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Abstract

All-silica, boron and boron-aluminium substituted MFI-type zeolites were prepared. Different 

amounts of boron were added to the starting reaction mixtures to investigate their influence on 

the properties of the obtained zeolites. A comprehensive characterization of the materials was 

conducted using various techniques: X-ray Diffraction (XRD), nitrogen physisorption, 

Scanning Electron Microscopy (SEM), infrared (IR), Nuclear Magnetic Resonance (NMR) 

spectroscopy,  thermogravimetric analysis (TGA) as well as microcalorimetry accompanied 

by ammonia adsorption. The MFI topology and crystallinity is conserved regardless the 

amount of heteroatoms that occupied different local environments, while the morphology of 

the crystals, their thermal stability, and their acidity differ considerably. For instance, boron 

assuming both tetrahedral and trigonal coordination, affect the interactions of the framework 

with both the organic structure directing agents (OSDA) and ammonia species giving rise to 

detectable differences in acidity.
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Introduction

Partial isomorphous substitution of silicon with tri- and tetravalent atoms in zeolite 

framework tetrahedral positions (T-atoms) is an effective method for modification of zeolites’ 

properties and their performance as catalysts [1]. Properties of obtained zeolites are closely 

related to the nature, amount and location of the incorporated atoms. While Al3+ is the main 

substituent of Si4+ in tetrahedral positions within the zeolites’ frameworks offering an acidic 

character to zeolite-based catalysts due to the protons equilibrating the negative charges, B3+ 

is usually used when a milder acidity is needed for specific catalytic applications [1, 2]. Thus, 

the substitution of Si with B was achieved in different zeolite frameworks, e.g. B-ZSM-5 [3, 

4], B-BEA [4], B-SSZ-13 [4, 5]. The strength of the acid site, i.e. easiness of the detaching of 

proton is intimately related to the strength of the interaction between trivalent framework 

atoms and neighbouring oxygen atoms connected to the acidic hydroxyl group known as 

Brønsted acid sites [4, 6, 7]. Thus, zeolites incorporating boron usually have lower acidity 

compared to their gallium or aluminium counterparts, in order B < Ga < Al [1, 6, 8, 9]. Boron 

substituted zeolites are therefore used in the reactions demanding lower acidity as, for 

example the oxidative dehydrogenation of alkanes to olefine [10-12] and the methanol to 

olefin conversion [13, 14].

The geometrical configuration of boron in zeolites’ frameworks may be trigonal or 

tetrahedral depending on (i) the hydration degree and the stability of B3+ in tetrahedral 

configuration, (ii) the availability of compensating cations like sodium, lithium or ammonium 

in the vicinity of boron [15], and (iii) the calcination procedure applied[16]. The presence of 

Na+ stabilizes the tetracoordinated configuration of boron due to favourable electrostatic 

interactions leading to the formation of Na+‧‧‧B(OSi)4- adduct [5, 16, 17]. However, it was 

found that for successful incorporation of tetrahedrally coordinated boron in the MFI structure 

from alkaline reaction mixture containing TPA+ and Na+, the presence of TPA+ is mandatory, 

due to the geometrical specificity between TPA+ and MFI topology as well as to the specific 

boron building units formed in the presence of TPA+ which can be then successfully involved 

in the condensation processes. This is not observed when solely Na+ cations are present in the 

reaction mixture [18, 19], yet the presence of Na+ favours the condensation processes. 

Moreover, it was shown that TPA+/Na+ ratio in the synthesis mixture dictates the relative 

populations of tetrahedral and trigonal boron sites in the zeolite framework [15].  

On the other hand, the removal of the organic cation from the zeolite structure by 

calcination in air leaves protonated zeolite promoting the disconnection of tetracoordinated 
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boron atoms into trigonal framework-associated and/or the complete leaching into extra 

framework boron species [15, 17, 20, 21]. Upon calcination, the protonic form of boron 

zeolites is very sensitive to the presence of water, the hydrolysis of B-OSi bonds happens 

even when zeolites are exposed to humidity at room temperature. The hydrolysis gives rise to 

a variety of boronous species that may keep a partial connection with two or three oxygen 

bridges in the framework depending on the degree of hydrolysis and the partial humidity [12, 

17]. Process finishes by boron leaving the framework as trigonal B(OH)3 extra framework 

species [17, 22].

Therefore, to remove boron from zeolite framework rather moderate post-synthesis 

treatments could be applied, slurry of water or mildly acidic solutions, which is less harsh 

than conditions usually applied for dealumination [23]. Deboronation process consists of 

displacing tetrahedral boron atoms from the lattice positions and induces the generation of 

silanol defects known as hydroxyl nests in the zeolite framework [16]. In contrast to the 

defects present in as synthesized silicalite-1 that arise from the charge compensation process 

[24], which may condense upon calcination, the defects formed by deboronation of the 

calcined boron containing materials are stable and they may be used to tune the catalytic 

activity, hydrophilicity, and functionalization of zeolites [16, 25, 26]. Namely, hydroxyl nests 

formed by deboronation could be repopulated by other metal cations that are not possible to 

incorporate into the zeolite framework, or at least not at defined positions within zeolite 

framework, under hydrothermal conditions in basic medium, which therefore provides 

opportunities to tune the acidity and optimize zeolite catalytic performance [7, 27, 28]. From 

previous works reported in the literature, it can be concluded that boron substituted zeolites 

are materials that, apart from their acidic properties, are suitable to the incorporation of 

heteroatoms in zeolites, serving as transitional forms for obtaining zeolites with pre-designed 

properties.

Based on previously mentioned tremendous properties, boron substituted zeolites 

represent important and promising materials for comprehensive investigation. Therefore, in 

this work, we have explored in detail the influence of boron incorporation on the structural 

properties of MFI zeolites.

Experimental
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Four syntheses mixtures with a molar composition 60 SiO2 : X B2O3 : Y Al2O3 : 2.5 

Na2O : 8 TPABr : 800 H2O, were prepared using fumed silica (SiO2, 99.8%, Sigma Aldrich), 

boric acid (H3BO3, 99.8%, Sigma Aldrich), aluminium hydroxide (Al(OH)3, pure, Kemika), 

sodium hydroxide (NaOH, 98%, Kemika), tetrapropylammonium bromide (TPABr, 98%, 

Sigma Aldrich), and deionized water. Different scenarios were explored varying X and Y 

values for the 4 samples denominated accordingly as follows: S-B0Al0 (X = 0, Y = 0) ; S-

B1Al0 (X = 1, Y = 0) ; S-B2Al0 (X = 2 , Y = 0) ; S-B2Al2 (X = 2 , Y = 2).

Typically, appropriate amounts of NaOH and TPABr were first dissolved in water. 

Then, when needed, boric acid and aluminium hydroxide were added to the solution before 

adding fumed silica. The gels obtained were transferred into Teflon-lined metallic autoclaves 

and heated in oven at 150 °C for 5 days. The obtained solids were separated, washed with 

water, dried at 80 °C overnight and calcined at 550 °C for 5 hours. The samples were 

characterized by X-ray diffraction (XRD), Scanning Electron Microscopy (SEM), Nuclear 

Magnetic Resonance (NMR), Fourier transform Infrared (FTIR), N2 sorption, 

thermogravimetric analyses (TGA) and microcalorimetry/volumetry of ammonia adsorption 

as described below.

For X-ray diffraction measurements Rigaku Ultima IV diffractometer in Bragg-

Braentano geometry, with Ni filtered CuKα radiation (λ=1.54178 Å) was used. Diffraction 

data were acquired over the scattering angle range 2θ from 2° to 70° with a step of 0.02° and 

acquisition rate of 1°/min. 

The morphology of the samples was investigated by scanning electron microscope 

JEOL JSM-6390LV. Prior to the SEM observations, the powders were coated with gold to 

minimize charging. 
11B and 27Al NMR spectra were acquired at 160.4 and 130.3 MHz on a Bruker Avance 

III-HD 500 (11.7 T) using a Magic Angle Spinning (MAS) 4.0-mm outer diameter probehead 

rotating at 12 kHz. Single pulse experiments were used setting the nutation frequencies at 74 

and 60 kHz respectively. π/4 and π/6 pulses were used to ensure a quantitative acquisition 

regardless the environment of the nuclei. Recycle delays of 2 seconds and 1 second were used 

respectively acquiring 256 and 148 scans. The chemical shift references used were set using 

saturated aqueous solutions of H3BO3 (20 ppm) and Al(NO3)3 (0 ppm).

FTIR spectra were collected using IRAffinity-1 (SHIMADZU) spectrophotometer; 2 

mg of sample was pelletized in 200 mg of KBr (Fisher Scientific); for each spectrum 100 

scans were collected with 4 cm-1 resolution. 
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Low temperature nitrogen adsorption/desorption experiments were conducted using a 

Belsorp Mini X apparatus. Prior to adsorption, the samples were evacuated in situ at 400 ⁰C 

for 4 h. Specific surfaces were calculated using BET method, according to the Rouquerol 

correction [29] for microporous materials, ISO 9277. Microporous and mesoporous surfaces 

and volumes were determined using t-plot method.

Thermal analyser STA 6000 (PerkinElmer, Inc.) was deployed for performing 

thermogravimetric analysis of the powder samples. Solids were charged in alumina crucibles 

and heated at rate of 5 °C min−1 from room temperature to 800 °C purging at a flow of oxygen 

gas of 30 mL min−1.

Acidity was determined using microcalorimetry of ammonia adsorption. Adsorption 

heats were measured in a heat-flow microcalorimeter of the Tian-Calvet type (C80 Setaram), 

linked to a calibrated glass volumetric line. Experiments consisted of admitting small doses of 

NH3 to the sample. Evolved heats and amounts of adsorbed gas were simultaneously 

determined per each dose, at 150 °C. Samples were pre-treated in vacuum, overnight, at 400 

°C.

Results and discussion

XRD analysis

Figure 1 presents the diffraction patterns of the four calcined samples. They correspond 

to crystalline MFI-type zeolites without any amorphous species [14, 30, 31]. The Pn21a space 

group of calcined heteroatom-containing MFI-type zeolites is usually giving rise to a splitting 

of the peak 24° 2θ [26, 32-36]. Such splitting may be an indication of heteroatom 

incorporation in the zeolite framework [7, 34, 36]. Therefore, the splitting of diffraction peaks 

at about 24.4° 2θ in diffractograms for samples S-B1Al0, S-B2Al0 and S-B2Al2 (Figure 1 

and enlarged in Figure 2), indicate a successful incorporation of boron (samples S-B1Al0 and 

S-B2Al0) and boron and aluminium (sample S-B2Al2) into silicalite framework. 
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Figure 1. X-ray patterns of samples: a) S-B0Al0, b) S-B1Al0, c) S-B2Al0 and d) S-B2Al2

In Figure 2, a shift of peak positions to higher 2θ values is also noticed, and connected 

to the decrease of d-values, which thus points to the zeolite unit-cell contraction identified for 

samples S-B1Al0, S-B2Al0 and S-B2Al2 [36]. This decrease exhibits another evidence of 

boron’s presence in the zeolite framework and arises due to smaller size of boron atom and 

shorter B-O bond length (1.46 Å) as compared to Si-O (1.61 Å) and Al-O bonds (1.67 Å), as 

well as consequent decrease of Si-O-B bond angles [36-38].
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Figure 2. Enlarged part of XRD diffractograms of the studied series of samples shown 

in the Figure 1 in the region from 22.5 to 25° 2θ

N2 physisorption

Nitrogen physisorption isotherms (Figure 3, Table 1) of all samples exhibit profiles 

typical for MFI-type materials with rather similar value of micropore volume (ca. 0.15 cm3/g) 

in line with their high crystallinity degree [39, 40]. Nevertheless, the curves of each respective 

sample differ in character from nearly type Ib isotherm of the sample S-B2Al2 via type IVa 

isotherm of S-B2Al0 and S-B1Al0 to a two-hysteresis type IVa curve of the all-silica 

material. Type IVa isotherms of S-B2Al0 and S-B1Al0 with type H5 hysteresis loops 

indicates assemblies of pores having both open and partially blocked mesopores. Type Ib 

isotherm of S-B2Al2 suggests that the material possesses wider micropores and possibly 

narrow mesopores (< ∼ 2.5 nm) [41]. The two H4 hysteresis loops of S-B0Al0 arise due to 

the capillary condensation in pores of different sizes as the inflection point positions are 

related to the dimensions of the pores, lower the p/p0 value, smaller the pore diameter. Such 

loops are typical with aggregated crystals of zeolites.
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Figure 3. Nitrogen physisorption isotherms of the studied series of samples

Table 1. Textural parameters of the studied series of samples
SBET (m2/g)a Sext (m2/g)b Vmicro (cm3/g)b Vtot (cm3/g)c

S-B0Al0 372 18 0.159 0.205
S-B1Al0 406 27 0.158 0.190
S-B2Al0 391 19 0.148 0.173
S-B2Al2 383 20 0.149 0.171

                              aBET surface, bfrom t-plot, c at p/p0=0.99

SEM analysis

The particle morphologies of the samples are shown on SEM micrographs in Figure 4. 

The particles of the sample S-B0Al0 (Figure 4a), obtained from the parent reaction mixture, 

i.e. boron- and aluminium-free, have characteristic MFI-type intergrown morphology with 

crystal size of about 6 μm. With the addition of boron into the reaction mixture for the sample 

S-B1Al0 (Si/B=30, Figure 4b), the particles become more rounded, but the crystal sizes 

remain quite similar to the sample S-B0Al0. With further increase of the boron amount in the 

reaction mixture (Si/B=15, sample S-B2Al0, Figure 4c), particles become large spherical 

polycrystalline aggregates with size of about 17 μm, composed of many intergrown domains. 
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Figure 4. SEM of samples: a) S-B0Al0, b) S-B1Al0, c) S-B2Al0, d) S-B2Al2. In all 
micrographs bar is 5 μm.

When both aluminium and boron were present in the reaction mixture (Si/B=15, 

Si/Al=15), the obtained spherical crystals of the sample S-B2Al2 (Figure 4d) have size of 

about 16 μm, with combined smooth and polycrystalline surface domains. In addition, Figure 

4  shows that by simple change of Si/B ratio in the reaction mixture it becomes possible to 

influence the size and shape of the obtained zeolite particles, which is in agreement with 

literature data [7, 42].

NMR analysis

Figure 5 shows 11B NMR spectra representing the local structure of boron atoms in 

samples S-B1Al0, S-B2Al0 and S-B2Al2. The spectrum of the sample S-B1Al0 (Si/B=30) 

shows two overlapped narrow peaks at -2.2 and -0.7 ppm. On the other hand, the sample S-

B2Al0 (Si/B=15, Figure 5b) exhibits a broad line around 18 ppm besides a narrow peak of 

high intensity at -2 ppm. A peak at 2 ppm is also observed in S-B2Al2 (Si/B=15, Si/Al=15) 

but with lower intensity compared to the samples S-B1Al0 and S-B2Al0. In addition, for the 

sample S-B2Al2, the 27Al NMR spectrum shows broad bands at 60, and 0 ppm 

corresponding to tetrahedrally coordinated and extra framework aluminium species, 

respectively [22]. 
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Figure 5. 11B NMR spectra for samples: a) S-B1Al0, b) S-B2Al0, c) S-B2Al2; and 27Al NMR 

spectrum for sample d) S-B2Al2

Narrow peaks of tetrahedrally coordinated framework boron in zeolites are usually 

observed between -1.3 to -6 ppm [16, 21, 38, 43]. Framework associated boron species 

containing one or more -OH bonds are observed in the same region, also being tetrahedral [5, 

12, 22, 44]. The two peaks found in the sample S-B1Al0 could be interpreted as two 

tetrahedral environments of boron in the MFI framework composed of 24 non-equivalent 

tetrahedral sites when adopting the Pn21a symmetry [22]. Extra-framework trigonal boron 

units, BO3, exhibit broad lines at around 20 ppm [12, 22, 43, 44], thus, the peak observed at 

18 ppm in the sample S-B2Al0 is assigned to extra-framework trigonal boron species as 

B(OH)3 [5, 12, 22, 45].

As already mentioned, upon the calcination in oxidizing environment, a part of 

framework boron could be transformed into trigonal and/or extra-framework boron species 

[20]. In addition, the proportion of trigonal and tetrahedral boron also depends on the 

hydration status of the sample. However, the stability of framework boron in both cases is 

influenced by the presence of Na+ [5, 21, 38, 43]. Therefore, the presence of tetrahedral and 
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trigonal boron signals in NMR spectra of samples S-B2Al0 and S-B2Al2 can be connected to 

the presence of Na+ in the starting reaction mixture. 

FTIR analysis

IR spectra of all samples are shown in Figure 6. Basic vibrations of the TO4 tetrahedra 

in the region from 1400 cm-1 to 450 cm-1 reflect zeolite framework structure [46]. These 

vibrations can originate from internal tetrahedron vibrations as well as from the external 

connections between tetrahedra. 

Figure 6. FT-IR spectra of the samples S-B0Al0, S-B1Al0, S-B2Al0 and S-B2Al2

All characteristic vibrations for MFI-type zeolite structure can be clearly distinguished 

in all samples. The band at 450 cm-1 can be connected to the internal T-O bending. The peak 

at 550 cm-1 can be ascribed to double 5 ring vibration (pentasyl units) and is usually taken as 

fingerprint of the fully crystalline MFI structure [47]. Furthermore, bands in the region from 

550 to 650 cm-1 could be ascribed to the vibration of double rings in the zeolite framework 

[48, 49], more precisely for the MFI structure, to the vibration of pentasyl units with different 

number of (five membered rings) components [47, 50]. The band at 790 cm-1 can be ascribed 

to the symmetric T-O stretching vibration. Further, a broad peak at 1000-1300 cm-1 is 

connected to the asymmetric T-O-T stretching [51]. This broad peak consists of band at about 

1220 cm-1, which is also characteristic for zeolites with pentasyl framework units [48], and 

doublet at about 1030 cm-1 and 1100 cm-1 [52]. The doublet is more pronounced in samples S-
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B0Al0 and S-B1Al0 and diminishes in the samples S-B2Al0 and S-B2Al2, which can be 

connected to the change in sizes of crystals [52]. 

The presence of boron in the zeolite structure is usually indicated by framework 

vibrational modes in the range 1400-700 cm-1 [43, 53]. A very weak band at 1390 cm-1 can be 

observed for the samples S-B2Al0 and S-B2Al2, ascribed to the asymmetric stretching 

vibration of B-O of the [B(OSi)3] unit [53]. Furthermore, in the spectrum region from 850 to 

about 940 cm-1 (Figure 6), a very weak and broad shoulder can be detected for the samples S-

B1Al0, S-B2Al0 and S-B2Al2, which could be connected to the hydroxylated [BO3OH]- or 

[BO2(OH)2]- units adjacent to SiO4 tetrahedron [53]. In addition, there is a very pronounced 

peak for samples S-B2Al0 and S-B2Al2 at about 970 cm-1. This peak is ascribed to the 

perturbation of SiO4 tetrahedra which can be induced by isomorphous heteroatom insertion 

into framework, by the presence of neighbouring Si vacancies or by the strong interaction of 

extra framework cations and framework [26, 51, 54]

In borosilicate glasses, vibrations in this range are connected to the stretching 

vibrations of structural groups, which contain BO4 units [55]. Taking in account very low 

intensity of 1390 cm-1 peak in samples S-B2Al0 and S-B2Al2, and NMR spectra for those 

two samples showing tetracoordinated boron signals it could be presumed that diminishing of 

the band at 1390 cm-1 occurs due to the interaction of boron with water, which consequently 

causes transformation of trigonal into tetracoordinated boron units [56]. Such an interaction 

demands presence of silanols in adjacent position, which have stretching vibrations at about 

960 cm-1 [1, 43, 56]. In addition, the presence of sodium cations in boron vicinity stabilising 

its tetrahedral coordination could contribute to this strong peak as well [51]. 

Very weak bands at 670 cm-1 in samples S-B2Al0 and S-B2Al2 can be ascribed to the 

symmetric bending vibrations of Si-O-B bond [14, 31]. The absence of the weak shoulder at 

about 1390 cm-1 and the presence of strong peaks at about 970 cm-1 and 670 cm-1 as well as 

weak broad shoulders at 850 and 940 cm-1 in the IR spectrum of the sample S-B1Al0, indicate 

the tetracoordinated environment of boron atoms present near SiO4 tetrahedra [53, 57]. This is 

in accordance with the tetracoordinated boron signal observed in the NMR spectrum (Figure 

5a).  

TGA analysis

Thermal properties of investigated samples are shown in the Figure 7. TG curve for 

the sample S-B0Al0 (Figure 7, black line) shows pronounced weight loss in the temperature 
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interval from 360 to 450 °C, connected to the TPA+ degradation. Two DTG peaks (Figure 7 

inset), a strong sharp peak at 397 °C and a broad peak with maximum at about 440 °C, could 

be ascribed to the different stages of the decomposition and elimination of TPA+ [58, 59] 

bonded to the crystal defects in that sample [59-62]. The weight loss ascribed to TPA+ 

removal for S-B0Al0 is 11.5%. 

Thermal properties of samples S-B1Al0, S-B2Al0 and S-B2Al2 with incorporated 

boron/boron and aluminium atoms in the zeolite structure show different characteristics as 

compared to the parent S-B0Al0 sample. For samples S-B1Al0 and S-B2Al0 the TG/DTG 

curves show relatively slow weight loss up to 360 °C, i.e. broad and weak shoulder in the 

temperature interval from about 150 to 360 °C (Figure 7, red and green lines, respectively). 

This weight loss could be partially ascribed to the dehydration due to presence of hydrated 

Na+ cations [61, 63] but mostly to the degradation of TPA+ [58]. 

Figure 7. TG and DTG (inset) results for samples S-B0Al0, S-B1Al0, S-B2Al0 and S-B2Al2

Further pronounced weight loss from 360 to 450 °C is ascribed to further removal of 

confined TPA+. The DTG curves maxima are at about 420 °C for the sample S-B1Al0 and 

430 °C for the sample S-B2Al0, while the profile suggests that the degradation and 

elimination of framework TPA+ proceeds slower compared to the samples S-B0Al0 (Figure 7, 

inset, black line) and S-B2Al2 (Figure 7, inset, blue line). The weight loss ascribed to TPA+ 

removal for the sample S-B1Al0 is 10.22%, while for the sample S-B2Al0 is 9.95%. 

The TG curve for the sample S-B2Al2 (Figure 7, blue line) has specific shape different 

from other samples, characterized by marked weight loss step at about 200 °C. In this sample 

both boron and aluminium atoms are incorporated in the zeolite framework, which likely 
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reflects in noticed specific thermal effect at about 200 °C due to their properties. Further 

weight loss connected to the TPA+ removal from the framework starts at about 400 °C. DTG 

curve (Figure 7, inset, blue line) shows strong and sharp peak with maximum at about 433 °C. 

The weight loss in S-B2Al2 due to the TPA+ removal is 8.88%.

Endothermic peaks maxima are observed for the samples S-B1Al0, S-B2Al0 and S-

B2Al2 (Figure 7, inset) at 420 °C, 430 °C and 433 °C, respectively. They are shifted to higher 

temperatures compared to the sample S-B0Al0 for which, the maxima is observed at 400 °C. 

While in the sample S-B0Al0, the TPA+ cation charge is balanced by the siloxy groups, in the 

samples S-B1Al0, S-B2Al0 and S-B2Al2 the negative compensating charge is brought by 

trivalent atoms present in the framework [58, 60]. Due to the fiercer interaction with trivalent 

T-atoms, TPA+ is strongly interacting with the framework, which consequently shifts the 

TPA+ degradation to higher temperature [37, 60]. 

In addition, the features of DTG curves for the samples S-B1Al0, S-B2Al0 and S-

B2Al2 indicate that the degradation of the TPA+ proceeds slower and over longer temperature 

interval for the samples S-B1Al0 (Figure 7 inset, red line) and S-B2Al0 (Figure 7 inset, green 

line). The degradation is accelerated in sample S-B2Al2, suggested by strong and sharp DTG 

peak (Figure 7 inset, blue line), which could be connected to the nature and the amount of the 

incorporated T-atoms influencing TPA+-zeolite interaction.

Acidity 

The acidic properties of the samples were evaluated in terms of amount and strength of 

acid sites. Using coupled microcalorimetry and volumetry of ammonia adsorption, 

calorimetric curves i.e. profiles of differential heats vs. uptake, were recorded, Figure 8. As 

expected, the sample S-B0Al0 (silicalite) exhibited negligible acidity, a very small amount of 

acid sites, all of them being very weak, with strengths below 30 kJ/mol. Upon boron 

introduction (samples S-B1Al0 and S-B2Al0), a pronounced increase in acidity was detected, 

characterized by much larger amounts of acid sites and a significant increase of the sites’ 

strengths. Although boron content is higher in S-B2Al0, the difference in acidity is small, 

especially in the domain of strong sites, where the two calorimetric curves are almost 

identical. The addition of Al to the synthesis mixture resulted in a more puzzling effect. While 

the idea behind simultaneous incorporation of B and Al was to evaluate the possibility of 

controlling the amount and strength of acid sites, adding Al resulted in reduced acidity. It 
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seems that boron has a significant impact on the mechanism of Al incorporation and 

formation of Al-related acid sites. In the presence of boron, the addition of aluminium to the 

structure does not lead to an increase in the number and strength of the acid centers. Although 

the true nature of this effect remains unclear, the influence of boron on aluminium 

incorporation in ZSM-5 has been reported, in terms of preferential location of B and Al in the 

zeolite network [28]. The results of the microcalorimetric experiments presented here clearly 

indicate that boron and aluminum have occupied such positions in the structure of the samples 

that these zeolites show only medium and weak acidity. This is due to the low amount of 

tetrahedral Al incorporated in the sample compared to extra-framework Al leading to the lack 

of very strong acid sites, as usually found in ZSM-5 zeolites. As presented in Figure 9, no 

sites with Qdiff > 120 kJ/mol were detected. The strengths in S-B1Al0, S-B2Al0 and S-B2Al2 

can be classified as being of medium strength (120 kJ/mol ˂ Qdiff ˂ 80 kJ/mol) or weak (80 

kJ/mol ˂ Qdiff ˂ 40 kJ/mol). Taking all of those findings in account it can be concluded that 

the incorporation of boron into zeolite framework is a complex process due to various 

simultaneous events occurring during the preparation process leading to the materials with 

specific properties.

Figure 8. Calorimetric curves of ammonia adsorption on the studied series of samples.
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Figure 9. Distributions of strength of acidic sites.

Conclusions

In this work, we conducted synthesis and physico-chemical characterization of boron 

and boron-aluminium substituted MFI zeolites using different amounts of boron and 

aluminium. The performed analyses of the parent and modified zeolites obtained by 

hydrothermal treatment gave important insights into their structural, textural, morphological 

and acidic properties. XRD data show that all prepared zeolites are crystalline, regardless on 

the amount of heteroatom present in the starting reaction mixture. SEM micrographs show 

differences in the size and morphology of the obtained crystals. Local environments of 

aluminium and boron atoms, revealed by NMR spectroscopy, exhibit tetrahedrally 

coordinated framework, framework associated, and extra-framework boron species in boron-

containing zeolites. Endothermic peaks maxima of boron-substituted zeolites are shifted to 

higher temperatures in TG curves compared to silicalite-1 giving clues on the importance of 

interactions of templates with heteroatoms. Consequently, the acidic properties of the 

samples, evaluated in terms of amount and strength show weak and moderate acid sites. 
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