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Abstract

:

The conversion of ethanol towards ethylene and diethyl ether in the presence of catalysts requires special consideration from the perspective of green chemistry. Ethanol dehydration was studied on a complex titanium phosphate MAlTiP (M0.5(1+x)AlxTi2-x(PO4)3 with M = Ni, Mn (x = 0; 0.2)) catalysts, alongside a NASICON-type structure synthesized by the sol–gel method. The initial catalysts were characterized by N2 gas sorption, SEM, XRD and spectroscopic methods (Raman and DRIFT of adsorbed CO and C6H6). The results revealed that all catalysts exhibited high activity and selectivity at 300–420 °C. The conversion of ethanol increases with the reaction temperature, reaching 67–80% at 420 °C. The MnAlTiP exhibited the highest ethylene selectivity among other catalysts, with 87% at 420 °C. The aluminum modification improved the acid properties of the catalysts, due to the appearance of Lewis acid sites (LAS) and the strength moderate Brønsted acid sites (BAS). It was shown that the activity of complex phosphates in ethanol dehydration increases with the strength of the Brønsted acid sites (BAS).
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1. Introduction


Recently, the development of new environmentally friendly and efficient catalysts for the dehydration process, in order to synthesize value-added chemicals from biomass-based substrates, has become desirable [1]. From this point of view, NASICON-type (sodium (Na-) super ionic conductor) materials, which possess a regular phosphate structure with abundant acidic and basic sites on the surface, correspond to the specified properties. For the typical NASICON-type material, octahedron and tetrahedron units are interlinked via corner-share oxygen atoms to construct the basic unit of the structure [2,3]. The distinctive features of this material are a high cation conductivity, good thermostability, well-developed pores, and the presence of abundant oxygen-containing species or hydroxyl groups on the surface. It is worth noting their high chemical stability and structure variability, which make it possible to carry out both iso- and heterovalent doping, without destroying the original cavity of the NASICON structure [4]. The propensity for heterovalent substitution is particularly important for their use as catalysts in acid-base reactions; this allows them to vary the number and the strength of acid sites on the surface, which determines the selectivity of the target and by-product formation in catalytic reactions [5,6,7,8].



With all the variety of reactions occurring on complex phosphates, the chemistry of ethanol is of interest; this is due to its potential use as a highly efficient chemical bio-based platform that can be converted into targeted chemical compounds [1,9,10]. Furthermore, the conversion of alcohols is also used as a test reaction for surface acidity–basicity characterization [11,12]. Recently, the NASICON catalysts’ activity in the conversion of light alcohols (such as butanol, ethanol and methanol) has been studied [6,13,14,15,16,17]. The product distribution was very different depending on the phosphate’s composition. It has been shown that Li-Zr- and Hf-phosphates are promising catalysts for the production of hydrocarbons from ethanol [18,19,20].



Several assumptions have been made about the nature of the active centers of NASICON-type complex phosphates in alcohol’s dehydration [18,19,20]. In the case of complex zirconium phosphates, the Brønsted acid sites are OH-groups coordinated with zirconium (Zr–OH, strong Brønsted acid sites) and with phosphorus (P–OH, weak Brønsted acid sites); meanwhile, the Lewis acid sites are incompletely coordinated Zr4+ ions [21]. Although the dehydration of alcohols over solid catalysts occurs on mainly acid sites, the strong acidity and non-uniform distribution of these sites leads to undesirable by-products and significant coking [22]. In this regard, an increase in the number of moderately strong or weak acid sites is used for an improvement in the catalysts’ dehydration properties [23,24].



More recently, the NASICON-type nickel titanium phosphate (Ni0.5Ti2(PO4)3 [25] and hydrogen titanium phosphate sulfate (HTPS; H1−xTi2(PO4)3−x(SO4)x, x = 0.5–1) [26] showed a high selectivity for the dehydrogenation of methanol to formaldehyde, and also for the conversion of ethanol to acetaldehyde. While good performance was attributed to redox activity (the reducibility of Ti4+ to Ti3+), the expected acidity of the titanium phosphate framework structure is worth noting.



In the present study, we report on the use of the NASICON-type double (binary) nickel and manganese–titanium phosphate, triple nickel–aluminum–titanium, and manganese–aluminum–titanium phosphate catalysts MAlTiP (M0.5(1+x)AlxTi2-x(PO4)3 with M = Ni, Mn; x = 0; 0.2) for ethanol dehydration. The Ni2+ or Mn2+ ions are located in the conductivity channels of the structure. The influence of 3d cation nature (nickel or magnesium) in the cavity of the NASICON structure, and the substitution of Ti4+ by Al3+ in the framework on the catalytic activity, was investigated. Composition–structure–activity relationships were also studied using various techniques, including X-ray diffraction (XRD), scanning electron microscopy (SEM) and Raman spectroscopy. Special attention was paid to the surface acid properties of the catalysts using a Fourier transform infrared spectroscopy (FTIR) analysis of CO and C6H6 adsorption.



The catalysts were denoted as MnTiP (Mn0.5Ti2(PO4)3, x = 0), MnAlTiP (Mn0.6Al0.2Ti1.8(PO4)3, x = 0.2), NiTiP (Ni0.5Ti2(PO4)3, x = 0), NiAlTiP (Ni0.6Al0.2Ti1.8(PO4)3, x = 0.2).




2. Results and Discussion


2.1. X-ray Diffraction Study


Figure 1a shows the XRD patterns of the Mn-containing samples. The reference XRD data for Mn0.5Ti2(PO4)3 (MnTiP) [27] are shown in Figure 1b. The NiTiP structure has been previously detailed [25]. According to [27], the diffraction peaks at 2θ = 12–13°, 14.6°, 20.8°, 24.5°, 29.6°, and 33.2° were a characteristic peak of the NASICON phase and were assigned to th e(003), (012), (110), (113), (024), (116) plane orientations. XRD patterns of all single-phase samples are similar in position and intensity to reflections, and indicate that they belong to the structural type NaZr2(PO4)3 (space group R  3 ¯  ). The crystal structures of such compounds are based on the framework built up of TiO6 (or (Al/Ti)O6) and PO4 polyhedra, while Mn2+ or Ni2+ ions occupy the cavities within the polyhedra columns. In the MnTiP and NiTiP structures, half the cavities are occupied in an orderly manner [25]. The lattice parameters of the synthesized compounds are presented in Table 1. After the catalytic tests, the structure of the samples remained the same (Figure 1, MnTiP used), but an increase in the amorphous component was observed in the appearance of halos in their XRD patterns. The change in the lattice parameters of the samples after the experiment did not exceed the calculation uncertainty (for example, for MnTiP used: a = 8.517(5) Å, c = 21.02(4) Å).




2.2. Raman Spectroscopy


Figure 2 shows the Raman spectra from 2000 to 50 cm−1 of catalysts. For the typical NASICON-type structure of the rhombohedral compound, TiO6 octahedron and PO4 tetrahedron units are interlinked via corner-share oxygen atoms to construct the basic unit of the structure. The peaks at 940–1100 cm−1 in the spectra correspond to the stretching vibrations of phosphate ions in the NASICON-type structure (νas = 1083, 1050, 1038, 1003 cm−1; νs = 976, 939 cm−1). The band at 427 cm−1 was ascribed to the symmetric bending vibration of the phosphate structure. Otherwise, the band assigned to the translations and vibration of the PO4 unit was observed at 344 cm−1. The bands below 300 cm−1 were due to TiO6 internal modes [28,29,30].



Raman scattering is typically sensitive to the degree of crystallinity in the sample; the spectra of crystalline materials show narrow intense peaks, while those of amorphous materials are broader and less intense [31]. The Raman spectra of the Mn-containing samples (Figure 2, lines 2 and 4) show narrow symmetric lines that can be associated with a well-formed phosphate structure. The Raman spectra of the Ni-containing samples (Figure 2, lines 1 and 3) show broad lines. The intensities of the bands for MnAlTiP are higher than those for NiAlTiP. Thus, in the presence of nickel ions, a defective phosphate structure is formed.



We associate the structural features of NiTiP with a small Ni2+ radius, relative to the cavities of the NASICON structure; this leads to structural defects and makes the structure unstable. The MnTiP is thermally stable up to 1223 K [3], while the NiTiP is only stable up to 953 K [25].




2.3. Microscopic Morphology and Porosity


Figure 3a,b shows the N2 sorption isotherms and BJH pore distributions of the samples. The isotherms are a combination of type-III and type-V, with a type H3 hysteresis; this indicates the presence of both mesopores and macropores [32], which is in accordance with data for TiP NASICON-type materials [29]. Double NiTiP shows its hysteresis loop at a much higher p/p0 position in comparison to the others, indicating that its pore sizes are bigger. This can be seen more clearly in the corresponding BJH pore size distributions in Figure 3b. Samples NiTiP, NiAlTiP and MnAlTiP showed a pore size distribution with a broad maximum between 15 to 27 nm. The broad peak at approximately 20 nm is a common feature of these phosphates. For the MnTiP sample, the peak maximum is shifted to 50 nm, and there is a much broader size distribution. This shift indicates that pore coarsening starts to occur drastically without Al in the MnTiP structure.



Table 2 summarizes the pore characteristics. The Brunauer–Emmett–Teller (BET) surface area and the pore volume of MnTiP were higher than the surface area and pore volume of NiTiP; these corresponded to the ionic radius dopants Mn2+ (0.80  Å ) and Ni2+(0.69  Å ). The substitution of Ti4+ (0.56  Å ) for Al3+ (0.53  Å ) also induced the textural property changes. The BET surface area of MnAlTiP was more than 1.7 times higher than that of MnTiP (and pore volume was more than 2.3 times higher), due to the doping of alumina that is more prone to mesopore formation. In the case of the Ni-containing samples, the pore volume was much larger for the sample with the Al substitution, as expected. However, the other values are not as significantly different for double and triple Ni-containing phosphates.



The scanning electron microscope (SEM) images in Figure 4 show that the surface of the catalysts is rough, covered with smaller spheric-shaped or coral-shaped particles. Higher magnification SEM images in Figure 4b,d,f,h reveal that these aggregated particles have a nanostructured surface texture. Figure 4b,f shows SEM micrographs of the MnTiP and NiTiP samples, which exhibit nanoparticles that are strongly fused together to form textural pores less than approximately 200 nm. A subtle difference in the surface textures can be seen in Figure 4h, showing fewer aggregated surface particles in the NiAlTiP sample.




2.4. Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFT) Study of Adsorbed CO and C6H6


Carbon monoxide is widely used as a probe molecule to detect the presence and the nature of Lewis acidic sites [33,34,35]. The spectral changes obtained by adsorption of different CO pressures on M0.5(1+x)AlxTi2-x(PO4)3 are represented in Figure 5a,b.



The FTIR spectrum of CO adsorption on NiAlTiP is the superposition of absorption bands (AB) at 2202–2204, 2184 and 2130–2133 cm−1 (Figure 5a). The bands at 2202–2204 and 2184 cm−1 can be attributed to carbonyl species, adsorbed on Ni2+ cations [36] and associated with carbonyl complexes with the strength-moderate LAS (Lewis acid sites). The band at 2130 cm−1 can be attributed to CO adsorbed on Niδ+ sites (δ < 1) [36]. Note that a change in the CO pressure had an effect on the view of the NiAlTiP spectrum; at 5 Torr (Figure 5a, black line), there is no line at 2130 cm−1. With the increase in the CO pressure from 5 to 25 Torr, the intensity of the peak at 2184 cm−1 decreased. At the same time, the peak at 2130–2133 cm−1 appeared (Figure 5a, red and blue lines). On the one hand, this allows us to interpret the absorption band at 2184 cm−1 as contributing to CO complexes with Ni2 +. On the other hand, this fact indicates the possibility of reducing Ni2+ in the CO atmosphere.



The FTIR spectrum of CO adsorption on MnAlTiP at 5 Torr contains the superposition of three absorption bands with wavenumbers at 2196, 2148–2157 and 2108–2109 cm−1 (Figure 5b). According to the classification of carbonyl complex bands [36], these absorption bands can be attributed to CO adsorbed on Mn2+, Mnδ+ cations (δ < 1) and metallic Mn0. The same intensity in the peaks can mean that a significant number of Mn2+ cations reduced to Mnδ+ or Mn0. In addition, with the increase in CO pressure, Mnδ+ further reduces to a metal state. The relative intensity of the absorption band at 2148–2157 cm−1 decreases, and the absorption band at 2108–2109 cm−1 increases (Figure 5b, red and blue lines).



Note that, with the increase in the CO pressure, the band intensity of absorbed CO rises due to an increase in the degree of filling in the LAS by CO molecules. Simultaneously, the CO molecules may displace other adsorbed molecules or hydroxyl groups. The significant increase in the band intensity at 2196 cm−1 in Figure 5b is due to the displacement of part of the OH-groups from LAS. For the Ni-containing system, such a process does not play a significant role (Figure 5a, band intensity at 2022 cm−1).



The adsorption of CO does not produce carbonyl complexes on the surface of binary NiTiP and MnTiP systems. This can be explained by the inaccessibility of Ni and Mn cations during surface reconstruction under thermal vacuum treatment conditions.



The phosphates possess the three types of OH-groups that correspond to the absorption bands at 3743–3745, 3697–3711 and 3663–3678 cm−1 [37]. These bands can be attributed to the Brønsted acid sites (BASs). The strength of BASs was characterized by proton affinity (PA), that is, the energy of proton detachment from the surface OH group during the formation of a hydrogen bond with benzene molecules [38]. The data obtained are shown in Table 3. In accordance with [39], we can estimate the PA value for OH-groups. For terminal hydroxyl groups (3743–3745 cm−1), the shift is 143–148 cm−1, which corresponds to weak proton donor properties. For bridging hydroxyl groups (3663–3678 cm−1), the highest shift was Δν = 190 cm−1 on the MnAlTiP surface, and the smallest shift was Δν = 162 cm−1 on the MnTi surface. On the NiTiP and NiAlTiP systems, the shifts were Δν = 178 and Δν = 171 cm−1, respectively. Thus, aluminum promotes an increase in proton affinity, especially on Mn-containing systems. These shifts correspond to medium-strength Bronsted centers (on all systems). For hydroxyl groups at 3697–3711 cm−1, it was not possible to determine proton donor properties due to the low intensity of the band.




2.5. Catalytic Tests in Ethanol Conversion


The NASICON-type catalysts M0.5(1+x)AlxTi2-x(PO4)3, with different Mn(Ni)/Ti/Al/P ratios, were used for the ethanol conversion in the vapor-phase, as a model reaction, proceeding in three main ways: dehydration to form ethylene or/and diethyl ether (DEE) and dehydrogenization to form acetaldehyde (AcH). The reaction was carried out at 280–420 °C.



All synthesized compounds showed high activity in the alcohol conversion. The conversion of ethanol (Figure 6) increases with the reaction temperature, reaching 67–80% at 420 °C. Doping MeTiP with Al3+ increases the ethanol conversion by ~20%, which is consistent with an increase in the specific surface area. There was no deactivation under the reaction flow. The total conversion was the same for triple Al-containing phosphates, and increased for double phosphates (without Al) in repeated experiments (Figure 6, open square). The results obtained in this study confirm those already observed with other dehydration catalysts, namely, that pore sizes of 10 nm or more are needed to slow down the deactivation attributed to the irreversible adsorption of oligomer species and/or to the formation of coke (Table 2, Figure 3).



In the case of the ethanol-to-hydrocarbon process, the mechanism of acid-catalyzed ethanol dehydration assumed the production of ethylene via the direct conversion of ethanol (Equation (1)). At low temperatures (>340 °C), DEE is generated in significant quantities (Equation (2)), but at high temperatures (<380 °C), ethylene becomes a dominant product. Alcohol dehydrogenation, in order to produce AcH (Equation (3)), can also occur as a side reaction at the higher temperatures [40].


C2H5OH→C2H4 + H2O



(1)






2C2H5OH→C2H5OC2H5 + H2O



(2)






C2H5OH→CH3CHO + H2



(3)







On all samples, the main products were DEE and ethylene. There was also some AcH as a by-product. The ethanol dehydration, with the formation of DEE at low temperatures, was the dominant process for all catalysts (Figure 6). The selectivity of this process reaches 50–75% on MnTiP and NiAlTiP catalysts at temperatures of approximately 300–340 °C. A significant number of ethylene formation processes take place for all catalysts at elevated temperatures. The results obtained for ethanol dehydration are summarized and compared with other NASICON-type catalysts from the literature in Table 4.



Among the studied phosphates, the MnAlTiP material presented the highest conversion of ethanol and the highest yields of ethylene, providing the Ti–OH groups of the highest strength. On the contrary, the least active and selective material was MnTiP, providing the Ti–OH groups with the least strength (Table 3). In the studied temperature range, the activity of double MnTiP and NiTiP phosphates is close, but the selectivity for the ethylene formation on NiTiP is higher than on MnTiP; it is here that inter-molecular dehydration, with the formation of DEE, predominantly occurs at T < 380 °C.



From the results of this study, the highest value for the frequency shift ΔνOH … C6H6 was found in the MnAlTi material, and the decrease in the acid strength of the Ti–OH groups follow the following trend: MnAlTiP > NiAlTiP > NiTi > MnTi. It becomes clear that the stronger the BAS, the more active the solid acid is, with respect to the ethylene formation. This tendency becomes more obvious when comparing the values of ethylene yields and depending on the strength of BASs (proton affinity) in the NASICON phosphates. This result is in good accordance with those obtained for other catalysts for the ethanol dehydration [42,43].



It is noteworthy that the heterovalent doping effect is most clearly manifested in ethanol dehydrogenation. The partial substitution of titanium for aluminum decreases the dehydrogenating properties of the catalyst. Moreover, if the AcH formation predominates, in the case of samples without aluminum (binary phosphates) at low temperatures in the repeat experiments (Figure 6, open squares), the selectivity for dehydrogenation does not change in the triple phosphates and remains low throughout the temperature range. The titanium phosphates are more active than zirconia phosphates in converting ethanol [41], but even less selective to ethylene, mainly due to the higher production of AcH (40% yield at 673 K).



The catalytic activity in the dehydration of ethanol is attributed to the acid properties; these are a function of the Brønsted acid sites, and are incompletely coordinated 3d cations that have a strong polarization effect (Lewis acid sites) [21]. In the case of complex phosphates M0.5(1+x)AlxTi2-x(PO4)3, the Brønsted acid sites are OH groups coordinated with titanium (medium Brønsted acid sites) and with phosphorus (weak Brønsted acid sites), while the Lewis acid sites are incompletely coordinated Ni2+ or Mn2+ ions.



Thus, the activity of MAlTiP in ethanol dehydration increases with the strength of the BASs. The difference in the effects of ethanol dehydration (ethylene’s or DEE’s formation processes) on NiAlTiP or MnAlTiP may be caused by the strength of the LAS, depending on the nature of 3d metal in the cavity of the NASICON structure.





3. Materials and Methods


3.1. Synthesis of the Catalysts


The following starting reactants were used for synthesis: Mn(CH3COO)2·4H2O (≥99%), Ni(CH3COO)2·4H2O (≥99%), Al(NO3)3·9H2O (≥99.9%), TiCl3 (15% aqueous solution), NH4H2PO4 (≥99.5%), citric acid, and ethylene glycol. Previously, the TiCl3 solution was oxidized with concentrated HCl and HNO3 solutions in the air to produce a solution of titanium oxychloride TiOCl2. The titanium (IV) concentration in the obtained solution was determined via a gravimetric method, using its conversion into a stable oxide form (TiO2). Other starting salts were dissolved into a distilled water.



During synthesis, the calculated amount of citric acid was added to the stoichiometric mixture of metal salt solutions (molar ratio metals:citric acid was 1:5) and dissolved during heating. Subsequently, ethylene glycol (1:1 to citric acid) and ammonium dihydrogen phosphate were added to the resulting metal–citrate complex at the same time during mixing, until a homogeneous gel was produced. The resulting gel was dried at temperature stages of T = 90, 130, and 250 °C, until there was a complete removal of water and ethylene glycol. Then, the sample was subjected to sequential dispersion and annealing at 600 °C (Mn-phosphates) or 650 °C (Ni-phosphates) for 48 h at each step.




3.2. Characterization of the Catalysts


The X-ray diffraction (XRD) patterns of the synthesized phosphates were recorded on a Shimadzu XRD-6000 (Kyoto, Japan) diffractometer in CuKα-filtered radiation (λ = 1.54178 Å) at room temperature and with a 2θ angle range of 10–60°. The scanning rate was 1 °/min. The obtained experimental data were compared with the data from the literature for MnTiP and NiTiP, presented in [25,27]. On the basis of the structural similarity of the studied compounds, XRD pattern indexing was performed, and the lattice parameters were calculated.



Low temperature nitrogen physisorption isotherms were recorded on a «TriStar-3020 (Norcross, GA 30093, USA» Surface Area and Porosity Analyzer after the samples were degassed in a vacuum at 200 °C for 5 h. Then, the Brunauer–Emmett–Teller (BET) model was applied to calculate the specific surface area, and the pore-size distribution was calculated using the Barrett–Joyner–Halenda (BJH) model.



Scanning electron microscopy (SEM) images were taken on the EVO-40 scanning electron microscope (Carl Zeiss, Jena, Germany).



The adsorption properties (Lewis acidity) of the samples were measured by diffuse reflectance FTIR spectroscopy with an EQUINOX 55/S instrument (Bruker, Billerica, MA, USA). The powdered sample was placed in a quartz cell with a CaF2 window and calcined at 550 °C for 1 h on air, and then calcined for 2 h under a vacuum (p ≤ 5 × 105 Torr). After that, the background spectrum was recorded. To determine the Lewis acidity of the supports, the adsorbed CO spectra were recorded at room temperature and at 5, 20 and 50 Torr pressures. The differential spectra of the adsorbed CO were obtained by subtracting the background spectrum from the experimental spectrum, followed by the correction of the baseline in an OPUS 6.0 software (Bruker, Billerica, MA, USA). High-purity carbon monoxide (>99.9) was further cleaned by passing it through a liquid nitrogen trap and storing it over calcined molecular sieves. The Brønsted acid sites were obtained from the IR spectra by the H-bond method, with benzene as spectral probe. This procedure made it possible to measure the concentration and strength of the Brønsted acid sites (BASs). The strength of the BASs were characterized by proton affinity (PA), that is, the energy of proton detachment from the surface OH group, which was calculated in accordance with the procedure described in [44].



Raman spectra were recorded on a Bruker Equinox 55/S instrument (Bruker, Billerica, MA, USA) with an FRA 106/S attachment. The wavelength of the exciting radiation was 1064 nm, the laser power was 200–400 mW, and the spot size was 0.1 mm. The experimental Raman spectra were normalized to the band with a stronger intensity.




3.3. Catalytic Tests


Catalytic experiments were performed at atmospheric pressure in a tubular flow reactor (i.d. 6 mm) using a 0.03 g catalyst and feeding ethanol in argon; it had a total flow rate of 1.2 L/h). The carrier gas (argon) was passed through a bubbler containing ethanol (97%), maintained at a constant temperature (25 °C), in order to obtain the desired partial pressures. The temperature in the experiment was varied stepwise from 260 to 420 °C. The outlet gases were analyzed by a Chromatec-Crystal 5000 (Chromatec, Yoshkar-Ola, Russia) gas chromatograph (GC), equipped with a “Parapak Q” column and TCD and FID detectors in series. Measurements were performed according to the methodology of our previous studies [41].





4. Conclusions


The high efficiency of NASICON-type phosphates M0.5(1+x)AlxTi2-x(PO4)3 with M = Ni2+, Mn2+ in the ethanol dehydration process has been shown. All catalysts appeared to be catalytically active and stable in the 300–420 °C temperature range, giving diethyl ether, ethylene and acetaldehyde as the by-products. A similar high activity in ethanol conversion, but different selectivity to ethylene and diethyl ether, were found. The conversion of ethanol increases with the reaction temperature, reaching 67–80% at 420 °C. Considering ethylene production, the MnAlTiP exhibited the highest ethylene selectivity among other catalysts with 87% at 420 °C.



The main aim of the study was to demonstrate the relationship between the composition, the structure of the complex phosphates and its activity in the ethanol dehydration. It has been shown that the crystalline structure and crystallinity of the catalysts varied significantly with different 3d metal in the lattice of the NASICON structure. Based on the XRD and Raman spectroscopy data, it was revealed that Mn-containing phosphates had a higher crystallinity than Ni-containing phosphates. It was found that MnTiP has a higher surface area and pore volume than NiTiP, which corresponds to the ionic radius of dopants Mn2+ and Ni2+. The substitution of Ti4+ for Al3+ also induced the textural property changes. The BET surface area of MeAlTiP was higher than that of MeTiP, due to the doping of alumina that is more prone to the mesopore formation (average pore diameter is around 17–23 nm).



The different compositions and chemical environments of the surface elements led to different acid–base properties. Acid properties were studied using an FTIR analysis of CO and C6H6 adsorption, and were allowed to be correlated with the catalytic properties. Double MnTiP and NiTiP phosphates have only Brønsted acid sites with broad strength distributions, but they have mainly weak and moderated acid strengths. NiTiP possessed a higher proton affinity than MnTiP. According to the research by K. Zheng [45], phosphates with amorphous structures contributed more to the creation of BAS; this is in good accordance with the obtained results. The aluminum modification improved the acid properties of the catalysts, due to the appearance of LAS and the strength-moderate BAS. From the results of the acid property analysis, the appropriate Brønsted/Lewis acid site ratio of the MnAlTiP catalyst can act synergistically; in this way, the catalyst possesses a high activity in ethanol dehydration. The proton affinity of medium Brønsted acid sites appeared to play the main role in ethanol dehydration.
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Figure 1. (a) XRD patterns of catalysts: Mn0.5Ti2(PO4)3 (MnTiP) initial, Mn0.5Ti2(PO4)3 used (MnTiP used), Mn0.6Al0.2Ti1.8(PO4)3 (MnAlTiP) initial; (b) XRD data for Mn0.5Ti2(PO4)3 (MnTiP) simulated basing on the structural data [27]. 
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Figure 2. Raman spectra of (1) NiAlTi, (2) MnAlTi, (3) NiTi, (4) MnTi. 
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Figure 3. Nitrogen adsorption–desorption isotherms and pore size distributions of the compounds: (a) Mn0.5Ti2(PO4)3 (MnTiP), Mn0.6Al0.2Ti1.8(PO4)3 (MnAlTiP) and (b) Ni0.5Ti2(PO4)3 (NiTiP), Ni0.6Al0.2Ti1.8(PO4)3 (NiAlTiP). 
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Figure 4. Scanning electron microscopy of Mn0.5Ti2(PO4)3 (MnTiP), Mn0.6Al0.2Ti1.8(PO4)3 (MnAlTiP), Ni0.5Ti2(PO4)3 (NiTiP), Ni0.6Al0.2Ti1.8(PO4)3 (NiAlTiP). 
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Figure 5. Different diffuse reflectance infrared Fourier transform spectra of adsorbed CO at room temperature and pressure (1) 5 Torr, (2) 20 Torr, (3) 50 Torr. F(R)—Kubelka–Munk function. 
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Figure 6. Temperature (°C) dependencies of total ethanol conversion (%) on the initial surface and for repeated test (a,b); Temperature dependencies of the yield and selectivity of diethyl ether (c,d), ethylene (e,f) and acetaldehyde (g,h). Open squares are used for the repeated experiment. 
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Table 1. Lattice parameters of the studied catalysts.
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	Composition
	a, Å
	c, Å





	MnTiP
	8.515(4)
	21.06(2)



	MnAlTiP
	8.516(5)
	21.05(3)



	NiTiP
	8.478(5)
	21.14(4)



	NiAlTiP
	8.478(1)
	20.97(8)
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Table 2. BET surface area and porous characteristics of the compounds M0.5(1+x)AlxTi2-x(PO4)3.
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	Composition
	BET Surface (m2/g)
	Pore Volume (cm3/g)
	Average Pore Diameter (nm)





	MnTiP
	20.0
	0.11
	23



	MnAlTiP
	33.6
	0.25
	23



	NiTiP
	13.6
	0.06
	17



	NiAlTiP
	16.6
	0.13
	20
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Table 3. Acidic characteristics of the catalysts.
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Composition

	
ν(OH), cm−1

	
ν(OH…C6H6), cm−1

	
Δν, cm−1

	
PA, kJ/mol ± 25






	
NiAlTiP

	
3745

	
3602

	
143

	
1340




	
3678

	
3500

	
178

	
1230




	
MnAlTiP

	
3745

	
3601

	
144

	
1340




	
3711

	
-

	
-

	
-




	

	
3677

	
3487

	
190

	
1285




	
NiTiP

	
3743

	
3595

	
148

	
1335




	
3697

	
-

	
-

	




	
3663

	
3492

	
171

	
1305




	
MnTiP

	
3744

	
3601

	
143

	
1340




	
3698

	
-

	
-

	
-




	

	
3667

	
3505

	
162

	
1315
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Table 4. Performance of various catalysts for ethanol dehydration to ethylene at 400 °C.
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	Composition of the Catalysis
	Selectivity to Ethylene (%)
	Ethylene Yield (%)
	Reference





	NiAlTiP
	58
	34
	This work



	MnAlTiP
	80
	51
	This work



	NiTiP
	68
	39
	This work



	MnTiP
	50
	27
	This work



	Mn0.5Zr2(PO4)3
	17
	6
	[41]



	MnNi0.5Zr1.5(PO4)3
	10
	4
	[41]



	LiHf2(PO4)3
	55
	40
	[19]



	LiZr2(PO4)3
	38
	38
	[14]



	Li1.1Hf1.9In0.1(PO4)3
	40
	32
	[19]



	HTPS-650
	60
	55
	[26]



	NH4Hf2(PO4)3
	60
	48
	[20]
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