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Abstract

:

Due to the high costs and low selectivity associated with the production of propylene, new routes for its synthesis are being sought. Dehydration has been widely investigated in this field, but, thus far, no study has produced efficient results for isopropanol. Vanadium-zirconia catalysts have been shown to be effective for the dehydration of ethanol. Therefore, we investigated the activity of such catalysts in the dehydration of isopropanol. The catalysts were synthetized on a SBA-15 base, supplemented with zirconia or combined zirconia and vanadium. Tests were conducted in a continuous flow reactor at 150–300 °C. Samples were analyzed using a gas chromatograph. The most active catalyst showed 96% conversion with 100% selectivity to propylene. XRD, SEM and Raman spectroscopy analyses revealed that as the vanadium content increases, the pore size of the catalyst decreases and both isopropanol conversion and propylene selectivity are reduced. Thus, without the addition of vanadium, the Zr-SBA-15 catalyst appears to be suitable for the dehydration of isopropanol to propylene.
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1. Introduction


Propylene is the second most-used raw material in plastics processing and the global demand for it is expected to reach 140 MMT in 2020 [1]. It is utilized in the production of chemicals with a wide range of applications, including polypropylene, phenol, propylene glycol and aldehydes. The biggest producers of propylene are refineries, where it is produced by the steam cracking or fluid catalytic cracking (FCC) of higher hydrocarbons [2]. However, these processes are dependent on crude oil, are costly and produce propylene with low selectivity. Consequently, researchers are looking for ways of obtaining good yields of highly selective propylene at a lower cost and with green chemistry being a hot and necessary topic, in an environmentally friendly way.



With green chemistry being necessary and very popular nowadays, isopropyl alcohol that can be produced by bacteria is considered a good potential precursor for propylene production by selective dehydration [3]. Unfortunately, there has been no satisfying research in this field [4].



The dehydration of isopropanol presents several environmental and strategic advantages over classical steam cracking. The development of cost-effective, environmentally friendly propanol fermentation processes, which are now being developed, may not only satisfy the direct demand for isopropanol but also its production as a precursor of propylene [2,5].



Products from dehydration depend on the given reaction conditions and chosen catalyst, which in this particular case, are the metal particle size and composition of the carrier [6]. Specifically, supported vanadium-based catalysts have been found to be active in promoting the dehydration of ethanol to ethylene [7]. These catalysts resulted in being selective to the dehydration reaction to ethylene, when mainly vanadium oxide monomeric species were present on a SBA-15 support [8]. Another important metal used for the dehydration of isopropanol is zirconium oxide, which increases the acidity of the reaction; however, it has not previously been set together with SBA-15 [9,10].



These promising results, together with the fact that isopropanol and ethanol have similar properties, have led us to examine the activity of V/Zr-SBA-15 catalysts in isopropanol dehydration. The SBA-15 materials included two different concentrations of zirconium in their structure and vanadium on their surface. We show that some of the tested catalysts appear to be suitable for the isopropanol dehydration reaction, achieving high activity in the conversion of isopropanol to propylene.




2. Results and Discussion


2.1. Characterization of the Catalysts


Zirconium-loaded zeolites, as well as the base materials studied in this work, are mesoporous solids. The goal of the catalysts’ synthesis was to obtain zeolites containing 3% or 5% of zirconium and additionally 1% of vanadium. The results of the ICP analysis confirmed that the content of zirconium and vanadium in the samples was similar to those assumed during the synthesis of these catalysts. The compositions of the support and final catalysts are shown in Table 1.



The textural properties of all the solids were determined by mercury porosimetry and the specific surface area by nitrogen physisorption (Table 2). All materials were porous, having a large total intrusion volume and a high BET specific surface area (550–710 m2 g−1). The majority of the intrusion volume was attributable to macropores, typically 70% to 80% and a smaller proportion of 20% to 30% for mesopores of 3 to 50 nm.



By introducing zircon into the structure, the mesopore volume increased by 30% and the median pore diameter increased from 4.5 to 6.4 nm for 3% of Zr and to 7.6 nm for the carrier with 5% of Zr (Table 2, Figure 1). This is the result of interactions occurring during the milling process that are used to produce catalysts, such as the dehydroxylation of zeolite, the reaction between external silanol groups and the zirconium salt precursor and ultimately the partial blocking of mesopores in zeolite by ZrO2 particles.



In the case of adding vanadium by impregnation, the volume of pores, their diameter and the specific surface area of SBET decreased. The incorporation of Zr and V into the support reduces its surface area by approximately 30% (Table 2). We think that this is due to the formation of VOx layers in the pores and surface of the support, as well as the formation of small fragments resulting from the impregnation and subsequent heat treatment of the catalysts. In addition, the volume and diameter of the mesopores decreased by 10% to 20% with impregnation; lower volumes were observed for the 1%V/Zr-SBA-15 II catalyst. The presence of macropores, along with a shorter length of mesoporous channels, improved the throughput of the reactants to active centers and the removal of products from the catalyst.



In the case of the used catalysts (Table 3), the results of the texture analysis showed that the surface area of the catalysts dropped by about 10% after tests.



The mesoporous structure of the SBA-15 was confirmed by X-ray diffraction (XRD) at low angles along with scanning electron microscopy (SEM). The obtained diffractograms (Figure 2) showed characteristic diffraction lines (100), (110) and (200), which were less visible in vanadium catalysts.



The mesoporous SBA-15 structure in the vanadium catalysts was also confirmed by SEM. The SBA-15 and Zr-SBA-15 supports (Figure 3) showed a well-developed mesoporous structure very similar to the vanadium catalysts (Figure 4). The ordered SBA-15 structure with cylindrical hexagonal pores can be clearly distinguished in the SEM images of all samples. A greater share of small fragments produced during the impregnation and heat treatment of the catalysts was found. Embedding zircon into the structure caused the formation of particles of different thicknesses in the direction of the longitudinal axis of the pores. While the SBA-15 particles presented a thickness of 250–350 nm, Zr-SBA-15 I had a thickness of 150–200 nm and Zr-SBA-15 II was slightly thinner at about 130 nm. The shorter channel length was beneficial due to the diffusion of reactants into the pores and products from the pores, as measured in the resulting tests.



The elemental analysis results suggest that the presence of carbon deposits in mesopores may be the cause of their decreasing volume. Mercury porosimetry showed a similar tendency (Figure 5), showing a decrease in the volume of the mesopores in the order of 10%–15%. However, XRD analysis was not able to show changes in the mesoporous structure of the used catalysts (Figure 2). The Raman spectroscopy also did not detect the carbon deposits, which should be visible as a characteristic band around 1580 cm−1 [11]. As the results of the elemental analysis show, the amount of carbon used in the catalysts is not large, typically about 1%. The used Zr-SBA-15 I and 1%V/Zr-SBA-15 I catalysts contained 1.08% and 1.12 wt % of carbon, respectively, while the Zr-SBA-15 II and V/Zr-SBA-15 II catalysts contained less carbon (0.66% and 0.83%, respectively). Carbon was present in lower amounts for catalysts with higher acidity.



The number of acidic centers and their strength, was determined by the temperature-programmable desorption of ammonia (NH3-TPD, Figure 6, Table 4). The SBA-15 solid contained mainly weak acidic centers. The addition of zirconium to the structure resulted in an increment in the number of strong acidic centers. This proportion increased with the increasing content of zirconium in the structure. Although the addition of vanadium caused an increase in active centers, it did not improve the catalyst activity toward propylene production. This is probably due to the redox VOx activity proposed by Beck et al. [12].



Due to the low content of vanadium in the catalysts, the changes in the temperature-programmed reduction (Figure 7) were not significant between the two vanadium catalysts. There was only a slight shift of the reduction peak at 462 °C for the V/Zr-SBA-15 I catalyst and at 470 °C for the V/Zr-SBA-15 II catalyst.




2.2. Catalytic Tests


For all catalytic tests, the conversion of isopropanol increased with increasing temperature. Three samples were taken at each temperature, at an hourly interval, for analysis with gaseous chromatography and their results were almost the same. A high increment in the conversion was found in all catalysts in the range of 200–250 °C (Figure 8 and Figure 9).



The exception was SBA-15, for which the conversion was very low and reached only 5.65% at the highest point. In the case of the Zr-SBA-15 II material, the conversion was 96 wt %. The main reaction product was propylene. Despite a variable conversion initially, the selectivity to propylene was almost maintained at 100 wt %. The highest selectivity was noted for the reaction catalyzed by Zr-SBA-15 I and Zr-SBA-15 II.



However, the use of vanadium supported on the Zr-SBA-15 materials resulted in an increase in the production of side product (acetone and propyl ether). The lowest conversions, selectivity and the largest amount of side products were observed in the 1%V/Zr-SBA-15 II catalyzed reaction.



The reaction achieved a total conversion of 96% with a selectivity to propylene of 100%. Similar results were presented by Bedia et al., obtaining a conversion of 95% at full selectivity to propylene, also at 275 °C [13]. However, in his research he used strong H3PO4 acid and used 11,000 times lower WHSV (0.001 h−1), which reduces the amount of product obtained and reduces the industrial utility of this path of propylene synthesis. In turn, Larmier et al. decided to lower the temperature and increase WHSV to 2.8 h−1, which resulted in an increased conversion (40%) while maintaining 100% selectivity [14]. In research conducted on γ-Al2O3 catalysts, they focused mainly on studying the thermodynamics of the reaction and concluded that the key effect on selectivity is temperature, while catalytic activity is determined by the morphology of the catalyst. This was partly confirmed in our research, as we also noticed the influence of catalyst geometry on the availability of active centers; however, regardless of the catalyst, the conversion also increased with increasing temperature. Foo et al. increased the temperature range (286–320 °C) and WHSV (0.95 h−1); using perovskite catalysts, the substrate was mostly dehydrogenated, over dehydrated and as a result the main reaction product was acetone [9]. Although Blanco-Bonilla et al. obtained a high selectivity (92%) for a higher WHSV (23.6 h−1), it resulted in poor conversion (15%) [10]. For the first time, Zr-SBA-15 materials were tested in isopropanol dehydration, resulting in the highest conversion found that we are aware of in the literature of heterogeneous catalysis. In addition, due to the use of a much bigger stainless-steel reactor, one gram of catalyst was used compared to the few milligrams used by other authors and a potential industrial application was found.





3. Materials and Methods


3.1. Preparation of the Catalysts


SBA-15 mesoporous material was synthesized according to the method described by Zukal et al. [11]. Amphiphilic triblock copolymer Pluronic® P123 (Sigma-Aldrich, Schnelldorf, Germany), which served as a structure model, was immersed in the acidic reaction medium obtained using an aqueous solution of hydrochloric acid (35% by weight, Lach-Ner s.r.o., Neratovice, Czech Republic). Silica was provided by the addition of tetraethyl orthosilicate (TEOS, Sigma-Aldrich, Schnelldorf, Germany). A reaction mixture with a molar ratio of 1 TEOS:0.017 P123:6.1 HCl:197 H2O was prepared at 35 °C and after 24 h heated at 95 °C for 66 h under static conditions. The product was obtained by filtration, washing with distilled water and drying at 80 °C overnight. To remove the template, the calcination was carried out in air at 540 °C for 8 h (ramp temperature 1 °C min−1). The SBA-15 was enhanced by supplementation with zirconia (Zr-SBA-15) or with zirconia and vanadium (1%V/Zr-SBA-15). The zirconia catalysts were prepared in two variants, varying by the percentage of the added zirconia enrichment (ZrOCl2, Lach-Ner ). The zirconium was added in the appropriate amount for obtaining two catalysts containing 3 wt % and 6 wt % of zirconium, respectively, using the method developed by Zukal et al. [15]. To obtain the vanadium catalysts, the support was impregnated with aqueous solution with a molar ratio of 1 H2O2:4 H2O and the appropriate amount of ammonium metavanadate (Sigma-Aldrich, Schnelldorf, Germany) for a final catalyst containing 1 wt % of vanadium. The final products were obtained by drying overnight in a stream of air at 120 °C and calcined in air flow at 450 °C for 6 h. Five catalysts were synthesized, one pure SBA-15 solid, two Zr-SBA-15 named Zr-SBA-15 I (3 wt % of Zr) and Zr-SBA-15 II (5 wt % of Zr) and two V(1 wt %)/Zr-SBA-15 named 1%V/Zr-SBA-15 I and 1%V/Zr-SBA-15 II, which contained the Zr-SBA-15 I and Zr-SBA-15 II supports, respectively.




3.2. Characterization of the Catalysts


The composition of the catalysts was verified by using an ICP-OES Agilent 725 (Agilent Technologies Inc., Santa Clara, USA). Before analysis, 500 mg of the sample was dissolved in 10 mL of H2SO4 (1:1). The undissolved residue from acid leaching was filtered with a paper filter, burned and silicon oxide was removed by HF. Residues from HF leaching were melted with KHSO4, dissolved in water and added to filtrate. Finally, the sample solution was introduced into a volumetric flask and measured.



XRD was used to determine the crystallographic structure of the catalysts. The samples were analyzed using a D8 Advance Eco (Bruker, Billerica, USA), applying Cu Kα radiation (λ = 1.5406 Å), 0.5 s step time and 0.02° step size. Data collected in the 2θ range from 0.5° to 70° were analyzed using Diffrac.Eva V 4.1.1 (Bruker, Billerica, USA) software with the Powder Diffraction File database (PDF 4 + 2018, International Centre for Diffraction Data).



To assess the morphology of the catalysts, a scanning electron microscope (JEOL JSM-7500F) with cold emission to the cathode field at 1 kV in GB high mode was used.



The specific surface area (BET) of the solids was determined using N2 adsorption/desorption at −196 °C with an Autosorb iQ (Quantachrome Instruments, Boynton Beach, USA). The solids were dried before each analysis in a glass cell at 200 °C under vacuum for 16 h. Mercury porosimetry measurements were performed on a Micromeritics AutoPore IV 9510. All samples were dried before the analysis in a glass cell at 200 °C (under vacuum for 16 h).



NH3 temperature-programmed desorption (TPD) was used to characterize the acid-base properties of the catalysts. An Autochem 2950 HP (Micromeritics Instrument Corporation, Norcross, USA) was used. For each analysis, 100 mg of sample was pretreated in He to 500 °C (10 °C min−1). In this case, the sample was cooled to 50 °C before being saturated with ammonia (25 mL min−1 of 10 vol% NH3/He for 30 min). Then, helium was used (25 mL min−1) to remove physically/weakly adsorbed ammonia with a constant baseline (60 min). After that, the temperature was increased to 500 °C (15 °C min−1). The NH3 concentration was monitored using a TCD detector.



The vanadium species reducibility was determined by H2-TPR (AutoChem 2950 HP, Micromeritics Instrument Corporation, Norcross, USA). A total of 100 mg of the sample (50 mg for V/Zr-SBA-15) was treated in oxygen flow (300 °C (2 h)) before measurement. The reduction test was performed at 40–700 °C (10 °C min−1) under hydrogen (5 vol % H2 in Ar). The hydrogen concentration was monitored using a TCD detector.



The carbon content was determined by elemental analysis of the solid powder using a Flash2000 (Thermo Fisher Scientific, Waltham, USA). The sample (2.5 mg) was mixed with oxidant (V2O5) and burned in oxygen flow at 950 °C. The resulting gas was reduced to CO, separated with a chromatic column and detected by the TCD detector. The measurement was performed three times to assure its repeatability.



The carbon content was also determined by Raman spectral analysis. For this analysis, a DXR-Smart Raman (Thermo Fisher Scientific, Waltham, USA) with an intelligent exciting laser (Thermo Fisher Scientific, Waltham, USA) was used, using a laser wavelength of 780 nm. Powdered samples were thermally activated in a vacuum and placed in a Pyrex cuvette. Spectra analysis was performed at a resolution of 2 cm−1; 400 scans were made for each sample and for each scan, the integration time was 5 s.




3.3. Catalytic Tests


A continuous flow reactor with a set of ten thermocouples in the catalytic bed was used. The inner diameter of the reactor was 17 mm. The net diameter of the catalyst bed was 10.7 mm and the total volume was 60 mL. A minimal amount of quartz wool was placed at the bottom of the reactor. Then, a mixture (60 mL) of catalyst (1 g) and SiC (enough to fill the 60 mL of the total final volume) were introduced into the reactor. The catalyst was activated at 300 °C under nitrogen atmosphere (50 NL h−1) for 2 h. The reaction was carried out with a total helium gas flow rate of 50 NL h−1 and an isopropanol feed flow rate of 11 g h−1. Under these conditions, the reaction was performed at different temperatures (150, 175, 200, 225, 250, 275 and 300 °C). At each temperature, the test was performed for 3 h and three samples were obtained (each one after 1 h). A sampling system of the reactor consisted of two collectors. A liquid product was cooled by water at room temperature (20 °C) in the first collector and at 0 °C in the second collector. Liquid samples were immediately analyzed by gas chromatograph (GC) in the laboratory. An online GC-FID equipped with a HP-Pona column (50 m × 0.25 mm, He as the carrier gas) was used. The general conditions in the GC were the same as those used for ASTM D6730 for a GC, with the oven temperature being maintained at 100 °C for the duration of the analysis and the products of the isopropanol dehydration being measured instead of gasoline (ASTM D6730 is orientated to gasoline analyses). In addition, after the second collector, the gaseous flow was collected and analyzed by GC (Refinery Gas Analysis (RGA), Agilent Technologies Inc., Santa Clara, USA). Calibration was carried out for the quantitative analyses.





4. Conclusions


Four zeolite-based catalysts were synthesized in this work. Catalysts were prepared by incorporating 3% or 5% by weight of zirconium and 1% by weight of vanadium into the structure of SBA-15. The materials were then characterized by ICP, SEM, XRD, Hg porosimeters, SBET, TPD and TPR. The incorporation of Zr nanoparticles (in the form of ZrO2) leads to a decrease in the specific surface area of the catalyst, changes its geometry and affects the acidic center distribution.



This study provides evidence that the addition of vanadium on the SBA-15 surface or zirconium to the mesoporous SBA-15 structure changes the geometry of the catalyst, affecting the acidic center distribution, which in turn has an influence on the catalyst’s activity. The catalyst without vanadium but with added zirconium (Zr-SBA-15 II) proved to be an effective material for the dehydration of isopropanol, showing the best results in comparison to existing studies and ensuring a selectivity to propylene of 100% at 96% conversion.
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Figure 1. Mercury porosimetry analyses. Pore diameter and pore volume with a given diameter for the fresh catalysts. 
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Figure 2. Small angle XRD diffraction pattern of Zr-SBA-15 supports and vanadium catalysts: fresh (a) and used (b). 
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Figure 3. SEM images of SBA-15 (a), Zr-SBA-15 I (b) and Zr-SBA-15 II (c) catalysts (all images × 100,000). 
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Figure 4. SEM images of 1%V/Zr-SBA-15 I (a) and 1%V/Zr-SBA-15 II (b) catalysts (all images × 100,000). 
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Figure 5. Mercury porosimetry analyses. Pore diameter and pore volume with a given diameter for the used catalysts. 
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Figure 6. Temperature-programmable desorption of ammonia (NH3-TPD) profiles of catalysts. 
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Figure 7. H2-TPR patterns for all catalysts. 
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Figure 8. Isopropanol conversion and selectivity to propene and acetone for the Zr-SBA-15 I (a) and Zr-SBA-15 II (b) catalysts. 
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Figure 9. Isopropanol conversion and selectivity to propene and acetone for the 1%V/Zr-SBA-15 I (a) and 1%V/Zr-SBA-15 II (b) catalysts. 
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Table 1. Chemical Zr and V (wt %) composition by ICP-OES of all the synthesized materials.
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Catalyst

	
Assumed Chemical Composition (wt %)

	
Confirmed Chemical Composition (wt %)




	
Zr

	
V

	
Zr

	
V






	
SBA-15

	
0.00

	
0.00

	
0.00

	
0.00




	
Zr-SBA-15 I

	
3.00

	
0.00

	
2.95

	
0.00




	
Zr-SBA-15 II

	
5.00

	
0.00

	
5.49

	
0.00




	
1%V/Zr-SBA-15 I

	
3.00

	
1.00

	
2.81

	
0.88




	
1%V/Zr-SBA-15 II

	
5.00

	
1.00

	
5.02

	
0.80
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Table 2. Textural properties of fresh support and catalysts.
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Sample

	
Intrusion Volume (mL/g)

	
Median Pore Diameter (nm)

	
SBET (m2/g)




	
Total

	
Mesopores (3–50 nm)






	
SBA-15

	
6.12

	
0.77

	
4.5

	
743.1




	
Zr-SBA-15 I

	
5.78

	
0.99

	
6.4

	
787.4




	
Zr-SBA-15 II

	
4.77

	
0.99

	
7.6

	
645.3




	
1%V/Zr-SBA-15 I

	
2.73

	
0.79

	
5.8

	
721.1




	
1%V/Zr-SBA-15 II

	
3.29

	
0.88

	
6.3

	
632.9
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Table 3. Textural properties of used supports and catalysts.






Table 3. Textural properties of used supports and catalysts.





	
Sample

	
Intrusion Volume (mL/g)

	
Median Pore Diameter (nm)

	
SBET (m2/g)




	
Total

	
Mesopores (3–50 nm)

	
Macropores (50–12,000 nm)






	
Zr-SBA-15 I

	
2.41

	
0.81

	
0.85

	
6.8

	
708.2




	
Zr-SBA-15 II

	
2.55

	
0.89

	
0.94

	
6.4

	
626.1




	
1%V/Zr-SBA-15 I

	
1.98

	
0.68

	
0.68

	
5.8

	
640.7




	
1%V/Zr-SBA-15 II

	
1.89

	
0.73

	
0.52

	
5.3

	
564.5
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Table 4. Properties of acid sites determined by NH3-TPD. LT—low temperature sites; HT—high temperature sites.






Table 4. Properties of acid sites determined by NH3-TPD. LT—low temperature sites; HT—high temperature sites.





	Sample
	cSUM (μmol/g)
	Tmax1 (°C)
	cLT (μmol/g)
	Population LT (%)
	Tmax2 (°C)
	cHT (μmol/g)
	Population HT (%)





	SBA-15
	1169
	114
	1118
	95.6
	311
	52
	4.4



	Zr-SBA-15 I
	1051
	113
	608
	57.8
	220
	443
	42.2



	Zr-SBA-15 II
	1092
	112
	509
	46.6
	227
	584
	53.4



	1%V/Zr-SBA-15 I
	1148
	113
	521
	45.4
	242
	627
	54.6



	1%V/Zr-SBA-15 II
	1408
	114
	625
	44.4
	247
	784
	55.6
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