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Abstract 

The fluoride medium synthesis of zeolites, especially in the strongly acidic regions, yields 

products with unique characteristics such as ultra-hydrophobic surfaces and defect-free lattices. 

However, it is often difficult to incorporate aluminum into the framework of zeolites in this 

medium, limiting the acquisition and development of catalytic materials. The present paper 

shows that inter-zeolite transformation is efficient for obtaining ZSM-5 zeolites with lower 

Si/Al ratios in a strongly acidic fluoride medium. The critical point is that the parent zeolites 

can retain some locally ordered fragments during their dissolution, including framework Al 

atoms, and incorporate them into the ZSM-5 product. The acidic properties of the trans-

crystallization products obtained in an acidic medium display significant differences from the 

traditional ZSM-5 with a similar Si/Al ratio in the amounts, strength, and types of the acid sites; 

thus, they behave differently in typical acid-catalyzed reactions, such as dehydration of alcohols. 

Keywords: zeolite crystallization in acidic medium; inter-zeolite thansfromation in acidic 

medium; Al-rich zeolite in fluoride medium; unique acidity of Al-rich ZSM-5 through IZT; 

catalysis of Al-rich ZSM-5 through IZT 

1. Introduction 

Zeolites are the most important sorbents and catalysts in the oil refinery and petrochemical 

industry, owing to their uniform microporous structures delineated by the crystalline framework 

lattices. And nowadays they increasingly find new applications in renewable energy, 

environmental protection, and advanced functional materials.1, 2 However, working out of the 

traditional “comfort” zone, the new applications require zeolites possessing novel structural 
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and surface-chemical properties and exceptional (hydro-)thermal stability. In turn, the synthetic 

chemistry of zeolites needs to be reviewed and improved.3, 4 

Aluminium atoms in the framework of zeolites introduce negative charges, which are counter-

balanced by extra-framework cations, such as protons, and generate Brønsted acidity, while 

defects associated with framework Al atoms are Lewis acid sites.5 Thus, zeolites have been 

used as solid acid catalysts since 1960s due to their high catalytic activities, environmentally 

benign nature, and excellent thermal stability. The catalytic activity is determined mainly by 

the strength and number of their acid sites. The density of acid sites in the framework is directly 

related to the aluminium content; thus, the catalytic properties may be tailored by altering the 

aluminium content of zeolites.6 Acid catalysed reactions, such as cracking, isomerization, 

alkylations,7 hydrocracking,8 as well as methanol conversions to olefin (MTO)9 or gasoline 

(MTG), and alcohol dehydration10, 11 or carbonylation are the key processes in oil refining,12 

petrochemistry,13 and fine chemical production.14  

A significant breakthrough, as initiated by the researchers at Muhlouse and Valencia, in the 

field of zeolite synthesis occurred when hydroxyl anion as a mineralizer was replaced by 

fluoride, extending the synthesis from the traditional basic conditions (pH = 9~14) to the neutral 

medium (pH = 5~8).15-17 The fluoride ion presents several advantages as a mineralizer, such as 

the generation of high-silica zeolites, large crystal sizes, hydrophobic surfaces, and 

substantially defect-free lattices.18, 19 These advantages become even more pronounced when 

the pH of the synthetic medium expands further to the strongly acidic region.20 We have 

recently demonstrated the synthesis and morphology control methods for silicalite-1, high-

silica ZSM-5, and some other microporous silicate materials in the pH range of 2~5.20-23  

However, it is difficult to incorporate active catalytic metals whose oxo-anions have higher 

isoelectronic points (IEP) in the neutral and acidic fluoride medium framework. Unfortunately, 

Al as one of the most common framework elements in zeolites, is hardly to be incorporated 

under acidic conditions since the aluminate ion has pHIEP = 7.7. 24 In addition, the ease of 

substitution decreases with increasing stability of the corresponding fluoro-complexes in the 

solution. The great stability of fluoro-aluminate complexes reduces the activity of the “useful 

species” and hinders the rapid incorporation of Al atoms.25 Therefore, it becomes challenging 

to incorporate a sufficient amount of framework Al into zeolites in an acidic fluoride medium.20 

Thus, the highly ordered and defect-free lattice structure obtainable in an acidic medium is 

hardly combined with a large concentration of acid sites useful in many catalytic applications.26  

Inter-zeolite transformations (IZT), employing industrial zeolites as silica-alumina sources to 

generate another target zeolite, has recently drawn much attention.27-31 The zeolite 

crystallization by IZT is faster and yields high.32-34 The method can also provide pathways to 

synthesize zeolites with specific frameworks and compositions that are not possible with 

conventional silica and alumina sources. Rimer et al. have pointed out that local ordering of the 

precursor could facilitate heterogeneous nucleation during IZT. The nature of dissolved species 

is unknown but could be monomers, oligomers, or composite building units (CBUs) and rings 

that retain some “memory” of the parent.35, 36 Furthermore, Dusselier et al. studied several IZT 

systems, and revealed that aluminum from the parent is the key to drive the inherently fast 

nucleation; and is assembled into the product frameworks with various manners at latter stages 

of the crystal growth.37 Inspired by this theory, we hypothesized that IZT of Al-containing 

zeolites in an acidic medium may transfer -Al-O-Si- linkages from parents to products, 



especially when they possess common CBUs. Setting a relatively low Si/Al ZSM-5 zeolite as 

a target, we envisage that it would be advantageous to use the other members of the pentasil 

family, such as the ones with *BEA，FER，MOR-type frameworks as the parents. Here we 

refer to a broader definition of pentasils rather than to restrict the concept solely within the 

stacking polymorphous of the pentasil layer as a periodic building unit (PerBU) between the 

end members MFI and MEL.38 MFI, FER, and MOR have in common that they are all built 

up from the (5-1) secondary building unit (SBU). *BEA is a disordered structure that does not 

have an SBU, but it is built from a combination of (5-1) and (6-2) units. Furthermore, MFI, 

*BEA, FER, and MOR have as CBU a common mor structural motif (Scheme 1). Therefore, 

we employed these pentasil-type zeolites as the initial silica-alumina sources for our acidic-

medium synthesis. For the sake of comparison, we have also used a zeolite, USY-FAU, which 

does not possess the (5-1) unit. The objective is to trace the way to synthesize heteroatom-

containing zeolites under an acidic fluoride medium.  

Furthermore, we compare the acid site concentrations, types, and strengths of ZSM-5 obtained 

through IZT in the acidic medium with a conventional, basic-medium synthesized ZSM-5. The 

results show that IZT materials possess unique acidic properties in terms of the framework 

integrity, the amounts, and the strength distributions of Brønsted and Lewis acid sites, which 

lead to different performances in a typical acid-catalysed reaction, i.e., the dehydration of short-

chain alcohols. 

2. Experimental 

2.1 Materials and reagents 

All chemicals and reagents were used as purchased without further purification. They were 

tetrapropylammonium bromide (TPABr 98%, Sigma-Aldrich), hydrofluoric acid (HF 40% a.q., 

J&K Scientific Co., Ltd.), ammonium fluoride (NH4F 98%, Sigma-Aldrich), Ludox AS-40 

(40wt% SiO2, Sigma-Aldrich), TPAOH (25% a.q., Kente Catalysts Inc.), NaOH (AR, 

Sinopharm Chemical Reagent Co., Ltd), NaAlO2 (CP, Sinopharm Chemical Reagent Co., Ltd). 

Deionized water was used in all experiments.  

 

Four zeolite materials were chosen as the parents for IZT experiments: NH4-ferrierite, Zeolyst; 

zeolite H-beta, Sanbang Chemicals; H-mordenite, Nankai University Catalyst Co.; high-silica 

zeolite H-Y (USY, CBV 760), Zeolyst. The basic characterizations of these materials, including 

 

Scheme 1. The frameworks MFI, *BEA, FER, MOR and their respective composite 

building units (CBUs), where mor is a common CBU of these zeolites. 

 

 



XRD, SEM, and N2-adsorption isotherms, are detailed in the Supplementary Information in 

Figures S1-S3 and Table S1. 

2.2 Synthesis 

Synthesis of ZSM-5 via Inter-zeolite transformation: 1.5 g of the parent zeolite material, 

which had been calcined at 550oC for 6 h, was added into a solution of 1.019 g TPABr in 18 g 

deionized water. The mixture was stirred at room temperature for 3 hours to homogenize. Then 

0.457 g (40%) HF and 0.162 g NH4F were diluted with a small amount of water and added 

dropwise. Finally, the obtained slurry, which had a pH value of around 3.0, was transferred into 

a 50 mL Teflon-lined stainless-steel autoclave and subjected to hydrothermal treatment at 

160oC for 6 days. For the IZT of zeolite H-Y (USY), an additional series of experiments kinetics 

was performed, by varying the crystallization time between 1 and 18 days. After the 

hydrothermal treatments, the solid products were collected with vacuum filtration, washed 

thoroughly with deionized water until a near-neutral pH, and dried overnight at 60oC. 

Calcination of the samples was performed at 550oC for 6 h in air. The ZSM-5 samples were 

denoted as B-Z, F-Z, M-Z, and Y-Z, with zeolite beta, ferrierite, mordenite, and zeolite Y as 

the parents. The molar compositions of these syntheses were: 21 SiO2: Al2O3: 995 H2O: 4.3 

TPABr: 4.3 NH4F: 8.9 HF (B-Z), 18 SiO2: Al2O3: 870 H2O: 3.6 TPABr: 3.8 NH4F: 7.8 HF (F-

Z), 17 SiO2: Al2O3: 790 H2O: 3.6 TPABr: 3.4 NH4F: 7.1 HF (M-Z), 51 SiO2: Al2O3: 2400 H2O: 

10 TPABr: 10.4 NH4F: 21.7 HF (Y-Z), i.e., in general at ca. TO2: 0.2 TPABr: 0.2 NH4F: 0.4 

HF: 40 H2O. 

Synthesis of a reference ZSM-5 sample in basic medium: The initial gel had the molar 

composition 3.25Na2O：0.6Al2O3：30SiO2：958H2O：9TPAOH. At first, 0.1413 g NaOH, 

0.0656 g NaAlO2, and 4.8808 g 25% TPAOH were dissolved in 6.0317 g water. 3.004 g Ludox 

AS-40 was added dropwise. The mixture was stirred further at room temperature for 6 h. 

Nanosized silicalite-139 seeds (2% weight portion of SiO2) were added, and stirred for another 

30 min. The obtained mixture was transferred into a 50 mL autoclave, sealed, and heated at 

180oC for 2 days.  

2.3 Characterization 

Powder X-ray diffraction (XRD) data of all materials were collected using a PANalytical B.V. 

Empyrean powder diffractometer with Cu Kα radiation (λ = 1.5418 Å, 40 kV, 40 mA) over the 

range of 2θ = 4.0 − 40.0° with a scanning speed of 0.026° s-1.  

Thermogravimetric analysis (TGA) was carried out with a SHIMADZU DTG-60 thermal 

analyzer system in 30 mL·min-1 air flow with a heating rate of 10°C/min from 30 to 600°C.  

Scanning electron microscopy (SEM) data were acquired using a JEOL JSM7400F microscope 

and a MIRA-LMH (TESCAN) scanning electron microscope (SEM). Both of them are 

equipped with field emission guns. The Si/Al ratios of samples were determined by energy-

dispersive X-ray (EDS) analysis. 

Nitrogen adsorption measurements were performed using a Micromeritics ASAP 2040 

automated gas adsorption analyzer at 77 K. Calcined samples were outgassed at 300°C for 12 

h prior to analysis. The microporous volume (Vmic, cm3g−1) was obtained from the t-plot 

analysis based on the Harkins-Jura equation.  



Elemental analysis of Si and Al was performed using an Optima 3300 DV ICP-AES of Perkin-

Elmer. The powder sample was at first digested in a aqueous solutions of HF and HNO3/HCl, 

cooked with additional H3BO3 to remove the excessed HF, and diluted with water before the 

analysis.   

27Al and 29Si MAS NMR experiments were performed on Bruker AVANCE III 600 

spectrometer equipped with a 4 mm triple resonance probe operating at a resonance frequency 

of 156.4 MHz and 119.2 MHz, respectively. 27Al MAS NMR spectra were recorded using a 

small-flip angle technique with a pulse length of 0.5 μs (< π/12), a 1s recycle delay and a 

spinning rate of 14 kHz. 29Si MAS NMR spectra with high-power proton decoupling were 

recorded at a spinning rate of 10 kHz, a π/4 pulse length of 2.6 μs, and a recycle delay of 60 s. 

The chemical shifts of 27Al and 29Si MAS were referenced to 1 mol/L aqueous Al(NO3)3 and 

TMS, respectively. 19F MAS NMR was carried out at a resonance frequency of 564.5 MHz 

using a 4 mm HX double-resonance MAS probe at a spinning rate of 15 kHz. 19F MAS NMR 

spectra were recorded with a π/2 pulse length of 3.5 μs and a 10 s recycle delay. The chemical 

shifts were referenced to CFCl3. 

FTIR spectra of the zeolites’ framework vibrations were recorded on KBr pellets using Brucker 

Vertex 70V Spectrometer at a spectral resolution of 4 cm−1. The equipment, including the 

sample chamber, was evacuated to below 1 hPa. The in situ FTIR studies were performed on 

self-sustaining pellets of a density of 20 mg/cm2, which are enclosed in a gas-tight and heated 

cell with CaF2 windows. Spectra of the -OH vibrations were recorded under vacuum at RT after 

dehydration at 450oC for 30 min. Spectra of samples with adsorbed pyridine were recorded 

after exposure to pyridine vapor at RT, and evacuation at 100oC for 1 hour.   

NH3-TPD was carried out in a flowing system operating at atmospheric pressure. 100 mg 

sample (60-100 mesh) were loaded in a quartz tube of  = 4 mm, and dehydrated in 50 mL/min 

He at 350oC for 1 h; then NH3 was saturated at 100oC and flushed with He for 0.5 h. The 

temperature-programmed desorption was then performed at 10oC/min to 800oC. The amount of 

desorbed NH3 was recorded using a TCD. 

Catalytic tests were carried out in a plug-flow fixed-bed microreactor with a tubular quartz 

reactor of  = 5 mm operating at the atmospheric pressure. 200 mg catalysts (60-100 mesh) 

were loaded and dehydrated in 50 mL/min Ar low at 350oC for 0.5 h. The reaction tests for 

dehydration of methanol, ethanol, and 1-propanol were performed at various temperatures with 

feeds of 0.016 mL/min MeOH, 0.005 mL/min EtOH and 0.005 mL/min in 50 mL/min Ar (STP), 

respectively. The steady-state conversions and selectivity were taken from data collected using 

an online GC with an FID in 0.5 to 2.5 h time-on-stream. 

3. Results and discussion 

3.1 ZSM-5 crystal growth kinetics 

Four commercially available zeolites, i.e., zeolite H-beta, H-ferrierite, H-mordenite, and zeolite 

H-Y (USY), were chosen as the parent materials for inter-zeolite transformation in a strongly 

acidic fluoride medium. Their basic characteristics are shown in the Supplementary Information 

(XRD, SEM, and N2 sorption isotherms in Figure S1-S3 and Table S1, respectively). They all 

show good phase purity. The crystals of H-Y have a well-developed octahedral shape and have 



sizes around 1 µm; the other samples contain irregular agglomerates built up of smaller 

crystallites. The Si/Al ratios of the pentasil materials are about 10. The USY has a Si/Al ratio 

of 28. 

In the presence of TPABr and HF/NH4F in the slurries of pH ~3, all four parent zeolites 

transform to ZSM-5 under hydrothermal treatments at 160oC, but the transformation of H-Y 

shows obviously different kinetics from the other three pentasil-type zeolites. Figure 1a shows 

the XRD patterns of the recovered solid products after 6 days of hydrothermal treatments. It 

shows that the inter-zeolite transformations of the pentasil zeolites, i.e., from zeolite ferrierite, 

beta, and mordenite to ZSM-5, have completed in 6 days; while the 6-day product from H-Y 

just shows traces of MFI-type material. Upon prolonged time of hydrothermal treatment, H-Y 

can transform to ZSM-5, too. Figure 1b shows the XRD patterns of the solids recovered from 

1 to 18 days. SEM pictures of these products are shown in Figure 2. H-Y dissolves in the first 

3 days; it starts to crystallize on the 6th day; and the crystallization completes until the 18th 

day. SEM pictures in Figure 3 show the morphologies of the solid products at the 6th and 13 th 

days, revealing big crystals growing in the small particles of gels. (N2 adsorption/desorption 

isotherms in figure S5, and TGA in Figure S6 of the samples taken along the 18-day 

hydrothermal treatments in the Supplementary Information). It should be noted that the Si/Al 

ratio of the parent H-Y is even higher than that of pentasil samples. Hence, we exclude that it 

may play a role in the delayed synthesis. This result is strong proof that the framework topology 

of parent zeolite indeed influences the crystallization process. 

 

 

Control experiments without using a parent zeolite, starting instead from a freshly prepared 

amorphous hydrogels with Si/Al =10, 15 and 30, at pH = 3, do not produce pure ZSM-5 in 6 

days nor in 13-14 days. Instead, at Si/Al = 10, crystalline aluminium hydroxide fluoride was 

(Al(OH)1.5F1.5(H2O)0.375) obtained together with amorphous gels. At Si/Al = 15, AlF3 crystals 

appear together with badly crystallized MFI zeolite. At Si/Al =30, MFI zeolite becomes the 

main product in 14 days, but the aluminium hydroxide fluorid still appear (Figure S7). Pure and 

Al-rich ZSM-5 cannot be synthesized directly from amorphous gels at the presence of HF.  

 

Figure 1. Powder XRD patterns of the inter-zeolites transformation products obtained in 

the acidic medium after hydrothermal treatments at 160oC:  a) in 6 days using zeolite Y, 

mordenite, beta and ferrierite as the parents; and b) in 1 to 18 days using zeolite Y as the 

parent. 

 

 

 



Figure 4 shows the N2 adsorption/desorption isotherms of the inter-zeolite transformation 

products. They are Type I isotherms, showing similar micropore volumes of 0.15-0.16 cm3g-1, 

and BET specific surface areas close to 400 m2g-1. These characteristics correspond to a highly 

 

Figure 2. SEM images of the inter-zeolite transformation products in the acidic medium: 

(a,b) F-Z, ZSM-5 out of ferrierite; (c,d) B-Z, ZSM-5 out of zeolite beta; (e,f) M-Z, ZSM-5 

out of mordenite; (g,h) Y-Z, ZSM-5 out of USY. 

 

 



crystalline MFI-type zeolite. In terms of N2 adsorption amount and micropore volume, the 18-

day ZSM-5 product Y-Z is similar to the 6-day products out of the pentasil materials, B-Z, M-

Z, and F-Z, despite the different Si/Al ratios (Table 1). 

 

Figure 3. SEM images of the solid products in 6 and 13 days of the Y-Z experiment. 

The SEM pictures of the IZT products are shown in Figure 2.  ZSM-5 crystals obtained from 

the parent ferrierite (F-Z), zeolite beta (B-Z), and mordenite (M-Z) in 6 days are thin plates 

with short edges along the b-axis. The straight channel of MFI-type material is running along 

the b-axis. Thus, the obtained morphology is favourable for catalytic applications. We attribute 

the plate-like morphology to the presence of the fluorine ion in the system as was shown in a 

previous study.40 F-Z and B-Z plates exhibit a length around 2 µm. The length of M-Z crystals 

reaches ca. 5 µm, but many plates are broken. The 18-day Y-Z crystals show a different 

 

Figure 4. N2 adsorption/desorption isotherms of ZSM-5 obtained by the inter-zeolite 

transformation in the acidic medium: B-Z, out of zeolite beta; F-Z out of ferrierite; M-Z out 

of mordenite; Y-Z out of USY. 

 

 



morphology. They are much bigger with a size of ca. 20 µm in length, with high a/b aspect 

ratios. The different crystals size is a function of the number of nuclei in the system. Smaller 

crystals are obtained in systems with more abundant nucleation since crystallization stops with 

the exhausting of the nutrient pool. Our data show that the nucleation in the systems containing 

pentasil-type zeolites is more abundant and thus the ultimate crystals size smaller.  

In contrast, the number of viable nuclei is limited, and the ultimate crystal size is larger in the 

H-Y system. The crystal growth rate in the H-Y system is slower, which we attribute to the 

dissolved species which do not contain elements of pentasil structure. Consequently, the 18-

day Y-Z are bigger crystals with a size that is commonly seen in the fluoride medium synthesis 

of zeolites. Here the bigger crystals indicate a more complete dissolution of the starting source, 

bypassing the initial benefit of elements being well mixed by IZT. 

 

Regarding the inherently fast transformations of the parent pentasils to ZSM-5, and the retarded 

formation of ZSM-5 out of H-Y under the same conditions, it is critical that the parent zeolites 

retain some locally ordered fragments, including framework Al atoms, and incorporate them 

into the ZSM-5 product after their dissolution. 

3.2 Al siting and acidity of the inter-zeolite transformation products  

29Si and 27Al MAS NMR spectra of the inter-zeolite transformation products, and the reference 

ZSM-5 sample synthesized according to a traditional basic recipe (XRD in Figure S8 in the 

Supplementary Information), are shown in Figure 5.  

Unexpectedly, the 29Si MAS NMR spectra of the IZT-products show not-much better 

resolutions than the reference sample, only two broad Q4 (Si-(OSi)4) bands at ca. -114 and -112 

ppm, and a broad Q3 (AlO-Si-(OSi)3) band ca. -106 ppm are recognizable. The reference has 

similar Q4 signals and a broader band extending in the Q3 and Q2 region.41, 42 The high spectral 

resolution for MFI-zeolites synthesized in the acidic medium that is associated with highly-

ordered and defect-free crystal lattices,20, 21 is not attained for the IZT products. Only slightly 

better than the basic reference, the structures of the IZT products still contain disorders. The 

values of the framework Si/Al ratios cannot be reliably extracted from these spectra due to the 

limited resolutions. 

 

Table 1. Si/Al ratios and texture properties of the inter-zeolite transformation products in 

the acidic medium. 

Sample Si/Al 

SEM-

EDS 

Si/Al 

ICP-

AES 

SBET[m2g-1
] Vmicro[cm3g-1

] Yield/%a 

B-Z 16 22.7 391 0.15 78.7 

F-Z 18 20.2 379 0.16 87.3 

M-Z 17 21.8 374 0.16 78.0 

Y-Z 34 40.0 393 0.15 76.3 
a Yield% = mcalcined ZSM-5/mcalcined parent zeolite * 100 

 



27Al MAS NMR shows that the IZT products contain tetrahedrally bonded Al, similar to and 

better ordered than the reference, with chemical shifts at 56 and 53 ppm. Noteworthy, the 

products out of the pentasil-type parents have additional polymeric AlO6-octahedra showing a 

broad NMR peak at ca. -15 ppm. The portions of the peak are 2.6% in B-Z, 7.6% in F-Z and 

10.4% in M-Z. The presence of extra-framework aluminium is due to the fact that the Si/Al 

ratio on the zeolite sources used for IZT was about 10. The minimum Si/Al ratio for an MFI-

type zeolite synthesised with TPA+ is 23, which corresponds to 4 TPA+ cations in a unit cell of 

96 T-atoms. The IZT product out of H-Y does neither show this peak, which confirms that the 

excess alumina content in the initial zeolite is the reason for extra-framework aluminium 

species in B-Z, F-Z, and M-Z. 

In 19F MAS NMR spectra of the IZT products in Figure 5, three types of 3 types of fluorine 

atoms are recognizable among the spinning sidebands for the pentasils to ZSM-5 products: the 

one that occupies the well-known [415262] cage at -65 ppm,43 the one that are multiply and 

strongly bonded in Si-Fx at -122 ppm23, 44 and in Al-Fx at -150 ppm.45, 46 The latter two types of 

F atoms confirm the existences of not-fully 4-connected T atoms, and are in accordance with 

the FTIR and acidity characterizations in below paragraphs. The Y-Z product shows again a 

more complecated spectrum, showing the existences of more Si-Fx and Al-Fx species, i.e., a 

more distorted framework. 

Y-Z possesses a better connectivity of framework AlO4-tetrahedra than B-Z, F-Z and M-Z, but 

it has another kind of structural imperfection, as FTIR reveals in Figure 6a. Compared with the 

spectra in the framework vibrational region of the IZT products issued from the pentasils, for 

Y-Z the vibrations of the symmetric bending δ(O–Si–O) at 475 cm-1, δ (Si–O–Si) at 725 cm-1, 

the asymmetric stretching  ν (Si–O–Si) at 1100 cm-1, as well as the ring-breath vibrations which 

is typical for ZSM-5 at around 550 cm-1 are all obviously broader.47-49 The framework of Y-Z 

is distorted.  

The Si/Al ratios of the IZT-products have been analysed by ICP-AES and EDS methods, and 

are listed in Table 1. According ICP, the ZSM-5 products out of the pentasils have Si/Al ratios 

of ca. 20, Y-Z has ca. 40. All these values are higher than the respective parents. The 

corresponding values of EDS analyses are significantly lower than ICP, due to enrichments of 

Al atoms towards crystal shells.  

 

Figure 5. 29Si, 27Al and 19F MAS NMR of the inter-zeolite transformation products, in 

comparison with the reference ZSM-5 synthesized in a traditional basic medium. 

 



 

 

 

Figure 6. FTIR of the inter-zeolite transformation products: a) in the framework 

vibrational region; b) the -OH vibrations; c) the adsorbed pyridine; and d) the NH3-TPD. 

 

 

 

Figure 7. TGA curves of the inter-zeolite transformation products in the acidic medium. 



FTIR spectra of dehydrated B-Z, F-Z, and M-Z in the range of hydroxyl group vibrations 

(Figure 6b) show three sharp absorption bands: the surface silanol -Si-OH at 3740 cm-1, the 

distorted tetrahedra -Al-OH at 3660 cm-1, and the bridging -Al-(OH)-Si- at 3610 cm-1, i.e., the 

Brønsted acid sites.50 The reference ZSM-5 crystallized in the basic medium shows a more 

intense band at 3740 cm-1, a similar band 3610 cm-1, and a less intense band 3660 cm-1. The 

spectrum of Y-Z has similar bands at 3610 and 3660 cm-1. But its 3740 cm-1 band is extremely 

weak. Instead, it has a strong peak at 3700 cm-1, which is attributed to the surface terminal -Al-

OH and the internal silanols at the connectivity defects. The presence of a big portion of surface 

Al units, i.e., a serious enrichment of Al atoms at the external surface emphasizes different 

mechanism of the crystallization of ZSM-5 issued from H-Y in respect to the pentasil-type 

precursors. 

TG curves of the IZT products in Figure 7 are almost identical. From 425 to 520oC the weight-

losses corresponding to the combustion of TPA+ are between 10-11%. As mentioned above, to 

balance these cationic charges, an ideal ZSM-5 with the perfect lattice would have a Si/Al ratio 

of 24 to 27, values touching the limits of the highest Al amount that |TPA+|-ZSM-5 can 

accommodate. The analyzed values in Table 1 are lower than the theoretical values according 

to the ideal lattices for the products out of the pentasil-type parents, revealing again the 

existence of extra-framework Al-species. The ZSM-5 product out of H-Y has a Si/Al ratio 

higher than the ideal calculation. In this case, framework defects take part in the charge balance, 

together with F- ions in the cages and the frameworks. 

The acidity of the IZT products has been studied by pyridine adsorption under FTIR (Figure 

6c), and by NH3-TPD (Figure 6d). The results are compared with the reference samples 

synthesized in the basic medium. The absorption band at 1545 cm-1 is related to the pyridinium 

ion (HPy+) coordinated to Brønsted acid sites (BAS), while the band at 1450 cm-1 corresponds 

to the pyridine (LPy) coordinatively bonded to Lewis acid sites (LAS). The band at 1490 cm-1 

is the superposition of the bands of pyridine on Brønsted and Lewis sites.51, 52 NH3-TPD shows 

the strength distributions of these acid sites. Quantitative analysis of the pyridine-adsorbed 

FTIR spectra and NH3-TPD results are summarized in Table 2.  

There are obvious and fundamental differences between the IZT products, especially the ones 

out of the pentasil parents, and the reference ZSM-5. First, the total amounts of acid sites 

 

Table 2. Acidic characteristics of the inter-zeolite transformation products and the basic 

medium synthesized reference sample. 

Sample LASa 

/mmol/g 

BASa 

/mmol/g 

Totala 

/mmol/g 

Strongb 

(%) 

Weakb 

(%) 

B-Z 0.2198 0.7526 0.9724 49.03 50.97 

F-Z 0.2232 0.6497 0.8729 48.74 51.26 

M-Z 0.1711 0.4444 0.6155 48.54 51.46 

Y-Z 0.0790 0.2070 0.2860 44.00 56.00 

Ref. 0.0168 0.2721 0.2889 42.99 57.01 
a FTIR spectra of adsorbed pyridine. 
b NH3-TPD. 

 



accessible to pyridine are significantly larger in the IZT products out of the pentasils than in the 

reference ZSM-5. Especially, the former ones have 10 times more LAS than the reference, 

which implies the existence of significant amounts of extra-framework alumina species in the 

IZT products.  A large amount of LAS in the material is negative from the viewpoint of structure 

integrity. It comes from the fact that we used precursors with Si/Al ratio lower than that |TPA+|-

ZSM-5 could accommodate in the framework. And the excess Al amounts may be entrapped 

in the product zeolite cavities. Second, the strength distribution of the acid sites between two 

types of materials is different, too. When we divide the NH3-TPD curves into two peaks at 205 

and 415oC for the weak and strong sites, respectively, the pentasil IZT products have ca. 50/50 

distribution, while the reference ZSM-5 has a ratio of weak and strong acid sites at 57/43. B-Z 

has more BAS than F-Z and M-Z, while LAS amounts are similar among the three inter-zeolite 

transformation products. This result might be due to the more favorable configuration of Al-

containing species issued from zeolite Beta, where further experimental proof is required to 

confirm this hypothesis. The acidity of the Y-Z sample assimilates more like the basic medium 

synthesized reference rather than the pentasil IZT products. It has a similar total acid amount 

to the reference sample, and a slightly higher portion of LAS, due to defects rather than extra-

framework Al-species. 

Summarizing FTIR, NH3-TPD, and NMR results, the IZT ZSM-5 out of the pentasil parents 

have much more and stronger BAS than the reference material because of their higher 

crystallinity; and much more LAS, because they have ineligible amounts of extra-framework 

alumina. These unique features of unusual acidity may find specific catalytic applications in 

the future. In contrast, The ZSM-5 made from H-Y by longer hydrothermal treatment possesses 

a similar amount of acid sites as the reference, but the portion of LAS is slightly higher because 

of the framework torsions and defects.  

3.3 The catalytic properties of the IZT products in alcohol dehydration reactions 

The impact of different acidity of the IZT ZSM-5 materials was tested in the alcohol 

dehydration reactions (Figure 8). Methanol dehydration between 100 and 160oC over zeolites 

yields dimethyl-ether as a single product (Figure 8a). The reaction rate should be proportional 

to the total amount of acid sites. In Figure 10, this rule is approximately obeyed by the IZT 

products out of the pentasils: the conversions of MeOH are following the order of B-Z ~ F-Z > 

M-Z, parallel to the order of the respective acid site concentrations of these materials. However, 

compared to the reference ZSM-5 synthesized in a traditional basic medium with significantly 

fewer acid sites, the MeOH conversion also falls in the same range. It is envisaged that other 

factors, such as crystal sizes and morphology, framework integrity, and related surface 

hydrophilicity/hydrophobicity, play roles in the experiments. Y-Z has the lowest activity 

because it has the least amount of acid sites, especially the least amount of strong acid sites. 

At 200oC, ethanol dehydration products are ethene and ethyl-ether. Figure 8b illustrates the 

steady-state conversion of ethanol and the corresponding ethene selectivity. The reference 

ZSM-5 exhibits 100% conversion and 87% ethene selectivity. B-Z, F-Z, and M-Z have 

significantly lower activity at their steady states (37%, 82%, and 48%, respectively), with 

slightly lower ethene selectivity (67%, 82% and 86%). Y-Z has a moderate activity (X=73%) 

but a significantly lower ethene selectivity (31%). The main product over Y-Z is ethyl-ether. It 

is plausible to consider that the strong sites of the IZT products become coked at the initial 

stages of the reaction, and the pores are blocked irregularly.  



The dehydration of propanol at 180oC behaves similarly over these materials. The dehydration 

products include di-n-propyl-ether and propene. Figure 8c shows the propanol conversion and 

propene selectivity. The reference ZSM-5 has 100% propanol conversion and 68% propene 

conversion. The pentasil IZT products show around 60% propanol conversion, and the propene 

selectivity is 61% for B-Z, 50% for F-Z, and 47% for M-Z. Y-Z has a 100% conversion, the 

ether selectivity of ca. 93%. The stronger acids experience fast deactivation upon contact with 

the higher alcohol. 

 

 

4. Conclusions 

The transformation of zeolite H-Y, H-beta, H-ferrierite, and H-mordenite into ZSM-5 in a 

strongly acidic fluoride medium was achieved. Highly crystalline products with Si/Al 

framework ration close to 20 were obtained. Much slower transformation kinetics has been 

observed for the case of high-silica USY than in the pentasil type precursors. The different 

crystallization behavior is attributed to the impact of the parent zeolite framework topology. 

The pentasil-type zeolites, *BEA, FER, MOR, possessing similar structural units to the MFI, 

transform rapidly and generate highly crystalline nano-plates. During the dissolution the 

common structure units contribute to an inherently fast nucleation. Furthermore, at least a part 

of the structured linkages containing -Si-O-Al- units are retained during the recrystallization 

process. In contrast, the FAU-type material lacking a common building unit with the target 

must be dissolved deeper into smaller pieces, which undergo slower nucleation and growth.  

The acidic properties of the IZT products from the pentasil parents obtained in an acidic 

medium display significant differences from the traditional ZSM-5 with similar Si/Al ratios in 

the concentration, strength, and types of the acid sites. They have much more and stronger BAS 

than their traditional basic medium synthesized counterparts because of their more ordered 

crystal lattices. Also, they exhibit much more LAS, because they have ineligible amounts of 

extra-framework alumina. The ZSM-5 out of USY has a similar amount of acid sites to the 

traditional ZSM-5, where LAS has a higher portion due to lattice detorsion and defects. These 

unique features of the unusual acidity may find specific catalytic applications in the future. 

Tests in alcohol dehydration reactions unveil catalytic behaviors different from a conventional 

ZSM-5. 

 

Figure 8. The catalytic performances of the inter-zeolite transformation products, in 

comparison with the traditional basic reference: a) methanol to dimethyl-ether at 100-160oC; 

b) ethanol to ethene and ethyl-ether at 200oC; and c) propanol to propene and dipropyl-ether 

at 180oC. 
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