8 Brønsted acid sites (BAS) 9 19 13 18 

ca. 3500 4.3 Strongly H-bonded Si-OHnest 16 17 18 28 

- 6.6 Proton from other components      (see 

text for details) 

 

26 29 20 19 

 

Table 3 – FTIR frequencies and population distribution of protonic species obtained from single-pulse 1H MAS NMR in parent and hierarchical 

zeolites. Experimental accuracy of ±2% 

 

Figure 5. 27Al MAS NMR (A) and 29Si MAS NMR (B) spectra of parent and 
hierarchical zeolites. 
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To assess the accessibility and strength of acid sites in 

hierarchical HZSM-5, FTIR spectroscopy of adsorbed probe 

molecules with different basicity and steric hindrance was used. 

Initially, CO was used as probe molecules owing to its weak 

basicity which allows for discrimination of acid sites with different 

strength, in fact the adsorption of CO at 80 K produces a shift of 

the bands of the hydroxyls (ΔνOH) forming OH···CO hydrogen-

bonded adducts with the acid sites, the value of the shift has 

been used to estimate the acidity.[40-42] 

In Fig. 6 the FTIR spectra of adsorbed CO at 80 K on 80P and 

80 H (Fig.6A) and 30P and 30H (Fig.6B) catalysts are reported. 

Upon CO interaction at low temperature, the band due to 

Si(OH)Al Brønsted acid sites (3615 cm-1) present in all catalysts 

is shifted downward, forming a broad and intense absorption 

centred at ca. 3300 cm−1  due to the OH···CO H-bonded adducts. 

The frequency shift (ΔνOH) was about 315 cm-1, typical of 

microporous HZSM-5 zeolite,[42,43] hence indicating that the acid 

strength of the Brønsted sites is not affected by the desilication 

treatment. Increasing the CO coverage, a broad signal centred 

at ca. 3465 cm-1 appears together with the disappearance of 

3665 cm-1 band due to the stretching mode of extraframework 

Al-OH species. This signal is particularly evident in 30P sample 

(Fig.6B) where the presence of a higher fraction of these Al sites 

was evidenced by FTIR coupled with 1H MAS NMR. In this case, 

the frequency shift is ca. 190 cm-1 meaning that the acid strength 

is lower than Brønsted sites. At higher CO coverage, 80P shows 

two negative bands at 3745 cm-1 (SiOHext) and 3710 cm-1 

(SiOHint) and in parallel, two broad signals grow at  3650 cm-1, 

due to CO adsorbed on Si-OHext (ΔνOH of 95 cm-1) and 3590 cm-1, 

due to CO adsorbed on SiOHint (ΔνOH of 120    cm-1).[43] The 

values of the shift induced by CO on the O-H stretching mode 

are reported in Table S1 in the SI. In the hierarchical catalysts 

(80H and 30H), the band at 3590 cm-1 is less evident due to the 

higher contribution of external Si-OH produced by desilication. In 

the case of 30P samples no band at 3650 cm-1 is detected 

possibly due to the low quantity of silanols present in this sample, 

together with the overlapping of positive and negative 

contributions. In the C-O stretching region, at low CO coverage 

 
Figure 6. FTIR difference spectra in the O-H (left panel) and C-O (right panel) stretching region of CO adsorption at 80 K on calcined 80P and 80H (Section 
A) and on calcined 30P and 30H (Section B) catalysts. 

Table 4. Population distribution of tetrahedral, pentahedral and octahedral 27Al sites in parent and hierarchical zeolites. Experimental accuracy of ±2%. 

Materials 

                                                                                                            27Al species / % 

AlIV 

AlV 

AlVI 

Type 1 
(59 pmm) 

Type 2 
(47 ppm) 

Type 1 
(8.6 ppm) 

Type 2 
(0.4 ppm) 

Type 3 
(-0.3 ppm) 

80P 56 42 0 0 0 2 

80H 76 5 2 0 17 0 

30P 59 33 0 0 0 8 

30H 51 0 26 21 2 0 
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a signal centred at 2175 cm-1, due to the stretching mode of CO 

interacting with Brønsted acid sites, is present in all spectra, 

although with different intensity. The blue shift observed (36   

cm-1) with respect to the stretching mode of the free CO 

molecule (νCO liquid-like at 2138 cm-1) is similar in all samples 

due to their similar acid strength. At higher CO pressure, two 

different behaviours are present. Spectra relative to 80P, 80H 

and 30H samples show a signal, centred at 2155 cm-1, ascribed 

to the stretching mode of CO interacting with silanols. In contrast, 

30P spectrum shows a peak centred at 2164 cm-1, that can be 

attributed to CO interacting with extraframework Al-OH species. 

In addition, 30H spectrum shows a weak feature centered at 

2230 cm-1, assigned to the stretching modes of CO coordinating 

Lewis acid sites (Fig 6B inset). It was suggested that CO 

extinction coefficient is diminished upon adsorption on Lewis 

sites.[44] Therefore, even if the intensity of the signal may seem 

negligible compared with other signal in the spectrum, it might 

not have a direct implication on the actual quantity of Lewis sites. 

The CO adsorption at low temperature illustrated that the 

strength of the Brønsted sites in the hierarchical catalysts was 

not affected by the alkaline treatment, however the population of 

SiOH was greatly changed and the presence of Lewis sites is 

noticeable. Nevertheless, given its size, CO was not able to 

discriminate the sites based on their location within the 

hierarchical materials; to better discriminate between the acid 

sites located inside the micropores and those present on the 

mesopores surface, the use of larger basic probe was required. 

Substituted pyridines have been widely used to study and 

quantify the enhanced accessibility of acid sites in hierarchical 

zeolites, given their impediment to diffuse through small 

micropores.[26,45-47]. In particular, 2,4,6-trimethilpyridine (2,4,6-

TMP) with a kinetic diameter ca. 0.74 nm is too bulky to enter 

the HZSM-5 micropores and reacts only with the acid sites 

located in either mesopores or micropore mouths of the 

hierarchical zeolites. These interactions can be readily identified 

in the aromatic ring vibration region of the FTIR spectrum. In 

addition, due to its basicity (pKa = 7.59), when the molecule 

interacts with the Brønsted acid sites in zeolites, a proton 

transfer occurs and a protonated species (2,4,6-TMPH+) is 

formed. In Scheme 1, the IR active modes of the ring both for 

liquid and adsorbed 2,4,6-TMP on different OH sites and on 

Lewis acid centres  are highlighted,[46-49] In particular, the ν8a 

mode, which in the liquid phase appears at 1611 cm-1, is very 

sensitive to the acidity of the OH sites present on the catalysts 

and its position changes with respect to the strength of the acid 

centres. In fact, when the ν8a appears at wavenumber higher 

than 1630 cm-1, this can be associated with the formation of a 

protonated species (2,4,6-TMPH+), whereas lower wavenumbers 

correspond to H-bonded adducts.[46, 50-52] 

2,4,6-trimethylpyridine was adsorbed both on parent and 

hierarchical HZSM-5 catalysts at room temperature and 

subsequently desorbed at higher temperature. Fig. 7 shows the 

FTIR spectra in the stretching region of C-C ring vibrations of the 

2,4,6-TMP irreversibly adsorbed at room temperature; the 

spectra are obtained after outgassing the samples for 90 

minutes to eliminate the weakly adsorbed species, and after 

2,4,6-TMP desorption at higher temperatures.  In all samples, 

bands at 1618 and 1572 cm-1, although with different intensity, 

typical of 2,4,6-TMP H-bounded to Si-OH groups are present. 

These bands almost completely disappeared after outgassing 

the samples at 423K. A band at 1638 cm-1, negligible for the 

parent zeolites and more resistant to the thermal treatment at 

higher temperatures, is evident in the hierarchical zeolites and is 

due to the protonated 2,4,6-TMP molecules (2,4,6-TMPH+) 

formed upon interaction with strong Brønsted acid sites. The 

presence of this band in the hierarchical catalysts evidenced that 

desilication enhances the accessibility to the internal Brønsted 

acid sites. The intensity of the bands due to the collidine 

irreversibly adsorbed at room temperature is highest in the case 

of 80H catalyst suggesting that a higher fraction of Brønsted 

acid active sites is available.  

 

Figure 7. FTIR difference spectra of 80P and 80H (Section A) and 30P 

and 30H (Section B) upon 2,4,6-TMP outgassing at room temperature 

(90 min) and at higher temperatures (423K, 573K and 723K). 

 

 
Scheme 1. IR active mode highlighting the different types of 2,4,6-
TMP/surface interactions with the catalysts. 
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The total number of accessible Brønsted acid sites (N) has been 

estimated using the Lambert–Beer law in the form A= εNρ 

(Table 5); where A is the intensity of the ν8a (1638 cm-1) band 

(integrated area, cm-1), ε is the molar extinction coefficient (cm 

mmol-1), N is the concentration of the vibrating species       

(mmol g-1) and ρ is the density of the disk (mass/area ratio of the 

pellet, mg cm-2).  For the calculations, a value of 0.62 cm mmol-1 

was used for ε.[47] The data in table 5 clearly show that in the 

hierarchical materials (80H and 30H) the number of the 

accessible Brønsted sites accessible by molecules as bulky as 

2,4,6-TMP is greatly increased with respect to the parent 

zeolites. Furthermore, it is particularly noteworthy that in the 

hierarchical materials, the 80H catalyst possesses a significantly 

greater fraction of accessible Brønsted sites. The enhanced 

accessibility of Brønsted sites in 80H and 30H hierarchical 

samples can be directly correlated with their catalytic 

performance. 

The alkaline treated materials were catalytically evaluated in the 

liquid-phase Beckmann rearrangement of cyclohexanone oxime 

to ε-caprolactam (precursor of Nylon-6) at 130°C, and their 

performance were contrasted with their analogous parent 

microporous counterparts. The conversion, yield and selectivity 

are reported after 7h (Fig. S5 in the SI). A blank experiment 

without the zeolite was also performed (Fig. S6 in the SI). Both 

hierarchical 80H and 30H materials showed superior catalytic 

performance, in terms of overall conversion and yield towards 

the desired ε-caprolactam with respect to the parent zeolites (Fig. 

8). Among the samples tested, the 80H catalyst showed a 

significant improvement in overall catalytic activity, with a 

selectivity, which mirrors that of its parent, microporous 

analogue (80P), resulting in enhanced -caprolactam production. 

The 30H catalyst also displayed enhanced selectivity with 

respect to the parent zeolite. The catalytic performances are 

largely retained after two recycles (the conversion was around 

70% in both cycles), thereby vindicating their stability. In addition, 

by comparing samples with the similar Si/Al ratio, 30P and 80H 

(Si/Al ratio 21 and 18 respectively), it is possible to confirm that 

the higher catalytic conversion and selectivity observed for the 

hierarchical zeolite  (80H) is due to the increased accessibility of 

the active sites through the interconnected porous network. 

The enhanced catalytic performance observed in the 

hierarchical zeolites is the result of two concomitant factors: 

creating a hierarchical architecture through the introduction of 

interconnected pore networks helps to overcome the diffusion 

problems and mass-transfer limitations that are present in the 

conventional microporous catalysts and the tunability of the 

precise nature and strength of the acid sites for the Beckmann 

rearrangement for ensuring high catalytic performances. In fact, 

the loss of Brønsted acid sites upon the alkaline treatment is 

compensated by the increased accessibility of the active sites. 

 

 

Conclusions 

The interplay between the enhanced accessibility of acid sites 

coupled with the porosity evolution in the production of 

hierarchical H-ZSM-5 catalysts significantly influences the 

catalytic performance in the liquid-phase Beckmann 

rearrangement of cyclohexanone oxime. The desilication 

methodology crucially impacts the accessibility of the Brønsted 

sites without altering their strength; though in the hierarchical 

catalysts, a fraction of Brønsted sites is removed and high 

fraction of Lewis Al sites (EFAl) is detected both by FTIR and 

MAS-NMR analyses. The presence of silanol nests, particularly 

abundant in the HZSM-5 with high Si/Al ratio was also found in 

all catalysts. The hierarchical H-ZSM-5 zeolites demonstrated 

significant enhancement in catalytic activity for the liquid-phase 

Beckmann rearrangement of cyclohexanone oxime to -

caprolactam, an important acid-catalyzed industrial reaction, 

with respect to the microporous parent zeolites. This superior 

catalytic activity can be rationalized on the basis of the 

enhanced diffusion, via the interconnected hierarchical network 

(which was well documented by the volumetric analysis), and to 

the retention and modulation of the nature and strength of the 

Table 5. Integrated area (A) of the ν8a (1638 cm-1) band and 

concentration of accessible Brønsted sites (N) 

Catalysts A*/ cm-1 N / mmol g-1 

80H 1.35 2.18 

30H 1.04 1.69 

80P 0.2 0.32 

30P 0.07 0.11 

*The integrated area A of the 1638 cm-1 band was obtained using 

the spectra of the catalysts outgassed at 423K, to eliminate the 

contribution of 2,4,6-TMP interacting with Si-OH. 

 Figure 8. Catalytic activity of hierarchical (80H and 30H) and parent 
(80P and 30P) H-ZSM-5 after 7 h at 130 °C in the liquid-phase 
Beckmann rearrangement. 

 



FULL PAPER    

 

 

 

 

 

active sites (Brønsted acids and silanol nests) of the parent 

microporous catalysts. This synergistic interplay enhances both 

conversion and selectivity in the low-temperature liquid-phase 

Beckmann rearrangement. 

Experimental Section 

Materials  

Commercial NH4-ZSM-5 zeolites were supplied by Zeolyst 

International with SiO2/Al2O3 ratio of 30 (CBV 3024E) and 80 

(CBV 8014). After being converted to the protonated forms, 

through calcination at 550 °C for 16 h under airflow, the 

materials were used as parent samples (labelled as 30P and 

80P). The parent samples were treated, with different time of 

contact, in a 0.2 M NaOH solution (solid/liquid ratio = 22 g/L). 

Typically, the basic solution was heated in a glass-reactor at 

65 °C, under reflux; the catalyst was added and the resulting 

suspension was treated for the time established; the flask was 

then cooled down in an ice bath and washed with deionized 

water until pH = 7; the materials obtained was dried overnight, at 

60 °C. To convert the hierarchical catalysts into the acidic forms, 

an ion exchange with a NH4NO3 solution at 80 °C was 

performed (solid/liquid ratio = 6.7 g/L) and finally, the material 

was calcined in air at 600 °C for 6 h. The hierarchical materials 

are labelled 30H and 80H. 

Characterization 

All powder X-ray diffraction patterns were collected using a 

Bruker D2 diffractometer using Cu  K α1 radiation. Low-angle X-

ray diffraction patterns were obtained using a Bruker C2 GADDS 

diffractometer. Varian Vista MPX CCD Simultaneous axial 

instrument was used for ICP-OES analysis. The samples were 

digested in HF acid (7.5 mg in 2ml HF made up to 100 ml in 18.2 

Mohm water).  N2 physisorption measurements were carried out 

at 77 K in the relative pressure range from 1 x 10-6 to 1 P/P0 by 

using a Quantachrome Autosorb1MP/TCD instrument. Prior to 

the analysis, the samples were outgassed at 400K for 3 h 

(residual pressure lower than 10-6 Torr). Specific surface areas 

were determined using the Brunauer–Emmett–Teller equation, 

in the relative pressure range from 0.01 to 0.1 P/P0. The 

desorption branch of the N2 physisorption isotherm was 

analyzed by means of the NLDFT (non-local density functional 

theory) method, to obtain the pore size distribution of the 

materials. 

Thermogravimetric analyses (TGA/DTG) of materials were 

performed under argon flow (100 ml min-1) with a SETSYS 

Evolution TGA-DTA/DSC thermobalance, heating from 40 to 

1000 °C at 5 °C min-1.  

Solid state NMR spectra were acquired on a Bruker Avance III 

500 spectrometer and a wide bore 11.7 Tesla magnet with 

operational frequencies for 1H, 29Si and 27Al of 500.13, 99.35 and 

130.33 MHz, respectively. A 4 mm triple resonance probe with 

magic angle spinning (MAS) was employed in all the 

experiments and the samples were packed on a Zirconia rotor 

and spun at a MAS rate of 15 kHz. The magnitude of radio 

frequency fields, rf, were 100 and 42 kHz for 1H and 29Si, 

respectively. The 27Al MAS spectra have been acquired on large 

sweep width with small pulse angle (/12) to ensure quantitative 

interpretation. A rotor synchronized 1H - 27Al TRAPDOR (transfer 

of populations in double resonance) sequence was applied in 

order to distinguish the protonic species neighbourhoods.[36] The 

relaxation delay, d1, between accumulations was 1s for 27Al 

MAS and 120 s for 29Si MAS NMR as well as 5s for 1H MAS 

NMR. All chemical shifts are reported using δ scale and are 

externally referenced to TMS at 0 ppm for 1H NMR and 29Si 

NMR as well as to Al(H2O)6
3+ ion in 1.0 M AlCl3 solution at 0.9 

ppm for 27Al NMR.  

All NMR spectra were fitted with DMFIT functions for quantitative 

deconvolution of overlapping peaks.[53] The samples were 

packed on a NMR rotor and dehydrated at 250 °C under vacuum 

(1×10-3 mbar) for 2 h prior to the loading into the magnet and 

recorded the NMR spectrum. 

FTIR spectra of self-supporting pellets in proton form were 

collected under vacuum conditions (residual pressure <10-5 

Torr) using a Bruker Equinox 55 spectrometer equipped with a 

pyroelectric detector (DTGS type) with a resolution of 4 cm-1. All 

samples were re-calcined at 823 K in oxygen to remove any 

possible organic contaminants before the FTIR experiments. CO 

was adsorbed at 80 K and 2,4,6-trimethylpyridine (collidine) was 

adsorbed at room temperature on the calcined samples, using 

specially designed cells permanently connected to a vacuum 

line to perform adsorption-desorption in situ measurements. 

FTIR spectra were normalized with respect the pellet weight and 

whenever specified, are reported in difference mode by 

subtracting the spectrum of the sample in vacuum to the 

spectrum of the adsorbed molecules (CO and collidine).  

Catalysis 

For testing the materials in the liquid phase Beckmann 

rearrangements, 0.1 g of the catalyst, 100 mg of cyclohexanone 

oxime and 0.1 g of chlorobenzene (internal standard) were 

weighed in a glass-reactor; 20 mL of benzonitrile anhydrous 

were added and the temperature was raised up to 130 °C. The 

reaction was carried out for 7 h under nitrogen flux. Samples 

were analyzed periodically, using a Clarus 480 gas 

chromatograph with FID detector with an Elite 5 column. 

Products were identified against authenticated standards and 

quantified by calibration to obtain response factors (RF) against 

the known internal standard. Afterwards, the reaction mixture 

was filtered and the filtrate (catalyst) was washed with 300 mL of 

ethanol. The recovered catalyst was then calcined at 600 °C and 

tested for the second catalytic cycle, under the same conditions 

described above. 
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Figure S1_ A: Raschig process for -caprolactam (homogeneous catalysis). B: Sumitomo Chemical 

Co. process 

 

Figure S2: Schematic representation of Brønsted acid sites (A) and nest silanols (B) 
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Figure S3: Thermogravimetric analysis of 80P (black curve) and 80H (red curve) samples from 

25°C to 1000 °C ∙ 

 



 
Supporting Informations 4 

 

 

 

Figure S4: Spin echo 1H MAS NMR spectra of samples recorded without (red) and with (black) 
27Al irradiation during pulse delay τ. 
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Figure S5: Conversion of cyclohexanone oxime (circles) and selectivity toward caprolactam 

(squares) at different times of reaction. Solv: benzonitrile; T: 130 °C; catalysts: 80P and 30P (white 

markers), 80H and 30H (black markers). 

 

 

Figure S6: Conversion of cyclohexanone oxime without the catalyst at different times of reaction. 

Solv: benzonitrile; T: 130 °C. 
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Figure S7: XRD pattern of 30H zeolite after one catalytic cycle. 

 

 

Table S1- CO induced shift of the O-H stretching mode. 

Type of OH groups ν OH /cm-1 ν OH….CO /cm-1 

 

Δν OH /cm-1 

 

Si-OH-Al (BAS) 3615 3300 315 

Al-OH 3665 3465 190 

Si-OHint 3710 3590 120 

Si-OHext 3745 3650 95 
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