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Abstract 

Chemical condensation of layers of silicates has been often proposed as an alternative to 

thermal condensation, finding limited success. The formation of the industrially relevant 

MCM-22 zeolite (MWW IZA code) from a mild hydrothermal precursor is the most 

important example of 2D-3D aluminosilicate condensation. Silanols of opposed layers 

have been condensed by acid-driven dehydration in concentrated nitric acid, as 
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confirmed by powder XRD and 29Si NMR spectroscopy, implying interlayer template 

extraction and corresponding dealumination. Milder acid treatments favour template 

extraction and shrinkage of interlayer distance, but do not provide significant silanol 

condensation. Template extraction is further favoured by degradation of the organics in 

the presence of a Cu2+ homogeneous catalyst. 

 

Keywords: zeolite, layered material, acid condensation, template extraction, 

dealumination 

 

1. Introduction 

Layered zeolite precursors present a two-pronged interest: (a) their layers can be 

separated without breaking any siloxane bond to form delaminated materials, which 

feature zeolitic active sites but provide faster access to bulkier substrates [1]; (b) in 

some cases, the use of appropriate templates can orient their condensation towards 

different 3D zeolite structures [2-4]. 

Several examples of formation of 3D (3-dimensional) zeolites from 2D (2-dimensional) 

layered precursors have been reported and extensively reviewed [5-9]. After the 

pioneering work of the groups of Lowe [10] and Guth [11] groups on the precursors of, 

respectively, Eu-20 and ferrierite, it was shown that several zeolites can be formed from 

2D intermediates, like Nu-6 [12], CDS-1 [13], RUB-24 [14], RUB-41 [15], sodalite 

[16], MCM-35 [17]. 2D layered materials have not only been formed by classical 

hydrothermal methods, but have also been prepared by selective chemical delamination 

of 3D zeolites [18-21]. These 2D materials have been assembled to form different 3D 
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structures, in the ADOR (assembly-disassembly-organisation-reassembly) zeolite 

synthesis method [22]. Among all these 2D precursors, MCM-22(P), the layered 

precursor of MCM-22 (IZA structure code MWW), has represented the main instance of 

development of useful materials from 2D zeolite layers [6, 23].  

MCM-22 itself has entered the industrial market as a major catalyst in benzene 

alkylation processes [24-26]. The understanding of the layered structure of the precursor 

was a step-by-step process. Also before the determination of the P6/mmm MCM-22 

structure [27], it was reported that several materials with MWW structure were formed 

by calcination of a common precursor, issued from hydrothermal synthesis at moderate 

temperature and featuring a distinct XRD pattern [28, 29]. The precursor (later usually 

called MCM-22(P)) evolved to the MCM-22 structure when calcined at temperature 

normally between 460 and 550 °C [28-30]. A layered structure for the MCM-22 

precursor was early suggested by its easy swelling by surfactants to form MCM-36 

pillared materials [31]. The XRD patterns of zeolite and precursor feature a striking 

characteristic: they present the same hk0 reflections, and only differ by the spacing and 

stacking of hk0 layers. The knowledge we have of the structure of the 2D precursor 

stems from this commonality of structure with the layers of the 3D zeolite. The layered 

structure of the precursor was described early on Millini et al. [32]. However, no proper 

structure refinement of MCM-22(P) has been published.  

The layer common to the precursor and zeolite presents a sandwich-like cage structure, 

with a complex scaffold of aluminosilicate tetrahedra around SDA molecules. Along the 

c-axis, the scaffold presents a succession of 4-, 5-, and 6-member rings with as many as 

12 tetrahedra between the opposite sides of the layer (Figure 1). At a local scale, the 2D 
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layer is indeed a 3D scaffold, with a much higher stability than most layered silicates, 

which present thinner layers [33].  

The structure of MCM-22 presents an ordered alternation of two parallel non-

interconnected 2D 10MR (rings formed by 10 tetrahedra) channel systems, defined as 

intralayer and interlayer pore systems. The intralayer one, with 5.5x4.0 Å sinusoidal 

channels, is already present in the layered precursor. The interlayer one, with 5.1x4.1 Å 

windows connecting large 18.2x7.1 Å supercages, is formed by the condensation of the 

precursor layers. The condensation of the 2D layered precursor to the 3D zeolite upon 

calcination of the template (SDA, structure-directing agent) implies a decrease of the c 

cell parameter, typically from 26.7 to 25.1 Å. This shrinkage brings about a shift of the 

XRD peaks with Miller index l ≠ 0 and the 002 reflection moves to a higher angle and is 

virtually superposed to the 100 reflection (Figure 2). This change of the appearance of 

the XRD pattern has been generally considered as an indicator of condensation of the 

MCM-22(P) layers. However, it was shown that complete calcination of the sample was 

not needed to attain similar shrinkages of the c parameter, which can occur already at 

250°C, with the elimination of just a fraction of the SDA [32].  

Several SDAs allowed to form zeolites with an XRD pattern corresponding to the 

MWW network, well before the structure was resolved in 1994 [27]: hexamethylene 

imine (HMI) was used to form PSH-3 at Bayer in 1984 [36] and MCM-22 at Mobil in 

1990 [37]; other heterocyclic amines were also used to form MCM-22 [38], HMI or 

piperidine was used to form borosilicate ERB-1 at ENI in 2008 [28]; quaternary 

adamantammonium allowed to form high-silica SSZ-25 at Chevron in 1989 [29] and 

all-silica ITQ-1 in 1996 [39]. Also the amount of SDA can play a significant role in the 

synthesis. Starving the synthesis system of organics, the SDA was preferentially 
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confined inside the intralayer pore system, the interlayer distance was shrunk and layers 

were directly condensed in mild hydrothermal conditions in the direct synthesis of 

MCM-49, a mildly disordered MWW material [38, 40, 41].  

Several MWW-related materials have been formed, characterized by more or less 

disordered stacking of the layers. The properties of these materials have been 

extensively reported and reviewed [9, 42-44] The easy separation of the layers of the 

precursor by cation exchange of the SDA by surfactants (delamination) has opened 

access to the large characteristic cavities in the 2D sheets, providing easy accessibility 

to catalytic sites in the ITQ-2 material [1]. 

The porosity of as-synthesized zeolites is usually liberated by thermal degradation of 

SDA and emission of its degradation products. Methods to extract and recover the SDA 

have been attempted and found limited success, essentially for 12MR large-pore zeolites 

[45, 46]. In the case of aluminosilicate zeolites with 12MR pores, thermal treatments 

could be replaced by severe nitric acid leaching, accompanied by extended 

dealumination [47]. This kind of treatment has been shown to simultaneously extract 

SDA and incorporate transition metal cations in a zeolite network  [48, 49]. The results 

of relatively milder treatments by acetic acid were strongly dependent on the relative 

size of SDA and zeolite windows, as well as on the composition of the zeolite, which 

affected the strength of the interaction between SDA and network sites [50]. In the case 

of the 12MR BEA zeolite, effective extraction of tetraethylammonium (TEA) SDA was 

reached for the all-silica zeolite but was less effective for the borosilicate form and 

much less effective for the aluminosilicate form, presenting stronger Brønsted acid sites. 

For the 10MR MFI zeolite, extraction was possible only if the composition was all-

silica and a linear SDA was used.  
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The piperidine SDA of the precursor of MWW borosilicate ERB-1 was easily extracted 

from the interlayer space by a very mild treatment with acetate solution [32]. A 

corresponding 1 Å shrinkage of the c cell parameter was observed.  In the case of 

aluminosilicate MCM-22(P), the results of a treatment with 2 M HNO3 were highly 

dependent on the nature of the SDA [51].  In the case of piperidine-templated MCM-

22(P), the acid treatment brought to complete superposition of 002 and 100 reflections, 

which was interpreted as a condensation of the layers into MCM-56, a material with 

partially disordered MWW structure. However, in the presence of the slightly larger 

HMI SDA, the acid treatment did not bring any modification of the XRD pattern of 

MCM-22(P).  

Effective extraction of HMI SDA from the MWW precursor was reported by dielectric-

barrier discharge (DBD) plasma treatments at temperature not expected to exceed 125 

°C [52]. Complete extraction of the SDA brought to a modification of the XRD pattern 

compatible with a condensation of the layers of MCM-22(P) to the MCM-22 structure.  

The interest for the conditions of 2D to 3D condensation of silicates have received 

increased attention since the realisation that several networks can be formed by 

orienting the establishment of interlayer bonds by appropriate amount or nature of 

organics [53-55]. The development of methods for silanol condensation alternative to 

thermal treatment is receiving increasing attention [56, 57]. The purpose of this work is 

to analyse at which point the extraction by chemical tr6eatment of a fraction of SDA 

can vicariate thermal treatment in the condensation of tridimensional networks from 

bidimensional precursors. The condensation of MCM-22(P) to MWW network appears 

to be an ideal case study.  
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2. Experimental  

The precursor MWW(P) was prepared by adding hexamethyleneimine (HMI) and 

Aerosil 200V fumed silica to an alkaline aqueous solution of sodium aluminate, forming 

a gel of molar composition Na 0.133 / HMI 0.500 / Al 0.030 / Si / H2O 45. The gel was 

sealed in a stainless steel autoclave, heated at 150 °C under stirring at 60 rpm for 7 days, 

cooled down, filtered and water-washed.  

The HMI-templated aluminosilicate layered precursor MWW(P) has been subjected to 

several treatments aimed at the low-temperature extraction of the SDA. 

1) Treatment by diluted acid in mixed solvent: MWW(P) was stirred in a 20% w/w 1,4-

dioxane aqueous solution with pH controlled by HCl addition. The solid/liquid ratio was 

10 g/L. After 4 h stirring at 30 °C, the solid was filtered, water-washed and dried at 

80°C. The samples are called pH#, where # is the pH of the treatment. 

2) Treatment by diluted acid in mixed solvent in the presence of Cu2+: as in previous 

treatment with addition of CuCl2 in the solution. The samples are called CupH#E&, 

where # is the pH of the treatment and E& the molar Cu2+ concentration expressed as 

powers of ten. For instance, CupH4E-2 is sample MWW(P) treated by a 0.02 M CuCl2 

and 20% w/w 1,4-dioxane aqueous solution brought to pH4.  

3) Treatment by concentrated acid: MWW(P) was refluxed in 70% HNO3 10 h with a 

solid/liquid ratio 10 g/L, cooled down, filtered, washed with 4 M HNO3, water-washed 

and dried at 80 °C. The treated sample is called AA.  

The solids formed, as prepared and calcined at 550°C in air flow (calcined samples are 

indicated by a letter C after their name), were characterized by elemental analysis 

(CNRS Service Central d’Analyse, Solaize), thermal gravimetry (Setaram TG 85 
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microbalance in air flow), powder X-ray diffraction (Bruker AXS D8 diffractometer, ϴ-

ϴ setting, Cu Ka radiation, Ni filter), Scanning electron microscopy (SEM) (Hitachi S-

4500 microscope), FT-IR (KBr wafers, Nicolet 320 spectrometer) and hpdec 29Si MAS-

NMR spectroscopy (Bruker ASX 400 spectrometer, 79.5 MHz). 

The deconvolution of the complex MWW 29Si MAS-NMR signals was performed by 

the procedure originally suggested by Weitkamp and coworkers [58]. The initial point 

for the deconvolution was provided by the Si(0Al) T2 peak at nearly -120 ppm, which 

indicated the area of the Si6 peak, corresponding to 12 tetrahedra p.u.c (per unit cell). 

Peaks of other tetrahedron sites were located at chemical shifts corresponding to the Si-

O-Si angles of ITQ-1, the all-silica MWW, attributing them areas proportional to the 

mutiplicity of each site: 12 tetrahedra p.u.c. for the m sites and 4 tetrahedra p.u.c. for the 

3m sites [39, 59-61]. Si(1Al) peaks were located 6 ppm upfield the corresponding 

Si(0Al) signals, with initial area proportional to the amount of Al in the sample 

according to the Engelhardt correlation [62]. A simplifying assumption of equivalent 

fraction of Al in the eigth crystallographic sites was used. When needed, Q3 Si(1OH) 

peaks were located nearly 10 ppm upfield from the corresponding Si(0Al) signals [63]. 

 

3. Results and discussion 

3.1. Diluted acid treatments 

Dehydration-condensation of the silanols of layered silicates by 10 M acetic acid was 

proposed by Oumi et al. [64]. In the case of the ERB-1 precursor, leaching by acetate 

solutions was effective in the extraction of piperidine, leading to a significant decrease 

of the c cell parameter [32]. However, in this case, the decrease of interlayer space did 
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not correspond to a condensation of the layers, as it was reversible and the c parameter 

was increased again by intercalation of organic solvents. When nitric acid was used, a 

partial dealumination of MCM-22(P) was observed, less than 10% aluminium being 

extracted by 6 M HNO3 at 100 °C [65]. Partial extraction of the SDA could be achieved 

in milder conditions. Treatments by 2 M HNO3 at room temperature were able to 

decrease the c cell parameter, leading to a diffraction pattern corresponding to a 

disordered MCM-56 [51]. However, the effectiveness of the treatment was highly 

dependent on the nature of the SDA, interlayer shrinkage being observed in the case of 

piperidine-templated MCM-22(P), but not for the material templated by the slightly 

larger HMI. We attempted to couple solvent extraction and acid leaching by using more 

diluted nitric acid in the presence of an organic solvent, intendended to facilitate the 

extraction of HMI.  

Composition and crystallographic data of the as-synthesized and acid-treated samples 

are reported in Table 1. Precursor sample MWW(P) featured a Si/Al ratio 23 and an 

organic content corresponding to nearly 10 HMI molecules per unit cell, in good 

agreement with the location of the SDA in the intralayer sinusoidal channels as well as 

in the interlayer region [40]. Calcination of MWW(P) at 550°C completely removed the 

SDA and modified the XRD pattern from a typical MCM-22(P) to a MWW pattern 

(Figure 3). The MWW(P)C crystals presented a well-defined lamellar morphology, with 

a thickness along the c axis corresponding to about 10 cell parameters (Figure 4). The 

effects of treatments at room temperature by 20% dioxane nitric acid aqueous solution 

were highly dependent on the pH level. Treatments at pH 4 and 3 led to a slight 

narrowing of the diffraction peaks, accompanied by limited extraction of organics and 

decrease of the c parameter from pH 3. Treatment at pH 2 brought to a broadening of 
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the diffraction lines with l ≠ 0 and to a decrease of the c value to 25.7 Å. Treatment at 

pH 1 caused the extraction of nearly 43 % SDA and a decrease of the c parameter to 25 

Å, a value comparable to the effect of calcination at 550°C. The sample pH1 presented 

two broad peaks centered at 8.5 and 9.7 °2ϴ, probably corresponding to 101 and 102 

peaks shifted by interstratification effect [66-68]. Such a diffraction pattern corresponds 

to literature reports on MCM-49, the MWW material formed by synthesis with low 

SDA and high Na content [38, 40]. No more than 5% aluminium of the sample was 

removed by the treatment, also at pH 1. 

In all samples, the retention of the layer structure was witnessed by the stability of the 

hk0 reflections, unaffected by the decrease of the c cell parameter. The c value reached 

in the sample pH1 with the loss of nearly half of the organic template corresponded to a 

selective extraction of HMI from the interlayer space. The broadening of the XRD 

peaks with l ≠ 0 suggests a decrease of the coherent domain in the c direction, 

corresponding to a significant stacking disorder. A mismatch between layers could 

account for the decrease of the c parameter in sample pH1 to a value lower than in the 

calcined MWW(P)C sample. In all cases, the lamellar morphology of the crystals 

(Figure 4), unchanged by leaching or calcination treatment, showed a length along the c 

axis not larger than 10 unit cells. 

MWW-type materials present characteristic 29Si MAS-NMR spectra, extended on an 

unusually large field of chemical shift [39, 59]. 29Si MAS-NMR spectra of MCM-22(P) 

have been observed and slightly differ according to composition and methods of 

synthesis [39, 69, 70].   

The 29Si MAS-NMR spectrum of sample MWW(P) (Figure 5a) was in good agreement 

with literature spectra of (MCM-22(P) samples with similar Si/Al ratio [69]. Chemical 
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shift and relative intensity of the deconvolution components are given in the 

supplementary materials in Table S1. Sample MWW(P) presented Q3 Si(1OH) signals 

between -94 and -101 ppm, corresponding to 15.3 % of the Si signals. Fairly isolated 

peaks of T2 and T3 tetrahedra, exposed to the interlayer space (see Figure 2 for the T 

site nomenclature), were observed at, respectively, -104.5 and -110 ppm. A broad signal 

between -113 and -120 ppm corresponded to the Si(0Al) contributions of T6, T7 and T8 

tetrahedra, lining the intralayer porosity. 

The 29Si MAS-NMR spectrum of sample pH1 (Figure 5b), when compared with the 

MWW(P) spectrum, presented a more defined peak at -113 ppm. The superposition of 

the spectrum components increased, due to a general line broadening, the average half-

height linewidth moving from 240 to 320 Hz for, respectively, MWW(P) and pH1 

samples. The peak at -113 ppm was formed by the converging shifts of several 

components: the upfield-shifted T6, T7 and T8 signals and the nearly 1 ppm downfield-

shifted T1, T4 and T5 signals. Quite importantly, the fraction of Q3 Si(1OH) signals in 

sample pH1 was 14.8 %, nearly the same value as for sample MWW(P), suggesting that 

no significant condensation between layers has taken place, despite the shrinkage of the 

interlayer spacing.      

 

3.2. Diluted acid treatments in the presence of Cu2+ 

The nitric acid solutions used in the treatments represent an oxidizing environment. In 

the hypothesis that a transition metal catalyst could induce an oxidative degradation of 

HMI and make its extraction easier, we introduced Cu2+ cations in the diluted-acid 

treatment. Cu2+ was already used in dioxane acid solutions as a catalyst of hydrolysis of 
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Schiff bases, a reaction implying secondary amine intermediates [71]. The XRD patterns 

of MCM-22(P) treated by 20 % dioxane nitric acid solutions at pH 4 and different 

concentrations of Cu2+ are shown in Figure 6. The corresponding c cell parameters are 

reported in Table 1. A 0.2 mM concentration of Cu2+ brought no significant changes of 

the diffraction pattern of MWW(P) sample and the CupH4E-4 sample was equivalent to 

the pH4 sample, treated in the absence of copper cations. Treatments in the presence of 

higher concentration of Cu2+ induced a decrease of the c cell parameter (Table 1). 

Sample CupH4E-2, treated by a 0.02 M Cu2+ solution, presented a c value of 25.41 Å. 

The SDA content was 8.1 HMI p.u.c., indicating that the treatment with Cu2+ has 

extracted 22 % of the HMI of the MCM-22(P) MWW(P) sample, to be compared with 5 

% extraction of HMI by the acid treatment in the absence of Cu2+ (see Table 1). A 

catalytic effect of Cu2+ on the degradation of HMI has probably contributed to the 

result.   

The residual content of copper in CupH4E-2 was 0.38 Cu/Al (atomic ratio). Albeit no 

copper oxide phase was detectable by XRD, the copper present was an effective 

oxidation catalyst, as highlighted by the degradation of the SDA in thermal gravimetry 

(TG) tests in air flow. The TG curves of several samples are reported in Figure 7. As 

already reported in literature, a first mass loss due to water desorption was observed up 

to nearly 100 °C. Degradation of the SDA began around 200 °C and was usually 

completed around 700 °C. The TG curve of the CupH4E-2 sample followed a trend 

similar to the MWW(P) sample until a sudden mass loss centered around 475 °C 

completed the SDA degradation (Figure 7e). Nitrogen-bearing SDA are usually 

decomposed in several steps [72]. The first one, up to about 400 °C, corresponds to the 

release of light amines issued from the decomposition. This leaves carbonaceous 
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residues which are burned in several steps between 400 and 700 °C. It seems likely that 

the presence of copper species catalysed the combustion of carbonaceous HMI residues 

at a temperature much lower than in Cu-free samples.  

The 29Si MAS-NMR spectrum of sample CupH4-E2 (Figure 5c) was extremely similar 

to the one of sample pH1, suggesting that the extraction of nearly half the interlayer 

SDA brought to a structure deformation of MCM-22(P) analogous to the extraction of a 

double amount of HMI. The average half-height linewidth was 322 Hz and the fraction 

of Q3 Si(1OH) signals was 14.2 %, values nearly identical to the ones of the pH1 

sample.   

 

3.3. Concentrated acid treatment 

Treatment of MWW(P) by 70 % nitric acid led to significant dealumination, with the 

extraction of nearly 40 % of the initial aluminium (Table 1). The acid-treated AA 

sample retained an a value of 14.16 Å but presented a c parameter decreased from 26.8 

to 25.1 Å (Table 1). As a consequence, the 002 peak moved from 6.59 to 7.07 °2ϴ and 

was largely superposed to the 100 peak at 7.19 °2ϴ, leading to a typical MWW 

diffraction pattern (Figure 8). Calcination of the AA sample completely eliminated the 

SDA, but induced a minimal evolution of the cell parameters.  

The treatment by concentrated nitric acid removed nearly 60 % of the SDA (Table 1). It 

would be tempting to assume that the removed fraction of organics corresponds to 

easily extractable HMI in the interlayer space. An indirect confirmation of this 

assumption came from the comparison of these results with the effects of a similar 

treatment on a different zeolite. Treatment by 12 M HNO3 on zeolite beta led to the 
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extraction of most the TEA template and to nearly complete dealumination [47]. Zeolite 

beta features a 3D network of 6.7 Å 12MR pores, large enough to allow easy extraction 

of TEA, unless it is retained by strong electrostatic forces [50]. The close charge-

neutralisation relationship between the SDA cations and the anions of the 

aluminosilicate network implies that extraction of SDA and dealumination proceed as a 

concerted process. In the case of MCM-22(P), the extraction of HMI was easier from 

the 5.7 Å interlayer space than from the 4.0 Å 10MR intralayer pores. The retention of 

SDA in the intralayer pores would prevent the dealumination of a corresponding 

fraction of tetrahedra.   

The 29Si MAS-NMR spectra of MWW(P)C, AA and AAC samples are reported in 

Figure 9. The 29Si MAS-NMR spectrum of MWW(P)C (Figure 9a) was in good 

agreement with literature spectra of MWW of corresponding aluminium content [73]. 

No significant Q3 peaks were observed, as expected in the case of a completely 

connected zeolite framework. Another significant variation by comparison with the 

MWW(P) spectrum was the important upfield shifts of signals of T7 and T8 tetrahedra, 

exposed to the intralayer porosity. This shift isolated the peak at -119.2 ppm, 

corresponding to the T6 signal, and contributed by shoulders to the main peak at -111 

ppm.  

The spectrum of the AA sample, treated with concentrated acid (Figure 9b) was fitted 

by taking into account the lower intensity of the Si(1Al) peaks due to dealumination. It 

showed a similar pattern to MWW(P)C with broader, more overlapping peaks. The 

average half-height width of the Q4 peaks was 240 Hz for MWW(P)C and 355 Hz for 

AA. Two Q3 peaks at -100.9 and 96.5 ppm accounted for 4.8% of the Si signal. It has 

been observed that the extraction of aluminium atoms from zeolite networks can give 
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rise to so-called hydroxyl nests, i.e. groups of four silanol groups, strongly hydrogen-

bonded due to their converging orientation around the vacancy opened by aluminium 

extraction [74, 75]. As the level of dealumination of the AA sample corresponded to the 

extraction of nearly 1 % of the network tetrahedra, the formation of hydroxyl nests 

could account for most of the Q3 signal. In this case, the AA sample would feature 

completely connected layers with local vacancies due to dealumination. It can be also 

observed that the chemical shifts of the Q3 peaks suggest their attribution to T2 and T3 

tetrahedra, exposed to the interlayer porosity, hence more easily dealuminated by 

combined acid-leaching of cationic SDA and anion-generating lattice aluminium. 

Calcination of AA at 550 °C brought to the virtual elimination of the Q3 signals (Figure 

9c). This can be coherent with the reported condensation of silanol nests by silicon 

migration in high-temperature treatments [76, 77]. Otherwise, the spectrum of AAC 

sample was similar to the AA’s one, with marginally narrower peaks (average half-

height width 337 Hz). 

 

4. Conclusions 

The 2D-3D transition in the calcination of the layered MCM-22(P) precursor to the 3D 

MCM-22 zeolite corresponds to a decrease of the c cell parameter from 26.4 to 25 Å. A 

similar reduction of c cell size obtained by template extraction in milder conditions has 

often been considered as an evidence of condensation of the precursor layers to a 3D 

structure without the need of a thermal treatment. 

In this work, we have shown that a combined organic solvent-acid treatment in mild 

conditions removes organic template from the interlayer space of MCM-22(P), with a 
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decrease of the c cell parameter to 25 Å. The addition of copper ion catalysts enhanced 

the extraction of the SDA in still milder conditions. However, 29Si MAS-NMR data 

indicated that no condensation of the interlayer silanols had taken place and no 3D 

structure had been formed by acid treatment at pH 1, despite the observed shrinkage of 

the interlayer space. 

Reflux treatment by 70 % nitric acid provided complete extraction of SDA from the 

interlayer space with the same reduction in the c cell parameter to 25 Å. In this case, 

29Si MAS-NMR showed the formation of a partially dealuminated 3D zeolite structure. 

The dehydrating properties of the concentrated acid allowed the dehydration-

condensation of silanols between opposite layers of the precursor, similarly to the 

results obtained by calcination.  

Beyond the specific example of the condensation of the MWW precursor, chemical 

methods of condensation seem promising for the current developments in the 

elaboration of new zeolite networks by aggregation of layered precursors [2-4].   
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Nachtigall, W. J. Roth, R. E. Morris, J. Čejka, Chem. Soc. Rev. 44 (2015) 7177-7206. 

https://doi.org/10.1039/c5cs00045a 
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Table 1. Composition and cell parameters of samples. Effects of calcination and acid 

treatments. 

 Si/Al HMI/ cell P6/mmm cell 

   a / Å c / Å 

MWW(P) 23 10.3 14.16(1) 26.81(1) 

pH4 23 9.8 14.16(0) 26.78(1) 

pH3 23 10.0 14.16(2) 26.38(2) 

pH2 23 8.1 14.15(4) 25.72(2) 

pH1 25 6 14.15(1) 25.05(4) 

pH1C 25 0 14.15(2) 25.21(3) 

CupH4E-4 23 n.a. 14.15(4) 26.81(1) 

CupH4E-3 23 n.a. 14.15(1) 26.65(1) 

CupH4E-2 23 n.a. 14.14(4) 25.40(6) 

CupH4E-2C 23 0 14.16(3) 24.98(2) 

AA 39 4.4 14.15(6) 25.11(1) 

AAC 39 0 14.15(6) 25.30(4) 

MWW(P)C 23 0 14.15(5) 25.26(4) 
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Figure captions. 

Figure 1. Condensation of the layers of MCM-22(P) to form MCM-22 and 

nomenclature of the tetrahedra of the MWW structure. HMI is hexamethyleneimine. 

Modified from Pergher et al. [34] and from the IZA structure database [35]. 

Figure 2. Evolution of the XRD pattern of MCM-22(P) upon calcination, with decrease 

of the c cell parameter and formation of MCM-22. 

Figure 3. Evolution of the XRD pattern of MWW(P) upon treatment by diluted HNO3 in 

organic solvent and calcination: samples MWW(P) (a), pH4 (b), pH3 (c), pH2 (d), pH1 

(e), pH1C (f), MWW(P)C (g). 

Figure 4. Scanning electron micrograph of MWW(P)C sample. 

Figure 5. 29Si MAS-NMR spectra of samples MWW(P) (a), Ph1 (b) and CupH4 (c). For 

each sample, the top trace is the experimental spectrum, the mid trace is the simulated 

one, and the lower traces are the components of the deconvolution. 

Figure 6. Evolution of the XRD pattern of MWW(P) upon treatment by diluted HNO3 in 

organic solvent in the presence of Cu2+ cations: samples MWW(P) (a), CupH4E-4 (b), 

CupH4E-3 (c), CupH4E-2 (d), CupH4E-2C (e), MWW(P)C (f). 

Figure 7. TG curves of samples. MWW(P) (a), pH2 (b), AA (c), MWW(P)C (d), 

CupH4E-2 (e). 

Figure 8. Evolution of the XRD pattern of MWW(P) upon calcination or treatment by 

concentrated HNO3: samples MWW(P) (a), MWW(P)C (b), AA (c), AAC (d). 

Figure 9. 29Si MAS-NMR spectra of samples MWW(P)C (a), AA (b) and AAC (c). For 

each sample, the top trace is the experimental spectrum, the mid trace is the simulated 

one, and the lower traces are the components of the deconvolution. 
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