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Abstract

:

Solid acid catalysis is an important class of reactions. The principal advantages of solid acid catalysts as compared to their corresponding fluid acids include minimal waste and ease of product separation. One type of these catalysts is based on aluminum bromide (Al2Br6), which is a stronger Lewis acid than Al2Cl6. In this report, Al2Br6 is grafted on commercial mesoporous silica (CMS), SBA-15 and silica gel to create a solid catalyst similar to the silica-supported Al2Cl6 superacid. These supported Al2Br6 catalysts were characterized by NH3-Temperature Programmed Desorption (TPD), pyridine Diffuse Reflectance for Infrared Fourier Transform Spectroscopy (DRIFTS) and Magic Angle Spinning Nuclear Magnetic Resonance (MAS NMR). Formation of acid sites was confirmed and quantified with NH3-TPD. Both Lewis and Brønsted sites were observed with DRIFTS using pyridine as a probe molecule. In addition, thermal stability of acid sites was also studied using DRIFTS. 27Al MAS NMR analysis showed tetrahedral, pentahedral and octahedral co-ordination of Al, confirming that Al2Br6 reacted with –OH groups on silica surface. Performance of these catalysts was evaluated using acid-catalyzed 1-butene isomerization. Conversion above 80% was observed at 200 °C, corresponding to thermodynamic equilibrium.
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1. Introduction


Acid catalysis is one of the most important area of modern catalysis and is a key step in a number of chemical processes [1]. These catalysts are utilized in solid, liquid or gaseous form. Liquid and gas phase acid catalysts often involve inorganic or mineral acids such as H2SO4, HBr or HF. Although very effective, these catalysts suffer from several drawbacks—(1) difficult separation of products from the catalyst, (2) corrosiveness of the system and (3) significant quantities of waste. However, solid acids can be directly separated from the products. They can also drive the reaction towards desirable product selectivity [2]. Thus, solid acid catalysts can play a significant role in the environmentally friendly chemistry and sustainable technologies [3,4,5,6]. One important class of solid acids involve group IIIA halides—in particular aluminum halides [7,8,9].



Solid aluminum halides are typically in the form of a dimer, for example, Al2Cl6 or Al2Br6. Substantial monomer concentrations are present only at temperatures at or above 300–400 °C [10]. These halides are strong solid Lewis acids and are known to catalyze various types of reactions, including Friedel Crafts alkylation, acylation [11,12,13], alkane isomerization and cracking [13,14,15] and polymerization [13]. These catalysts can also catalyze both the decomposition and oligomerization of the alkyl bromides at elevated temperatures [11,16,17,18,19].



Aluminum chloride, Al2Cl6, is a widely used acid catalyst in industry. Even though it is typically used as a solid, generation of inorganic and acidic waste through leaching remains a problem, making separation of products difficult. This has led several researchers to investigate the possibility of supporting Al2Cl6 on various types of solid supports like SiO2 [20,21,22,23,24,25,26,27,28,29], Al2O3 [30], mesoporous silica like MCM-41 [31,32], polystyrene [33,34,35] and so forth. These supported aluminum chloride catalysts showed high activity in various acid-catalyzed processes including alkylation [36], polymerization [26,30], isomerization [21] and Mannich synthesis [25].



Characterization of solid acid catalysts requires a range of different analytical techniques including Fourier Transform Infra-Red (FTIR) spectroscopy with pyridine as a probe molecule [21,25,26,32,37], NH3-Temperature Programmed Desorption (TPD) [32,38], solid state Magic Angle Spinning Nuclear Magnetic Resonance (MAS NMR) spectroscopy (27Al [26,37,39], 1H [25], 29Si [39]), titration with various Hammett indicators (m-nitrotoluene, p-nitrotoluene etc.) [29], isomerization of n-butane to isobutane as test reaction [40].



Al2Br6 is another acid catalyst, which has stronger Lewis acidity compared to Al2Cl6 based on Fluoride Ion Affinity [41]. However, it is seldom used in the industry, primarily due to waste problems associated with Al2Br6. To address this problem, in principle Al2Br6 can be supported on a solid support to produce a strong solid acid catalyst. However, the concept of supporting Al2Br6 has been reported in relatively few papers [42]. One logical approach is to replace Al2Cl6 with Al2Br6 in a number of reactions [43,44,45,46]. Silica-supported Al2Cl6 acid catalysts can be synthesized by reacting Al2Cl6 with the surface hydroxyls and it is logical to determine if a similar technique could be used to support Al2Br6.



To our knowledge, no characterization techniques have systematically probed the strength and activity of supported Al2Br6 catalysts in acid-catalyzed reactions of practical interest. Hence, the objectives of our study are to (a) prepare supported Al2Br6 catalysts (b) characterize these supported catalysts with 27Al MAS NMR to analyze Al co-ordination in the catalyst; (c) probe surface acidity using NH3-TPD and pyridine-DRIFTS and 1-butene isomerization; and (d) determine thermal stability of surface acid sites using high-temperature pyridine DRIFTS. Al2Br6 was supported on SiO2 gel and two other mesoporous silica-based supports (commercial mesoporous silica CMS, SBA-15). These three catalysts are designated as ABSi (Al2Br6 supported on SiO2), ABCS (Al2Br6 supported on commercial mesoporous silica) and ABSB (Al2Br6 supported on SBA-15).




2. Results and Discussion


2.1. BET and Pore Size Distribution


Pore properties of the three supports used in the synthesis of the catalysts are shown in Table 1. Among the three supports, silica gel showed the highest pore volume but the lowest surface area. Mesoporous silica materials showed surface areas at around 650–750 m2/g. One of the silica supports bought from vendor was MCM-41 but according to BET analysis, it had lesser surface area than the usual commercially bought MCM-41. While it was sold as MCM-41, the structural order was found to be poor and not expected for MCM-41, as so it was addressed as commercial mesoporous silica (CMS).



Figure 1 shows the Barrett-Joyner-Halenda (BJH) pore size distribution of the three supports. Silica gel (Figure 1a) has wide range of pore sizes ranging from 10 nm to 50 nm, as expected. CMS and SBA-15 materials (Figure 1b,c) have very small but uniform pore sizes. Pore size for CMS ranged from 1 nm to almost 25 nm although most of the pores had sizes from 2 to 5 nm. This can be due to insufficient time for crystallization or improper crystallization conditions during commercial synthesis. Contrary to this, SBA-15 had a very narrow pore size distribution with an average pore size around 3 nm.



Table 2 shows the physico-chemical properties for the three catalysts. Surface area of the catalysts decreased as a result of the addition of Al2Br6 to the silica support, as expected.



Si/Al ratio was calculated using PIXE and Br/Al ratio was calculated using XPS. Si/Al ratio was close to 20:1 for all three catalysts whereas, Br/Al ratio was close to 1.0 for all the catalysts. This indicates that structure 1 is more likely than structure 2 (Figure 2).




2.2. DRIFTS


In conjunction with a weakly basic molecule like pyridine (proton affinity = 930 kJ/mol, pKb ~ 9), FTIR can be used to clearly identify and distinguish between—Lewis (L) and Brønsted (B) acid sites. Pyridine bound to a Lewis acid site, that is, coordinately bonded pyridine, displays bands in the frequency range of around 1447–1460 cm−1 and 1620–1633 cm−1 whereas, pyridine bound to a Brønsted acid site that is, pyridinium ion displays bands in the frequency range of around 1540 cm−1 and around 1630–1640 cm−1 [47]. Also, pyridine bound in the frequency range of around 1485–1490 cm−1 cannot be assigned to any single acid site and is reported to contain shared acid site from both L + B acidity [21,25,26,32,37]. The frequency increase of the band can be correlated to the strength and stability of the site.



The sample pretreatment temperature has a significant effect on the type of spectra after pyridine adsorption. Especially if supported, AlX3 samples are pretreated above 150–200 °C before pyridine adsorption, loss in Brønsted acid sites could be observed through loss of OH groups via dehydration [26,32,36,37].



Silica (SiO2) is very weakly acidic. So it was expected not to show any strong pyridine adsorption, which is confirmed for all the three supports. All the three supports only showed two principal peaks at 1447 cm−1 and 1599 cm−1 that most likely correspond to hydrogen-bonded pyridine that is, –OH bound pyridine on the silica surface and these peaks also disappear upon treatment of the catalysts at higher temperatures. No significant peak could be observed when samples were heated to temperatures more than 200 °C (Supplementary Data). Contrary to this, all three catalysts showed peaks corresponding to L, L+B and B acid sites as could be seen from Figure 3. Also, all of the catalysts showed peaks corresponding to hydrogen bonded pyridine (particularly 1600–1620 cm−1) that overlapped with a Lewis acid site peak (1620–1630 cm−1) up to 150 °C. However, above 150 °C, mostly L site peaks could be observed.



Figure 3 shows DRIFTS spectra for the three supported catalysts at various temperatures after adsorption of pyridine. Figure 3a shows DRIFTS spectra for ABSi catalyst at various temperatures after adsorption of pyridine. As expected, the spectra follow the similar trend of other mesoporous silica supported catalysts, ABCS and ABSB. However, when the ABSi peak at 1450 cm−1 is deconvoluted, it is found to be a combination of two peaks, one hydrogen bound pyridine (1447 cm−1) and the other a Lewis acid site peak (1454 cm−1). There is a single peak only after treatment at 300 °C which probably corresponds to a strong Lewis acid site (~1456 cm−1). This is expected as hydrogen bound pyridine would desorb at this temperature of 300 °C.



For ABCS, Figure 3b shows three types of acid sites—(L) ~1454 cm−1 and 1625 cm−1, (L + B) ~1490 cm−1, (B) ~1541 cm−1 and ~1638 cm−1. Up to 150 °C, one can clearly see bands for pyridine coordinated with three different types of acid sites—(L) ~1450 cm−1 and 1625 cm−1, (L+B) ~1486 cm−1, (B) ~1536 cm−1 and ~1636 cm−1.



In the case of ABSB, no peaks corresponding to Brønsted acid sites at temperatures ≥200 °C can be seen from Figure 3c. However, one interesting feature for the ABSB catalyst is that, when treated at higher temperatures that is, from 100 °C to 300 °C, there is a decrease in the intensity of peaks corresponding to Brønsted acid sites, whereas, the intensity of peaks corresponding to Lewis acid sites increased. The increase in Lewis acid sites could be due to rearrangement of Brønsted acid sites upon loss of –OH groups at higher temperatures [48].



It was observed from pyridine DRIFTS on the three catalysts that, at the reaction temperature of 200 °C, the acid sites generated after Aluminum bromide deposition on different supports are mostly stable, which is true for both the Brønsted and Lewis sites.




2.3. Ammonia-TPD


NH3-TPD provides a quantitative probe of the overall acidity of a catalyst. Thus it can be used to characterize the supported Al2Br6 catalysts of interest here. Figure 4 shows MS signals for desorbed ammonia from all three catalysts along with the three supports. A small peak at ~150 °C is observed for pure silica, which is believed to be a weak acid site. For the base CMS, almost no acidity was observed except for a very small peak at around 140 °C that corresponds to the weak acid sites (most likely due to hydroxyl groups). SBA-15 did not show any significant peak.



All three catalysts showed two peaks upon deconvolution (see Supplementary Data), indicating two types of acid sites. These two sites correspond to weak-to-medium strength acid sites.



Table 3 shows the peak positions for ABCS to be higher than to the other two catalysts, which refers to the presence of stronger acid sites. For ABCS catalyst, peaks at around 154 °C, 197 °C could be observed upon deconvolution. The first peak observed corresponds to weak acid site—mainly hydroxyl groups and the peak at 197 °C can be attributed to moderate acid sites [36,49,50]. For peak temperatures above 300 °C, insignificant ammonia desorption could be observed from MS signals from Figure 4, indicating the absence of very strong acid sites.



In terms of the total number of acid sites, ABSB showed the highest amount of NH3 desorbed (as measured by concentration) as can be seen from Table 4. This could have been due to higher dispersion observed for SBA-15 during BET analysis [51]. Although experimentally not verified, it is also possible that some of the Al is located more on the surface than in the bulk. This can also lead to the observed differences. The differences in peak positions could also be because of different types of site formation on the silica surfaces. Also, SBA-15 has a stronger interaction with H2O molecules (in turn –OH groups) inside the pore, as compared to CMS, which might have been the cause of the difference [52]. Further, surface structures found on different silica surfaces result in different surface reactivity and also in different binding strengths. The density of silanol groups on the silica surfaces can also vary leading into different types of acid sites [53]. All of these factors could lead to the observed differences in the types of acidities and peak positions.




2.4. 27Al MAS NMR


Figure 5 shows the MAS 27Al NMR spectra for all the three catalysts. These catalysts did show similar shifts for 27Al NMR, indicating that pore structure did not influence the co-ordination type of Al and similar type of hydroxyl groups that were available for reaction. For these catalysts, three peaks could be seen, which are at NMR shifts of around 2 ppm, 30 ppm and 50 ppm. These could correspond to 6 co-ordinated, 5 co-ordinated and 4 co-ordinated aluminum [32,36,39]. The 6 co-ordinated aluminum peaks might have largely been due to exposure to moisture while loading of the rotor (carried out in presence of air). This similar effect was seen in the Al2Cl6 grafted silica samples when they were loaded into the rotor without Teflon tape and were exposed to some amount of moisture [39]. 5 co-ordinated aluminum could be co-ordinated with 2-Br atoms, 2 –OH groups (silanol groups) and 1 O atom and would most likely be a Brønsted site. The 4 co-ordinated aluminum could be co-ordinated with 2-Br atoms, 1 –OH group (silanol group) and 1 O atom and would most likely be a Lewis acid site (being electron deficient) [36]. Also it is said that 5 co-ordinated site arises through interaction of AlX3 with a geminal silanol group and 4 co-ordinated through interaction with 2 silanol groups [32].



Based on the results from 27Al NMR, the following structures (Figure 6) are consistent with the results shown here for silica supported Al2Br6 catalysts and are similar to the supported Al2Cl6 catalysts [39].



A difference in Al: Br ratio is observed for NMR bulk analysis and XPS surface analysis. Based on NMR, it is estimated that Al: Br ratio of 1:2 or 1:3 can be found in catalytic bulk, whereas XPS suggests an Al: Br ratio of 1:1 to be present on catalytic surface. This can be due to a possible leaching of Al from bulk to surface area.




2.5. Double Bond Isomerization of 1-Butene


Reaction data at 100 °C and 200 °C and at different weight hour space velocity (WHSV) are recorded in Figure 7 and Figure 8. At room temperature, none of the catalysts showed any appreciable activity. For the space velocity of 66 L/gcat-hr (based on total inlet flow), at 100 °C, conversions were very low (<5%) for double bond isomerization of 1-butene (Figure 7). However, at 200 °C, all the three catalysts showed strong activity in isomerization of 1-butene to 2-butene (both cis and trans). ABCS especially showed conversion values of around 84% with trans selectivity around 40% and cis-2-butene to be around 60%. The other two catalysts showed roughly similar values, 22% conversion and product selectivities around 30% and 70% for trans and cis-2-butene respectively.



When the space velocity was decreased to 30 L/gcat-h (based on total inlet flow), the conversion of 1-butene increased significantly (Figure 8), with higher selectivity to Cis-2-butene at 100 °C. However, at 200 °C, conversion as well as Tran-selectivity increased. ABCS showed excellent results at 200 °C with conversion reaching as high as 98% with a higher selectivity towards Trans-2-butene. This standout performance of ABCS with comparison to the other catalysts can be attributed to the presence of slightly stronger acid sites (both Lewis and Brønsted) at 200 °C. Although, NH3-TPD showed that ABCS had least ammonia adsorption, it is possible that ABCS had stronger but fewer acid sites on the surface compared to other two catalysts.



The ratio of cis/trans isomers was typically greater than one at higher space velocities (and therefore at lower conversions). At lower space velocities, the cis/trans ratio decreased to the more thermodynamically stable ratio.



At reaction temperatures above 200 °C, trace levels of some high carbon-number products like C5 and C6 were also observed (not shown) that could have been due to oligomerization. This suggests the possibility of the presence of higher carbon number products that might form coke on the catalyst surface. Because 200 °C is too low to induce cracking, no other significant side-products were observed. These results confirm the presence of weak to moderate acid sites on the surface of these catalysts that are selectively able to isomerize 1-butene into 2-butene.



In order to verify the stability of the best performing catalyst—ABCS, a longer run for 24 h was carried out at 200 °C (Figure 9). Very high and stable conversion of ~95% was observed without any apparent deactivation. Selectivities towards trans and cis stayed consistent at around 46% and 54%, respectively.





3. Materials and Methods


3.1. Materials


Al2Br6 (anhydrous, 98%) was purchased from Alfa Aesar Inc., Ward Hill, MO, USA. SiO2 gel was purchased from PQ Corporation, Pineville, LA, USA. Mesoporous silica materials (MCM-41 and SBA-15) were purchased from Bonding Chemical, Katy, TX, USA. Due to low surface area and poor pore structure observed during BET, MCM-41 was later renamed as commercial mesoporous silica or CMS. Toluene (Anhydrous, 99.8+%) was purchased from Sigma Aldrich Inc., St. Louis, MO, USA. Vapor phase pyridine in Argon (UHP grade) was purchased from Praxair Inc., Danbury, CT, USA. NH3/He gas mixture and 1-butene (500 ppm) in Argon were purchased from Airgas Inc., Radnor, PA, USA.




3.2. BET and Pore Size Distribution


BET and pore size distribution of the supports and catalyst materials were carried out using Altamira-200 (Altamira Technologies Corporation, McLean, VA, USA) and Micromeritics ASAP 2020 Plus instrument (Micromeritics Instrument Corporation, Norcross, GA, USA) respectively. In a typical degassing sequence, catalysts were evacuated in 15 μm Hg at 350 °C for 3 h and were subsequently cooled to room temperature before actual pore size distribution measurements were done. For calculations, Desorption branch of isotherms and Broekhoff De Boer curve thickness equation was used.




3.3. Catalyst Preparation


Three different supported Al2Br6 catalysts were prepared following the literature methods for supported Al2Cl6 catalysts [23,36,37], naming ABSi (Al2Br6 supported on SiO2), ABCS (Al2Br6 supported on CMS) and ABSB (Al2Br6 supported on SBA-15). In a typical preparation, Al2Br6 (2 mmol) are mixed with anhydrous toluene (50 mL) and the mixture was refluxed for 2 h, following which pre-dried support (5 g, dried at 300 °C for 16 h and further vacuum dried at room temperature for 6 h) is added and then refluxed for 3 h, followed by cooling to ambient temperature and filtered using vacuum pump and finally dried for 16 h under vacuum. The dried catalyst powder was then weighed and stored under an inert atmosphere for further use. Al2Br6 being moisture sensitive, all the materials were handled under inert atmosphere using a glovebox and Schlenk flasks.




3.4. Elemental Analysis


Ratio of Si/Al from the elemental content was calculated using PIXE (Proton Induced X-ray Emission) technique at Elemental Analysis Inc. (EAI), Lexington, KY, USA. Because Bromine would be incorporated at the surface rather than in the bulk, the ratio of Br/Al was calculated using Kratos AXIS 165 XPS instrument at the LSU Shared Instrumentation Facility (SIF) (Louisiana State University, Baton Rouge, LA, USA).




3.5. DRIFTS


Pyridine was used as a probe molecule in Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) experiment. A Thermo Scientific Nicolet 6700 FTIR (Thermo Fisher Scientific, Waltham, MA, USA) equipped with Harrick Praying Mantis reaction cell fitted with KBr windows was used to carry out the experiment. IR cell was loaded with the catalyst sample inside the glovebox to avoid air and moisture exposure. Helium was introduced in the cell, followed by pretreatment at 100 °C for 30 min to clean the surface from adsorbed impurities. Sample was cooled down to 25 °C after pretreatment and a background spectrum was recorded with a spectral resolution of 4 cm−1 in region going from 4000–650 cm−1. Catalyst was saturated with gaseous pyridine for 180 min at 25 °C. He was later introduced again in the post saturation step to remove physiosorbed pyridine from the catalyst surface as well as the cell chamber. Sample was then treated at 100 °C for 10 min and cooled back to room temperature and the actual spectrum was recorded. Similar spectra were recorded at room temperature after 10 min. Treatments were done at 150 °C, 200 °C and 300 °C to investigate the thermal stability of the acid sites on catalysts.




3.6. Ammonia-TPD


The Altamira AMI-200 reactor system in conjunction with Ametek Mass Spectrometer (Ametek, Berwyn, PA, USA) was used to run Ammonia-TPD. 25 mg of the prepared catalyst was loaded on a quartz tube reactor, followed by pretreatment. The temperature was ramped up to 100 °C under 30 sccm of He for 30 min to get rid of any weakly adsorbed particles. The sample was then cooled down to 50 °C under He, before introducing 40 sccm of 5% NH3/He to start NH3 adsorption process for 60 min. 25 sccm of He was flown for 40 min to remove any residual ammonia. TCD detector was later turned on and the temperature was ramped up at 10 °C/min. from 50 °C to 500 °C. Based on the combination of Ammonia (m/e = 16) signals from MS and the signal from TCD, amounts of ammonia desorbed and peak positions were calculated to quantify the corresponding acid sites available on the catalyst.




3.7. MAS NMR Measurements


Solid state 27Al MAS NMR spectra for all three catalysts were recorded at 104.23 MHz in a Bruker AV-400 spectrometer (Bruker, Billerica, MA, USA) equipped with a 4 mm probe and at a MAS speed of 12 kHz. Recovery time of 0.1 s was allowed between the 0.55 μs pulses that correspond to 10° flip angle and 75,000 scans were recorded for each sample. Chemical shifts (ppm) corresponding to 27Al were referenced to 0.5 M solution of Al(NO3)3 in water.




3.8. Double Bond Isomerization


Positional isomerization reaction of 1-butene to 2-butene (cis, trans) can be catalyzed by both acids and bases. In order to test the activity of the acid sites on the AlBr3 supported catalysts, double bond isomerization of 1-butene was carried out in an Altamira AMI 200HP reactor system (Altamira Technologies Corporation, McLean, VA, USA) equipped with a glass lined SS tube. In a typical experiment, reactor tube would be loaded with 0.1 g of catalyst and small quantities of 1-butene (500 ppm) in Argon would be passed over the catalyst bed. Reaction products were analyzed downstream using Shimadzu GC2014 (FID) equipped with Restek RT-Q-Bond column (30 m × 0.53 mm × 20 μm).





4. Conclusions


This work includes the study of Si/Al oxide based Aluminum Bromide solid acid catalysts based on their surface acidity. PIXE analysis showed that the Si/Al ratio was close to 20:1 for all the catalysts. XPS probing of the surface of the catalysts suggested a 1:1 Al:Br ratio, indicating that Al is most probably bonded to 2 O atoms from silica and 1 bromine. ABSB catalyst showed highest acidity qualitatively from DRIFTS, in quantitative agreement with NH3-TPD results. Although ABCS showed lower acidity, DRIFTS showed that it had stronger acid sites but fewer of them. This is consistent with the observed strong activity of ABCS in double bond isomerization of 1-butene to 2-butene. High temperature DRIFTS experiments showed both Lewis and Brønsted stable acid sites up to 200 °C. Above 200 °C, primarily only Lewis acid sites were present. NH3-TPD indicated the presence of weaker acid sites and did not show the presence of strong acid sites (>300 °C). 27Al MAS NMR results showed primarily 4, 5 and 6 co-ordinated aluminum in the case of these supported catalysts confirming that –Br from Al2Br6 reacted with –OH groups on silica surface and further confirming that Al2Br6 are bound to these supports. Al doped CMS was found to be the most active catalyst for the isomerization of 1-butene, with thermodynamically stable cis/trans ratio. Conversion of 1-butene towards 2-butene reached the highest at 98% in presence of ABCS when the temperature was increased and the space velocity was decreased.
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Figure 1. BJH pore size distribution for (a) Silica gel (b) commercial mesoporous silica (CMS) (c) SBA-15. 
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Figure 2. Possible structures of prepared catalyst. 
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Figure 3. DRIFTS spectra for (a) ABSi (b) ABCS and (c) ABSB after pyridine treatment at various temperatures. 
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Figure 4. Ammonia Temperature Programmed Desorption (TPD) for supports and various catalysts. 
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Figure 5. 27Al Nuclear Magnetic Resonance (NMR) for the three catalysts (a) ABSi (b) ABCS (c) ABSB. 
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Figure 6. Possible structures of silica supported Al2Br6 catalysts. 
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Figure 7. Reaction data for the isomerization of 1-butene at (a) 100 °C (b) 200 °C, 66.6 L/gcat-hr, 1 atm. 
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Figure 8. Reaction data for the isomerization of 1-butene at (a) 100 °C (b) 200 °C, 30 L/gcat-hr, 1 atm. 
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Figure 9. Time on stream for 1-butene over ABCS catalyst (200 °C, 66.6 L/gcat-hr, 1 atm). 
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Table 1. Physical properties of the supports.
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	Catalyst
	SBET (m2/g)
	Pore Volume (cm3/g)





	SiO2 gel
	300
	2.00



	CMS
	638
	1.12



	SBA-15
	735
	0.72
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Table 2. Physico-chemical properties of the catalysts.
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	Catalyst
	BET Surface Area (m2/g)
	Si/Al Ratio (from PIXE)
	Br/Al Ratio (from XPS)





	ABSi
	260
	18.5
	0.99



	ABCS
	600
	23.3
	0.96



	ABSB
	717
	27.1
	1.01
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Table 3. De-convoluted peak positions for NH3-TPD curves.
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	Catalyst
	Peak 1 (°C)
	Peak 2 (°C)





	ABSi
	144
	179



	ABCS
	154
	197



	ABSB
	143
	195
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Table 4. Summary of NH3-TPD results.
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	Catalyst
	ABSi
	ABCS
	ABSB





	Si/Al ratio
	18.5
	23.3
	27.1



	Ammonia adsorbed (μmol/g)
	606
	381
	622



	Ammonia adsorbed on corresponding plain support (μmol/g)
	129 (SiO2)
	10.6 (CMS)
	78.9 (SBA-15)



	Ammonia adsorption coming from Al insertion (μmol/g)
	476
	371
	543



	Al content (based on 16.64 mmol SiO2/g)
	0.90 mmol
	0.71 mmol
	0.62 mmol



	NH3/Al
	0.54–0.67
	0.52–0.53
	0.87–1.00
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