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Abstract

:

The Prins reaction between propene and formaldehyde was studied over H-BEA, H-FAU, H-MFI and H-MOR zeolites at 150 °C in liquid phase. It was found that the H-BEA sample is the most active and selective toward buta-1,3-diene; the H-MFI is a potential catalyst for 3-buten-1-ol synthesis, while H-FAU can be used for 4-methyl-1,3-dioxane production. It had been confirmed that zeolite textural and acidic properties influence catalyst behaviour: the acidic properties influence sample activity, while product distribution is controlled by pore volume and effective pore diameter. The sample’s deactivation process had been studied and the kinetic model of deactivation was proposed. It was shown that the deactivation rate for the H-MFI catalyst is four times greater than for the H-BEA catalyst, probably because its strong/weak acid sites ratio is much more high than for the H-BEA.
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1. Introduction


Buta-1,3-diene is now one of the most important petrochemical products. Its annual worldwide production is approximately 14.5 million tons and growing [1]. Butadiene is used mainly for the production of synthetic rubber and some other polymers (such as ABS plastic) [2]. The naphtha stream cracking, which is a basic industrial process for buta-1,3-diene production has a relatively low buta-1,3-diene yield [3,4,5] and is unable to meet the growing market demand [3]. In addition, steam cracking does not meet criteria for sustainable production, since it uses fossil hydrocarbons as a feed, so new technologies for “green” butadiene production should be developed.



The Prins reaction looks like a promising approach for target industrial production of various diene hydrocarbons. It can use bio-based olefins as a feed, obtained from bio-derived syngas and carbon dioxide through methanol and dimethyl, ether via MTO and DTO processes; aldehyde component of the reaction also can be produced from methanol or extracted from pyrolysis bio-oils [4,5,6,7]. However, current industrial realizations of Prins reaction have some serious ecological drawbacks because of its use of H2SO4 and H3PO4 as a catalyst. In recent years, it has been shown that heterogeneous acidic materials, especially zeolites, can be used as catalysts in the Prins reaction for the production of dienes and unsaturated alcohols [8,9,10,11,12,13].



Investigation of the propene-formaldehyde Prins reaction, catalysed by Zn-modified MFI, FER and BEA zeolites, had been carried out by Vasiliadou et al. [14]. It was pointed out, that Zn-MFI is a promising catalyst for 3-buten-1-ol synthesis and Zn-BEA can be used for buta-1,3-diene production. Zn-FER was inactive in the reaction due to rapid deactivation. Theoretical studies [15,16,17] have showed, that FAU zeolites also can be used as a catalyst in Prins reaction, however, activity of zeolites of this type is not experimentally studied to date. Among other zeolites, H-MOR was used for 2-methylbuta-1,3-diene synthesis catalyst [18], but it was never used for buta-1,3-diene synthesis.



Deactivation of zeolite catalysts has a great influence on their catalytic performance. It was shown [14] that total acidity is one of the main factors that determines the deactivation rate of zeolite catalysts in the propene-formaldehyde Prins reaction; spent H-MFI catalysts with lower Si/Al ratio were found to be deactivated by high molecular weight products (coke), while H-MFI catalysts with high Si/Al ratio were deactivated by strongly absorbed molecules of solvent water and reaction products. Since deactivation by coke is a big drawback for the zeolite catalysts and often leads to significant changes in catalyst behaviour, this problem has attracted much attention [19,20,21,22]; however, deactivation of the zeolite catalysts in the Prins reaction has not yet been studied. Recently we showed that zeolite topology has a great influence on catalyst activity and selectivity in the Prins reaction between 2-methylpropene and formaldehyde [23]. The aim of the present work is to explore the propylene-formaldehyde Prins reaction over H-BEA, H-FAU, H-MFI and H-MOR zeolites to estimate the influence of zeolite structure on activity and selectivity, and to study the deactivation patterns of the most promising samples.




2. Results and Discussion


2.1. Catalysts Characterization


Textural and acidic properties of the catalysts are represented in Table 1. The textural properties of the zeolite samples are consistent with their structure; specific surface (S), micropore volume (VMP) and efficient pore diameter (DP) increased in the order H-MFI < H-MOR < H-BEA < H-FAU. Total acidity increased in the order H-BEA < H-FAU < H-MFI < H-MOR, while strong/weak site ratio (S/W ratio) declined in the following order: H-MFI > H-FAU > H-MOR > H-BEA. It should be noted that weak acid sites are dominant for H-BEA and H-MOR, while H-MFI and H-FAU had a significant amount of the strong acid sites.




2.2. Catalytic Tests


Figure 1 demonstrate the reaction network for the propene-formaldehyde Prins condensation. According to [8,13,14,23], the primary product of the olefin-formaldehyde condensation is γ-unsaturated alcohol, which undergoes further transformations. The main reaction route here is dehydration, which leads to diene hydrocarbon and a condensation with formaldehyde to form 1.3-dioxanes. Diols, for example, butane-1,3-diol, are not produced, due to anhydrous reaction medium (1,4-dioxane). The 4-methyl-1,3-dioxane was not considered as the buta-1,3-diene precursor here since it is an inert chemical in these reaction conditions, however, it can probably be used for buta-1,3-diene production, for example, 4,4-dimethyl-1,3-dioxane is an industrial chemical used for isoprene production [2]. So, target products for production of butadiene are the only 3-buten-1-ol. The results of catalytic tests with various catalysts are shown in Table 2. According to obtained data, the H-BEA was the most active and selective catalyst toward buta-1,3-diene, but selectivity toward 3,6-dihydro-2H-pyran and tetrahydro-2H-pyran-4-ol is also high. The H-BEA sample can be considered as a very promising catalyst to buta-1,3-diene synthesis, although it is necessary to limit side reactions, in particular buta-1,3-diene condensation with formaldehyde.



The H-FAU catalyst showed activity similar to H-BEA and selectivity toward buta-1,3-diene. As in the previous case, the H-FAU produced many side products (summary selectivity about 50%), with low selectivity toward buta-1,3-diene precursors (a summary about 15%); however about 33% of converted formaldehyde was spent on 4-methyl-1,3-dioxane production, thus the H-FAU was concluded to be more suitable for its synthesis and can be used for a two-stage process if its modifications will lead to selectivity growth.



The H-MFI and H-MOR catalysts have twice less activity compared with the H-FAU and H-BEA catalysts. The 3-buten-1-ol was the main reaction product over the H-MFI, while selectivity toward buta-1,3-diene was the lowest among all the other catalysts. At the same time, the H-MFI had the least selectivity toward side products (less than 30%) and 4-methyl-1,3-dioxane. H-MFI catalyst probably is the most appropriate catalyst for 3-buten-1-ol production. Selectivity toward 3-buten-1-ol and buta-1,3-diene for the H-MOR catalyst is lower compared with the H-MFI, but higher, than for H-BEA and H-FAU, with summary selectivity toward side products about 45%. This sample was concluded as unsuitable for the propylene-formaldehyde Prins reaction due to its poor activity and selectivity.



The comparison of H-BEA and H-MFI behaviour at the equitable conversion level (about 20%) emphasized that differences in selectivity of the samples were due to different properties rather than reaction kinetics. We propose that topology and acidity are the main factors that determine activity and selectivity of the zeolite catalysts in the Prins reaction. Recently, we published our study about the Prins reaction between 2-methylpropene and formaldehyde over H-BEA and H-MFI zeolites [23]: the H-BEA was pointed as the promising catalyst for 2-methylbuta-1,3-diene synthesis, while H-MFI was very selective toward 3-methylbut-3-eneol-1. The catalyst samples studied in the present work for propylene-formaldehyde condensation follow the same tendencies; however, the performance of the zeolites was not the same; the activity of samples in the 2-methylpropene-formaldehyde case was twice that in the propene-formaldehyde reaction, which is consistent with existing literature data about olefins reactivity in the Prins reaction [24]. As is already known, the Prins reaction proceeds via the carbocationic mechanism and intermediate stabilization can limit the reaction rate; the 1-hydroxy-3-methylbutan-2-ylium carbocation, that is the 2-methylpropene-formaldehyde reaction intermediate, is more stable than 1-hydroxybutan-2-ylim carbocation, produced via the propene-formaldehyde reaction.



Apparently, catalyst performance is controlled by zeolite pore topology and acidic properties; large 12-T-membered pores (BEA, FAU and 12-T MOR) and medium 10-T-membered MFI pores cannot prevent the formation of bulky products (such as 3,6-dihydro-2H-pyran or tetrahydro-2H-pyran-4-ol), while small 8-T MOR pores are rapidly deactivated by coke. The H-MFI is the most suitable for 3-buten-1-ol synthesis among the studied samples, however, it should be stated that modification of H-MFI is required for selective 3-buten-1-ol synthesis, or it is preferred to use another 10-T-membered pore samples with fewer width than H-MFI has. Acid properties also make a great contribution to catalyst performance; the most active samples (H-BEA and H-FAU) had fewer acid sites numbers and had a broad product distribution, while H-MFI and H-MOR were more selective toward 3-buten-1-ol and had a poor conversion of formaldehyde. According to the results and previous reports [13,14,23], we assumed that samples with a higher total acid are less active due to faster deactivation of the sites by coke.




2.3. Catalytic Deactivation


To study a deactivation pattern for catalysts TGA/DSC/DTA, an analysis of spend samples was carried out (Figure S5). All samples contain physiosorbed substances, such as reagents, reaction products (including water), solvent and coke. The samples with large pores, such as H-BEA and H-FAU, had a significant amount of coke (22.0 wt.% and 22.2 wt.%, respectively), while H-MFI and H-MOR had much less coke in structure (10.3 wt.% and 15.1 wt.%, respectively). Normalized thermal effects QI and QII have been calculated from DSC curves (Figure S6) and are shown in Table 3; QI was associated with desorption of physiosorbed solvent, reactants and products, while QII clearly belongs to coke oxidation with heat emission.



According to obtained results, there is a correlation between the thermal effects/weight of coke and samples total pore volume. Moreover, other textural properties, such as efficient pore width, affect selectivity of the sample, thus we assumed that textural properties control sample deactivation. There are also differences in coke combustion temperatures for catalyst samples, which can be attributed to the various molecular weight of the coke. For the H-MOR catalyst, average molecular weight of the coke is least among the other catalysts since an exothermal effect has been observed in the region 300–400 °C. Both wide pore catalyst samples (H-BEA and H-FAU) showed a broad peak at the DSC curves in the high-temperature region that confirmed the formation of coke with various molecular weights. The peak at the H-MFI curve was wider than H-MOR one, but narrower than H-BEA or H-FAU, thus H-MFI coke probably had median molecular weight [25].



In addition, stability tests of H-MFI and H-BEA were carried out. These samples were chosen due to their catalytic behaviour (activity, high selectivity toward buta-1,3-diene or toward 3-buten-1-ol). For this aim, spend samples had been collected after the reaction, then filtered, dried at 110 °C, and recycled without calcination. The obtained results are shown in Figure 2a,b.



It is obvious that the conversion of formaldehyde fell down cycle by cycle, at the same time, selectivity toward undesired bulky products also decreased over both samples. This behaviour clearly emphasized that acid properties of the sample and pore topology influence on activity and selectivity of the samples; zeolites with high values of accessible acidic sites had high activity and poor selectivity toward 3-buten-1-ol and buta-1,3-diene; coke can partially or fully block pores and change the accessibility of some sites which leads to a decrease in conversion and an increase in 3-buten-1-ol and buta-1,3-diene selectivity. Moreover, acid site strength also influences catalytic behaviour and deactivation of the catalyst: activity of H-BEA catalyst declines slower with reaction time compared with the H-MFI. Activity of the spent samples can be completely restored by calcination overnight (Table S2).



Based on obtained results, deactivation rate and initial activity (A) for both catalysts were estimated. Obtained curves are shown in Supporting Information (Figures S7 and S8) and on Figure 3. In both cases, H-BEA (Figure 3a) and H-MFI (Figure 3b) curves were a linear on A−1 vs. tR plots, which means, that the deactivation of H-MFI and H-BEA catalysts in the Prins condensation is of second order. According to [26], the second-order process is due to kinetics phenomena, where two sites are blocked via the one cycle of deactivation. Thus, we proposed, that the sites are selectively deactivated by bulky molecules (such as 3,6-dihydro-2H-pyran or its transformation products), while the pore mouth does not block by coke. The corresponding kinetic equation and kinetic parameters are shown in Table 4. According to obtained data, the deactivation of H-BEA and H-MFI have different rates: H-BEA deactivation rate is lower than the H-MFI has, because H-MFI deactivation constant k was four time greater than H-BEA one. Probably, the acid sites distribution is mandatory for the deactivation rate of catalysts; the more the strong/weak acid sites ratio, the faster the deactivation of the catalysts. It is known that strong acid sites deactivate faster than weak ones [19], while textural properties control selectivity and accessibility of the sites [27]. Obtained models for catalyst deactivation are shown in Supporting Information (Figures S9 and S10).





3. Materials and Methods


3.1. Catalysts and Materials


The propene-formaldehyde Prins reaction was investigated over zeolites of BEA, FAU, MFI and MOR types, supplied by Zeolyst International (CP814E, CBV 720, CBV 3024E and CBV 21A, respectively). The protonic form of all zeolites was obtained by calcination in air at 600 °C overnight. All chemicals were purchased from commercial sources and used without further purification: propene (99.6%, Voessen, Moscow, Russia), paraformaldehyde (extra pure, Acros Organics, New Jersey, NJ, USA) and 1,4-dioxane (extra pure, Acros Organics, New Jersey, NJ, USA). Obtained samples were analysed by XRD (Rigaku Rotaflex RU-200, CuKα radiation) and XRF analysis (ARL Perform’x Sequential XFR with 2.5 kW power) to estimate phase and elemental composition. XRD patterns and elemental composition are shown on Figure S1 and Table S1 in Supporting Information.




3.2. Catalyst Characterization


Textural properties of the catalysts were studied by low-temperature nitrogen adsorption using ASAP-2020 analyser (Micromeritics, Norcross, GA, USA). Specific area (S) and micropore volume (VMP) had been obtained from low-temperature nitrogen physisorption isotherms (Figure S2) by t-plot method, while effective pore diameter (DP) was estimated by Horwath–Kawazoe method from differential pore volume curves (Figure S3).



Total acidity of the catalysts were obtained using TPD-NH3 method using USGA-101 equipped with a TCD; the samples were placed into a quartz reactor, heated under He flow to 500 °C, calcined at this temperature for 1 h and finally cooled to 60 °C. Ammonia adsorption was carried out using a dry NH3/N2 gas mixture (1/9) for 15 min, and then physically adsorbed NH3 was removed at 100 °C in a He flow for 1 h, after which the temperature in the reactor was linearly increased to 600 °C (rate 8 °C/min). TPD curves are shown on Figure S4; the peaks with max at 200–300 °C were attributed to the weak acid sites, while the ones with max at 350–450 °C were assigned to the strong acid sites.



The coke content for the spent catalysts was measured by a Mettler Toledo TGA/DSC3+ thermogravimetric analyser. The spent catalysts were heated in 150 μL alumina crucible from 30 to 1000 °C under air flow (50 mL/min) with a heating rate of 10 °C/min. TGA and DSC curves are shown on Figures S5 and S6, respectively.




3.3. Catalytic Tests


The propene-formaldehyde Prins reaction was carried out in a 50 mL stainless steel autoclave reactor with intensive stirring at 600 rpm. The reaction temperature was controlled by an electrical oven with a controller. In a typical experiment, the reactor was loaded by 1.0 g of paraformaldehyde, 6.0 g of propene, 0.25 g of catalyst and 20.0 mL of 1,4-dioxane as a solvent. The reaction temperature and reaction time were set to be constant at 150 °C and 2 h, respectively. Reaction products were analysed by gas chromatography using a “Chromatec crystal-2000M” GC (SKB Chromatec, Yoshkar-Ola, Russia) equipped with an FID detector and SE-54 column (50 m × 0.25 mm). All catalytic tests were carried out three times or more to estimate the degree of errors and experimental reproducibility. The degree of errors for catalytic tests does not exceed 3% rel. Formaldehyde conversion (X), selectivity toward products (Si) and activity (A) were average meaning and calculated according to following equations as:


  X =   m o l e s   o f   C  H 2  O   c o n v e r t e d   i n t o   a l l   p r o d u c t s   m o l e s   o f   C  H 2  O   l o a d e d   × 100 %  



(1)






   S i  =   m o l e s   o f   C  H 2  O   c o n v e r t e d   i n t o   i − p r o d u c t   m o l e s   o f   C  H 2  O   c o n v e r t e d   i n t o   a l l   p r o d u c t s   × 100 %  



(2)






  A =   m o l e s   o f   C  H 2  O   c o n v e r t e d   i n t o   a l l   p r o d u c t s   a c i d   s i t e   n u m b e r    



(3)







For the stability estimation spent catalyst was separated from the liquid product by the paper filter, then dried at 110 °C overnight to remove 1,4-dioxane and unreacted formaldehyde. Recovered catalyst (more than 85% of initial loading) was mixed with a fresh one to keep a constant mass of the sample. Regenerated samples were obtained by calcination in air at 600 °C overnight.



According to [28,29], it is necessary to carry out the deactivation tests under the kinetic-controlled conditions of the reaction, i.e., at the low or the medium conversion level, thus all deactivation tests were carried out at the conversion below 50%.



The Equation (4), that is the kinetic equation of the reaction in the batch-type reactor, was chosen to describe the reaction performance. It had been proposed that the deactivation can be described as a zero order, first order or second order reaction, thus function A vs. tR, ln(A) vs. tR and A−1 vs. tR were plotted and analysed [30,31]. The second-order equation (5), which is a function of the residence time of the catalyst in the reaction mass (tR), was taken for the deactivation model estimation, since the reactions of the formaldehyde conversion are the bimolecular and the deactivation order was confirmed from the experimental data analysis (Figure 3, Figures S7 and S8). The Equation (6) for the activity vs. time function was obtained by solving Equations (4) and (5) together and applied for the experimental data description. The equation parameters A0 and tR had been obtained via the regression analysis method.


    d c   d t   = −  k R  × c × θ  ( t )   



(4)






    d θ   d t   = −  k D  ×  θ 2   



(5)






  A =    A 0     (  1 + k ×  t R   )     



(6)









4. Conclusions


In the present study, the liquid-phase Prins reaction between propene and formaldehyde was studied over H-BEA, H-FAU, H-MFI and H-MOR zeolites. It was found that the H-BEA is the most active (formaldehyde conversion 45.1%) and most selective catalyst for buta-1,3-diene production (10.0%); the H-FAU can be used for 4-methyl-1,3-dioxane synthesis (selectivity 32.5%), while the H-MFI is the most suitable catalyst for 3-buten-1-ol production. The zeolite samples were characterized by TPD-NH3 and nitrogen physisorption methods to estimate how acidic and textural properties influence activity and selectivity. According to obtained data, the acidity influences catalyst activity, while textural properties control product distribution, which is in agreement with previous reports [13,14,23].



Spend samples had been studied by the TGA/DSC/DTA technique to estimate differences in catalyst deactivation by coke. The broad-pores samples (H-FAU and H-BEA) had more coke disposition than H-MOR and H-MFI, which are similar in terms of pore volume and effective pore diameter values. In addition, stability tests were carried out for the H-BEA and H-MFI samples; the catalysts were recycled after the reaction without calcination. It was found that the activity of both samples fell down cycle by cycle, while selectivity values toward buta-1,3-diene and 3-buten-1-ol increased. It was established that both samples deactivation processes are of the second order, but the deactivation rates were not equal; the H-BEA deactivation was slower than the H-MFI. These differences in deactivation are clearly related to the acidic and textural properties of the samples; higher strong acid number leads to higher deactivation rate, while the structural properties controlled the acid site accessibility.
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Figure 1. The main reaction network for propylene-formaldehyde condensation. 






Figure 1. The main reaction network for propylene-formaldehyde condensation.



[image: Catalysts 11 01181 g001]







[image: Catalysts 11 01181 g002 550] 





Figure 2. Formaldehyde conversion and product selectivity during stability test over H-BEA (a) and H-MFI (b). 
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Figure 3. The H-BEA (a) and H-MFI (b) deactivation curves in A−1 vs. tR scale. 
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Table 1. Textural and acidic properties of samples.






Table 1. Textural and acidic properties of samples.





	Sample
	Si/Al
	S, m2/g
	VMP, cm3/g
	DP, Å
	Acid Site Number, μmol/g
	S/W Ratio





	H-BEA
	12.5
	540
	0.22
	7.2
	700
	0.25



	H-FAU
	15
	720
	0.26
	10.3
	390
	0.55



	H-MFI
	15
	360
	0.18
	5.6
	1120
	0.60



	H-MOR
	10
	480
	0.19
	5.7
	1450
	0.38










[image: Table] 





Table 2. Formaldehyde conversion (X) and product selectivity (2 h, 150 °C).
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Sample

	
X, %

	
Selectivity, %




	
 [image: Catalysts 11 01181 i001]
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Other 1






	
H-BEA

	
45.0

	
1.8

	
1.0

	
55.6

	
19.1

	
9.4

	
10.0

	
3.1




	
H-FAU

	
41.2

	
3.6

	
1.2

	
43.5

	
32.5

	
6.5

	
9.2

	
3.5




	
H-MFI

	
19.9

	
33.8

	
14.8

	
28.0

	
7.8

	
8.9

	
4.8

	
1.9




	
H-MOR

	
14.0

	
19.3

	
10.5

	
34.9

	
17.3

	
9.0

	
6.4

	
2.6




	
H-BEA 2

	
19.4

	
4.2

	
1.6

	
59.1

	
21.4

	
6.5

	
5.8

	
1.4








1 A sum of a minor reaction products, such as 2-buten-1-ol, methyl formate, et al. 2 After 0.75 h reaction.
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Table 3. Weight changing and normalized thermal effects of spend samples (2 h, 150 °C).






Table 3. Weight changing and normalized thermal effects of spend samples (2 h, 150 °C).





	Sample
	ΔmI, wt.%
	ΔmII, wt.%
	QI, J/g
	QII, J/g





	H-BEA
	5.0
	22.0
	−37.5
	1235.9



	H-FAU
	6.3
	22.2
	−33.3
	3127.2



	H-MFI
	6.3
	10.3
	−140.6
	712.7



	H-MOR
	5.9
	15.1
	−106.1
	740.3
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Table 4. Model of H-BEA and H-MFI deactivation at 150 °C.






Table 4. Model of H-BEA and H-MFI deactivation at 150 °C.





	Sample
	k, 10−1 h−1
	A0





	H-BEA
	1.90 ± 0.05
	28.5 ± 0.3



	H-MFI
	8.40 ± 0.10
	16.6 ± 0.2
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