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Abstract

:

The oxidation of cumene and following cleavage of cumene hydroperoxide (CHP) with sulfuric acid (Hock rearrangement) is still, by far, the dominant synthetic route to produce phenol. In 2020, the global phenol market reached a value of 23.3 billion US$ with a projected compound annual growth rate of 3.4% for 2020–2025. From ecological and economical viewpoints, the key step of this process is the cleavage of CHP. One sought-after way to likewise reduce energy consumption and waste production of the process is to substitute sulfuric acid with heterogeneous catalysts. Different types of zeolites, silicon-based clays, heteropoly acids, and ion exchange resins have been investigated and tested in various studies. For every type of these solid acid catalysts, several materials were found that show high yield and selectivity to phenol. In this mini-review, first a brief introduction and overview on the Hock process is given. Next, the mechanism, kinetics, and safety aspects are summarized and discussed. Following, the different types of heterogeneous catalysts and their performance as catalyst in the Hock process are illustrated. Finally, the different approaches to substitute sulfuric acid in the synthetic route to produce phenol are briefly concluded and a short outlook is given.
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1. Introduction


The cumene process is the worldwide most used process for producing oxygenated hydrocarbons such as phenol and acetone from petrochemical feedstocks [1]. Even though one-step routes via oxidation of benzene with oxygen, hydrogen peroxide, or nitrous oxide to produce phenol were developed [2,3,4,5,6,7,8,9], with 12.7 × 106 t/an over 97% of the worldwide produced phenol and 7.8 × 106 t/a of acetone the cumene process is still the by far most used process today [1,10]. It was discovered and developed almost parallel in the UDSSR and in Germany. In the years 1943–1946, UDRIS and SERGEEV developed a method for the synthesis of phenol and acetone by acid decomposition of cumene hydroperoxide (CHP), in 1944 Hock and Lang published a three-step route from benzene and propylene to cumene via alkylation and following autoxidation to CHP, that is cleaved to phenol and acetone by acid decomposition (Figure 1) [11,12,13].



The decomposition named ‘Hock rearrangement’ is a Brønsted or Lewis acid catalyzed cleavage of a hydroperoxide, resulting in an alcohol and carbonyl compound, in case of the cumene process from CHP to phenol and acetone [14]. The Hock rearrangement has a high impact on the entire cumene consumption rate of the whole phenol plant and determines the safety level of the cumene process. CHP releases a lot of heat when decomposed (−252 kJ/mol) and is an explosive chemical, resulting in a high hazard potential that has caused numerous incidents, which cause loss of life, damage to facilities, and subsequent production stops. Therefore, it is vital to understand the behavior of hydroperoxides and achieve a high selectivity in the cleavage step [15,16,17,18].



The most commonly used catalyst for the cleavage of CHP is sulfuric acid [1], which unfortunately has intrinsic disadvantages: alongside the corrosive problem it is mandatory to add a neutralization agent after the decomposition step to prevent side reactions and remove the aggressive acid before rectification. The accruing salts within the occurring aqueous phase have to be removed to prevent the evaporator of the rectification columns from fouling and plugging [19]. This recovery and reutilization have a negative impact on the overall costs of the process.



Motivated by potential significant cost savings there where different approaches to supplant commercially used mineral acids with heterogeneous catalysts. After a brief overview over the reaction mechanism and safety aspects, the efforts made to substitute sulfuric acid by a heterogeneous catalyst are summarized.




2. Mechanism, Kinetics, and Safety Aspects of the CHP Cleavage


The cumene process currently in use starts with the alkylation of benzene with propylene to cumene, followed by an oxidation of cumene to CHP in the presence of air and radical initiators. Once a radical initiator is added, CHP autocatalyzes the oxidation reaction [20]. The hydroperoxide is then reacted with sulfuric acid to form phenol and acetone. The first step is protonation of the peroxide, followed by the elimination of water due to the migration of the phenyl group to the peroxide oxygen atom. A carbocation is formed which is attacked by a water molecule and one proton switches to the oxygen of the phenyl group migrated to earlier. This oxonium-ion finally decomposes into acetone and phenol (Figure 2).



On industrial scale, the cleavage of CHP is performed in a circulation loop either in backmixed vessels [21,22,23,24,25,26,27,28] or in a series of reactors with heat exchangers (Figure 3) [29,30,31,32,33].



The acid catalyzed cleavage of CHP to phenol and acetone is a first order decomposition. With increasing concentration of a strong acid (up to 5000 ppmw sulfuric acid) the exothermic profile moves to lower temperatures. This allows milder reaction conditions (around 5–70 °C), which helps to prevent side reactions. However, higher acid concentration also leads to much higher self-heat rates of the reaction [18,34,35,36]. Besides the acid-concentration, the wt % of CHP also has a significant impact on the temperature of the reaction system (around 7 °C per 1 wt % CHP). Therefore, the accumulation of CHP, either because of feeding to much CHP into the reaction system or as aftereffect of a deactivation of the catalyst, has to be prevented. This has to be done by implementing various safeguards and controlling, e.g., high and low temperature interlocks after every heat exchanger, using smaller but more heat exchangers and utilizing intelligent online control systems [10,37].




3. Solid Acid Catalysts


After the commercialization in Europe and the USA after World War II, different other homogeneous catalysts have been investigated [38,39,40,41,42,43,44], but none of them demonstrated superior performance to sulfuric acid regarding catalytic and cost efficiency. To eliminate the persisting issues with sulfuric acid as corrosive and homogeneous catalyst, different approaches to substitute the homogeneous catalyst with a solid catalyst have been explored in the past 20 years.



3.1. Mineral Acid-Treated Clays


Smectite clay minerals [45] are layer aluminosilicates with a broad variety of properties which are beneficial for catalyzing an organic reaction, and especially montmorillonites are used as acid catalyst [39]. Therefore, the acidity and surface area of this smectites are often modified by different methods. Furthermore, they can be altered by impregnation with metal salts or intercalation of heteropolyacids (HPA) or Lewis acids [46]. One method to modify clays is the treatment with inorganic acids such as hydrochloric acid and sulfuric acid. That results in a leaching of Al3+ and creates therefore mesopores in the clay structure, contributing to a higher surface area. In addition, interlamellar cations are replaced with protons of the applied acid. Furthermore, the leaching of Al3+ results in a decrease of strong Brønsted acid sites, but the overall concentration of weak Brønsted acid sites and the population of Lewis acid sites increases [47,48,49]. Bentonite treated with hydrochloric acid of different concentrations show a significant difference in Brønsted acid sites and according performance in a reaction system with CHP [50]. Treatment with low concentrated hydrochloric acid seems to increase the activity of the catalyst as more Brønsted acid sites are created, but treatment with highly concentrated acids leads to an elution of strong Brønsted acid sites. As strong Brønsted acid sites are required for the decomposition of CHP [51], the elutriation due to higher concentrated acids results in a deactivation.



Knifton and Sandserson used acid treated montmorillonites clays with different acidity, ranging from 10–16 mg KOH/g, in batch and continuous experiments. The former showed a yield of 98 mol % for the clays with high acidity. The experiments in a continuous plug-flow reactor revealed that acid treated montmorillonites clays are capable of performing for at least 1000 h in continuous conditions. The reaction parameters were set between 60 to 80 °C, 6 to 65 bar and a LHSV from 1 to 10 Lh−1. Although the reactor was cooled, the temperature profile in the reactor raised up to 25 °C with LHSV 1 and 45 °C at LHSV 10. With a set temperature of 80 °C this leads to a drop of the phenol yield to 94% and shows the significant problem with heat removal operating this highly exothermic reaction in a fixed bed reactor [52]. Han et al. activated montmorillonite powder with 30 wt % sulfuric acid and used cordierite as support. The loading of montmorillonite on the support varied between 13.0 wt % and 38.5 wt %. Phenol yields ranged from about 65% with 19.5 wt % montmorillonite loading and 75% with 38.5 wt % montmorillonite loading at 60 °C and about 85% phenol yield with 19.5 wt % montmorillonite loading and 95% with 38.5 wt % montmorillonite loading at a reaction temperature of 90 °C. The highest selectivity was achieved at 60 °C with >99%, slightly dropping to about 99.5% at 90 °C. In their experiments HAN et al. also used a plug-flow reactor and found the optimum WHSV at 90 h−1. Overall, the optimal parameters with montmorillonite on cordierite wherewith a loading of 32.5 wt % acid per clay, reaction temperature of 80 °C, WHSV of 90 h−1, and mass ratio of CHP to acetone of 1:3 [53].




3.2. Heteropoly Acids (HPA) on Supports


Heteropolyacids (HPAs) are complex proton acids which are formed by condensation of transition metal oxoacids. The octahedral structure is built by heteroatoms (group I–VII possible) connected to a transition metal (addenda atoms, mostly Mo, W, and V) via oxygen atoms. The most researched HPAs are those with the Keggin structure, as these HPAs are simply prepared and show the highest Brønsted acidity [54,55,56,57,58,59]. Immobilized on supports like clays or titania, the downsides that normally occur if used as homogeneous catalyst plus the low surface area can be eluded. Experiments with dodecatungstophosphoric acid (DTP) and similar HPAs with Keggin structure show phenol yields up to 99 mol % at quantitative conversion of CHP if impregnated on a montmorillonite clay, even with high feed rates like LHSV at 10 h−1 [52]. To achieve a high stability of the HPAs in solution and to enhance the surface area and thermal stability, protons can be partial substituted with Cs+-Ions. The modified salts of HPAs und montmorillonite clays show high stability and reusability with high conversion rates of CHP [18].




3.3. Zeolites


During the last three decades, zeolites have become more and more relevant catalysts as they are cheap, readily available, and—due to their strong acidity—capable of phasing-out several mineral acids. Zeolites are shape-selective, often improving the processes yield and selectivity, and consequentially products quality. For the cleavage of CHP in the cumene process, several types of zeolites have been tested, including X-, USY-, Beta-, and ZSM-5-type zeolites [51,60,61,62,63,64,65,66]. Zeolites are mostly used in a fixed bed reactor and the reaction parameters strongly depend on the used zeolite. Beta and ZSM-5 zeolites and corresponding metallosilicates containing trivalent elements in the framework (B, Fe, Ga) are active at room-temperature and a reaction time of 5 min are enough for 100% conversion of CHP [51]. The selectivity to phenol varies from 86% to 92%, with a slightly better selectivity if Beta zeolites are used. Over 10 h under fixed-bed conditions the H-Al-Beta zeolite can hold the conversion rate of 100%, but the selectivity towards phenol decreases from 95% to 90%. ZSM-12, NCL-1, ZSM-22, EU-1, MCM-22, and ZSM 48 need elevated temperatures (40–60 °C) to reach high conversion rates [51]. With medium-pore unidimensional zeolites like ZSM-22 and ZSM-48 the CHP conversion is significantly lower than over ZSM 5 or Beta zeolites, 65% for ZSM-22, and 45% for ZSM-48. This can be explained with diffusion restrictions due to the channel system of these zeolites. The performance of unidimensional zeolites with larger pores and thus better accessible channel system (ZSM-12, NCL-1, and MCM-22) show 85–90% conversion. The selectivity is only slightly inferior to ZSM-5 and Beta zeolites. KUMAR showed that lowering the particle size of ZSM-5 crystals from 90 nm to nanocrystals with a particle size of 18.3 nm results in a rise in CHP conversion from 60.1% to 94% [66] due to lower diffusion restrictions and therefore an enhanced accessibility to the acid sites. Besides good accessibility of the catalytic active sites of the catalyst, the conversion of CHP strongly depends on the number and strength of Brønsted acid sites of the zeolites [51,65]. The lack or only small amount of acid sites in molecular sieves like AIPO-5 and SAPO 5 results in low conversions of 10% for the aluminophosphate and 25% for the silico-aluminophosphate, respectively [51,67,68]. The maximum number of protonic sites is equal to the number of framework aluminum atoms [69,70], but the strength of the acid site is higher if isolated by Si in next nearest neighbor (NNN)-positions. The strength of the protic sites is therefore inversely proportional to the Al content [65,69,71]. For ultra-stable Y zeolites in H-form (HUSY) an additional property has been found: partially dealuminated HUSY can mediate reactions only expectable to occur in superacids. The protonation inside the zeolite pores follow a certain mechanism, resulting in high kinetic acidity. Over HUSY with Si/Al ratios of 15–40 CHP converts up to 100% with good selectivity (0.1% w/w HUSY, 60 °C, 20 min reaction time). The high hydrophilicity of the HUSY zeolite require to be activated at 500 °C. That pre-activation diminishes poisoning by water, preventing loss of activity over several runs [66,72,73,74].




3.4. Ion Exchange Resins


Another class that can be used as catalysts for CHP cleavage is ion exchange resins. The resins used consist of a macroporous polystyrene backbone and sulfonic acid groups as ion-exchange groups. Ye et al. used AMBERLYST 35WET and AMBERLYST 35DRY with the polystyrene-backbone cross-linked with divinylbenzene [74]. Huang et al. selected a resin entitled TH-02 with additional not otherwise specified functional groups to obtain higher exchange capacity and large internal pores [75]. The larger internal pores result from less crosslinking, making the resins mechanically less stable. Therefore, Huang et al. used a special reactor consisting of a riser, a main reactor, a liquid–solid separator and a loop, called TPCFB reactor [75]. At a WHSV of 30 h−1 the conversion of CHP varies between 99.5% at 60 °C and 100% at 90 °C and higher. The selectivity is >99.9% at 60 °C and drops slightly to 97% at 98 °C. YE et al. used a lab-scale RD column to test the AMBERLYST 35 resins for the decomposition of CHP. Their experiments showed that a dry resin has superior catalytic activity. This is explained by the negative influence of the high water content on the intermediate dehydration step in the CHP decomposition [74].



The different catalysts and their performance regarding the decomposition of CHP are listed in Table 1.





4. Conclusions


In this mini-review, we examined the progress of the CHP decomposition to phenol and acetone in the attempt to substitute sulfuric acid with heterogeneous catalysts to enhance ecological and economic progress. Different types of acidic heterogeneous catalysts are capable of performing with high conversion rates related to the decomposition of CHP. The key for high conversion rates are strong Brønsted acid sides, and the effect of Lewis acid sites has to be further investigated. Beyond that, the pore structure of the catalyst has significant effects on the production of secondary products and therefore can prevent the catalyst from coking and poisoning. A three-dimensional structure with larger diameters is preferred. Montmorillonite clays treated with mineral acids or as support for HPAs showed high performance at high WHSV under plug-flow conditions. Several different types of zeolites were tested, showing that especially ZSM-5 and Beta zeolites perform with high conversion rates and phenol yields. Additionally, HUSY with high silica content shows a great potential due to high acidity inside their pores. Ion exchange resins have not received as much attention as zeolites and clays, but they also show good performance in the decomposition of CHP. However, none of the mentioned catalysts has been tested in long term conditions to evaluate their service lives. To replace sulfuric acid with a heterogeneous catalyst, the cost factor depends on the longevity of the catalysts. This includes coking and general poisoning as well as thermal stability in case of ion exchange resins. The challenge for future studies on this topic is to find a highly acidic structure with good accessibility for fast diffusion of the substrate and products. Beyond that, the catalyst- and reactor-design must be appropriate for reliable and agile temperature control to ensure consistent yields and eliminate safety hazards.
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Figure 1. Cumene process. 
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Figure 2. Scheme of the general mechanism of the cumene process [14]. 
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Figure 3. Production of phenol from cumene. R1, R2: cumene oxidation reactors; A1, A2: activated-carbon adsorbers; VC: vacuum distillation column; R3–R5: cleavage reactors; V1: neutralization drum; C1: acetone column; C2: cumene column; C3: α-methylstyrene column; C4: phenol column; R6: hydrogenation reactor; V2: cumene scrubber [1]. 
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Table 1. Catalytic decomposition of cumene hydroperoxide over various catalysts.
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	Catalyst
	Si/Al Ratio
	Reaction Time/min
	Reaction Temperature/°C
	Conversion of CHP/%
	Y (phenol)/%
	S (phenol)/%





	Clays
	
	
	
	
	
	



	K1051
	n/a
	30
	50
	100
	n/a
	n/a



	K1051 with ZnCl2
	n/a
	30
	50
	80
	n/a
	n/a



	K1051 with FeCl3
	n/a
	30
	50
	92
	n/a
	n/a



	K1051 with CeCl3
	n/a
	30
	50
	100
	n/a
	n/a



	K1051 with LaCl3
	n/a
	30
	50
	95
	n/a
	n/a



	K1018
	n/a
	30
	40
	99
	n/a
	n/a



	Grade F2452
	n/a
	120
	57–80
	100
	98
	98



	Grade F11352
	n/a
	120
	57–80
	100
	95
	95



	Grade F1352
	n/a
	120
	57–80
	100
	99
	99



	Grade F6252
	n/a
	120
	57–80
	76
	37
	49



	Acidic montmorillonite53
	n/a
	90
	90
	n/a
	95
	n/a



	HPA on supports
	
	
	
	
	
	



	12-tungstophosphoric acid52
	n/a
	120
	57–80
	100
	99
	n/a



	12-molybdophosphoric acid52
	n/a
	120
	57–80
	100
	99
	n/a



	12-tungstosilicic acid52
	n/a
	120
	57–80
	100
	99
	n/a



	12-molybdosilicic acid52
	n/a
	120
	57–80
	100
	99
	n/a



	Cs2.5H0.5PW12O40 on K1018
	n/a
	30
	40
	99
	
	n/a



	Zeolites
	
	
	
	
	
	



	H-[Al]-Beta65
	14
	5
	25
	100
	88
	88



	H-[Ga]-Beta65
	20
	5
	25
	100
	92
	92



	H-[Fe]-Beta65
	22
	5
	25
	100
	91
	91



	H-[B]-Beta65
	30
	5
	25
	100
	92
	92



	H-[Al]-ZSM-565
	30
	5
	25
	100
	86
	86



	H-[Ga]-ZSM-565
	35
	5
	25
	100
	89
	89



	H-[Fe]-ZSM-565
	30
	5
	25
	100
	88
	88



	H-Mordenite65
	7
	5
	25
	100
	87
	87



	H-Y65
	2.5
	10
	40
	96
	82
	85



	H-[Al]-ZSM-1265
	40
	30
	40
	95
	78
	82



	H-[Al]-NCL-165
	40
	15
	40
	85
	71
	84



	H-[Al]-ZSM-2265
	60
	15
	40
	65
	57
	88



	H-[Al]-MCM-2265
	30
	15
	40
	90
	78
	87



	H-[Al]-ZSM-4865
	50
	60
	60
	45
	36
	80



	H-[Al]-EU-165
	50
	30
	60
	80
	71
	89



	H-SAPO-565
	n/a
	60
	60
	10
	9
	88



	H-AlPO-565
	n/a
	60
	60
	25
	22
	86



	H-[Al]-Betac65
	14
	60
	60
	99
	94
	95



	ZSM-5-0NC70
	n/a
	25
	50
	60
	n/a
	n/a



	ZSM-5-30NC70
	n/a
	25
	50
	94
	n/a
	n/a



	HUSY66
	2.5
	10
	60
	32
	n/a
	n/a



	HUSY66
	15
	10
	60
	90
	n/a
	n/a



	HUSY66
	40
	10
	60
	85
	n/a
	n/a



	HY66
	n/a
	20
	60
	10
	n/a
	n/a



	Beta66
	n/a
	600
	20
	89
	n/a
	n/a







Si/Al = mole ratio of Si and Al; Y = yield; S = selectivity.



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
H,;PO,

— >
30 bar,
250 °C
OH HO
-
-H"

OH

-RH

Ce





nav.xhtml


  catalysts-12-00091


  
    		
      catalysts-12-00091
    


  




  





media/file0.png





media/file2.png
)

OH





media/file5.jpg





media/file6.png
> A
TALelone

Air

» Tar

culllcl < Cumene

. »Crude Methylstyrene

~ »Distillation
NaOH Hydrogen

Oxidation Concentration Cleavage Distillation





media/file3.jpg





media/file1.jpg





