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Abstract:  

The selective C-C bond cleavage of mono- and bicyclic naphthenic molecules via catalytic ring-opening 

plays a vital role in refining low-quality fossil oils and pyrolysis oils derived from municipal solid waste or 

waste biomass and tyres. Diesel fuels derived from such oils exhibit high polyaromatic content and low 

cetane number (CN), resulting in significant particulate emissions upon (inefficient) combustion. Catalytic 

upgrading of these oils via ring opening to form paraffinic molecules enhances their CN, producing cleaner 

burning fuels, with reduced particulate and sulfur emissions. Supported transition metal catalysts are 

attractive candidates for obtaining high-quality fuels by selective C-C bond cleavage of naphthenic 

molecules with high conversion. Ring-opening of model polyaromatics can proceed through several 

reaction pathways, dictated by the catalyst, feedstock and reaction conditions, producing hydrocarbons with 

the desired CN. Identification of the active sites in supported transition metal nanoparticles responsible for 

different ring-opening pathways is essential for the development of next-generation catalysts exhibiting 

higher selectivity and stability. Here, we critically review recent advances in the selective ring-opening 

(SRO) of naphthenic molecules to paraffinic hydrocarbons (with high CN and low aromaticity), and discuss 

the impact of catalyst design on performance and reaction mechanism. Technical challenges in designing 

transition metal catalysts for SRO are discussed, and avenues explored for improving diesel fuel quality 

from low-grade feedstocks, including municipal solid waste. 

Keywords:  

Oil refining, Biomass, Pyrolysis oil, Catalytic ring opening, Cetane number, Hydrogenolysis 



2 
 

1. Introduction  

Consumption of liquid fuels in the transportation sector has risen continuously since the Industrial 

Revolution,1 placing great demand on modern refinery streams to expand production and improve fuel 

quality. Such expansion must be tensioned against anthropogenic climate change, which imposes severe 

targets for reduced greenhouse gas emissions.2,3 Global crude oil consumption increased from 95 to >100 

million barrels per day (Mb/day) from 2015-2019, 3 although the COVID-19 pandemic derailed projections 

resulting in a sharp drop in production to 83 Mb/day in 2020. A slight increase post-pandemic is expected, 

but with more widespread availability of low emission energy sources, demand is predicted to fall further 

to 77 Mb/day by 2030.4 Although various scenarios indicate that crude oil use will peak by 20255 due to 

the emergence of large scale, renewable energy technologies including biomass, solar, wind and hydrogen,6, 

7 this timeline is a strong function of the model used. In 2020, the transportation sector constituted 32 % of 

global energy consumption and 60 % of global oil demand; while these values dropped dramatically due to 

COVID-19 (and will continue to fall road vehicle electrification), liquid fuel requirements for heavy duty 

freight is expected to continue rising by 1.4 % per year until 2030.8,9 Electrification plays an important role 

in reducing carbon emissions from cars and light duty vehicles, but is harder to implement for heavy and 

long distance transportation, with a reduced environmental impact for the latter only predicted towards 

2050 through improved battery technology and renewable fuel availability (notably hydrogen or advanced 

biofuels).4 Demand for bioderived liquid transportation fuel is thus predicted to more than double by 2030, 

meeting 14 % of fuel needs, but with a continued reliance on petroleum-derived fuel for 70 % of needs.4 

 Transportation fuels are dominated by gasoline, diesel, and jet fuel. Diesel fuel, also called distillate 

fuel oil, offers performance, efficiency and safety features,10 and is generally defined as a hydrocarbon 

mixture comprising 12-20 carbon atoms of paraffins, aromatics and naphthenes (saturated hydrocarbons 

containing at least one carbon ring) with a boiling point spanning 170-360 °C.11, 12 The ignition and 

combustion properties of diesel are indicated by the Cetane Number, which is an inverse function of the 

fuel ignition delay as determined by variable compression engine test procedures (ASTM D613) employing 

reference mixtures of n-hexadecane (CN=100) and heptamethylnonane (CN=15).13 Most diesel engines 

operate well with fuels having a CN of 46-51,13 however lower CNs confer longer ignition delays and 

increased time for complete fuel combustion, resulting in rough engine operation, cold start issues and 

undesired particulate emissions.13, 14 The target for high-quality diesel fuel is a short ignition delay to 

increase combustion and reduce particulate emissions, coupled with a low concentration of polyaromatic 

hydrocarbons (PAH<11 wt%) and sulphur (<10-15 ppm).15, 16 Sweden and Finland have targeted the 

production of diesel fuel with more stringent specifications; in 1992, Sweden produced a diesel fuel with 2 

to 5 ppm sulfur and a maximum of 5 wt% aromatics.17 Since 2003, diesel containing zero ppm sulfur and 

<1 wt% aromatics has been available on the Swedish market under the name of EcoPar.18 However, such 

ultra-low sulfur fuels need to be globally available if diesel fuel with a high CN and low particulate matter 

emissions are to find widespread use.14, 19 
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Refined oil output has significantly increased in recent years due to expanded global refinery capacity. 

According to the European Automobile Manufacturers Association in 2021, 42.3 % of cars in Europe use 

diesel fuel.20 Diesel-powered light commercial vehicles are dominant, with almost 90 % of EU van fleets 

and 97.8% of all EU truck fleets running on diesel. In Australia, 2.6 million diesel cars were registered in 

2021, representing 16 % of the nation’s 16.2 million-strong automobile fleet.21 Continued diesel use, 

coupled with the reduced availability of easily refined sweet crude oil, necessitates enhanced hydrocracking 

capability in refineries to improve diesel quality.22, 23 However, achieving this goal is problematic as oil 

refineries have different configurations and product profiles, including fuels, chemicals and asphalt.24 The 

general operation of an oil refinery is shown in Figure 1, and illustrates how fuels including naphtha, 

gasoline, diesel, jet fuel and other fuel oils can be obtained from petroleum refining by processes such as 

hydrotreating, hydrocracking and catalytic reforming.25  

 
Figure 1. Schematic of refinery operation for fuels production from crude oil. Reproduced with permission from Ref 26. 

 

For any oil refinery, the primary source is crude oil, which can be obtained from fossil fuels, biomass 

or synthetic sources like hydrotreated esters or plastic waste pyrolysis oils.26 Petroleum refining industries 

have a well-developed infrastructure to produce diesel fuel,27 and due to the existing processes, blending 

of leftover petroleum fraction (light cycle oil, LCO) obtained from fluid catalytic cracking with the diesel 

fraction is an attractive option. The LCO feedstock contains up to 90 wt% polyaromatics,28 and hence is 

unsuitable for use as diesel without upgrading. However, despite a boiling point between 180-360 °C, the 

resulting blends have a CN of 27, far below the minimum standard of 51 used in developed countries 

including the USA and Australia; LCO also contains a relatively high amount of sulfur (4 wt%) and nitrogen 
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(0.08 wt%).29, 30 Other attractive potential diesel feedstocks include pyrolysis oils derived from municipal 

solid waste (MSW), or biomass or tires waste. Utilization of waste-derived pyrolysis oils for diesel 

production offers reduced landfill waste (and associated environmental pollution), an economic boost for 

the waste recovery sector and improved energy security.31 Global MSW generation is predicted to reach 

2.3 Bt/yr by 2030, and typically comprises approximately 44-50 % biodegradable organic matter, 17% 

paper/cardboard and 12-15% plastics.32 Catalytic pyrolysis of MSW produces 15-30 wt% oil, containing 

~50 % naphthenics (of which ~10% are naphthalene and its derivatives).33 Simplified MSW models 

containing mixed biomass and plastics such as polyethylene terephthalate (PET), polypropylene (PP), high 

density polyethylene (HDPE), low density polyethylene (LDPE), and polystyrene (PS),34 produce 6-12% 

aromatics. Fast pyrolysis of biomass typically produces 10-15 wt% aromatics (of which ~15 % are 

naphthalene). Polyaromatics can result from aldol condensation and cyclisation reactions,35 or Diels Alder 

cycloaddition of biomass-derived furanic species with alkenes,36 aromatics,37 or hydrocarbon pool 

molecules 38, 39, 40, 41 over zeolites to form toluene, xylenes, trimethylbenzenes, naphthalene, and their 

derivatives.42 The formation of branched decalins are also possible from the acid catalysed oligomerisation 

of biomass-derived cyclic alcohols.43 Waste plastic is the third-largest contributor to MSW,44 45 and 

predicted increases46 are likely to result in 12 Bt/yr of plastic waste will be landfilled by 2050.47 Waste 

plastic pyrolysis at 450-500 °C44, 48 typically generates 45–50 wt% oils with a broad boiling point range.49 

Non-catalytic pyrolysis of polyolefins results in waste plastic oil (WPO) containing <3 wt% aromatics,50 

however catalytic pyrolysis of mixed plastics, 51, 52 predominantly PE and PP with smaller quantities of PS, 

PET and poly(vinyl chloride) (PVC), over solid acids increases the oil fraction but also increases aromatic 

yields >95 %. In 2018, the French Plastic Odyssey project produced diesel fuel from mixed plastic (PP, 

and/or high density HDPE and low density LDPE) with a 70 % yield,53 however this WPO contained 

significant aromatics and unsaturated hydrocarbons, expected to lower the CN and increase particulate 

emissions during combustion.54 Approximately 1 billion waste tires are produced globally per annum;55 

pyrolysis oil derived from tire waste, in pre-commercial production by companies such as Southern Oil 

Refining, may contain >60 % polyaromatics.56 Note that the production of diesel range hydrocarbons varies 

with pyrolysis conditions, with higher temperatures favouring polyaromatic hydrocarbons.49  

Diesel fuels derived directly from LCO or waste pyrolysis oils are either low yielding or poor quality 

due to their high aromatic content, and hence require improved upgrading technologies to remove 

naphthenics. Fluid catalytic cracking (FCC) and hydrocracking are commonly employed to upgrade heavy 

oil fractions into lighter components suitable for fuels (Figure 1). However, FCC of pyrolysis bio-oils leads 

to excessive char and coke formation, even at low reaction temperatures, and concomitant irreversible 

deactivation of FCC catalysts,26 while further hydrocracking of LCO (itself obtained from a FCC unit) leads 

to a loss of diesel fraction and increase in light hydrocarbons.57 Hydrocracking of pyrolysis bio-oils also 

produces lighter components with shortened hydrocarbon chains unsuitable for diesel, and the requirement 

for high operating temperature and H2 pressure would significantly increase processing costs.58 
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Hydrocracking of deoxygenated pyrolysis oil and vacuum gas oil blends also yield diesel products with a 

reduced paraffinic and higher aromatic content than conventional diesel,59 with an associated loss in CN. 

In general, hydrotreating of aromatics in pyrolysis oils generates 2+ ring cycloalkanes with a CN 

incompatible with diesel.60 Although polyaromatics were reportedly removed over NiMo/Al2O3 

hydrotreatment catalysts (at 350-375°C and 80-100 bar H2) to yield a fuel with CN 75,46 no information 

was provided on whether polycyclic hydrocarbons remained or their impact on emissions.  

Selective ring-opening (SRO) is an alternative, emergent technology to reduce naphthenic levels in 

LCO and pyrolysis oils via ring hydrogenation and cleavage of endocyclic C-C bonds10, 54, 61 to produce 

paraffins with the same number of carbon atoms,62 and hence increase the CN of resulting diesel fuels. 

Hydrogenation of aromatics in combination with SRO of diesel feedstocks can further enhance the CN.12, 

63. As an added benefit, SRO increases the volume of available product due to the gradual decrease in 

density resulting from loss of molecular weight during hydrogenation of complex polyaromatic 

compounds.64 Major naphthenic molecules (those containing one or more saturated cyclic structures) 

remaining in distillate fractions after various levels of hydrogenation are naphthalene, tetralin, decalin and 

indan,65, 66 and are representative of the type of molecules present in real diesel feeds. As outlined earlier, 

diesel quality is in part determined by the presence of molecules with larger CN,66 and catalytic SRO of 

bicyclic molecules such as the aforementioned can increase the CN. SRO studies are however hampered 

by analytical difficulties arising from the complexity of ring opening and competing reactions, e.g. 

isomerization and cracking. Quantitative analysis of intermediates and products is necessary to obtain 

deeper insight into the SRO mechanism and thereby guide the design of improved catalysts. Although 

monocyclic naphthenes such as methylcyclopentane (MCP) and methylcyclohexane (MCH) are not 

components of real diesel feedstocks, studies of their SRO can shed valuable mechanistic insight. For 

example, ring contraction of a polycyclic six-membered molecule can produce five-membered ring isomers 

akin to methyl cyclopentane, whereas the hydrogenation of naphthalene generates tetralin, which comprises 

one aromatic and one-saturated ring (cyclohexane attached to benzene).67 Knowledge of MCP and MCH 

ring-opening as model molecules provides the basis for understanding the behaviour of more complex 

molecules such as naphthalene, tetralin, decalin and indan. The structure of exemplar mono- and bicyclic 

molecules, and their corresponding CN numbers, are shown in Figure 2.66 

 



6 
 

  

Figure 2. CN of prototypical monocyclic and bicyclic naphthenic molecules. 

 

Despite the importance of SRO of naphthenic molecules for enhancing the CN of diesel fuel, and the 

potential for upgrading of waste-derived pyrolysis oils,4643,34 there are few reviews of ring-opening 

catalysis.63, 65, 68, 69 Most such reviews exclusively focus on zeolite-supported noble metal catalysts and their 

performance benchmarking against model compounds. However, different reaction mechanisms and 

structure-reactivity relationships have not been systematically evaluated with respect to a broad range of 

relevant model compounds. It is widely acknowledged that catalyst properties, such as acidity, porosity and 

metal particle size strongly influence the SRO reaction. Thus, the present review discusses recent advances 

in SRO of monocyclic, saturated alkanes and polycyclic molecules, identifying links between 

physicochemical properties of catalysts and their corresponding conversion and selectivity towards specific 

products. Topics explored include the role of mono- and bimetallic active sites, the impact of support 

acidity, and their influence on different SRO pathways and resulting catalyst stability and lifetime. The 

SRO reaction over supported metal catalysts is discussed for both model compounds and real feedstocks, 

noting efforts to improve CN, resulting conversion and selectivity. Finally, we discuss current challenges 

facing the SRO approach, and offer perspectives on the future design of highly selective catalysts for the 

SRO of naphthenic molecules and suggest practical solutions for potential industrial implementation. 

 

2. Selective Ring Opening Catalysts 

The chemistry of SRO has been explored since the 1950s and was investigated using model compounds 

like MCP and MCH over noble metal-based catalysts. Since about 2000, the chemistry of catalytic SRO 



7 
 

was extended to various bicyclic model compounds, wherein tetralin, decalin, and indan were utilized as 

key model feedstocks, with the ability to control partial or complete hydrogenation of polyaromatics 

considered a significant advance.10, 70  

Generally, SRO requires transition metals which are active for hydrogenolysis, a support that may be 

either neutral or participate in the reaction via adduct formation or possess acidity to actively direct 

secondary reactions. Using an external hydrogen source, partial hydrogenation of the (poly)aromatic ring 

is followed by selective C-C bond cleavage to produce ring-opened products. Resasco and co-workers 

demonstrated the changes in CN of different compounds such as decalin, tetralin, and phenanthrenes were 

achieved when selective C-C bond breaking forms linear or mono-branched paraffins.13, 66 For example, a 

CN of 77 (n-decane) can be obtained from SRO of decalin (CN=36) (Scheme 1a). However, the formation 

of SRO products with such an increase in CN is not achievable in a single step. Theoretically, prior to SRO, 

severe hydrotreating is required, and under these conditions several reactions can occur in the presence of 

the catalyst making this reaction network complex, as shown in Scheme 1b. Selective C-C cleavage to open 

the second ring is a crucial step to obtain a molecule with less branching and high CN.66  Uncontrolled 

hydrogenation and further C-C bond scission must be avoided, as such hydrocracking forms light 

hydrocarbons not suitable for diesel fuel. Therefore, the selectivity, distribution and composition of the 

less-branched products heavily depends on operating conditions and characteristics of the catalytic system. 

It is therefore important to evaluate the possible reaction paths and understand the role of catalysts in 

selective C-C bond cleavage of naphthenic molecules, which could provide a pathway for upgrading diesel 

fuels. In general branched isoparaffins form when cleavage occurs at an unsubstituted C–C bond leading to 

decreased CN, while cleavage of a substituted C–C bond reduces branching and increases CN: ring 

contraction followed by a ring opening (Scheme 1c) is proposed as a unique strategy to achieve this desired 

level of control.71, 66  

Given the competing pathways in naphthene hydrotreatment, it is important to understand the basic 

thermodynamics of the reactions involved to assess the relative product yields. Hydrocracking of paraffins 

and naphthenes can proceed via (i) acyclic cracking, where a paraffin molecule is cracked into two smaller 

species, (ii) exocyclic cracking, where a side chain is removed from a naphthene, and (iii) endocyclic 

cracking, where cleavage of ring C–C bond occurs.72 To simplify thermodynamic calculations this can be 

considered as a cracking reaction followed by a hydrogenation reaction. While the standard ∆H for reaction 

is negative for all three classes of cracking reaction, the standard ∆S for reaction is positive for acyclic and 

exocyclic cracking reactions but negative for endocyclic ring opening reactions. The negative entropy 

change for endocyclic ring opening is a consequence of the negative entropy of the hydrogenation step 

being greater than the entropy increase from C-C cleavage. 



8 
 

 
 
Scheme 1 (a) CN number enhancement from the conversion of naphthalene to n-decane; (b) Reaction pathways for the 
hydrogenation of naphthalene to tetralin and hydrogenolysis of the model feed naphthalene and tetralin. (Reproduced with 
permission from Ref 73) and (c) role of initial ring contraction in altering CN. (Reproduced with permission from Ref 66) 
 

Acyclic and exocyclic cracking are thermodynamically favourable compared to endocyclic cracking, with 

the latter becoming non-spontaneous at elevated temperature (> 500 °C). When considering ring opening 

of decalin, the formation of cracking (CR), ring contraction (RC), selective ring opening (SRO) and 

dehydrogenation (DH) products are possible. For equimolar ratios of H2 and decalin, cracking and 

dehydrogenation products are the dominant pathways, and equilibrium calculations predict insignificant 

levels of total ring opening (TRO) products form. Increased H2:decalin however can suppress competing 

pathways and increase TRO product formation, with an optimum ratio of 4:1 predicted (Figure 3). The 

formation of TRO products is also sensitive to temperature, with conversion of decalin into ring opened 

products mildly exothermic at lower temperatures. At higher temperatures the reaction becomes 

endothermic owing to the formation of ring contraction products becoming energetically favoured relative 

(a)

(b)

(c)
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to ring opening. As a result, equilibrium yields for TRO products decrease dramatically between 500-600 

K owing to competing pathways becoming favoured, and hence to be viable, any process should operate 

below 600 K. 

 
 
 

Figure 3. Yields of total ring opening (TRO), dehydrogenation (DH), and ring contraction (RC) products as functions of molar 
feed ratio of hydrogen to decalin at 500 K determined from thermodynamic equilibrium calculations. Reproduced with 
permission from 72 

 
 

Kubička et al74 proposed a simplified scheme for the hydrocracking of decalin in which decalin and its 

isomers are in equilibrium, with ring contraction products the precursor to ring opening and cracking 

products (Figure 4).  

 
 

Figure 4. Gibbs free energy for reaction steps in ring opening of decalin, based on thermodynamic data from ref 72 and proposed 
reaction cycle from ref 74. Values in brackets are the Standard Gibbs free energy of formation of selected stable molecules 
identified as potential products of RC, SRO or CP pathways. 
 

Applying the thermodynamic data for selected products for reaction at 500 K72 reveals the direct formation 

of ring opening products directly decalin is energetically favourable, however, this is less favourable than 

the formation of cracking products.  If higher temperatures are employed then ring contraction becomes 

more spontaneous, and cracking becomes even more dominant. Thus, catalysts are required that can 

promote low temperature SRO while suppressing competing cracking pathways. To address these 

Ring Opening 
Products

Cracking Products 

Cis-Decalin Trans-Decalin

Ring 
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(63.9) (61.1)
∆Gr = -2.8 

[e.g. 1-methylbicyclo[3.3.1]nonane (62.8)]

Units = kcal/g mol

[e.g. Butylcyclohexane (59.1) + ethane (1.2) 
or 4-methylnonane (55.2)]

∆Gr = -2.5 to -7.6

∆Gr = -11.7 to -7.8

∆Gr = 1.7∆Gr = -1.1

∆G
r = -13.7

∆G
r = -0.8 to -5.9

Cyclic C5–C9 [e.g. methylcyclopentane (33.0) + isobutane (14.4)]
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challenges are three general classes of solid catalysts employed for C-C bonds cleavage of naphthenic 

molecules which do not lead to significant changes in molecular weight, namely (i) solid acid catalysts, (ii) 

Transition metal catalysts, and (iii) bifunctional catalysts containing both Brønsted acid and metal sites. 

Figure 5 shows a brief overview of mono- and bifunctional catalysts with specific advantages and 

disadvantages. 

 

 
Figure 5. A general overview of catalyst types employed for selective ring-opening (SRO). 

 

The following sections provide a general overview of solid acid, transition metal and bifunctional metal 

solid acid catalysts employed in SRO, along with a comparison of their activity/selectivity for steps 

involved in the SRO mechanism (hydrogenation, hydrogenolysis of C-C bonds, isomerization and 

cracking) to offer insight into the available options for formulating highly active and selective catalysts for 

targeted SRO reactions. 

 

2.1. Solid acid catalysts 

Solid acid-catalysed ring-opening of naphthenes has mainly been studied on zeolites,75-77 wherein Brønsted 

acidic sites protonate the cyclic molecule, leading to isomerization, and subsequent C-C bond cleavage.  

The most well-known solid-acid catalysts are proton modified zeolites, including H-Beta, H-Y, H-

Mordenite, and H-ZSM5.77-84 H-ZSM-5 (Si/Al=20), which have been explored for the ring-opening of 

monocyclic molecules such as MCP and MCH at 250 °C and 6 MPa H2 pressure.79 While 100% conversion 

of both reactants observed, these exhibit a 99% selectivity towards cracking products, which is undesirable 

if a significant degree of light products form . Corma et al. investigated medium-pore (10-membered ring, 

MCM-22, ZSM-5, and ITQ-2), large-pore (12-membered ring, Beta, USY), and ultra-large pore (UTD-1) 

zeolites for the ring-opening of tetralin and decalin at 450 °C and demonstrated that 12-membered ring 

zeolites could open the cyclic ring, with Beta-type zeolites most suitable for selective ring-opening. 

However, the major focus of this study was on tetralin and decalin cracking and did not provide detailed 

information on the ring-opening products. In a similar study SRO was reported for decalin molecules using 

USY, ZSM-5, and mordenite zeolite catalysts,85, 86 however, no isomeric and ring-opening products were 

Transition
Metal catalysts

Advantages
 Selective to target molecules
 Higher conversions

Disadvantages
 Lower reactivity to bicyclic 

molecules
 Often requires precious 

metals

Bifunctional 
Metal/solid acid catalysts

Advantages
 Selective to target molecules
 Tune acidity to promote SRO
 Higher conversions

Disadvantages
 Some cracking products
 Some deactivation from 

coking

Solid acid catalysts

Advantages
 Brønsted and Lewis acid sites
 High surface area

Disadvantages
 Unselective to SRO
 High levels of cracking
 Strong deactivation from 

coking
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observed. Kubička et al. compared solid-acids such as H-Beta-25, H-Beta-75, H-Y-12, H-Mordenite-20, 

and H-MCM-41 (where the number after the zeolite represents the SiO2/Al2O3 ratio) for the decalin ring-

opening at 300 °C and 2 MPa H2 to assess the impact of acidity on ring-opening. The Brønsted acidities of 

the studied catalysts were determined by pyridine adsorption at 250 °C and followed the order: H-

Mordenite-20 (331μmol/g) > H-Beta-25 (269 μmol/g) > H-Y-12 (255 μmol/g) > H-Beta-75 (147 μmol/g) 

> H-MCM-41 (26 μmol/g). Mildly acidic zeolites exhibited reasonable ring-opening yields (5-8 wt%) along 

with isomers (50%), cracking products (23%), and other heavy products (10 wt%), with conversion and 

ring-opening yields correlating with the concentration of Brønsted acid sites of the catalyst.  

Scheme 2 shows the mechanism for C-C bond cleavage of decalin over Brønsted acid catalysts, where 

the initial reaction step includes protolytic dehydrogenation, forming a carbocation on acidic sites. The next 

step involves β-scission and hydride transfer, which leads to the formation of isomers such as 

methylbicyclononane, dimethylbicyclononane, dimethylbicyclooctane, and trimethylbicycloheptane. 

Finally, the corresponding products can be hydrogenated on acid sites to produce ring-opening products.  

  

Scheme 2: Proposed mechanism for isomerization and ring-opening of decalin over Brønsted acid catalysts. Reproduced with 
permission from 77 
 

The most common ring-opening products are 1-ethyl-3,5-dimethylcyclohexane (CN=30), 1,2,3,5-

tetramethylcyclohexane (CN=18), methyl-isopropylcyclohexane (CN=24) and iso-butylcyclohexane 

(CN=36). These findings indicate that over solid acid catalyst alone the final products will not have a 

significantly higher CN than the initial feed (decalin, CN=36), so would not improve fuel properties 

sufficiently.87-89 Zeolites can also undergo deactivation due to coking, and form significant amounts of light 

hydrocarbons (CN range between 15 and 29) at high conversions. This means that the strong acidity 

together with the pore structure influences catalyst deactivation. Thus, as the yields of ring-opening 

https://pubs.acs.org/action/doSearch?field1=Contrib&text1=David++Kubi%C4%8Dka
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products are unacceptably low, generally about 5-10% at most,74 and the products of acid-catalysed ring-

opening exhibit no CN improvement,76, 90 it can be concluded that solid-acid catalyst alone are unsuitable 

for SRO. 

 

2.2 Transition metal catalysts 

Transition metal catalysts can open the naphthenic ring compounds when metal atom ensembles possess 

hydrogenolysis activity,91 with several examples successfully applied in the ring-opening of naphthenic 

molecules including: Pt/Al2O3, Ir/Al2O3, Ir/SiO2, Pt-Ir/Al2O3, Pt-Ir/SiO2, Ru-Pd/Al2O3, Ru-Ir/Al2O3, and 

Ni-Ir/Al2O3.12, 89, 92-94 The ring-opening reaction is proposed to occur via hydrogenolysis of endocyclic 

carbon-carbon bonds over the metal site through three different coordination modes (dicarbene, π-adsorbed 

olefin, or metallocyclobutane conformations) shown in Scheme 3a-c.63 Thus, the selectivity and 

distribution of different ring-opening products over metal catalysts depends on the intermediate formed in 

the reaction.   

 

Scheme 3. Three potential ring-opening intermediates formed during activation of 1,3 dimethyl cyclohexane over transition 
metal catalysts (a) dicarbene, (b) olefin, and (c) metallocyclobutane modes. Reproduced with permission from 63. (d) Reaction 
pathway for the selective ring opening of decalin via the dicarbene and metallocyclobutane routes. Reproduced with permission 
from 66, 76 
 

Scheme 3a illustrates the structure of a dicarbene intermediate, which forms via coordination of 

adjacent secondary carbon atoms to two metal sites, resulting in a perpendicular adsorption configuration, 

which, favours breaking of unsubstituted secondary-secondary carbon-carbon bonds exclusively. This is 

referred to as a ‘selective mechanism’ which gives rise to a predictable product distribution, and is often 

favoured over larger metal nanoparticles (NPs) where suitable metal ensembles dominate.95,89 In contrast 

π-adsorbed olefin coordination (Scheme 3b) requires bonding to only a single metal atom, which leads to 

a ‘non-selective mechanism’ that is favoured over highly-dispersed metal sites. The resulting flat adsorption 

geometry leads to an equal probability for either secondary–secondary, secondary–tertiary, or tertiary–

  

H2

(d)
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tertiary carbon-carbon bond cleavage and thus an unpredictable product distribution. The 

metallacyclobutane route (Scheme 3c) also involves coordination to a single metal atom, however, bonding 

to the ring and exocyclic side group in this geometry results in selective cleavage of substituted C-C bonds 

to produce only linear paraffins, and is highly favourable for diesel fuel production.96 

Scheme 3d illustrates potential product distributions arising from decalin ring-opening over Ir catalysts 

via the di-carbene or metallocyclobutane intermediates, with the former favouring methyl-

propylcyclohexane (MPCH) and diethylcyclohexane (DECH) from the two possible ring M=C-C=M 

coordination modes, whereas the latter selectively produces n-butylcyclohexane following secondary-

tertiary C-C bond cleavage. Such mechanistic insight is often based on product distributions compared to 

proposed models, with the metallocyclobutane mechanism invoked when higher levels of paraffins are 

observed.97  The reaction mechanism and associated product distribution and selectivity vary strongly with 

the properties of the hydrogenolysis metal (e.g. type, particle size), support and model compound explored. 

In general the selectivity for unsubstituted C-C cleavage in naphthenic molecules follows the order Ir >> 

Rh ≈ Ru ≈ Ni > Pt, when proceeding via the di-carbene mechanism.12 However, Pt shows superior activity 

for cleavage of substituted C-C bonds, and also shows a strong particle size dependence, which is attributed 

an alternative metallocyclobutane pathway being facilitated over smaller NPs.89, 12, 76 The activation barrier 

to the metallocyclobutane pathway is higher than that of the di-carbene route and most likely only operates 

when the di-carbene route is inhibited by e.g. site blocking from coking or structural hinderance of the 

molecule.89 As will be discussed later, under certain conditions Ir favours the metallocyclobutane 

mechanism, but this is also strongly dependent on reaction conditions and support, with Ir/Al2O3 more 

selective towards paraffins than Ir/SiO2, irrespective of metal dispersion.89 Furthermore, trends in activity 

of transition metals also depend on the model compound studied, and while five membered MCP rings are 

easily opened by a noble metal at low temperatures, ring-opening of six membered MCH is almost a 

hundred times slower.12 Thus, transition metal catalysts alone are generally not active enough when 

polycyclic molecules are employed as model compounds, due to low isomerization activity of nonacidic 

supports.89,98 Therefore, in addition to the metal sites, tuneable support acidity is also critical for the 

development of practical SRO catalysts with bifunctional character. 

2.3 Bifunctional solid acid supported transition metal catalysts 

Bifunctional catalysts based on solid acid supported transition metals offer the advantages that both the 

metal sites and solid-acid support can operate cooperatively to promote ring-opening activity/selectivity. 

In general, such catalysts are fabricated by dispersing metal NPs on a solid-acid support, with the acidic 

support generally promoting ring isomerization, and subsequent ring-opening proceeding to the SRO 

product on the metal site.99 Bifunctional catalysts are mostly used for RO of molecules containing two or 

more six-membered rings, where the acidic support can isomerize six-membered rings to the 5-membered 

ring, with the transition metal able to open the resulting contracted ring more easily. For example, tandem 
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acid-metal catalysed ring-opening of decalin via a substituted C-C bond cleavage mechanism produces n-

butylcyclohexane (CN=47), diethyl-cyclohexane (CN=39), and 1-methyl-2-propylcyclohexane (CN=39).66 

The increased CN indicates that the bifunctional catalysts are better suited for fuel upgrading compared to 

the solid-acid catalysts alone.76 Metals from Group VIII (Rh, Ru, Ir, Pt, and Pd) are well known for their 

hydrogenolysis activity, and are reported as having excellent activity and selectivity towards ring-opening 

when dispersed over solid-acid supports such as zeolites and SiO2-Al2O3. Zeolites with medium and large 

pore sizes, such as USY, HY, and H-Beta are considered as the most suitable supports for dispersing the 

hydrogenolysis metal.82, 100 Examples of bifunctional catalysts investigated include: Pt/HY, Pt/H-Beta, 

Pt/H-mordenite, Pt-Ir/H-Beta, Ir/H-Beta, Ir/WO3/Al2O3, Ir/SiO2-Al2O3, Rh-Pd/ SiO2-Al2O3, and Ru-MCM-

41.81, 101-105 Metal dispersion and support acidity will play a vital role in affecting the ring-opening 

performance, with the selectivity to ring-opening products tuned by varying support acidity, and 

composition of the metallic phase (mono or bimetallic function, metal content, and metal particle size).106-

108  In addition, strong interactions between the metal and support can also affect the hydrogenolysis activity 

of the metal, while at the same time the metal can suppress the acidity of the support.109 

The bifunctional mechanism is briefly described in Scheme 4 using decalin SRO as an example.110 In 

this mechanism, ring-opening is considered to proceed indirectly with dehydrogenation/hydrogenation 

occurring on the metal sites and skeletal isomerization and β-scission facilitated by the acid sites, which is 

different to the simple metal catalysed hydrogenolysis mechanism (Scheme 2).  

 

Scheme 4. SRO of decalin via the bifunctional mechanism. Reproduced with permission from 110. 
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A discussion of the reaction pathways of typical model polycyclic molecules and impact on molecular 

structure on reactivity are introduced in the next section to explain trends in activity and mechanism of 

SRO over different catalyst classes.  

 

3. SRO of model polycyclic molecules 

Although theoretically, SRO is a promising route for upgrading low-value feeds to high-quality products, 

in practice, it continues to be a challenge owing to its complex chemistry.65 Product characteristics depend 

not only on the composition of the feed but also on the operating conditions and the catalyst nature. For 

example, even when starting from a single molecule (or two stereoisomers in the case of decalin), a complex 

mixture of ca. 200 hydrocarbons is formed upon reacting with such catalysts, due to the variety of reaction 

steps occurring on metal and acid sites.111 In this context, to gain fundamental insight into the mechanism 

of target reactions, the systems must be simplified, and hence model substances are commonly employed 

in SRO reactions. As discussed earlier, while C–C bond scission without hydrogenation is endothermic, 

and it is the hydrogenation step that makes the overall SRO reaction mildly exothermic and 

thermodynamically feasible at low temperature.72 Product distributions can thus be controlled with 

temperature changes, allowing the equilibrium between reactions to be altered.112 Thus, there is an optimum 

temperature and pressure for these reactions, and as mentioned in earlier sections, understanding of SRO 

of mixed model compounds is complex and not well understood. To gain insight into the surface chemistry 

of SRO catalysis it is important to understand the organic mechanism that underpin ring opening reactions, 

which will be discussed for mono- and bi-cyclic structures comprising five and six membered rings. 

 

3.1 SRO of monocyclic compounds 

Various noble and transition metals on a range of supports (MCM-41, WO3, USY, HZSM-5, Al2O3, SiO2, 

SiO2-Al2O3, and TiO2) are reported for the successful conversion of monocyclic molecules such as MCP 

and MCH into C6 and C7 alkanes, respectively. The following section will discuss typical observations for 

ring opening of monocyclic molecules, however, while useful for mechanistic insight, the selectivity 

towards paraffins with a smaller number of branches (high CN) is generally poor.  

 

3.1.1. SRO of MCP 

The conversion of MCP over metal-supported catalysts generally produces three types of products, 

including ring enlargement (cyclohexane and benzene), ring cracking (C1-C5 light products), and ring-

opening (2-methylpentane (2-MP), 3-methylpentane (3-MP), and n-hexane (n-H)).113 MCP conversion and 

product selectivity depends on the hydrogenolysis metal employed, the support acidity and chosen reaction 

temperature. The general scheme for MCP conversion over a metal-supported catalyst is described in 



16 
 

Scheme 5.114 As shown, the endo C-C bond cleavage of MCP forms major RO products (n-H, 2-MP, and 

3-MP), and from a CN point of view, n-hexane would be the preferential product due to its high CN (45) 

when compared to 2-MP (CN=33) and 3-MP (CN=30). However, the product distribution differs with the 

catalyst type (as mentioned earlier). 

 

M

cyclohexane

benzene

methylcyclopentane

A A, M

A, M
A, M

A, M

C1
-C5

light products

n-hexane

3-methylpentane

2-methylpentane

A

A

A- acid
 catalyzed

 
pass

M- metal catalyzed
 
pass  

Scheme 5: Ring-opening of MCP by hydrogenolysis over solid acid supported transition metal catalyst. Reproduced with 

permission from Ref 114. 

 

Bifunctional catalysts employed in SRO of MCP include Pt/mordenite,102 Pt/KLT115, Ir/USY,116 

Ir/MoO2,
117 and Pt-Ir/MoO2,117  and Rh/HY.87 In addition to the hydrogenolysis character of metal, the 

acidic properties of the support significantly affect the catalyst selectivity and mechanism of MCP ring-

opening.118 Generally, transition metal catalysis produces 2-MP, 3-MP, with the n-H distribution entirely 

dependent on metal hydrogenolysis activity. The most common statistical distributions are 2:2:1 or 2:1 

respectively for the non-selective or selective hydrogenolysis mechanism. Bifunctional metal/solid-acid 

catalysts direct a different pathway, with ring-opening occurring on both metal and acid sites, which 

produces similar statistical distribution. However, there is another possibility of isomerization of MCP, and 

further dehydrogenation to produce benzene. Ring-enlargement can be occurred when the noble metal was 

located inside the channels of zeolite supports, with adduct sites formed between the metal and support 

proposed to direct isomerization. When the reaction occurs over the adduct site all the reaction steps proceed 

on the activated reactant bound at the metal-acid interface without migration of intermediates between sites. 

For example, Jacobs et al.119 reported Pt-zeolite adduct sites could favour benzene formation via acid 

catalysed isomerisation and metal catalysed aromatisation, as shown in Scheme 5. Excess acidity on the 

surface of the catalyst was found to result in light alkane products due to cracking. Thus, the acidity and 

geometry of support,118 presence of interfacial sites at metal NP-support boundary,120 and electronic 

interactions between metal and support site alter the ratio of 2-MP/3-MP and n-H/2-MP formed during 

MCP conversion, and can have a negative or positive impact on SRO selectivity.  
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3.1.2 SRO of MCH 

The conversion of MCH is more complex compared to MCP, due to many reaction pathways leading to 

ring-opening (RO), ring-enlargement (RE), ring contraction (RC), and cracking product (CP) formation.121 

Similar to MCP, the reaction mechanism of MCH can be direct or indirect, and the corresponding product 

distribution varies with the type of catalyst.93 According to Scheme 6, C-C bond cleavage in MCH can 

occur at three positions: a, b, and c, and can be classified as direct ring-opening (as for transition metal 

catalysts) or indirect ring-opening (as for bifunctional metal/acid catalysts). In transition metal catalysis 

(Scheme 6a), the ring-opening of MCH follows two reaction pathways, described as the dicarbene and 

metallocyclobutane mechanism as discussed previously in Section 2.2.  

 
Scheme 6. Product distribution following SRO of MCH via (a) direct ring opening on metal sites and (b) bifunctional mechanism 
over metal and solid acid sites. Reproduced with permission from Ref 93. 
 

The dicarbene pathway results in cleavage of unsubstituted C-C bonds, which produces 2-methylhexane 

(2-MH, CN=35) and 3-methylhexane (3-MH, CN=17), while the metallocyclobutane mechanism results in 

n-heptane (n-HP, CN=53) formation via cleavage of a substituted C-C cleavage.122 In contrast, the 

bifunctional mechanism (Scheme 6b) produces 2,3-dimethylpentane (CN=22) as a significant ring-opening 

product owing to ring contraction being favoured over acid sites.66 However, keeping the selectivity of 

ring-opening products high while simultaneously reducing the formation of undesired products, such as 
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those from cracking and dehydrogenation, is challenging. Like SRO of MCP, supported noble metal 

catalysts are active for MCH conversion, with the most common investigated metal catalysts being Pt, Pd, 

Ru, Rh, and Ir supported on Al2O3, SiO2, and TiO2.12, 75, 100, 121 Over bifunctional metal acid catalysts, acid 

catalysed ring contraction of MCH is proposed to occur as a first step, with the metal participating in 

hydrogenolysis to form ring-opening products. Many studies focussed on Ir metal due to its specificity for 

cleavage of endo C-C bonds in cycloalkanes, and it is widely reported that Ir-based systems show a greater 

tendency towards ring-opening of C5 rings than for C6 rings.12, 121 Comparison of RO of MCH over 

bifunctional Ir/USY zeolite and Ir/SiO2 at 275 °C and 2.8 MPa H2 reveal Ir/USY shows higher MCH 

conversion and RO selectivity compared to Ir/SiO2. While conversions are similar for both MCP and MCH, 

RO selectivity is lower for MCH, with RC products favoured. Thus, bifunctional catalysts would be the 

best candidates for ring-opening of C6 hydrocarbons.123 Detailed discussion of the properties of different 

classes of catalyst and their structure activity relationships for MCP and MCH ring-opening is presented in 

Section 4. 

 

3.2.  SRO of bicyclic compounds 

Substituted naphthalenes, tetralin and decalin are the major polycyclic constituents in the diesel fraction 

boiling-point range in oil refining and petrochemical plants,124 and a significant component of waste plastic 

and tyre pyrolysis oils.125 Typical concentration of polyaromatics lie between 66-88 wt% for fossil derived 

oils (prior to hydrotreating) depending on the feedstock source,126 and 10-30% for plastic derived pyrolysis 

oil.125 LCO from fluid catalytic cracking refineries has the highest polyaromatic content (88 wt%),57 which 

cannot be blended easily into diesel, hence conversion of naphthalene into high-value products with a high 

CN is the more desirable option.127 Thus, it is safe to assume that naphthalene is a representative component 

of real feedstock,128 and its derivatives, such as tetralin and decalin, are also essential model compounds to 

understand the efficiency of the metal-supported catalysts in ring-opening steps required to further enhance 

the CN.129 The mechanism related to the conversion of naphthalene (CN=1) to n-decanes (CN=72-76) is 

shown in Scheme 7, where the first two reaction steps involve selective hydrogenation of naphthalene. This 

process usually converts naphthalene to tetralin and eventually decalin, with a corresponding improvement 

in CN, with subsequent  SRO forming the desired n-butyl cyclohexane with higher CN via endo C-C bond 

cleavage.68 If SRO continues, there is a possibility to form n-alkanes with higher CN (72-76). Ring 

hydrogenation and SRO also decreases fuel density from 1.025 to 0.730 g/cm3, which can increase the 

engine performance and lower particulate matter (PM) emissions.100 However, high H2 inputs are required 

in the hydrotreating process to obtaining n-alkanes with high CN, with a 5:1 molar ratio of 

hydrogen:naphthalene required to saturate the molecule (Scheme 7), and result in a CN improvement of 

36. Given that hydrogenation of polycyclic aromatic rings requires a high H2 demand, and that a CN of 46-

51 is acceptable for most diesel engines,13 partial hydrogenation followed by SRO is an attractive strategy 
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to result in enough CN gain while avoiding excessive H2 costs. However, the SRO process is not 

straightforward, and a variety of factors affect the ring-opening positions, i.e., substituted C-C bonds (high 

CNs), the type of catalyst used (acid or metal or bifunctional), active metal particle size, feedstock, and 

reaction conditions.12, 130 Tuning the product selectivity with this level of precision to achieve partial ring 

hydrogenation and SRO is thus challenging, and the following section discusses mechanisms of ring 

opening of polycyclic aromatic and saturated hydrocarbons. 

 

Scheme 7. Illustration of how hydrogenation of naphthalene followed by selective ring-opening provides an increase in fuel 

density and CN. Reproduced with permission from Ref 108. 

 

3.2.1 SRO of naphthalene, tetralin, and decalin 

Scheme 8 shows the plausible mechanism for ring-opening of naphthalene, tetralin, and decalin model 

compounds over zeolite supported transition metal catalysts.131 According to Scheme 8, the initial step 

consists of the hydrogenation of naphthalene to tetralin and decalin, followed by isomerization and ring-

opening to generate Iso and RO products.73, 131 In the reaction mechanism, the acid catalysed contraction 

of a six-membered ring to a five-membered ring is a critical step, as opening five-membered rings is more 

facile.132 As shown in Scheme 8, the major products can be classified into four groups: isomerization (or 

RC), RO, dehydrogenation products (DH), and CP.131 Other reaction steps such as dealkylation and 

condensation are also observed, which can respectfully lead to an undesired carbon number loss, or 

formation of polycyclic molecules, with the latter likely to yield hydrocarbons closer to lubricants following 

hydrogenation and SRO. It is interesting to note that no linear paraffins were reported when starting from 

naphthalene,127 only alkyl-benzene and alkyl-cyclohexane, with the subsequent zeolite promoted 

dealkylation pathways a result high temperatures 340 °C being employed which as discussed earlier 

thermodynamically favour cracking over SRO. 
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Scheme 8. The possible reaction pathways for SRO of naphthalene, tetralin and decalin over zeolite supported transition metal 

catalysts. Modified from Refs 127-131 

 

In contrast to MCP and MCH, the distribution of RO products from a two-membered ring is complex. 

However, some of the vital ring-opening products and OCDs (open chain decanes also referred to as 

secondary ring-opening products) form from decalin over transition metal and bifunctional metal-acid 

catalysts via dicarbene and metallocyclobutane reaction pathways as previously discussed. The products of 

decalin SRO over both metal and metal-acid catalysts are shown in Table 1, which indicates that both 

classes of catalyst can produce ring-opening products and OCDs with high CN. Notably, second ring-

opened products obtained via the metallocyclobutane mechanism are slightly better than those obtained via 

the dicarbene mechanism. Some of the critical ring-opening products, which consist of high CN from 

naphthalene conversion versus the specific volume, are shown in Figure 6. It shows an additional fact that 

the complete hydrogenation of naphthalene produces saturated cyclo-alkane (CN=40) and approximate 1.1 

mL/g volume of hydrocarbon mixture, which suggests that the hydrotreating process has a minor impact 

on volume.13, 66 While SRO can also produce ring-opening molecules with higher CN (>50) and high 

volumes (1.3-1.4 mL/g) of saturated hydrocarbons, it is critical to control reaction selectivity as there is a 

significant loss in CN if branched alkanes are produced during ring opening. The solution is to selectively 

open rings at substituted C–C bonds to increase volume without losing CN and requires tuning of mono- 

and bifunctional catalysts to direct the desired reaction pathway.   
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Figure 6. CN and specific volume of typical products formed from SRO of naphthalene. *Naphthalene specific volume is at 100 
ºC all others at 20 ºC. Reproduced with permission from Ref 66  

 

In summary while single ring species MCP and MCH are readily cleaved into ring-opening products over 

transition metal catalysts,133 this is not the case for bicyclic six-membered rings (naphthalene and tetralin). 

While high reaction temperatures and pressure can favour the conversion of polycyclic compounds over 

transition metal catalysts; this leads to cracking rather than ring-opening products. For example, while Pt-

Rh/Al2O3 and Rh/Fe2O3-TiO2 can achieve 80-90% conversion during the ring-opening of naphthalene (at 

>350 °C and >6 M Pa),131, 132, 134-137 low ring-opening yields (<2%) are observed due to the large extent of 

cracking and cross-coupling reactions between RO products. Decalin is more easily opened by transition 

metal catalysts due to the absence of aromaticity, however bifunctional metal-acid catalysts are preferable 

for the ring-opening of bicyclic compounds such as naphthalene, tetralin, and decalin and are explored more 

widely.138 Acidic supports facilitate acid-catalysed reactions such as cracking, dealkylation, and 

isomerization, whereas transition metal elements promote hydrogenolysis, and (de)hydrogenation. Thus, 

the optimum catalyst should have a balance of both features to achieve high RO yields in two-membered 

rings at low operating temperatures <250 °C.   

Ring-opening of tetralin is easier when compared to naphthalene due to the presence of only one 

saturated ring. As shown in Scheme 8, there are two possible reaction pathways over bifunctional catalysts: 

the first step is the partial hydrogenation of tetralin to octalin followed by further hydrogenation to decalin 

on the metal site. Ring contraction and isomerization can provide saturated ring-opening products. 

Alternatively, the formation of aromatic ring-opening products starts from the direct protonation of tetralin, 

with ring contraction of the corresponding carbocation leading to methylindan through deprotonation, with 

competitive β‐scission of this carbocation leading to n-alkylbenzene formation.   
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Table 1: CN of ring-opening products and OCDs of metal-catalysed/metal-acid catalysed ring-opening of decalin. Reproduced with permission from Ref 66 

Reaction type 

Ring-opening products Open chain decanes 

Metal or 

Metal/acid Catalysed 

Metal catalysed 

 
Metal/acid catalysed 

Dicarbene mechanism 

(unsubstituted C-C bond 

cleavage) 

CN=39 CN=24  CN=23  CN=23  

CN=44  
 

CN=39  
 

CN=39  
 

CN=21  

 CN=39  
 

CN=37  
 

Metallocyclobutane 

mechanism (substituted C-

C bond cleavage) 

CN=47 CN=35  
CN=77  

CN=47  CN=54  CN=49  

CN=39 

 
CN=54  

 

CN=50  CN=48  

 

 

 



23 
 

3.2.2. SRO of Indan 

Indan is another model substance that can be used to represent possible reaction intermediates formed 

during hydrotreatment of bicyclic aromatic molecules over RO catalysts, via the isomerization or ring-

contraction of tetralin, forming methyl substituted indan.100 The molecular structure of indan comprises a 

C5 naphthenic ring adjacent to a benzene ring, with the ring strain in the C5 rings making it more susceptible 

to opening than the C6 counterpart.100 Consequently indan model compounds are suitable for low-pressure 

(1 atm.) ring-opening, which is in stark contrast to other model compounds such as decalin or tetralin that 

only open under high-pressure (20-40 atm.) due to the lower reactivity of C6 rings.139 When indan vapours 

are reacted with hydrogen over a metal-based ring-opening catalyst, several pathways are possible, 

(Scheme 9)62 including 2-ethyltoluene (CN=12), n-propylbenzene (CN=16), o-xylene (CN=10), 

ethylbenzene (CN=7), toluene (CN=4), benzene (CN=0), and light hydrocarbons (e.g., methane).71 2-

ethyltoluene and n-propyl benzene are the desired products, where the five-membered rings have been 

cleaved only once, leaving the molecular weight unaffected. However, further dealkylation reactions result 

in formation of o-xylene, ethylbenzene, toluene, benzene and lights (<C6).  

n-propylbenzene

2-ethyltoulene

Ethylbenzene Benzene

Touleneo-xylene

Indane

lights   
(<C6

 
hydrocarbons)

 

Scheme 9. Reaction scheme for low-pressure Indan RO over transition metal catalysts. Reproduced with permission from Ref 62 

 

In summary ring-opening mechanisms can be complex with several competing pathways, and the low 

reactivity of bicyclic molecules a challenge for metallic catalysts. Bifunctional catalysts offer benefits for 

increasing activity through cooperativity between metal and acid sites, however it is essential to avoid 

excessive operating temperatures where cracking is favoured (>250 °C). Given the wide range of 

formulations and operating conditions reported in the literature, there is a clear need for a detailed 

assessment of the structure activity relationships of reported catalytic systems, which will be critically 

discussed in the next section.  
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4. SRO catalysts  

4.1 Transition metal catalysts 

Noble metals such as Pt, Ir, Ru, Rh, and Pd are widely investigated for the selective ring-opening of 

monocyclic and bicyclic molecules due to their high hydrogenolysis activity. They are particularly effective 

for opening mono-cyclic molecules, but less effective for opening bicyclic naphthene rings. The ring-

opening of such molecules has been widely investigated over transition metals on different supports (Al2O3, 

TiO2, and SiO2),12, 62, 140 with metal particle size and synergy between other metal promotors, commonly 

investigated to tune selectivity towards SRO of mono-and bi-cyclic molecules. Table 2 illustrates the 

information related to activity of various mono and bimetallic transition metal catalysts towards ring-

opening of model mono and polycyclic molecules. 

 

4.1.1 Monometallic catalysts 

As a common strategy, the size control has been widely used in numerous catalytic systems to enhance the 

catalytic performance of metal catalysts. The selective ring-opening of mono- and bi-cyclic molecules using 

metals with different particle sizes has been studied. Pt-based catalysts were one of the interested systems 

in the selective ring-opening of naphthenic molecules, with the main aim of breaking endo C-C bond, as 

shown in Scheme 10. Pt has high activity, so further hydrogenation easily occurs during ring-opening, and 

cracking products can also be produced. Thus, various Pt-based monometallic catalysts are designed and 

fabricated to specifically cleave the C-C bond and to improve the RO yield of naphthenes through tuning 

Pt particle size, dispersion, and screening various supports. 

In the 1980s, Kramer and co-workers published several papers on MCP ring-opening over Pt/Al2O3, 

and Pt/SiO2 catalysts,91, 120, 141 demonstrating that SRO of MCP is structure sensitive and firmly dependant 

on the metal particle size (Table 2, entry 1).91, 142 The effect of Pt particle size on the RO product 

distribution is explained in Scheme 10, which consists of two reaction pathways, “selective” and “non-

selective”. In the selective mechanism, C-C cleavage can happen at unsubstituted position “b” and “c”, 

while in the non-selective route, C-C bond breakage occurs at substituted “a”, or unsubstituted “b” or “c”. 

Pt particles with sizes < 2 nm were found to cleave the C-C bond at substituted and unsubstituted C-C bonds 

via a non-selective mechanism. Low-coordinate surface atoms predominant at such small NP size (<2 nm) 

were proposed to bind C5-ring binds to a single surface atom via a π-coordinated intermediate to form n-

hexane, 2-MP and 3-MP in a statistical distribution of 2:2:1.91, 120, 142, 143 For > 2nm Pt NPs the selective 

mechanism dominated, with coordination via a di-carbene intermediate at unsubstituted positions (b and c), 

which requires coordination of two endocyclic carbon atoms at more than one adjacent surface metal atom 

to break the C-C bond.91  
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Table 2. Ring-opening of various mono and bicyclic hydrocarbons over transition metal-based catalysts. 

Entry Catalyst Catalyst properties Feedstock Reaction conditions Conversion 
(%) 

RO 
selectivity 
(%) 

Product distribution (%) 
 
 

Ref. 

Monometallics 
1 Pt/Al2O3 <2 nm MCP 20 mg; 237 ºC; 0.1 MPa H2 9 100 39(2-MP);14.8(3-MP);46.2(n-H) 142 

2-3 nm 9 100 61.4(2-MP);20.5(3-MP);18.1(n-H) 
>3 nm 9 100 71.9(2-MP);19.5(3-MP);8.6(n-H) 

2 0.5Pt/γ-Al2O3 0.5 wt% Pt, ~ 1 nm, 127 m2 g−1 MCP 200 mg; 220°C; 0.1 MPa H2, 
H2/feed=6, Pre-reduction at 400 
°C for 12 h 

5 100 2.3 (2-MP); 1(3-MP); 1.7(n-H) 144 

3 0.3Pt/Al2O3 0.3 wt% Pt , <2 nm 
 

MCP 350°C; 2.8 MPa H2; 15 h-1 
WHSV; H2/feed=5  
 

10.4  97  
 

42 (2-MP); 17(3-MP); 41(n-H) 12 

4 Pt/γ-Al2O3 1.3 nm, 75% Pt dispersion, 215 m2 
g−1,  

MCP 500 mg; 400°C; 2.85 MPa H2; 
H2/feed=7.5; 6-12 h-1 WHSV 

50 100 45 (2-MP); 23(3-MP); 32(n-H) 133 

5 
a 
 
b 

0.6Pt(0.46Cl)/Al2O3 0.6 wt% Pt, 1.5 nm, 215 m2 g−1, 
Lewis acidity of 283 μmol g−1 

MCP 400°C; 2.85 MPa H2, WHSV = 
12 h−1, H2/feed = 7.5 

56 100 45 (2-MP); 22(3-MP); 33(n-H) 145 

0.6Pt(1.36Cl)/Al2O3 0.6 wt% Pt, 1.5 nm, 215 m2 g−1, 
Lewis acidity of 342 μmol g−1 

50 100 45 (2-MP); 23(3-MP); 32(n-H) 

6    
a 
 
b 
 
c 

1Pt/Al2O3 1.02 wt% Pt, 0.91±0.03 nm, 86.1% 
dispersion; 105 m2 g−1 

MCP 
 

20 mg, 300°C;  H2/feed = 3000, 
Pre-reduction at 450 °C for 1 h 

1.6 100 36.3 (2-MP); 7.3(3-MP); 56.4(n-H) 146 

9Pt/Al2O3 9.25 wt% Pt, 2.37±0.07 nm, 47.7% 
dispersion; 105 m2 g−1 

31.2 100 57 (2-MP); 20.3(3-MP);22.7(n-H) 

21Pt/Al2O3-SiO2 21.3 wt% Pt, 2.41±0.06 nm, 46.8% 
dispersion; 105 m2 g−1 

47.6 100 53.8 (2-MP); 20.7(3-MP);25.5(n-H) 

7 0.3Pt/SiO2 0.3wt% Pt, 1.4 nm, ∼100 m2 g−1 MCP 150 mg; 280°C; 2 MPa H2; 30 
h-1 WHSV, H2/feed=20; Pre-
reduction at 350 °C for 1 h 

0.2 100 - 140 

8 0.94Pt/SiO2 0.94 wt.% Pt, 3 nm, 285 m2 g−1 MCP 250 mg, 350 C, 2 MPa H2, 2 h-
1 GHSV, H2/feed=60, pre-
reduction 450 °C for 3 h 

1.5 92 - 114 

9 0.5Pt/TiO2 0.5wt.% Pt, 1.2 nm, ~42 m2 g−1 MCP 200 mg; 260°C; 0.1 MPa H2, 
Pre-reduction at 500 °C for 12 h 

9.9 - 4.5 (2-MP); 1.2(3-MP); 4.2(n-H) 147, 

148 
10 0.5Pt/WO2 0.51 wt% Pt, <1nm, 2  m2 g−1 MCP 200 mg; 470°C; 0.1 MPa H2; 

Pre-reduction at 500 °C for 4 h 
29 - 1.1 (2-MP); 0.1(3-MP);1.1(n-H) 149 

11 1.4Pt/Al2O3 1.4 wt.% Pt, 1.2 nm, ~200 m2 g−1 MCH 300 °C; Prereduction 350 °C for 
4 h 

2 0 - 121 

12 0.5Pt/Al2O3 0.5 wt.% Pt, < 2nm MCH 350°C; 2.85 MPa H2; 15 h-1 
WHSV, H2/feed=5 

6.6 7 0.3 (2-MH); 0.1 (3-MH); 5.9 (n-H) 
 
 

12 

13 Pt(0.46Cl)/ 
Al2O3 

0.6 wt.% Pt, 0.46 wt.% Cl, ~215 m2 
g−1, 283  μmolpyridine/gcat of 
acidity 

MCH 350°C; 3.95 MPa H2; 2.1 h-1 
WHSV, H2/feed ratio (8) 

7.1 50 - 145 
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14 0.9Ir/Al2O3  
 

0.9 wt% Ir, < 2nm 
 

MCP 275°C; 2.8 MPa H2; 30 h-1 
WHSV; H2/feed=5 

52 
 

99 
 

70 (2MP);29(3-MP); 1(n-H) 12 

15 Ir/γ-Al2O3 0.6 wt.% Pt, 1.1 nm, 215  m2 g−1, 
85% Ir dispersion 

MCP 500 mg; 290°C; 2.85 MPa H2; 
H2/feed=7.5; 6-12 h-1 WHSV 

94 100 69 (2MP);29(3-MP);3(n-H) 133 

16 0.5Ir/TiO2 0.5 wt.% Ir, l.3 nm, ~42 m2 g-1 MCP 200 mg; 260°C; 0.1 MPa H2, 
Pre-reduction at 500 °C for 12 h 

100 3.5 1.7 (2MP);1(3-MP);0.9(n-H) 147, 

148 
17 0.3Ir/SiO2 0.3wt% Ir, 2-5 nm MCP 150 mg; 280°C; 2 MPa H2; 1 h-

1 WHSV, H2/feed ratio (40); 
Pre-reduction at 350 °C for 1 h 

10.5 98.6 70.3 (2MP);28.1(3-MP); 0.2(n-H) 150 

18 0.5Ir/γ-Al2O3 0.5 wt.% Ir, , ~ 1nm, 128  m2 g-1 MCP 200 mg; 220°C; 0.1 MPa H2, 
Pre-reduction at 400 °C for 12 h 

65.7 88.3 40.8 (2MP); 13.7(3-MP); 13.6(n-H) 144 

19 0.5Ir/WO2 0.47 wt% Ir, <1nm, 2  m2 g−1 MCP 200 mg; 340°C; 0.1 MPa H2; 
Pre-reduction at 500 °C for 4 h 

2.4 73 1.4 (2MP); 0.1(3-MP); 1.1(n-H) 149 

20 0.3Ir//Al2O3 0.3 wt.% Ir, 1.3 nm, ~200 m2 g−1  MCH 220 °C; Prereduction 350 °C for 
4 h 

10  N/A 121 

21 0.9Ir/Al2O3 0.9 wt.% Ir, < 2nm MCH 275°C; 2.85 MPa H2; 30 h-1 
WHSV, H2/feed ratio (5) 

14.5 87 2-MH (37%), 3-MH (58), and n-HP 
(5%) 

12 

22 
a 
 
b 

1Ir/SiO2 1 wt%Ir, 7.4 nm, 0.55 
μmolammonia/gcat of basicity, 

MCH 320°C; 3.5 MPa H2; 0.2 h-1 
WHSV, H2/feed ratio (30) 

36 62 N/A  92 

1Ir-2K/SiO2 1 wt%Ir, 2.1 atoms K/nm2 of SiO2, 
2 nm, 1.8 μmolammonia/gcat of 
basicity, 

MCH Pre-reduction at 450 °C for 2 h 24 82 N/A 

23 Ir/Al2O3 1.8 wt% Ir, < 2 nm, 155  m2 g−1 MCH 350°C; 5 MPa H2; 0.2 h-1 
WHSV, H2/feed ratio (24); Pre-
reduction at 350 °C for 1 h 

79 55 N/A 75, 76 

24 0.9Ir/γ-Al2O3 0.9 wt% Ir, < 2 nm, 250 m2 g-1 1,2 
DMCH 

320°C; 3.54 MPa H2; 0.15 h-1 
WHSV, H2/feed ratio (30) 

80 45 N/A 89 

1,3 
DMCH 

90 44 N/A 

25 0.9Ir/Al2O3 0.9 wt% Ir, < 2 nm Decalin 275°C; 3.54 MPa H2; 1.6 h-1 
WHSV, H2/feed ratio (5) 

4.4 4 N/A 12 

26 Ir/Al2O3 1.8 wt% Ir, 1.4 nm,  155  m2 g−1 Decalin 500 mg; 350°C; 5 MPa H2; 1 h-
1 WHSV, H2/feed ratio (N/A); 
Pre-reduction at 350 °C for 1 h 

11 89 N/A 76 

27 Ir/Nb2O5 0.3 wt% Ir, 74  m2 g−1, 4.4±2.0 nm, 
21% metal dispersion, 80  m2 g−1, 

Total acidity of 260 μmolNH3g-1 

Decalin 1000 mg; 350°C; 3 MPa H2; 
4.5 h-1 WHSV, H2/feed ratio 
(N/A); Pre-reduction at 500 °C 
for 4 h 

40 42 42(RO); 31(RC); 19(DH); 15(CP) 151 

28 2wt%Ir/boehmite 2wt%Ir, < 2nm, 370  m2 g−1 Indan 300 mg; 325°C; 0.1 MPa H2; 
1.4 h-1 WHSV, H2/feed ratio 
(63); Pre-reduction at 450 °C 
for 1 h 

79 68 61 (2-ET);7 (n-PB); 32(OP) 
 

152 

29 2wt%Ir/CeO2 2wt.% Ir, 1.1 nm, 137  m2 g−1 Indan 325°C; 0.1 MPa H2; 2.7 h-1 
WHSV, H2/feed ratio (63); Pre-
reduction at 400 °C for 1 h 

58 77 67 (2-ET);10 (n-PB); 33(OP) 
 

100 
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30 Ir/γ-Al2O3 1.6±0.2 nm, Pd/Ir (0/0.178) wt%, 
155  m2 g−1 

Indan 336°C; 0.1 MPa H2; 2.7 h-1 
WHSV, H2/feed ratio (4800); 
Pre-reduction at 359 °C for 1 h 

99 12 11 (2-ET);1 (n-PB); 88(OP) 
 

153 

31 Rh/γ-Al2O3 0.6 wt.% Rh, 215  m2 g−1, 56% Rh 
dispersion, 1.5 nm 

MCP 500 mg; 300°C; 2.85 MPa H2; 
H2/feed=7.5; 6-12 h-1 WHSV 

94 100 61 (2MP); 32 (3-MP); 7(n-H) 133 

32 Rh/SiO2 5 wt% Rh, Si/Al=2.6, ~ 4 nm MCP 200 mg; 300°C;; H2/feed=18; 
pre-reduction 400 ºC for 2 h 

79.1 94.2 59.4 (2MP); 26(3-MP); 2.6(n-H) 87 

33 Ru/γ-Al2O3 0.6 wt.% Ru, 215  m2 g−1, 41% Ru 
dispersion, 2 nm 

MCP 500 mg; 300°C; 2.85 MPa H2; 
H2/feed=7.5; 6-12 h-1 WHSV 

75 100 65 (2MP); 33(3-MP); 2(n-H) 133 

34 Re/γ-Al2O3 0.6 wt.% Re, 215  m2 g−1, 30% Re 
dispersion, 3.1 nm 

MCP 500 mg; 300°C; 2.85 MPa H2; 
H2/feed=7.5; 6-12 h-1 WHSV 

36 100 51 (2MP); 35(3-MP); 14(n-H) 133 

35 0.97Ru/Al2O3 0.97 wt.% Ru, 1.2 nm, ~200 m2 g−1 MCH 227 °C; Prereduction 350 °C for 
4 h 

46 45 - 121 

36 1.5Ru/SiO2 1.5 wt.% Ru, 1-2 nm MCH 275°C; 2.85 MPa H2; 30 h-1 
WHSV, H2/feed ratio (5) 

52.9 65 - 12 

37 Pd/γ-Al2O3 2.3±0.4 nm, Pd/Ir (0.16/0) wt%,  
155 m2 g−1 

Indan 336°C; 0.1 MPa H2; 2.7 h-1 
WHSV, H2/feed ratio (4800); 
Pre-reduction at 359 °C for 1 h 

1 0 - 153 

38 Ru/γ-Al2O3 0.16 wt% Ru, 2.3±0.4 nm, 155  m2 
g−1 

Indan 336°C; 0.1 MPa H2; 2.7 h-1 
WHSV, H2/feed ratio (4800); 
Pre-reduction at 359 °C for 1 h 

51 10 8 (2-ET);1 (n-PB); 91(OP) 
 

154 

39 30Ni/Al2O3 30wt.% Ni, 227  m2 g−1 MCP 300C; 1 MPa H2; 1.2 h-1; 
H2/feed=33; Pre-reduction at 
450 °C for 12 h 

34 100 23 (2MP);20(3-MP); 57(n-H) 155 

40 60Ni/SiO2 60wt.% Ni, 286  m2 g−1 MCP 300°C; 3 MPa H2; 1.8 h-1 
WHSV, H2/feed ratio (40); Pre-
reduction at 350 °C for 2 h 

82.6 84.3 48 (2MP); 16(3-MP); 6(n-H) 156 

41 15Ni/Al2O3 15wt.% Ni, 155  m2 g−1 MCH 275°C; 2.85 MPa H2; 30 h-1 
WHSV, H2/feed ratio (5) 

2.3 100 - 12 

42 60Ni/SiO2 60wt% Ni, 176  m2 g−1, 92 
μmolammonia/gcat of acidity, 

MCH 500 mg; 300°C; 3 MPa H2; 1.8 
h-1 WHSV, H2/feed ratio (40); 
Pre-reduction at 260 °C for 1 h 

82.6 100 - 156 

43 Ni/γ-Al2O3 Up to 50 nm, 155  m2 g−1 Indan 336°C; 0.1 MPa H2; 2.7 h-1 
WHSV, H2/feed ratio (1500); 
Pre-reduction at 359 °C for 1 h 

<1 - - 94 

Bimetallic or trimetallics 
44 0.25Pt-0.25Ir/γ-

Al2O3 
0.25 wt.% Pt, 0.25 wt.% Ir, 124 
m2/g, ~ 1nm 

MCP 200 mg; 220°C; 0.1 MPa H2, 
Pre-reduction at 400 °C for 12 h 

29 100 24 (2MP); 2(3-MP); 4(n-H) 144 

45 0.25Pt-0.25Ir/TiO2 0.25 wt.% Pt, 0.25 wt.% Ir, ~42  
m2 g−1 

MCP 200 mg; 260°C; 0.1 MPa H2, 
Pre-reduction at 500 °C for 12 h 

88.9 
 

80.6 
 

46 (2MP); 17(3-MP); 10(n-H) 147, 

148 
46 0.25Pt-0.25Ir/WO2 0.25 wt% Pt and 0.23 wt. % Ir, 

<1nm, 2  m2 g−1 
MCP 200 mg; 470°C; 0.1 MPa H2; 

Pre-reduction at 500 °C for 4 h 
32.7 11.9 3 (2MP); 0.4(3-MP); 1.2(n-H) 149 

47 0.3Ir-10Co/SiO2 0.27 wt% Ir, 9.9 wt% Co, 3.4±0.5 
nm, 55 H2 desorption/μmol gcat−1, 
∼100 m2 g−1 

MCP 150 mg; 280°C; 2 MPa H2; 1 h-
1 WHSV, H2/feed ratio (40); 
Pre-reduction at 350 °C for 1 h 

21.9 76.9 48 (2MP); 28(3-MP); 3(n-H) 150 
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48 Ir-10Co/SiO2 0.98 wt% Ir, 9.9 wt% Co, 3.2±0.5 
nm, ∼100 m2 g−1 

MCP 12.7 79.8 48 (2MP); 29(3-MP); 3(n-H) 

49 0.2Pt-0.3Ir-
10Co/SiO2 

0.19 wt% Pt, 0.3 wt% Ir, 9.8 wt% 
Co, 3.6±0.7 nm, 68.4 H2 
desorption/μmol gcat−1, 
∼100 m2 g−1 

MCP 150 mg; 280°C; 2 MPa H2; 30 
h-1 WHSV, H2/feed ratio (20); 
Pre-reduction at 350 °C for 1 h 

35 75.8 48 (2MP); 27(3-MP); 3(n-H) 140 

0.2Pt-10Co/SiO2 0.21 wt% Pt, 10.5 wt% Co, 3.2±0.6 
nm, 58.2 H2 desorption/μmol 
gcat−1, ∼100 m2 g−1 

MCP 2 76.9 43.4 (2MP); 29.8(3-MP); 4(n-H) 

0.3Ir-10Co/SiO2 0.27 wt% Ir, 9.9 wt% Co, 3.4±0.5 
nm 55 H2 desorption/μmol gcat−1, 
∼100 m2 g−1 

MCP 4.5 76.5 42.8 (2MP); 31(3-MP); 4(n-H) 

50 Ir-Ni/Al2O3 0.3wt% Ni and 0.9wt%Ir MCH 330°C, 3.54 MPa H2, H2/feed 
ratio (30) 

28   93 

51 Pt-Mg-Ir/Al2O3 1 wt% Pt, 1 wt% Mg, 0.1 wt% Ir, 
155  m2 g−1 

Decalin 1000 mg; 350°C; 3 MPa H2; 
4.5 h-1 WHSV, H2/feed ratio 
(N/A); Pre-reduction at 500 °C 
for 1 h 

1.5 18 18 (RO)  
 

157 

52 Pt-Na-Ir/Al2O3 1 wt% Pt, 2 wt% Ir, 0.5 wt% Na, 
155  m2 g−1 

Decalin 1000 mg; 325°C; 3 MPa H2; 
4.5 h-1 WHSV, H2/feed ratio 
(N/A); Pre-reduction at 500 °C 
for 4 h 

30.4 45 45(RO) 
 

158 

53 Pt@Ru/SiO2 3.3 wt% Pt, 1.7 wt% Ru, 22.1±4.4 
nm Pt, 12.9±2.6 nm Ru, 176  m2 g−1 

Decalin 1000 mg; 300°C; 8.1 MPa H2; 
1.8 h-1 WHSV, H2/feed ratio 
(49); Pre-reduction at 450 °C 
for 1 h 

61 26 26(RO) 159 

54 2wt%Pt25Ir75/boeh
mite 

0.2wt%Pt, 1.8wt%Ir, 370  m2 g−1 Indan 300 mg; 325°C; 0.1 MPa H2; 
1.4 h-1 WHSV, H2/feed ratio 
(63); Pre-reduction at 450 °C 
for 1 h 

40 80 72 (2-ET);8 (n-PB); 20(OP) 
 

152 

55 2wt%Pt5Ir95/CeO2 0.1 wt.% Pt, 1.9wt.% Ir, , 1.5 nm, 
137  m2 g−1 

Indan 325°C; 0.1 MPa H2; 2.7 h-1 
WHSV, H2/feed ratio (63); Pre-
reduction at 400 °C for 1 h 

56 79 68 (2-ET);11 (n-PB); 21(OP) 
 

100 

56 Pd(c)Ir(s)/γ-Al2O3 2.7±0.5 nm, Pd/Ir (0.269/0.385) 
wt%, 155  m2 g−1 

Indan 336°C; 0.1 MPa H2; 2.7 h-1 
WHSV, H2/feed ratio (4800); 
Pre-reduction at 359 °C for 1 h 

91 47 41 (2-ET);6 (n-PB); 52(OP) 
 

153 

Industrial Pt-Ir/γ-
Al2O3 

0.2 wt.% Pt, 1.8 wt.% Ir, < 2nm, 
155  m2 g−1 

Indan 62 30 26 (2-ET);4 (n-PB); 70(OP) 
 

57 Ru1Ir4/γ-Al2O3 0.02 wt% Ru, 0.16 wt% Ir, 1.9±0.3 
nm, 155  m2 g−1 

Indan 336°C; 0.1 MPa H2; 2.7 h-1 
WHSV, H2/feed ratio (4800); 
Pre-reduction at 359 °C for 1 h 

55 62 57 (2-ET);5 (n-PB); 38(OP) 
 

154 

58 Pd1Ru4/γ-Al2O3 0.02 wt% Pd, 0.07 wt% Ru, 2.9±0.6 
nm, 155  m2 g−1 

Indan 350°C; 0.1 MPa H2; 2.7 h-1 
WHSV, H2/feed ratio (1500); 
Pre-reduction at 359 °C for 1 h 

27 64 59 (2-ET);5 (n-PB); 34(OP) 
 

62 

59 Ni(c)Ir(s)/γ-Al2O3 3.2±0.6 nm, 155  m2 g−1 Indan 336°C; 0.1 MPa H2; 2.7 h-1 
WHSV, H2/feed ratio (1500); 
Pre-reduction at 359 °C for 1 h 

64 60 51 (2-ET);9 (n-PB); 40(OP) 
 

94 
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2MP=2-methylpentane, 3MP=3-methylpentane, nH=n-hexane 

Ring-opening products are the sum of 2-ethyltoulene and n-propyl benzene 

OP=Other products such as dealkylation products including o-xylene+ethylbenzene+toluene 

Ni1Ir1/γ-Al2O3 2.3±0.5 nm, 155  m2 g−1 Indan  - 81 64 (2-ET);17 (n-PB); 19(OP) 
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This coordination geometry leads to a predictable (hence selective) product distribution with 2-MP and 3-

MP predominantly formed with an expected 2:1 distribution. The difference between the two mechanisms 

arises from the orientation of MCP on the catalyst surface, which is perpendicular to the metal surface for 

catalysts with poorly dispersed Pt particles (di-carbene mode) and parallel to the surface for highly 

dispersed Pt particles (π-coordinated).120 Another intermediate mechanism, called the metallocyclobutane 

route, could account for the formation of n-hexane over larger NPs at high temperatures (>400 °C) or noble 

metals dispersed on an acidic supports.113 

 

 

Scheme 10. Mechanisms of methylcyclopentane hydrogenolysis over Pt/Al2O3 catalyst (The values in brackets represent the 
statistical product distribution).120 

 

The RO products distributions (Table 2) observed by most authors were accounted for based on the 

mechanisms described in Scheme 10. It can be seen from Table 2 (Entry 1), that the yields of 2-MP and 

3-MP are dominant when the particle size is >2 nm, whereas the formation of n-hexane is increased when 

the Pt particle size is <2nm.142 The selectivity towards n-hexane could be further enhanced by inducing 

strong metal support interactions between <2 nm Pt particles and the Al2O3 support. The resulting partial 

encapsulation of the metal NPs and favoured adduct formation between reactive intermediates at the metal-

support interface.120 While similar effects can also be induced for Pt/SiO2, the partially encapsulated 

domains are less stable than for Pt/Al2O3.91 Additionally, the increase in reaction temperature enhanced 

MCP conversion (Table 2, entry 1-4), however, the product distribution is not affected significantly, which 

is in agreement with the explanation provided in Scheme 10. A few studies focus on the effect of tuning 
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support acidity of Pt/Al2O3 through doping with chlorine, which is found to have a negligible impact on 

product distribution (Table 2, entry 2), confirming that selectivity is governed by the metal particle size.  

To further understand the effect of particle size on 2MP, 3MP, and n-hexane (n-H) product distribution 

in the ring-opening of MCP, Zhao et al. studied the MCP conversion mechanism using first-principle 

calculations.160 To explain why larger Pt particle size favour branched products (2MP or 3-MP), whereas 

smaller Pt particle size favours a statistical distribution of 2MP:3MP:nHx = 0.4:0.2:0.4, first principle 

calculations, employed flat Pt (111) and stepped Pt (211) a model systems for large and small-sized Pt 

particles, respectively. Calculations revealed that the activation energies of the C-C bond scission step on 

the pathways to 2-MP and 3-MP over Pt (111) surface are lower (75 kJ/mol) than that of C-C bond breakage 

towards n-H formation (116 kJ/mol). In contrast, the barrier for C-C cleavage on the way to n-H drops to 

94 kJ/mol on the Pt (211) surface, and activation energy for the formation of 2-MP and 3-MP increased to 

100 kJ/mol. Accordingly, smaller Pt particles favour the formation of less branched products with high CN 

because the activation barrier for the selective pathway is unfavourable.  

Other work has focussed on the effect of support on Pt catalysed MCP ring-opening. It was found that 

SiO2 and TiO2 supported Pt catalysts showed negligible conversions at 260-300 °C (Table 2, Entry 7-9). 
60, 147, 148 For a 1 wt% Pt/Al2O3 catalyst, only 1% MCP conversion (Entry 6a) is observed,146 suggesting that 

when particle sizes are < 2nm there is little impact of support on activity, and the low activity could relate 

to small metallic particles being more sensitive to SMSI effects. However, for > 2nm Pt particles on 

Pt/Al2O3 (Entry 6b) a 20-fold increase in MCP conversion relative to Pt/SiO2 (Entry 8) is observed, 

suggesting that (even when the different metal contents are considered) the selective mechanism may be 

influenced by support effects.  To further understand the effect of support and impact of of particle size, Le 

Valant et al. used Al2O3 and Al2O3-SiO2 (Al2O3:SiO2=0.82/0.18) supported Pt catalysts with various Pt 

loadings (1, 5, 9, 10 and 21wt%) for SRO of MCP (Table 2, Entry 6).146 The catalysts with determined Pt 

particle sizes and their MCP conversions are as follows: 21wt% Pt(2.4 nm)/Al2O3-SiO2 (47.6%) > 9wt% 

Pt(2.4 nm)/Al2O3 (31.2%) > 10wt% Pt(1.9 nm)/Al2O3-SiO2 (28%) > 5wt% Pt(1 nm)/Al2O3-SiO2 (12.9) > 

1wt% Pt(1.2 nm)/Al2O3 (2.8%) > 11wt% Pt(1 nm)/Al2O3 (1.9%) > 1wt% Pt(0.9 nm)/Al2O3 (1.6%). These 

results suggest that the MCP conversion is strongly dependent on Pt particle size, being favoured over larger 

NPs, with particles ∼1 nm showing negligible conversion. The corresponding RO product distribution and 

product ratios versus particle size are shown in Figure 7a and Figure 7b, respectively. Particle size 

significantly influences RO product distribution, with smaller particle sizes favouring n-H formation. 

Although, the ring-opening product distribution is dependent on Pt particle size, the role of support cannot 

be ruled out due to the differences in acidic properties of Al2O3 and SiO2-Al2O3. However, the obtained 

results correlate well with the theoretical observations using a geometric model, suggesting the observed 

product distribution is largely dictated by the size of Pt NPs. In this model, the percentage surface atoms 
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present in highly coordinated surface facets, or as low coordination edge or corner sites was quantified 

using the Van Hardeveld and Hartog model as a function of NP size (Figure 7c), with an attempt made to 

correlate structural properties with the experimental ROP distribution. Assuming Pt NPs exist as a truncated 

octahedron,161, 162 the particle size (d), was estimated from the corresponding mid sphere diameter (Figure 

7d), with the resulting atomic distribution shown as a function of particle size (Figure 7e), for NPs up to 

10 nm. 
  

 

Figure 7. (a) ROP distribution (b) and product ratio versus the Pt particle size, for the methylcyclopentane hydrogenolysis at 
573 K, (c) an ideal representation of the fcc perfect truncated octahedron and (d) the dimension of the particle size (denoted d, 
example for m = 3). (The numbers 6 (grey), 7 (red), 8 (blue), 9 (green), and 12 (black) represent the coordination numbers of the 
atoms located in the corners, edges, faces (1 0 0), faces (1 1 1) and bulk, respectively). (e) evolution of the calculated accessible 
surface composition versus the Pt particle size. (f) activation energies of the transition state for the C–C scission step in MCP 
ring-opening reactions over Pt(1 1 1) and Pt(2 1 1), the green, brown and red atoms represent the atoms with coordination 
numbers of 9, 10 and 7, respectively). (g) calculated and observed ROP distribution and (h) product ratios versus Pt particle size 
(Full symbols represent the experimental data of this work; open symbols represent the literature data for Pt catalysts; solid lines 
represent the result of statistical model calculation of this work. Reproduced with permission from Refs 146, 160.  
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These calculations indicate the proportions of corner atoms are highest for small Pt particle size (d<2 nm) 

and decrease with increased NP size, in contrast to atoms exposed in the (111) face which increase with Pt 

particle size (d>2 nm). The percentage of atoms located on edges increase up to a maximum value (33.2% 

for d = 1.85 nm) and decrease for larger particle sizes. A similar trend is observed for the experimental 

results (Figure 7e and 7f), where the corner rich NPs favoured n-H formation, whereas the face and edge 

rich NPs preferred 2-MP and 3-MP. The observed trend is similar to the results obtained from Zhao et al. 

(Figure 7g and 7h),160 in which the sites responsible for n-hexane formation are located at corners and 

some edge sites, whereas 2-MP and 3-MP are predominately formed on faces and some edge sites. 

Unlike in the RO of five-membered naphthenes, where promising selectivity is shown for Pt catalysts, 

reactivity with model compounds like MCH, indan and decalin show less promise. For example, while 

Pt/Al2O3 could opened MCP with 97-98% selectivity to C6-alkanes, only 4–5% selectivity (Table 2, entry 

3 and 12) was observed for ring opening MCH to C7-alkanes.12 Similar observations were reported by other 

researchers (Table 2, entry 11 and 13), with the low selectivity attributed to dehydroaromatization, which 

is the dominant reaction pathway during MCH ring-opening at 300-350 °C.12, 121 When indan RO was 

explored over a 0.5 wt% Pt/Al2O3 catalyst in an atmospheric pulse reactor at 400 °C,163 rapid catalyst 

deactivation and negligible indan conversion was observed.163 Compared to five-membered cyclic 

molecules, ring opening of six membered bicyclic molecules are scarcely explored over metallic Pt 

catalysts, owing to the tendency for Pt to promote dehydrogenation and isomerization pathways, leading to 

poor activity and selectivity for RO products.  

Ir-based catalysts are promising candidates for the selective ring-opening of both mono-and bicyclic 

molecules. As can be seen from Table 2, Ir/Al2O3 displays 52% MCP conversion and 52% RO selectivity, 

which is 5 times more than that of Pt(> 2 nm)/Al2O3, while also operating at lower temperature 275 ºC  

versus 350 ºC for Pt.  Ir (> 2 nm)/Al2O3 catalysts follow the selective, dicarbene pathway, favouring the 

formation of 2-MP and 3-MP as major RO products (Table 2, entry 14), which is differed from Pt, in which 

the non-selective mechanism was preferred (Table 2, entry 3). These results suggest that the particle size 

of Ir does not affect the RO product distribution and Ir is structure insensitive. Similar conclusions were 

reported by Foger and Anderson164 and van Senden et al.,165 who reported 2-MP and 3-MP as the main 

products of MCP ring-opening irrespective of Ir NP size (over the range 1-20 nm). This suggests C-C bond 

cleavage proceeds via the selective (dicarbene) mechanism for all Ir NPs and is confined to the b and c 

positions (Scheme 10). Further studies over Ir/Al2O3 using substituted cyclopentanes (Figure 8),12, 39 reveal 

the observed RO product distribution to also be similar to those predicted from the dicarbene mechanism, 

confirming the preference of Ir for this mechanism.  

The interaction between Ir metal and the support also strongly influences the reaction pathway, which 

is illustrated for MCP ring-opening over Al2O3 and SiO2 supported Ir.145  The activity of Ir/Al2O3 was 
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observed to be nearly four times higher than for Ir/SiO2 at 225 °C, with the former also showing an 

increased yield of ring opening products (n-hexane), attributed to different mechanisms proceeding over 

the two supports (Table 2, Entry 14 and 17).166,167 Similar phenomena were observed over Ir/MoO2 

catalysts during conversion of MCP.117 Ir-catalysts behaved normally at low temperatures (220 °C) by 

producing a high 2-MP yield with a statistical distribution of 3.2:1, which is higher than the general 

statistical distribution (2:1). However, Ir metal produced ring enlargement (RE) and thermodynamically 

favoured cracking products at high temperatures (400 °C), the former due to the presence of electron 

deficient adduct sites between Ir and MoO2, which promoted cyclohexane and benzene production, 

resulting in a lower 2-MP yield (2-MP/3-MP=0.33:1). The adduct sites between acidic and metallic 

components acted as “collapsed bifunctional sites” where the metal becomes more “electron-deficient”. 

Generally, in the classical bifunctional mechanism,168 isomerization of MCP occurs on an acidic site and 

migrates to a metal site where ring-opening occurs. However, for a metal-adduct mechanism, all the 

reaction steps occur at one active site, with intermediates not exchanged between sites, thereby enhancing 

the ring-opening reaction. 

 

Figure 8. Predicted and observed ring-opening product distributions from isomeric C7-cyclopentanes over 0.9% Ir/Al2O3. 
Reproduced with permission from Ref 12 

 

Ir is the only metal, which displays high RO selectivity (99% and 87%) for the ring-opening of both 

MCP and MCH, respectively (Table 2 , entry 14 and 21)12. However, the RO product distribution is not 

statistical and forms 2-MH and 3-MH in high proportion. For instance, the RO product distribution of MCH 

over Ir/Al2O3 is 2-MH (37%), 3-MH (58), and n-HP (5%), which is different from the statistical distribution 

observed in MCP ring-opening (Table 2, Entry 14). This is not entirely surprising since “flat” adsorption 

https://www.sciencedirect.com/topics/chemical-engineering/cyclohexane
https://www.sciencedirect.com/topics/chemical-engineering/benzene
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of a cyclohexyl ring is not favourable.12 Studies also indicate the reaction is sensitive to the structure of the 

cyclic molecule, with steric hinderance from alkyl substituents drastically lowering the ring reactivity.169 

for example, reaction with substituted cyclohexane molecules over Ir/Al2O3 reveals RO selectivity to be in 

the order BCH (35%) < MCH (87%) < CH (100%).67, 169   

In common with trends discussed for MCP, it is not surprising that MCH conversions increased with 

reaction temperature over supported Ir metal catalysts. Piegsa et al. investigated MCH ring-opening over 

Ir/Al2O3 catalyst in a fixed-bed reactor at temperatures between 220 and 350 °C.122   At low temperatures 

(240 °C), the MCH conversions are low (<10%) (Table 2, entry 20), but the selectivity towards 2-MH and 

3-MH is 34% and 54%, respectively. Increasing temperatures to 300 °C increases MCH conversion (>95%) 

but the selectivity to 2- and 3-methylhexane drastically decrease to <5%. Overall, Ir is one of the most 

selective metals for MCH ring-opening and works very well at low temperatures (<240 °C), enabling 

conditions to be selected that avoid thermodynamically favourable cracking processes to proceed.  

Further studies prove that the loading of Ir also influences the MCH conversion. The influence of Ir 

loading on MCH conversion and ring-opening over Ir/Al2O3 reveals MCH conversion increased from 17 

to 80% with Ir loading changes from 0.5 to 2wt% Ir.76 The initial rates for ring-opening of MCH over 

Ir/Al2O3 catalysts were 0.03 mol h-1 kg-1, 0.06 mol h-1 kg-1, and 0.23 mol h-1 kg-1 with respect to catalysts 

having 0.6, 1.2, and 1.8 wt% Ir loading. However, as the corresponding Ir dispersion decreased slightly 

from 55, 46, and 40% across the family, it was deduced that the increased MCH conversions reflects the 

enhanced surface metal surface area. The increase in Ir loading did not alter the RO product selectivity, 

which was attributed to the dispersion ranges being similar for all loadings, which further agreed with other 

reports from Walter et al.121 

So far, the above findings explain that Ir can be used as selective hydrogenolysis metal for MCH ring-

opening at mild temperatures (~220-250 °C). However, they lack the systematic studies required to find the 

best support for Ir and how this combination can increase CN. Although, Ir can cleave the unsubstituted C-

C bond via the dicarbene mechanism, this is not ideal for obtaining high CN due to the associated formation 

of branched alkanes. Resasco and co-workers investigated Ir/Al2O3, Ir/SiO2, and Ir/TiO2 catalysts by 

varying the support to maximize the cleavage of substituted C-C bonds in MCH to enhance CN.89 In this 

study, 1,2 -DMCH and 1,3-DMCH were used as probe molecules at 320 °C, 3.54 MPa H2, and an H2/feed 

ratio of 30 (Table 2, entry 24). Figure 9a and Figure 9b show the change in CN during ring-opening of 

1,2- and 1,3-DMCH, respectively. The maximum CN improvement was observed for the Ir/Al2O3 catalyst, 

with ∆ CN’s of 3.5 for 1,3-DMCH, and 9.0 for 1,2-DMCH reported. It can be concluded that alumina-

supported catalyst causes the highest ratio of substituted/unsubstituted C-C bond cleavage, and the most 

significant CN enhancement.  
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Figure 9. The reaction mechanism of (a) 1,2-DMCH, (b) 1,3-DMCH, and RO of (c) 1,3-DMCH (d)1,2-DMCH: Delta CN vs. 
conversion. ▴, Ir/Al2O3; ◊, Ir/SiO2; □, Ir/TiO2. Delta CN = difference in the overall CN and the original CN of the feed. 
Reproduced with permission from Ref 89 
 

Altering the catalyst properties by incorporating promotors can also affect the RO performance of Ir 

metal. Doping Ir/Al2O3 catalyst with alkaline metals such as K or transition metals such as Ni was 

investigated for ring-opening of 1,3-DMCH,93 wherein K decreased secondary hydrogenolysis without 

changing the ratio of substituted to unsubstituted ring-opening (Table 2, entry 22a). However, the inclusion 
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of Ni suppressed the substituted C-C bond cleavage and favoured formation of branched products, making 

Ir/Al2O3 behave like Ir/SiO2. Generally, the formation of a metallocyclobutane intermediate, necessary for 

high n-alkane selectivity, occurs on Ir sites at the Al2O3 boundary (via adduct formation), favouring 

substituted C-C bond cleavage. However, the intrinsic catalytic behaviour of Ir can be hindered by Ni-Ir 

alloy formation, where the resultant aluminate species formed during the calcination step might inhibit the 

interaction of Ir with alumina. When K doping was applied to Ir/SiO2,92 the metallocyclobutane 

intermediates become operative and facilitate formation of unbranched products (Table 2, entry 22b).  

Kinetic studies of MCH hydrogenolysis over Ir/Al2O3 have also probed key factors in the 

hydrogenolysis of exo-endocyclic bonds by varying Ir dispersion and H2 partial pressures.169 The turnover 

rates of endo- and exocyclic C-C bond cleavages of MCH as a function of Ir dispersion on Ir/Al2O3 catalysts 

are shown in Figures 10a and 10b, respectively. The exocyclic C–C bond cleavage represents the 

consumption rate of MCH via demethylation, which equals the molar formation rate of cyclohexane (CH).67 

The total rate of MCH hydrogenolysis minus the exocyclic cleavage rate is taken as the endocyclic C–C 

bond cleavage rate. As shown in Figure 10a, the rate of endocyclic C–C bond cleavage decreased with 

decreasing Ir dispersion over a range corresponding to average Ir cluster sizes between 1 - 2 nm (D > 0.40), 

before increasing again for further decreases in Ir dispersion (D < 0.30). The rate of exocyclic C–C bond 

cleavage (i.e. demethylation) increased continuously as the Ir dispersion decreased (D = 0.035–0.65), with 

a drastic enhancement for Ir dispersion < 0.40 (Figure 10b). These observations are different to those for 

MCP hydrogenolysis over Ir catalysts, where demethylation was not observed regardless of the particle 

size.12, 65 Figure 10c confirms that the selectivity to ROPs increases as the Ir dispersion increases, and thus, 

it can be concluded from Figure 10d, that endocyclic C-C bond cleavage is preferable over highly dispersed 

Ir, yielding n-alkanes with high CN, as previously discussed. Further insights into the C–C bond cleavage 

hydrogenolysis pathway were provided from isotope labelling studies (Figure 11),170 which revealed that 

for ring-opening, either C–C bond cleavage or C–H(D) bond reformation may be a rate-determining step 

due to their indistinguishable isotope effects: C–H(D) bond dissociation does not control the rate of C–C 

bond hydrogenolysis. 

While Ir-based catalysts show superior activities for RO of MCP and MCH compounds compared to 

Pt, however, they still fail to convert two-membered ring molecules like decalin under moderate reaction 

conditions of 3.54 MPa H2, LHSV = 1.6, and 275 °C. As shown, in Table 2, entry 25 only 4.4% decalin 

conversion was observed over Ir/Al2O3, with only in trace amounts of OCDs formed.12 In contrast the same 

catalyst exhibited 68% conversion when perhydroindan was used a model compound (under similar 

conditions),12 which suggests that contraction of six-membered ring to a five-membered ring remains a key 

step in activating six member bicyclic rings. 
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Figure 10. Turnover rates via (a) endocyclic and (b) exocyclic C–C bond cleavage (based on the number of surface Ir atoms) of 
MCH as a function of Ir dispersion on Ir/Al2O3 at 250° K, 1.2 kPa MCH, and 630 kPa H2. Filled squares: catalysts prepared from 
Cl-free precursor; empty diamonds: catalysts prepared from Cl-containing precursor. The inset of (b) is an enlarged vision of 
high-dispersion catalysts (D = 0.46–0.65) and shares the same abscissa and coordinate as the main window; the lumped 
selectivity to ROPs (hatched symbols) as a function of Ir dispersion; The dependence of the endocyclic (■) and exocyclic (●) C–
C bond cleavage on the Ir dispersion in the hydrogenolysis of MCH on Ir black and Ir/Al2O3 catalysts. Reproduced with 
permission from Ref 169 

 

Other noble metals such as Rh, Ru, Re were also investigated for the ring-opening of MCP and MCH 

molecules. Al2O3 supported Rh, Ru, and Re were explored for the ring-opening of MCP under a total 

pressure of 2.85 MPa H2 and temperatures ranging from 200 to 475 °C (Table 2, entry 31, 33 and 34) and 

their activities compared with Pt and Ir.133 MCP conversions and the turnover frequency (TOF) of these 

catalysts at 300 °C increases from Ir/Al2O3 (127×10-2 s-1) > Rh/Al2O3 (64×10-2 s-1) > Ru/Al2O3 (50×10-2 s-

1) >Re/Al2O3 (44×10-2 s-1) >> Pt/Al2O3 (1.3×10-2 s-1). However, the RO selectivity trend is different under 

similar conditions following the order Ir/Al2O3 > Pt/Al2O3 ~ Rh/Al2O3 > Ru/Al2O3 > Re/Al2O3. Ir is most 

selective towards RO with < 2% of cracking products produced even at conversion as high as 90%. Despite 

Ru displaying high MCP conversions (>80%), because of the high cracking nature of metal, they promoted 

deep hydrogenolysis, in contrast to Ir/Al2O3. In the case of Pt, high MCP conversions from 1 to 50 % with 

high RO selectivity (15 to 45%) were achieved when the reaction temperature was increased from 300 to 

400 °C. A similar trend is observed by Mc Vicker et al., who compared the hydrogenolysis activity of Ir, 

Pt, and Ru metals for MCP conversion under similar conditions.12 As shown in Table 2, entry 3, it was 

(d)
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noted that 99% RO selectivity was obtained with <1% cracking products on Ir metal. In another systematic 

investigation of MCH conversion over Pt/SiO2, Ru/SiO2, Ni/Al2O3, and Ir/Al2O3 catalysts,12 the order of 

MCH conversion was Ru (52.9%) > Ir (14.5%) > Pt (6.6%) > Ni (2.3%), with RO selectivity following: Ir 

(87%) > Ni (12%) > Pt (5%) > Ru (4%) (illustrated in Table 2, entries 3, 12, 14, 21 and 41). Although Ru 

displays high MCH conversion, it did not produce RO products (nH + 2-MH + 3-MH) due to the formation 

of more cracking products (50.2%). Paál et al. have demonstrated that metals such as Rh, Pd, Ir, and Pt 

promote single site hydrogenolysis in MCH conversion, whereas multiple fragmentation (i.e. leading to the 

formation of lower alkanes) was observed over Co, Ni, Cu, Ru, Ag, and Re metals.171 Among those metals, 

Ir is identified as the most active and selective metal for ring-opening of C5 and C6 molecules. 

 

 

Figure 11. Measured effects of isotopic substitution on MCH hydrogenolysis. Reproduced with permission from Ref 170 

 

Finally, among non-noble transition metal catalysts, Ni-based systems are widely investigated for the 

selective ring-opening of mono- and bi-cyclic molecules. In 1975, Miki et al. investigated pure transition 

metal-based catalysts such as 30wt%Ni/Al2O3 (Table 2, entry 39) for the ring-opening of MCP at 260 °C 

and 1 MPa H2 but found  extensive secondary cracking of primary C6-alkane hydrogenolysis products to 

C1–C5 paraffins.155 There is little research on the application of bare transition metals for the ring-opening 

of MCH, with that on 14 wt% Ni/Al2O3 being one of the few studies which reported low conversion (2.3%) 

and RO selectivity (12%).12 Interestingly, when SiO2 was used as a support to disperse high Ni loadings 

(60 wt%) improved catalytic activity with 83% of conversions and 84 % of ring-opening product selectivity 

(Table 2, entry 42).156 
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In summary, transition metal catalysts can open the ring of mono-cyclic molecules like MCP and MCH, 

however, they show poor ring-opening activity for bicyclic molecules, owing to the intrinsic activation 

barrier being higher for the RO of six-membered naphthenes than for five-membered rings over the same 

catalyst. Although Pt catalysts show the highest preference, among all potential catalysts of choice, to 

cleaving the substituted C−C bonds in a cyclic molecule, they are generally less active than metals such as 

Ir, Rh and Ru, and are not suitable for six-membered naphthene ring opening due to the prevailing 

dehydrogenation and isomerization tendencies. To preferentially obtain less branched RO products (high 

CN), the C-C bond breakage at substituted position is the key important consideration from the reaction 

mechanism, which requires coordination via a metallocyclobutane intermediate, often as a metal-support 

adduct. RO is structure sensitive over Pt NPs, with the product distribution significantly affected by its 

particle size. The support also plays a key role in obtaining the high conversions with SMSI effects 

influencing the activity and selectivity of <2nm Pt NPs. Ir shows enhanced conversion and RO selectivity 

compared to Pt, but does not exhibit the same influence of particle size on RO product distribution as 

observed by Pt. Several approaches such as modifying the support through introducing chlorine to enhance 

the performance of metal were explored but did not affect conversions and RO selectivity compared to the 

pure metal. Overall, maintaining low particle sizes (<2 nm) for the active metal, moderate reaction 

temperatures (~300 °C) and use of Al2O3 support are the vital elements to obtain enhanced conversions and 

high RO selectivity. Among all transition metal catalysts, Ir/Al2O3 stands out as the superior catalyst to 

obtain the catalytic performances for the ring-opening of single ring model compounds, but further 

improvements are required to react bicyclic naphthenes. 

 

4.1.2 Bimetallic or trimetallic catalysts 

The behaviour of a metal catalyst is modulated by its interaction with other co-metals, in which the added 

metal influences activity or selectivity through electronic or geometric effects, by altering the electron 

density on the active metal, or available ensembles for reactant adsorption, and can be directly involved in 

the reaction by bonding to reactants or intermediates.172 Bimetallic or trimetallic catalysts can offer unique 

catalytic properties when compared to their monometallic counterparts, with the ability to promote activity, 

selectivity and stability with bimetal content. Bimetallic catalysts have thus been extensively used for the 

ring-opening of naphthenes molecules due to the tuneable catalytic activity that may be achieved by two or 

three metals working synergistically. Various metal combinations including, Pt-Ir, Pt-Ru, Ir-Pd, Ru-Pd, and 

Pt-Ir-Co, Ni-Ir catalytic systems were widely investigated for the selective ring-opening of various mono- 

and bicyclic molecules.  

Pt–Ir catalysts have been explored for MCP conversion, with Pt-Ir/γ-Al2O3 exhibiting higher 

conversion at 220 °C (29%) compared to monometallic Pt/γ-Al2O3 (5% conversion), while retaining 100% 

RO selectivity (Table 2, entry 2 and 44). 144  While Ir/Al2O3 exhibited superior activity for MCP conversion 
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(66%) a selectivity of only 88% to RO products was reported along with 12% cracking products, thus the 

enhanced selectivity of Pt-Ir bimetallic catalysts attributed to suppressed cracking activity. Similar 

observations found for TiO2 supported Pt-Ir where the order of RO and cracking selectivity, respectively, 

at 260 °C as follows: Pt-Ir/TiO2 (80.6% and 19.4%) and  > Ir/TiO2 (72.3 % and 27.7%) (Table 2, entry 

45).147  The results indicate that the synergy between two metals inhibited the coke deposition and 

controlled C-C bond rupture, which agrees with the earlier reports.95, 164, 165 

Attempts to replace Ir with other noble metals such as Ru, Rh, and Re have been made, however, the 

ring-opening activities of Pt-Ru,113 Pt-Rh,173, and Pt-Re174 catalysts lie between the values observed for the 

monometallic systems. Other bi-metallic catalysts including Rh-Sn/Al2O3,175 Rh-Ge/Al2O3,176 and Rh-

Ag/TiO2,177 have also been explored with little success. Trimetallic systems were also explored using non-

noble metal, such as cobalt, as a third metal for Pt-Ir to avoid excessive cracking during SRO of MCP. A 

series of Pt-Ir-Co catalysts prepared by a galvanic replacement were compared with bimetallic Pt-Co and 

Ir-Co catalysts for MCP ring-opening.140, 150 In the galvanic replacement method, metallic Ir atoms are 

preferentially deposited on the surface of Co NPs instead of the SiO2 support (Figure 12a).  

 

Figure 12. a) Preparation of Pt-Ir-Co/SiO2 via galvanic replacement, b) Correlation between the ring-opening selectivity and the 

conversion levels over different catalysts. Reaction conditions: Catalyst 0.15 g (diluted to 1 mL), WHSVMCP  = 30 h−1, 

H2/MCP = 20, 2 MPa H2. Pre-reduction at 350 °C for 1 h. Reproduced with permission from Ref 150 

 

Figure 12b shows the MCP conversions and RO selectivity of the Pt-Ir-Co are superior to that of Pt-

Co or Ir-Co, with the tri-metallic system exhibiting a mass-specific rate of 25 mol.(g Irtotal)-1.min-1, 

significantly higher than for pure mono-metallic catalysts (0.3Pt/SiO2 = 0.08 mol.(g Pttotal)-1.min-1 and 

0.3Ir/SiO2 = 0.2 mol.(g Irtotal)-1.min-1).  Catalytically active Ir atoms were shown to be highly dispersed on 

the Co NP surfaces, thereby significantly improved the dispersion and utilization of Ir compared to pure 

Ir/SiO2. As discussed in previous sections, while monometallic catalysts are not active in opening bicyclic 

(a) (b)
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molecules, bimetallic catalysts show promising results in the ring-opening of molecules such as decalin and 

indan. A comparative study of Pt-Ir catalysts supported on alumina or titania,178 showed that 9.5% and 5.4% 

decalin conversion could be respectively achieved at 325 °C. While an improvement over monometallic 

catalysts, the low decalin conversion of these catalysts was attributed to two factors: (i) the absence of 

acidic sites to promote isomerisation of six-membered into 5-membered rings and (ii) strong metal support 

interaction effect (SMSI) leading to partial encapsulation of NP surface sites in Pt-Ir/TiO2. Alkali metals 

such as Na can also affect the hydrogenolysis activity of noble metals by increasing the electron density of 

noble metal, due to its electropositive character. Improved decalin conversions (31%) and RO yields (45%) 

were achieved over 0.5wt% Na doped Pt-Ir/Al2O3 catalyst at 325 °C and 3 MPa H2.158  This was explained 

by Al2O3-Na reducing the tendency of Pt and Ir to direct dehydrogenation pathways. The suppressed 

cracking activity of these catalysts also reduced the rate of ring-opening product decomposition and 

provided better RO yields. 

Ring-opening of indan was investigated over several bimetallic catalysts, including Pt-Ir, Ru-Ir, Pd-Ir, 

Ru-Pd and Ni-Ir, with the catalytic activities of these metal catalysts towards indan hydrogenolysis 

summarized in Table 2, entries 54-59. The activity of 2 wt% Pt5Ir95 NPs, impregnated on different supports 

including, CeO2, Al2O3, SiO2-Al2O3, H-SA, ZrO2, MgO, and SiO2, was explored for indan ring-opening.100 

The highest indan conversion (52%) was obtained for 2 wt% Pt5Ir95/CeO2, whereas the lowest conversion 

(5%) was obtained for 2wt% Pt5Ir95/SiO2 (Figure 13a). Pt5Ir95/CeO2 also exhibited the highest RO product 

distribution (2-ethyl toluene-68% and n-propylbenzene-10.7%) and lowest formation of lights (<C5) of 

5%. The high RO product distribution can be attributed to the presence of acid and basic sites on ceria 

(CeO2), with amphoteric properties potentially limiting secondary cracking reactions driven by supports 

with just acidic sites, thereby increasing selectivity towards valuable RO products. Considering the superior 

performance in terms of conversion and product distribution shown by the ceria supported Pt-Ir catalyst 

during the screening tests, the effect of varying the PtxIry molar configuration (x/y=5/95, 15/85, 25/75, 

50/50) was also reported (Figure 13b). Although pure Ir/CeO2 catalysts showed the highest conversion, 

the best RO product distributions were achieved over Pt-Ir/CeO2 catalysts due to the synergetic interaction 

between Pt and Ir. However, the shape of the activity test curves reveals that all catalysts exhibited similar 

deactivation profiles, indicating gradual coke formation on the metallic phase and/or the support, similar to 

earlier discussions.144, 165 Considering reactions were performed at 325 °C, it would have been interesting 

to explore whether cracking could be suppressed at lower temperature while still retaining sufficient RO 

activity. 
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Figure 13. (a) Activity test with indan at atmospheric pressure and 325 °C over supported 2 wt% Pt5Ir95 catalysts: (Supports = 
CeO2 (□), ϒ-Al2O3 (▀), SiO2–Al2O3 (○), H-SA (●), ZrO2 (Δ), MgO (▲) and SiO2 (▼)); (b) Activity test with indan at atmospheric 
pressure and 325 °C over CeO2 supported 2 wt% Ir (▀), Pt5Ir95 (□), Pt15Ir85 (▲), Pt25Ir75 (Δ), Pt50Ir50 (○) and Pt (●) catalysts. 
Reproduced with permission from Ref 100 

 

Other bimetallic catalysts such as Ru-Ir/Al2O3 have also been explored for indan ring-opening at 

atmospheric H2 pressure and 336 °C.154 Ru1Ir4/Al2O3 exhibited 55% Indan conversion with 62% RO 

selectivity, which is superior than that of monometallic Ru (9%). However, Ru-Ir bimetallic exhibited 

worse RO selectivity when compared to a Ir/Al2O3. The reduced activity of Ru-Ir relative to Ir was 

attributed to dealkylation reactions being promoted by Ru, which was supported by previous studies.133, 179 

For example, the hydrogenolysis of cyclohexane was unselective over 1 wt% Ru/Al2O3 as the reaction 

temperature reached 280 °C, with a 100 % yield of light products (C1–C3) observed.179  

Monodispersed 1.6 nm Ir, 2.3 nm Pd NPs, 2.7 nm Pd(core)–Ir(shell) (prepared by a hydrogen-

sacrificial reduction method) and 2.2 nm Pd–Ir alloys with mixed surface atoms have also been studied for 

the atmospheric ring-opening of indan at 336 °C.153 HRTEM images (Figure 14a-d), reveal bimetallic 

Pd2Ir1 and Pd1Ir1 particles (2.2 nm diameter) are close in size to monometallic Pd (2.3 ± 0.4 nm) but with 

wider size distribution (up to 1.0 nm). The Pd(c)Ir(s) sample shows the largest average size of 2.7 ± 0.5 nm 

with a narrow size distribution, indicating that the preformed core Pd NPs of 2.3 ± 0.4 nm diameter are 

coated with Ir atoms. The mechanism for formation of core-shell Pd-Ir catalysts via the hydrogen sacrificial 

reduction method is shown in Figure 14e.  

When explored for indan ring-opening the following order of activity was obtained: Ir 

(99%)>Pd2Ir1(9%)> Pd(c)Ir(s)(91%)>Pd(1%), however, given Ir is twice as expensive as Pd and one of the 

rarest elements on Earth, its 100% dispersion in the Pd(c)Ir(s) system makes this preferable to the 

monometallic Ir catalyst. High selectivity towards n-propylbenzene from single C-C cleavage of the C5 

(b)
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ring of indan is required to improve the CN, and this work, the highest n-propylbenzene yield was obtained 

for Pd(c)Ir(s) (48%), whereas pure Ir exhibited only a 10% yield (Table 2, entry 56).  

 

Figure 14. TEM images of the various Pd and Ir-containing NPs: (a) Pd, (b) Ir, (c) Pd2Ir1, (d) Pd(c)Ir(s), and (e) the schematic 
mechanism of Pd(c)Ir(s) NPs formation by hydrogen-sacrificial reduction method. Reproduced with permission from Ref 153 

 

Indan ring-opening activity over bimetallic Pd−Ru NPs of ∼2−3 nm size with varying the molar ratio 

of Pd-to-Ru from 0 to 1.7 has also been reported,62 along with Pd(c)Ru(s) NPs (Figure 15a) prepared by a 

stepwise growth reaction. The incorporation of Pd to the Ru catalyst improved the selectivity to n-

propylbenzene 2-fold, reaching levels comparable to Ir (Figure 15b). However, comparison of bimetallic 

Ru-Pd with monometallic Pt catalysts reveals Pt gives the higher selectivity to n-propylbenzene because of 

a different RO mechanism, which proceeds via the olefin flat-lying model. However, this also produces 

more light alkanes due to increased hydrogenation tendency. In another study, bimetallic Ni-Ir was 

impregnated on the surface of Al2O3 support using hydrogen sacrificial method and tested for indan ring-

oplening.94 The calculated TOF value (calculated per surface Ir atom) of the Ni(c)-Ir(s)/γ-Al2O3 is 0.83 

molindanemol-1
Ir min-1, which is higher than that of Ir/γ-Al2O3 (0.43) and Ni/γ-Al2O3 (<0.1). This strategy 

suggests thrifting of rare and expensive iridium without losing its outstanding performance as a ring‐

opening catalyst is possible using core shell NPs, and should be explored more widely in bifunctional 

formulations. 

 

e)
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Figure 15. (a) Formation of Ru−Pd bimetallic NPs with Pd (Core)−Ru (shell) Structure (b) Selectivities vs. Pd-to-Ru molar ratio 
in the bimetallic and monometallic catalysts (monometallic Ir and Pt catalysts are included for comparison). The catalysts were 
grouped according to similar indan conversions for fair selectivity comparison. Reproduced with permission from Ref 62. 
 

In summary, various combinations of noble and non-noble metals were used as bimetallic or trimetallic to 

improve the conversions and RO selectivity. Pt and Ir combinations were found to be successful bimetallic 

systems compared to monometallic Pt catalysts in terms of enhanced conversions and RO selectivity. While 

Pt-Ir catalysts did not surpass the superior catalytic activity of monometallic Ir metal, they did show 

improvements in RO selectivity. Fortunately, bimetallic systems inhibited the formation of cracking 

products compared to highly active monometallic Ir. Support effects were not widely explored for 

bimetallic systems, although amphoteric properties of CeO2 were reported to be beneficial for indan ring 

opening over Pt5Ir95 NPs. There are few attempts made to replace the usage of Ir metal by using Co and Ni 

metals as a third metal, which showed promising ring-opening activities compared to Ir. In particular M@Ir 

core-shell catalysts are a promising area for future work. It is also noted that many studies were performed 

at temperatures >300 °C where cracking is thermodynamically favoured, and would be interesting to 

explore whether the more active formulations show sufficient performance at lower temperatures where 

selectivity to RO products is favoured. 
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4.2 Bifunctional metal/solid-acid catalysts 

Literature reports that bifunctional catalysts based on a metal, with a high hydrogenolysis activity, coupled 

with a suitable solid-acid support appear to be best for the SRO of naphthenic molecules. In bifunctional 

catalysts, the active metal sites promote hydrogenation and dehydrogenation steps, while the acid sites 

promote skeletal isomerization.  Bifunctional catalysts investigated in the RO of mono- and bi-cyclic 

molecules mostly employ zeolites as the solid acid supports, with parameters such as geometry of zeolite, 

acidity (Si/Al ratio) and type of metal determining the RO product distribution. Solid acids such as Y 

zeolite, HZSM-5, beta zeolite, mordenite, SBA-15, SiO2-Al2O3, and WO3 have been applied as a support 

for active metals such as Pt, Ir, Pd, Ir, Rh, Ni, Mo, and W in either mono or bi-metallic compositions. This 

section presents highlights from recent studies to illustrate the impact of bifunctionality in promoting ring-

opening, which are summarised in Table 3 for ring-opening of mono- and bicyclic molecules. 

 

4.2.1 Transition metal/solid-acid catalysts 

Pt catalysts are widely studied as bifunctional catalysts in conjunction with acidic supports such as zeolites. 

For example, when Pt/H-ZSM-5 was explored for MCP ring-opening,180 a new reaction pathway was 

identified for the bifunctional catalyst compared to Pt alone (Scheme 5). Pt/H-ZSM-5 exhibited 71.8% 

MCP conversion and 37.3% RO selectivity along with ring-enlargement products (13.9%, benzene and 

cyclohexane) and cracking products (1.6%) (Table 3, entry 1), in contrast to Pt/Al2O3 which displayed 

100% RO selectivity (Table 2, entry 2). Other studies also reported that Pt supported on a mixture of β-

zeolite (80wt%, Si/Al=25) + 20 wt% Al2O3. exhibits 58% MCP conversion but only 3% RO selectivity 

(Table 3, entry 2). In the case of basic supports, contrasting results were observed (Table 3, entry 2), with 

98.5% RO selectivity obtained. Isomerization of MCP was almost completely suppressed with the main 

RO reaction catalyzed by the active metal. The low selectivity to RO in the case of Pt/zeolite is mainly due 

to the acidic support promoting ring-enlargement reactions, and high temperatures employed (350 °C) 

which favour the isomerization of MCP to cyclohexane (CH), subsequent dehydrogenation of which over 

Pt produces aromatics (ARs). 74, 102, 114, 181 Similar conclusions were deduced for MCH ring-opening over 

Pt/HY catalysts, where the RC product selectivity is 97% and RO selectivity is only 2% (Table 3, entry 

3). As expected, the Pt/zeolite catalysts displayed more aromatic selectivity as the reaction temperature 

increased to 400 ºC. (Table 3, entry 1). These results suggest that under the conditions employed Pt-zeolite 

catalysts are not suitable for the selective ring-opening of mono-cyclic molecules such as MCP and MCH 

due to high acidity of support and the dehydrogenation tendency of Pt.182, 183 However, in most cases 

elevated temperatures have been employed where thermodynamically ring opening is not favoured and thus 

there is merit in revisiting these formulations under lower temperature regimes.
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Table 3. Ring-opening of various molecules over bifunctional metal-based catalysts. 

Entry Catalyst Catalyst properties Feedstock Reaction conditions Conversion 
(%) 

Product distribution (%) Ref. 

RO RC DH CP RE 

Transition metal/solid-acid catalysts 
1 Pt/HZSM-48 0.5wt.% Pt, 9 nm, (Si/Al=48), 218 m2 

g-1, Total acidity of 5.34x10-2 mmol 
NH3 g-1 

MCP 350°C; 0.1 MPa H2; 0.3 h-1 
WHSV, H2/feed ratio (10); 
Pre-reduction at 400 °C for 4 h 

71.8 37.3 - - 5.4 59.6 180 

400°C; 0.1 MPa H2; 0.3 h-1 
WHSV, H2/feed ratio (10); 
Pre-reduction at 400 °C for 4 h 

84.5 19 - - 25.5 50.1 

2 
a 
 
b 

Pt/HBeta+Al2O3 0.3wt.% Pt, 70wt.% HBeta  Si/Al=25, 
30wt.% Al2O3, ~3 nm, 415 m2 g-1 

MCP 250 mg, 350 C, 0.47 h-1 
WHSV, H2/feed ratio (60), 
Pre-reduction at 450 °C for 30 
minutes 

58.4 2.8 -  1 95 114 

Pt/Hydrotalcite 0.28wt.% Pt, , ~3 nm, 270 m2 g-1 35.2 98.5  0.5 1 - 

3 Pt/HY 1 wt.% Pt, HY (Si/Al=5.3), Total 
acidity of 795 μmol.NH3.g-1 

MCH 260°C; 3 MPa H2; 2.5 h-1 
WHSV, H2/feed ratio (40); 
Pre-reduction at 400 °C for 2 h 

29.2 2 97.6 - 0.4 - 184 

4 Pt/ITQ21 1wt% Pt, Si/Al ratio (25), 596 m2g-1, 
Brønsted acidity of 159 
μmol.pyridine.g-1 

Tetralin 300°C; 3 MPa H2; 2.5 h-1 
WHSV, H2/feed ratio (10); 
Pre-reduction at 450 °C for 2 h 

99.9 5 20.1 5 45 - 73 

5 Pt/HY 1wt% Pt, Si/Al ratio (5.3), 450 m2/g-1, 
Total acidity of 1141 μmol.NH3.g-1 

Tetralin 327°C; 2 MPa H2; 2.5 h-1 
WHSV, H2/feed ratio (60); 
Pre-reduction at 400 °C for 2 h 

92.5 14.9 - 0.99 50.5 - 81 
Decalin 27.4 11.1 10.9 0 5.4  

6 Pt/HBeta  0.97 wt% Pt, 79.5 metal dispersion, 
Si/Al ratio (12.5), 

Decalin  200 mg; 250°C; 5 MPa H2; 2 
h-1 WHSV, H2/feed ratio 
(260); Pre-reduction at 440 °C 
for 2 h  

80 28 43 - 8 - 185, 

186 

7 Pt/H-Beta 2 wt% Pt, Si/Al ratio (25), 752 m2/g, 
33% Pt dispersion, 3.4 nm Pt; Total 
acidity of 612 μmolpyridineg-1 

Decalin 100 mg; 250°C; 2 MPa H2; 1.7 
h-1 WHSV, H2/feed ratio (13); 
Pre-reduction at 400 °C for 2 h 

90 30.2 42 3.6 16.4 - 74 

8 Pt/USY  0.3 wt% Pt, 586 m2/g, 3.9 nm, 
Brønsted acidity of 155 
μmolpyridineg-1 

Tetralin  260°C; 4 MPa H2; 2 h-1 
WHSV, H2/feed ratio (750); 
Pre-reduction at 300 °C for 4 h 

99.6 28.3 13 - 43.8 - 81, 186 

10 
a 
 
 
b 

Ir/USY 0.9 wt% Ir,  Si/Al ratio (80), 759 
m2g-1, 388 μmolammonia/gcat of 
acidity, 0.9 wt% Ir, 2-3 nm 

MCP 500 mg; 300°C; 3 MPa H2; 
Pre-reduction at 200 °C for 1 h 

97.6 66 - - 3 31 116, 

187 

Ir/HZSM-5 Si/Al ratio (80), 406 m2g-1, 290 
μmolammonia/gcat of acidity, 0.9 
wt% Ir, 2-3 nm 

83.4 45 - - 10 45 

11 
a 
 

Ir/USY Si/Al ratio (80), 759 m2g-1, 388 
μmolammonia/gcat of acidity, 0.9 
wt% Ir, 2-3 nm 

MCH 
 

500 mg; 300°C; 2.8 MPa H2; 
1.8 h-1 WHSV, H2/feed ratio 

51.6 27 43 - 13 17 116 
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b 

Ir/HZSM-5 Si/Al ratio (80), 406 m2g-1, 290 
μmolammonia/gcat of acidity, 0.9 
wt% Ir, 2-3 nm 

(40); Pre-reduction at 260 °C 
for 1 h 

38.1 11 18 - 30 39 

13 
 
a 
 
 
b 
 
 
c 

0.5Ir/H-Beta-25 Si/Al ratio (12.5), 489 m2g-1, 0.5 
wt% Ir, 2.83 nm size, 39% Ir 
dispersion, 97a μmolpyridine/gcat 

MCH 
 

200 mg; 330°C; 3 MPa H2; 24 
h-1 WHSV; H2/feed ratio 
(12.5); Pre-reduction at 400 °C 
for 1 h 

93 6 62 - 31 1 188 

0.6Ir/H-AlMCM-41 Si/Al ratio (15), 795 m2 g-1, 0.6 wt% 
Ir, 3.42 nm size, 32% Ir dispersion, 
32a μmolpyridine/gcat 

400 mg; 330°C; 3 MPa H2; 12 
h-1 WHSV, H2/feed ratio 
(12.5); Pre-reduction at 400 °C 
for 1 h 

73 33 55 - 11 1 

0.7Ir/Na-AlMCM-
41 

Si/Al ratio (15), 745 m2 g-1, 0.7 wt% 
Ir, 3.22 nm size, 34% Ir dispersion, 
10a μmolpyridine/gcat 

22 52 24 - 21 3 

14 
a 

2Ir/H-Beta-25 2wt.%Ir,  SiO2/Al2O3 ratio (25), 573 
m2 g-1, 22.9% dispersion, 

Decalin 500 mg; 325°C; 6 MPa H2; 
H2/feed ratio (10); Pre-
reduction at 350 °C for 1 h 

84 45 - - - - 189 

 
b 

2Ir/H-Beta-300 2wt.%Ir,  SiO2/Al2O3 ratio (300), 
521 m2 g-1, 17.4% dispersion, 

60 28 - - - -  

15 3.4Ir/H-Cs-Beta 3.4wt.%Ir,  3.7wt.%Cs, SiO2/Al2O3 
ratio (14), 573 m2 g-1, 86% 
dispersion, Total acidity of 129 
μmolpyridineg-1 

Decalin 262 c, 5.2 MPa H2, 94 59 - - - - 190 

16 Ir/Cs-meso-Beta 3wt.%Ir,  SiO2/Al2O3 ratio (18), 
3.7wt% Cs, 666 m2 g-1, 1.7 nm Ir, 
Total acidity of 240 μmolpyridineg-1 

Decalin 260 C, 3.5 MPa H2, 0.44 h-1 
WHSV,  

89.2 72.6 - - - - 139 

17 Ir/SiO2-Al2O3 0.96wt% Ir, 40 wt% SiO2, 60 wt% 
Al2O3, 1.5±0.2 nm, 500 m2/g, 

Tetralin 50 mg; 350°C; 4 MPa H2; 
H2/feed ratio (10); Pre-
reduction at 350 °C for 6 h 

80 37 - 3 40 - 104 

18 Ir/SiO2-Al2O3 0.96 wt% Ir, SiO2/Al2O3 ratio 
(80/20), 337 m2/g, 2.4 nm Ir, 38% 
metal dispersion, Total acidity of 
1820 μmolpyridineg-1 

Decalin 200 mg; 325°C; 3 MPa H2; 
Pre-reduction at 500 °C for 1 h 

62.3 42 10 2 5.5 - 191 

19 1.2Ir/WO3/γ-Al2O3 
 

24 wt% W, surface density (4.1 atoms 
W/nm2), 1.2 wt% Ir 
 

MCH 300°C; 5 MPa H2; 0.2 h-1 
WHSV, H2/feed ratio (24); 
Pre-reduction at 350 °C for 1 h 

75 52 40 - 8  112 

Decalin 1000 mg; 300°C; 3 MPa H2; 1 
h-1 WHSV, H2/feed ratio 
(N/A); Pre-reduction at 450 °C 
for 1 h 

75 51 - -  - 

20 
a 
 
b 

Rh/HY 3 wt% Rh, Si/Al=2.6, <1 nm MCP 200 mg; 0.00526 MPa H2; 
H2/feed ratio of 18; Pre-
reduction at 400 °C for 2 h 

7.7 66 - - - - 87 

Rh/NaY 3wt% Rh, Si/Al=2.6, 1.5 nm MCP 10 73 - - - - 

21 Rh1/SiO2-Al2O3 Si/Al ratio (14.8), 514 m2g-1 
(support), 0.79 wt% Rh, 2.1 nm 

MCH  100 32 - - - - 192 
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22 Rh/SiO2-Al2O3 1.5 wt% Rh, SiO2/Al2O3 ratio 
(70/30), 34% metal dispersion, Total 
acidity of 1579 μmolpyridineg-1 

Decalin 200 mg; 350°C; 3 MPa H2; 
Pre-reduction at 500 °C for 1 h 

78 69 - - - - 193 

23 Pd/HY 
 

1 wt% Pd, Si/Al ratio of (30), 589 
m2/g, 3.09 nm, Total acidity of 1950 
μmolNH3g-1 

Naphthalene 500 mg; 300°C; 3 MPa H2; 1 
h-1 WHSV, H2/feed ratio 
(N/A); Pre-reduction at 450 °C 
for 1 h 

98 52.5 29.5 - 17.6 - 131 
Tetralin 71 38.3 - 1 43.8 - 
Decalin 92 92 -    

24 Pd1/SiO2-Al2O3 Si/Al ratio (14.8), 514 m2g-1 
(support), 0.78 wt% Pd, 3.0 nm 

MCH 1500 mg; 350°C; 3.9 MPa H2; 
2 h-1 WHSV; H2/feed ratio 
(8); Pre-reduction at 500 °C for 
1 h 

51 1 - - - - 192 

25 W-MCM-48 Si/W=40, 1234 m2/g MCP 200 mg; 450 C; Pre-reduction 
at 500 °C for 12 h 

1.8 - - - - - 194 

26 Fe-TUD-1 Si/Fe=45, 640 m2/g MCP 200 mg; 200°C; 0.1 MPa H2; 
Pre-reduction at 500 °C for 4 h 

1.58 - - - - - 195 

Bimetallic/solid-acid catalysts 
27 Ni-W oxide/Al2O3-

USY 
3.6 wt% Ni, 14.8 wt% W, 18.6 wt% 
WO3, 295 m2/g, Total acidity of 271 
μmolpyridineg-1 

Decalin 3000 mg; 300 C; 5 M Pa; 4 h-1 
WHSV; H2/feed ratio (1000); 

88 26 28 - 24  196 

28 Ni2P/SiO2-Al2O3 117 m2/g, Si/Al ratio (0.21), 20 nm 
Ni2P, Total acidity of 382 mmolpyrg-
1 

Naphthalene Pre-reduction at 650 °C for 3 h 80 10 70 15 5  197 

29 Pt-Ir/Nb2O5 0.5 wt% Pt, 0.5 wt% Ir, 82 m2/g, 
4.8±1.5 nm, Total acidity of 383 
μmolNH3g-1 

Decalin 1000 mg; 350°C; 3 MPa H2; 
4.5 h-1 WHSV, H2/feed ratio 
(N/A); Pre-reduction at 500 °C 
for 4 h 

35 27 12 41 20 - 151 

30 Ni-MoC/HY 2.25 wt% Ni, 11.3 wt% Mo, Si/Al 
ratio (13.5), 492 m2/g, Total acidity 
of 159 μmolNH3g-1 

Decalin 100 mg; 220°C; 5 MPa H2; 1.5 
h-1 WHSV, H2/feed ratio (60); 
Pre-reduction at 400 °C for 4 h 

44.3 33.5 - - - - 90 

 Ni-MoC/HBeta 2.25 wt% Ni, 11.2 wt% Mo, Si/Al 
ratio (22.9), 395 m2/g, Total acidity 
of 116 μmolNH3g-1 

24.3 18 - - - - 

31 Pt-Ir/HY 1.5 wt% Pt, 0.75 wt% Ir, Si/Al ratio 
(13.3), 641 m2/g, Total acidity of 371 
μmolNH3g-1 

Decalin 100 mg; 220°C; 5 MPa H2; 1.5 
h-1 WHSV, H2/feed ratio (60); 
Pre-reduction at 400 °C for 4 h 

82.87 32 - - - - 90 

32 Pt-Ir/USY 1wt% Pt, 1wt% Ir, Si/Al ratio (16.6), 
516 m2/g, 

Tetralin 500 mg; 275°C; 3 MPa H2; 2.5 
h-1 WHSV, H2/feed ratio (10); 
Pre-reduction at 450 °C for 2 h 

100 21.1 62.9 1.1 - - 138 

33 Rh2Pd1/SiO2-Al2O3 Si/Al ratio (14.8), 514 m2g-1 
(support), 0.28 wt% Rh, 0.28 wt% Pd, 
2.3 nm 

MCH 1500 mg; 350°C; 3.9 MPa H2; 
2 h-1 WHSV; H2/feed ratio 
(8); Pre-reduction at 500 °C for 
1 h 

80 51 24 - 30 2 192 

34 Ru-Pt/SiO2-Al2O3 0.51 wt% Pt, 0.48wt%Ru, 40 wt% 
SiO2, 60 wt% Al2O3, 447 m2/g, 
Total acidity of 1238 μmolNH3g-1 

Decalin 1000 mg; 350°C; 3 MPa H2; 
Pre-reduction at 400 °C for 5 h 

19 16.4 1.6 0.2 0.8 - 198 
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2MP=2-

methylpentane, 3MP=3-methylpentane, nH=n-hexane 

Product distribution is divided into 4 groups, dehydrogenation products, Ring contraction products, cracking products, and Ring-opening products-adistribution in wt%, bselectivity represented in percentage, 
cDehydrogenated products include naphthalene, tetralin, 1-methyl indan 

Ring-contraction products include C10 bicyclic compounds where one or both rings consist of less than 6 carbon atoms 

Cracking products include C1-C9 products with lower molecular weight than that of decalin 

Ring-opening products include C10-alkylcyclohexanes and C10-alkylcyclopentanes

35 Rh-Pd/SiO2-Al2O3 0.66 wt% Rh, 0.34 wt% Pd, 
SiO2/Al2O3 ratio (40/60), 514 m2/g 

Decalin 1000 mg; 350°C; 3 MPa H2; 1 
h-1 WHSV, H2/feed ratio 
(N/A); Pre-reduction at 450 °C 
for 1 h 

42 35 10 8 6 - 199 
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For the selective ring-opening of bi-cyclic molecules (naphthalene, tetralin, and decalin) RO performances 

are significantly improved over Pt/zeolite catalysts (Table 3, entries 4-8). The selective ring-opening of 

tetralin was investigated over Pt/USY catalysts (275 °C, 3 MPa H2),138 reveals that Pt/USY catalyst showed 

a 99% tetralin conversion with 16 wt% of RO products formed. Hydrogenation of tetralin occurred first 

over Pt metal sites, to form cis- and trans-decalins, which were isomerized via ring contraction into methyl-

perhydroindanes and dimethyl-octahydropentalenes (as explained in Scheme 8). Thus, the activation and 

isomerization of decalin molecules need both metal and acidic support (zeolite), which was also evident in 

a similar study over Pt/H-ZSM-5.200 The formation of desired ROP is closely linked to the formation of 

decalin isomers, however suppression of isomerization activity of the acid zeolite is important to prevent 

undesired dealkylation or cracking pathways.  

The pore dimensions and topology of the zeolite can impact the final yield and selectivity to the desired 

RO products in the case of bi-cyclic molecules.82, 88 Pt doped ITQ-21, Beta, and USY zeolites with different 

frameworks were evaluated for tetralin SRO (300 °C, 3 MPa H2),73 with RO product yields and the 

physicochemical properties and relative acidity values of the Pt/zeolite supports summarized in Table 4. 

To minimize the possible influence of changes in acidity, USY and Beta samples were compared as they 

contain similar Brønsted acid site loadings (Table 4). Remarkably, the maximum ROP yields attained over 

Pt/USY (16.1 wt%) and Pt/Beta (14.5 wt%) was significantly lower than the maximum yield obtained over 

Pt-ITQ21 (20.1 wt%). Molecular-docking simulations revealed RO product molecules can quickly diffuse 

through the large pore six-12 membered rings in ITQ-12, as compared to four-12 membered rings present 

in USY and Beta based catalysts.73 These results indicated severe restrictions for the formation and 

diffusion of ring-opening products within the narrower 10 member-ring pores of the latter zeolites. A higher 

diffusional restriction for some of the RO products in the BEA structure are responsible for the lower RO 

product yield obtained over Pt/Beta catalyst.73,138 In addition, the higher strength of the Brønsted acidity 

(Table 4) another factor for the lower RO yield obtained over Pt/Beta catalyst. 

 

Table 4: Physicochemical properties (surface area and pore volumes) and relative acidity of zeolites determined by N2 sorption 
and pyridine sorption experiments. Reproduced from ref 73 

Entry Zeolite Si/Al ratio Surface 

area (m2/g) 

Pore 

volume 

(cm3/g) 

Brønsted ROP yield 

(wt%) 

1 Pt/ITQ-21 25 596 0.93 159 20.1 

2 Pt/USY 17 532 0.43 168 16.1 

3 Pt/Beta 93 659 0.91 208 14.5 
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Decalin is the more reactive 6 membered bicyclic molecule towards ring-opening, and thus is frequently 

studied to understand the mechanism of RO over bifunctional metal/acid catalysts. Kubička et al. 

investigated decalin ring-opening over different Pt-modified H-Beta-25, H-Y-12 and H-Mordenite-20 (at 

250 °C and 2 MPa H2),74, 77 revealing catalytic activity decreased in the order Pt/H-Beta > Pt/H-Y > Pt/H-

Mordenite. The reaction was proposed to proceed via Pt catalysed dehydrogenation of decalin to an olefin, 

which in turn is then protonated by a Brønsted acid site. The resulting carbenium ion can then undergo 

isomerization or ring-opening reactions (Scheme 3), and as the Brønsted acid site is restored, an olefin is 

formed which is hydrogenated by Pt to yield an isomer or a RO product. Yields of RO products for Pt-

modified zeolites are as high as 30 mol%, whereas just 8 mol% was observed for the proton-form zeolites 

alone (Table 3, entry 7). Conversely, the cracking product yield of H-Beta reduced from 22 mol% to 4% 

after addition of Pt to the zeolite, which is a consequence of the lower strength Brønsted acid sites in Pt 

zeolites. The decrease in acidic strength, in comparison to proton-form zeolites, is due to the interactions 

between platinum particles inside the zeolite channels and Brønsted acid sites.  

To further understand the importance of Brønsted acid sites presented in zeolites, Pt modified VPI-15 

catalyst with no acidity was tested for decalin ring opening. No skeletal isomerization or RO products were 

observed for Pt/VPI-15, confirming the importance of Brønsted acid sites for ring-opening reactions. Large 

pore size zeolites (USY, beta, mordenite) are more selective to RO products than middle pore size ones; 

consequently, porosity and associated mass transport is a very important parameter in RO catalysis.88 Such 

finding were also reported by Corma et al.,82 who demonstrated zeolite topology has a strong influence on 

diffusion and, therefore, on product distribution, with larger pore sizes zeolites such as HY more suitable 

for decalin SRO. The isomeric form of decalin also affects RO selectivity, with conversion of isomerically 

pure trans- or cis-decalin feeds (at 260 °C and 2 MPa H2)81 over Pt/H-Y catalysts revealing cis-decalin 

yielding RO products more selectively than trans-decalin (Table 3, entry 5). The trans- isomer as more 

hindered C–H bonds than the cis form, with this steric difference potentially accounting for the lower 

reactivity. 

Kinetic modelling was employed to understand the role of the metal and acid sites in mechanism of 

decalin ring-opening. Kubicka et al. proposed a Langmuir-Hinshelwood (L-H) kinetic model following 

studying Pt/H-Beta over a wide range of reaction conditions (1–6 MPa H2, 476–563 K, and catalyst 

concentration 10–40 g/l).201 Decalin ring-opening is known to be complex reaction, and with >200 reaction 

products formed, and it is not easy to describe all individual reaction steps to understand the kinetics. Thus, 

a simplified reaction mechanism was considered (Figure 16), which involves key reaction steps such as 

skeletal isomerization of decalin (reaction 1), ring-opening of skeletal isomers (reaction 2) and cracking of 

ring-opening products (reactions 3 and 4). The kinetic model predicted that the activation energies for 

https://pubs.acs.org/action/doSearch?field1=Contrib&text1=David++Kubi%C4%8Dka
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reactions 1, 2, and 4 were 140, 170, and 196 kJ/mol, respectively, and fitted the experimental results well,201 

with the lowest activation energies observed for isomerization, followed ring-opening of isomers. 

 

Figure 16. Reaction scheme of decalin transformations on Pt-modified zeolite Beta. For the sake of simplicity, only surface 
reactions are shown; the adsorption/desorption steps are omitted. D, I, R, and C stand for decalin, skeletal isomers of decalin, 
ring-opening products (C10-alkylnaphthenes), and cracking products (products with less than 10 carbon atoms in the molecule), 
respectively. Indices O and OO denote an olefin and diene, respectively. Reproduced with permission from Ref 201 
 

After Pt, Ir is one of the next most widely explored noble metal investigated as bifunctional catalyst on 

acidic supports. As discussed in the previous section Ir/Al2O3 exhibits the highest ring-opening activity of 

all the noble metals for MCH, with RO yields >80% obtained at low conversion (<30%). However, yields 

are reduced to <20% at high conversions due to deep hydrogenolysis (dealkylation of MCH).122 These  

drawbacks can be avoided if ring-opening occurs after ring contraction (indirect ring-opening), and it can 

be expected that addition of an acidic support to Ir/Al2O3 would enhance C6 ring opening by promoting C6 

to C5 ring contraction. Modification of 1.2wt% Ir/Al2O3 and 1.2wt% Ir/ZrO2-SiO2 by doping with WO3,112, 

202 (with W surface densities ranging between 0 and 5.3 W/nm2) was found to increase ring-opening 

selectivity to 77% and 80% at high MCH conversions of 75% and 80% respectively. In contrast Ir/ZrO2-

SiO2 exhibited only 54% conversion and 65% selectivity to RO products (Table 3, entry 19) and 

WO3/Al2O3 showed only 3% conversion of MCH, indicating the promotional effect of WOx species. These 

observations could be accounted for by lowering of the activation energy for 6-membered ring 

hydrogenolysis on bifunctional Ir/WO3/ZrO2-SiO2 which was calculated to be 117 kJ/mol, significantly less 

than the 138 kJ/mol determined for Ir/ZrO2-SiO2. The initial rate of indirect ring-opening was also reported 

to increase 50-fold over bifunctional catalysts like Ir/WO3/Al2O3 compared to WO3/Al2O3 catalyst.112 This 

clearly emphasizes the beneficial role of metal/acid combinations in the indirect ring-opening reaction. The 

observations indicate that the preferred pathway over the bifunctional catalyst was ring contraction, 

followed by ring-opening.75, 203 It can be concluded that mild acidic supported Ir-based catalysts are suitable 
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for obtaining high MCH conversions and considerable CN enhancement, with tuning of acid strength 

critical to avoid undesired cracking. 

Similar to Pt, Ir has also been combined with the zeolite support and explored for MCH ring-opening. 

Ir/USY and Ir/H-ZSM5 has been explored with a view to understanding the impact of catalyst acidic 

strength on MCP and MCH conversion and RO selectivity.116 The total acidic strength was determined by 

measuring the total amount of NH3 chemisorbed at different temperatures (100-600 °C), with the calculated 

acidity of 0.9 wt% Ir/USY and 0.9 wt% Ir/H-ZSM-5 determined to be 388 and 290 μmol.g-1 respectively 

(Table 3, entry 10 and 11). The more acidic Ir/USY catalyst exhibited 43 % of RC and 27 % of RO, 

whereas Ir/HZSM-5 exhibited only 11 and 18 % of RO and RC products, indicating that the acidity of the 

catalyst is an important factor in obtaining RC products via isomerization, thereby promoting MCH 

conversion with a higher RO yield. Similar conclusions derived from MCP conversion using the same 

catalysts (Table 3, entry 10). However, few studies demonstrate that the selectivity and distribution of 

products deriving from RC and RO reactions are strongly affected by the acidity of zeolites (as mentioned 

in MCP ring-opening). In the case of Pt/zeolites (zeolite= USY, ZSM-5, mordenite, Beta) catalysts carbon-

rich deposits were also formed causing severe deactivation after 6 h run in a flow-through micro-reactor.200 

Thus finding the right balance between metal loading, particle size and acidic support is key for obtaining 

increased RO product yield at higher MCH conversions, and with poor mass transport through zeolite 

channels likely to favour coking and pore blockage, investigations of mesoporous or hierarchically porous 

solid acids should prove beneficial. 204, 5, 9 

To elucidate the right balance between the hydrogenolysis activity of the metal, support acidity and 

porosity, ring-opening studies have also focussed on non-zeolitic supports. Mesoporous materials such as 

Al-MCM-41 could be an alternative to zeolites due to its high surface area, tuneable mesoporosity (2-20 

nm), and low to moderate Brønsted acidity.205 Higher surface areas as well as larger pore sizes and pore 

volumes could improve the accessibility of active sites located within the pores and enhance diffusion of 

reactants and products to minimise secondary reactions and coking. The influence of acidity on 1,2-DMCH 

conversion over Ir/MCM-41 was explored using H-AlMCM-41 in which the acidity of the support was 

tuned with different Si/Al ratios, and doping with Na.188 For comparison, the strong acidic material (H-

Beta-25) was also used to support Ir. The total acidity (Brønsted and Lewis acid sites) of Ir/Na-MCM-41 

(20), Ir/H-AlMCM-41 (45), Ir/H-AlMCM-41 (20), and Ir/H-Beta-25 catalysts was determined by pyridine 

FTIR (Figure 17a), which confirmed that the acidity of Al-MCM-41 decreased with increased Si/Al ratio 

and when doped with Na to neutralises acid sites. Figure 17b shows the 1,2-DMCH conversion and RO 

selectivity for the family of catalysts, which highlights that moderately acidic Ir/H-AlMCM-41(45) displays 

a higher 1,2-DMCH conversion and RO product yield compared to more acidic Ir/H-Beta-25; the latter 

favouring increased cracking at the expense of RO. On the other hand, Ir/Na-MCM-41 (20) catalyst showed 
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low 1,2-DMCH conversion owing to acid site neutralisation, suggesting that activity of the neutralised 

catalyst is dominated by the hydrogenolysis properties of Ir NPs.  

 

Figure 17 a) Total concentration of acidic sites presented in the various catalysts including Ir/Na-MCM-41 (20), Ir/H-AlMCM-
41 (45), Ir/H-AlMCM-41 (20), and Ir/H-Beta-25. (b) MCH conversions and selectivities towards ring-opening, isomerization, 
and cracking products over the same catalysts. Reproduced with permission from Ref 188 
 

Ir-based bifunctional catalysts were also investigated for bicyclic molecules such as tetralin and decalin. 1 

wt% Ir/SiO2−Al2O3 catalysts with different SiO2 content (30, 40, 60, 70, and 80 wt%) were explored for 

decalin SRO at 300 °C and 5.2 MPa hydrogen pressure in a continuous fixed-bed reactor.191 Ir/SiO2-Al2O3 

with ratio of Si/Al=70:30 exhibited the highest decalin conversion (85%) with high RO selectivity (62.1%) 

(Table 3, entry 18). It is noteworthy that decalin SRO over monometallic Pt/SiO2 and Ir/SiO2 at 325 °C 

(i.e. non-acidic supports), results in predominantly dehydrogenated products,206 highlighting the 

importance of acidity in directing RO selectivity. Mesoporous supports such as zirconium doped silica and 

amorphous SiO2-Al2O3 (ASA) were used for tetralin ring-opening to avoid cracking product formation over 

Ir.103, 104, 207 The selectivity towards RO products was roughly proportional to the acid/metal site number 

ratio, and it was concluded that a low-loaded (<1 wt%) Ir/ASA (containing 40 wt% silica) was optimal to 

achieve high selectivity to RO (>50%) and minimal cracking products (<10%).106 These catalysts were also 

(a)

(b)
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promising for reaction with realistic feedstocks, exhibiting tolerance to 100 ppm H2S, albeit at reaction 

temperatures of 350 °C. 

 The ring-opening of decalin over Pt or Ir modified zeolites generally gives C10 naphthenes with one 

remaining ring, so called open chain decanes (OCD). However, the formation of OCDs (discussed earlier) 

via decalin ring-opening over bifunctional catalysts could still offer an adequate increase in CN for diesel 

fuel applications. During hydrotreating, the cis-/trans- equilibrium mixture of decalin undergoes a series of 

reactions, via skeletal isomerization, ring-opening to single ring C10 naphthenes, open-chain decanes and 

undesired hydrocracking to hydrocarbons with < 10 carbon atoms. Thus, from a practical viewpoint, the 

degree of branching of the OCDs formed by selective ring-opening is important for obtaining high CN, 

with OCDs defined as the decane isomers with M = 142 g mol−1 and molecular formula C10H22.  

Decalin ring-opening on a bimetallic Pt-Ir/H-Y zeolite ((nSi/nAl = 13.3) gave OCDs with maximal 

selectivity and yields of 5% and 4%, respectively.90 Improved yields of OCD resulted from bifunctional 

zeolites when the zeolite framework is ion exchanged to moderate acidity, as was demonstrated for Ir/La-

X (nSi/nAl = 1.21) and Pt/La-X (nSi/nAl = 1.21) which respectively give 10% and 12% OCD yields.107 Fine 

tuning of acid site strength by varying the alkali cations used to ion-exchange the negative zeolite 

framework sites in 3wt%Ir/H-Y (nSi/nAl=2.41) has also been explored.208 Here the strength of determined 

Brønsted acid sites (npyridine mcatalyst
−1 (μmol g−1))  at T = 200 ºC decreased from Ir/Na, H-Y (191) > Ir/Rb, 

H-Y (160) > Ir/Li, H-Y (158) > Ir/K, H-Y (131) > Ir/Cs, H-Y (85), with Na modified Ir/H-Y catalysts found 

to exhibit the highest yield of 40% OCDs. In contrast a maximum yield of RO + OCD products of 59%, 

with a yield of OCD as high as 44% was reported when Cs was used to ion-exchange a 3.4 wt% Ir/H-

Beta(14) catalyst (nSi/nAl=14, acidity of 129 npyridine mcatalyst
−1 (μmol.g−1))  at T=200 ºC) (Table 3, entry 

15).190 The contradictory behaviour of Cs in achieving low and high activity with respect to Y and Beta 

zeolites can be attributed two factors: (i) the acidic strength of two zeolites differ due to the presence of 

different nSi/nAl ratios (ii) the Ir content was higher in the case of Beta zeolite leading to more 

hydrogenolysis activity from Ir. The researchers classed these materials as High-Performance Ring-

Opening Catalysts (HIPEROCs) due to the highest ever reported OCD yields. Large-porosity and low 

Brønsted-acidic sites and the high hydrogenolysis activity of Ir at the endocyclic C-C bond position are 

majorly responsible for this activity (Figure 18a and Figure 18 b-bold arrows). In Figure 18b, undesired 

side reactions are shown, which are believed to occur if the concentration and/or strength of the acid sites 

are too high.107, 190, 209  
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Figure 18. a) Schematic representation of the position of high-performance ring-opening catalysts (HIPEROCs) concerning 
metal and acid catalysts, b) Proposed reaction scheme for ring-opening of decalin to OCDs (OCDs) on HIPEROCs (bold-faced 
arrows in the centre part of the figure) where A stands for Brønsted-acid sites. Dashed arrows represent undesired reactions, 
Endo and Exo denote ring opening and demethylation, respectively. Reproduced with permission from Ref 190 
 

The introduction of mesopores in beta zeolite via surfactant-assisted desilication has been explored to 

investigate whether further improvements in mass transport occur from pore hierarchy. This approach 

improved the yield and selectivity towards RO products during decalin SRO over bifunctional low-acidic 

3 wt% Ir/Cs-beta-meso catalysts.139 Figure 19 illustrates that Ir/Cs-β-Meso achieves an outstanding 

maximum combined yield of ROP + OCD of 72.6 wt% at 89.2% decalin conversion (81.4% selectivity) 

(Table 3, entry 16), representing the highest yield so far reported, exceeding the maximum yields reported 

for similar HIPEROC systems based on conventional (purely microporous) zeolites.190 

 

Figure 19. a) Distribution of main ROP isomers obtained on the Ir-Pt/Cs-β catalysts at a decalin conversion of 30–40%. 
Abbreviations: 1-Me-2-Pr-CH = 1-methyl-2-propylcyclohexane; 1,2-DEt-CH = 1,2- diethylcyclohexane; But-CH = 
butylcyclohexane; Et-DMe-CH =ethyldimethylcyclohexanes; TetraMe-CH = tetramethylcyclohexane; DMe-Pr-CP = 
dimethylpropylcyclopentanes, b) Distribution of OCD (open chain decanes) obtained on the Ir-Pt/Cs-β catalysts at a decalin 
conversion of 30–40%. Reproduced with permission from Ref 139 
 

(a) (b)
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Similar kinetic modelling studies have been used for Ir/H-Beta by varying temperatures (275–350 °C) and 

pressure (3–6 MPa H2),189 with ring-opening of isomers found to have the lowest activation energy (141 

kJ/mol), and cracking the highest (159 kJ/mol). Ir/H-beta exhibited a lower activation energy compared to 

Pt/H-beta suggesting that the Ir-based catalyst should be the more efficient catalyst for decalin SRO.189 

Other than Pt and Ir, Rh/zeolites are the next widely investigated bifunctional catalysts for the selective 

ring-opening of mono- and bi-cyclic molecules. RO and ring-enlargement (RE) of MCP over Rh/HY, 

Rh/NaY, Rh/NaY(neutral), Rh/SiO2, and a physical mixture of Rh/NaY and Rh/NaY(neutral) catalysts has 

been explored for conversion of MCP and MCH.87 As shown previously in Table 2, entry 32, Rh/SiO2 

exhibited 92.4% RO selectivity (sum of 2-MP, 3-MP, and n-H) for reaction with MCP, with a statistical 

distribution of 2.28 (2-MP/3-MP). The turnover frequencies at 200 °C based on RO rates for Rh catalysts 

with different proton concentrations was as follows Rh/SiO2 (318×10-4 s-1) > Rh/NaY(neutral) (112×10-4 s-

1) > Rh/NaY (30×10-4 s-1) > Rh/HY (11×10-4 s-1). The lowest RO rate observed over Rh/HY was attributed 

to its propensity to form RE products (low 2-MP/3-MP ratio), which was attributed to metal clusters and 

protons in close proximity forming Rh–proton adducts (Table 3, entry 20). In another study a physical 

mixture of Rh2O3/HY zeolite and Mo-Ni oxide was employed for naphthalene ring-opening with the impact 

of water content also examined.127 The physical mixture exhibited 100% naphthalene conversion with 

17.9% decalin and 50.7% RO product mix formed. The addition of water enhanced the RO product yield 

to 63.3%, which was attributed to water molecules adsorbed on the zeolite inhibiting the condensation 

reaction that controls heavy compounds (HC) forming from aromatics (Scheme 8). Furthermore, Pd/HY 

catalysts were investigated as bifunctional catalysts for the ring-opening of naphthalene.131, 132 While 

Pd/HY initially displays 98% conversion with 52.5% RO yield (300 °C, and 3 MPa H2) (Table 3, entry 

23),131 RO selectivity decreased significantly to 30% after 5h time on stream due to surface area loss (589 

m2/g to 340 m2/g) and carbon deposition (8.17 wt%) after reaction. Interestingly, when the Pd/HY catalyst 

was deactivated after reaction with tetralin and decalin compounds, the quantities of carbon deposition were 

6.81 and 3.07 wt%, respectively, suggesting that hydrogenation of the polyaromatics is key to controlling 

catalyst deactivation 

Some noble metal-free catalysts, such as W, Mo, and Fe- based mesoporous materials (Table 3, entries 

25 and 26), were investigated for the ring-opening of MCP,194, 195, 210 and were considered bifunctional 

catalysts owing to intrinsic surface acidity and metallic character in the system. W-MCM-48 (Si/W=40, 

1234 m2/g, 2.3 nm of pore diameter) was explored for MCP ring-opening reaction at 450 °C under 

atmospheric pressure of H2, but exhibited low conversion (1.8%) without any ring-opening products (2-

MP, 3-MP, and n-H). Mesoporous Fe/KIT-6, Mo/KIT-6, and Fe-Mo/KIT-6 prepared by solid-solid methods 

were tested for MCP ring-opening under similar conditions, yielding only cracking products.210 The order 

of MCP conversion was 1.5Mo-0.3Fe/KIT-6 (0.29%) > 0.3Fe/KIT-6 (0.26%) > 1.5Mo/KIT-6 (0%). Low 
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MCP conversions (0.32-9.46%) were also noted for other mesoporous catalysts such as Fe-TUD-1,195 and 

it was concluded that instead of single C-C bond cleavage, small Fe clusters promoted multiple C-C 

ruptures, leading to the formation of large proportions of C1 molecules. Given reactions were performed at 

400 °C, where cracking would naturally be favoured these observations are not surprising, however it was 

noted that single site Fe-O-Si species were more selective towards ring opening of MCP via a 

metallocyclobutane intermediate. While these results suggest that MCP ring-opening is governed by the 

hydrogenolysis activity of Fe and acidity of the support, measurement under less forcing conditions using 

supports with different pore sizes/networks are still required to reach a conclusion regarding the impact of 

internal porosity when using Fe based mesoporous solid acids. However, given the conclusions initially 

drawn that these catalysts favoured deep cracking reactions, no further studies were reported due to the 

inferior MCP conversions and RO selectivity. 

In summary, for ring opening of bicyclic naphthenes the use of bifunctional catalysts is essential, with 

the best RO selectivity obtained with catalysts containing noble metals loaded on porous acidic substrates 

with a low concentration of Brønsted acid sites. The underlying reason for the improved performance in 

comparison with transition metal catalysts derives from the fact that the acidic function isomerizes six-

membered rings into 5-membered moieties, with hydrogenolysis of the resulting endocyclic C-C bond in 

the 5-membered ring more facile, enabling production of acyclic molecules with the same number of carbon 

atoms. Published works report that the obtained selectivity of ring-opening products in the presence of 

metal and solid acid components are higher than for their metallic counterparts. Furthermore, the 

bifunctional metal/solid-acid catalysts can be divided into two classes, namely (1) metal/zeolite and (2) 

metal/non-zeolite. Pt- and Ir-containing K, Cs, Rb-exchanged Y zeolites with low and weak Brønsted 

acidities, exhibited much higher selectivity towards ROPs. Among them, Ir loaded on Cs+ ion exchanged 

Beta zeolite with a Si/Al ratio of 14 exhibited superior ring-opening performance. Other bifunctional 

catalysts based on metals dispersed on MCM-41, SiO2-Al2O3 or ZrO2-SiO2/WO3 with weaker Brønsted 

acid sites have also showed promising results, although with limited success. The RO yields of non-zeolite 

supports are remarkably lower than that of zeolite-based bifunctional systems (for example, Table 3, entry 

16 vs entry 18). However, based in the promising results, further work on bifunctional mesoporous and 

hierarchical solid acids would be desirable to fully exploit the effects of improved mass transport and 

reduced secondary reactions and associated coking. 

 

4.2.2 Bimetallic/solid-acid catalysts 

The rationale for selection of metal components for ring-opening performance of bimetallic/solid-acid 

catalysts are similar to those discussed in Section 4.1.2 for bimetallic catalysts. Pt-Ir is one of the most 

promising bimetallic NPS for ring opening, and bifunctional variants have been explored using Nb2O5 as 
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an acidic support,151 wherein Pt/Nb2O5, Ir/Nb2O5, and Pt-Ir/Nb2O5 with different Pt and Ir contents (0.3, 

0.5, and 0.7 wt%) were tested for decalin SRO. The activities of these catalysts for decalin SRO (at 350 °C 

and 3.5 MPa H2) are shown in Figure 20, where the highest selectivity towards ring-opening products was 

observed for Ir(0.3%)/Nb2O5 followed by Pt-Ir, then Pt. It was concluded that monometallic Ir catalysts 

were most selective towards RO products, and Pt addition increases the selectivity towards naphthalene at 

the expense of RO products, which was ascribed to the elevated dehydrogenation capacity of Pt (Table 

4).211 It should be recalled that there is a thermodynamic equilibrium between hydrogenation-

dehydrogenation of cyclic molecules over Pt catalysts, with high temperatures and reduced H2 pressure 

favouring dehydrogenation. 212 

 

 

Figure 20. Decalin conversion and selectivity towards cracking, ring-opening (RO), ring contraction, and dehydrogenation 
products obtained after 6 h of reaction for Nb2O5 supported (a) monometallic Pt catalysts, (b) bimetallic Pt-Ir, and (c) 
monometallic Ir catalysts. Reproduced with permission from Ref 151 
 

Decalin ring-opening over Ir modified Pt/Zr-MCM-41,213 revealed maximum RO yield of 16 wt% and a 

selectivity of 26 wt% from decalin for 1.5 wt% Ir and 0.75 wt% of Pt loading at 350 °C. As the reaction 

temperature increases to 400 ºC, a maximum decalin conversion of 56 wt% was observed over Pt-Ir/Zr-

MCM-41 catalyst with the same metals loading. However, for the reasons discussed above, the 

dehydrogenated products are the significant components over these Pt based catalysts at higher 

temperatures (>350 °C).214 Ir doping was found to enhance the thermal stability of supported Pt and 

enhanced RO product formation. The same trend was also observed for Pt-Ir/HY zeolite catalysts, by 

varying the content of Ir and Pt between 0.5 to 1.5 wt% for decalin conversion and ring-opening.215 The 

bimetallic Ir(1.0)Pt(1.0) catalyst exhibits outstanding performance at 350 °C, with high decalin conversion 

and good yield to RO products (Table 3, entry 31).  

(a) (b) (c)



 

61 
 

   RMIT Classification: Trusted RMIT Classification: Trusted 

Other noble bimetallic catalysts such as Rh-Pd, Ir-Pd, and Pt-Rh were employed for the selective ring-

opening of mono- and bi-cyclic molecules, however, the observed RO yields are not high as for Pt and Ir 

bimetallic catalysts. Further research work has been focussed on supported Ni-based catalysts as an 

alternative to noble metal catalysts due to their cost-effectiveness and the ability to activate hydrogen under 

mild conditions (<300 °C and 3 MPa H2).124, 216 Some of the developed Nickel-based catalysts included 

NiMoW/Al2O3, NiMoC/Hβ-18, NiW/zeolite, NiW/Al2O3-USY Ni2P/Al-MCM-41, and Ni2P/SiO2-

Al2O3.128, 129, 132, 137, 197, 217-220 Most of these catalysts were present in the form of carbides, sulfides and 

phosphides and tested after partial hydrogenation of naphthalene to tetralin and decalin. These modified 

catalysts can convert naphthalene partially to tetralin and decalin, which in turn was readily converted 

further on the more acidic sites to produce ISO and RO products. Several NiMoC catalysts supported on 

different solid acids (HY, H-Beta, Al-SBA-15, and SiO2-Al2O3) were also explored for decalin ring-

opening,90 with HY and HBeta supported NiMoC catalysts showing most promise for RO yields. However, 

the obtained RO yields were only between 5 to 10% over Ni-based catalysts and did not show better 

catalytic performance compared to the noble-metal based catalysts.197 

In summary, bifunctional bimetallic catalysts do not have a significant impact on the activities or 

selectivities compared to monometallic/solid-acid catalysts. The addition of Ir enhanced ring-opening 

performance of monometallic Pt catalysts, however, the presence of bimetallic (Pt-Ir) did not show superior 

activity compared to monometallic Ir catalysts. The dehydrogenation tendency of Pt decreased RO yields 

of bimetallic catalysts and degrading the performance compared to Ir. In the case of transition metal 

catalysts, the combination of two metals did show some benefit for ring-opening of monocyclic molecules 

by controlling the cracking, however, this strategy did not work for the bifunctional bimetallic catalysts. 

The presence of acidic character of support might over powered the hydrogenolysis nature of metal, and 

greater tuning of the metal:acid content is required. Further work to explore the impact of solid acid porosity 

is necessary to deduce whether pore hierarchy and/or mesoporosity has a positive effect of selectivity and 

lifetime. 

 

4.3 Comparison of transition metal vs bifunctional catalysts 

While a wide range of catalyst formulations have been explored for ring opening of mono and bicyclic 

hydrocarbon rings there are some common features that are revealed. When considering five membered 

rings (2-MP), transition metal catalysts with hydrogenolysis activity are more selective to RO products 

when compared to their bifunctional metal/solid-acid counterpart, particularly when Pt and Ir are the active 

metal sites. Although, high MCP conversions are obtained over bifunctional catalysts, these studies are 

often performed at elevated temperatures where selectivity towards cracking products is high making them 



 

62 
 

   RMIT Classification: Trusted RMIT Classification: Trusted 

unsuitable for SRO. For such a light cyclic molecule like MCP, high support acidity does not offer the ideal 

environment to enable the RO reaction. Thus, neutral or less acidic supports such as Al2O3 or SiO2 are the 

best for use with noble metals. Mechanistically, a non-selective mechanism was the preferred pathway to 

obtain RO products with increased CN (2-MP and n-H) over < 2nm Pt NPs. While the metallocyclobutane 

pathway would ultimately be preferable as this selectively yields n-H, this is harder to achieve, but can be 

promoted via metal-support adduct formation.  Thus, fine-tuning of active metal NPs size (i.e., its surface 

structure) can lead to dramatic changes in the catalytic behaviour of the same metal. Among all the 

investigated catalytic systems for MCP ring-opening, Ir/γ-Al2O3 is the most active catalyst. 

Ir-based catalysts also the most active materials for achieving high MCH conversion and good RO 

selectivity, with Ir/Al2O3 extensively investigated, including promotion by other elements (like K, Na, or 

Ni). It is noteworthy that only Ir can directly open the MCH ring, whereas on other metals, a ring-

contraction step using an acidic catalyst is necessary to obtaining a reasonable yield of ring-opening 

products. Moreover, a careful balance between the metal and acid functions is the key factor in achieving 

high selectivity towards RO products. 

Bi-metallic catalysts can be successfully applied for indan ring-opening, with the best systems 

exhibiting high selectivity towards n-propyl benzene (n-PB) and 2-ethyl toluene (2-ET) formation. As the 

indan molecule does not require a ring-contraction step like tetralin and decalin, the use of zeolites is not 

required, so supports such as Al2O3 for the bimetallic NPs are adequate. Smaller NP sizes (<3 nm) of active 

metals are favourable to achieve C-C bond cleavage in the five membered ring to form 2-ET and n-PB. The 

best RO selectivity of mono and bimetallic systems follows the order Ir>Pt-Ir>Ru-Ir>Pd-Ir>Pt>Pd>Ru, 

highlighting the superiority of Ir in ring-opening with selective C-C bond cleavage. It must be mentioned 

however that ring opening of indan is facile, and thus not a good model for middle distillates, so is only 

helpful for obtaining kinetic data on reactivity of intermediates formed by ring contraction. 

In the case of ring-opening reactions involving two six membered rings, metal/solid-acid catalysts are 

essential to cleave the C-C bond. Among metals, such as Rh, Ir, Ru, and Ni, with moderate to high 

hydrogenolytic activity, Ir is the most selective for ring opening of C6-molecules. Several studies prove 

that acidity plays a major role in contraction of a 6-membered ring to a C5 ring, thereby enabling ring-

opening product formation over other metals. However, due to the complexity of the RO of polycyclic 

molecules, and that different reaction conditions are often employed in the literature, it is difficult to assess 

which of the investigated catalysts is optimum. To aid this assessment conversion and selectivity of various 

catalysts used for decalin ring opening, which operate with similar reaction conditions, are compiled in 

Figure 21. This clearly shows that Ir (catalysts 1-3) do not exhibit good conversions and selectivity, and 

while simple metal oxides such as Al2O3, SiO2, and Nb2O5 are attractive supports for industrial use, because 

of excellent mechanical and textural property, they do not have enough strong Brønsted acid sites to enable 
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ring-opening. Monometallic Pt and Ir catalysts supported on SiO2 (catalysts 11 and 12) produce only 

dehydrogenated products, which decreases RO selectivity. Thus, Pt catalysts alone do not show good RO 

yields, however, enhanced decalin conversion and RO selectivity was observed when Pt was combined 

with Ir. For instance, a 26 wt% RO yield was obtained in the SRO of decalin over a Pt–Ir/Zr-MCM-41 

(catalyst 21) with optimal metal composition (1.5 wt% Ir and 0.75 wt% Pt). On the other hand, bifunctional 

Ir (catalysts 4-10) exhibited superior conversions and high RO yields. Particularly, combining Ir with a 

zeolite support of moderate acidity (Si/Al ratio of <25) yields the most promising candidates for decalin 

SRO, with Ir/Cs-Beta-18-meso (catalyst 8) exhibiting the highest RO yield (72.6 wt%), which is remarkably 

higher than other previously reported zeolite-based catalysts. These findings suggest further exploration of 

the impact of pore hierarchy and metal:solid acid ratio would be beneficial, along with metal thrifting 

protocols to increase the efficiency of Ir use. For example, core shell catalysts such as Ir@Co has proven 

successful for opening of monocyclic rings, 150 but has not been explored in bifunctional formulations for 

polycyclic structures.  

 

Figure 21. Decalin conversions and selectivities over different catalysts. 1) Ir/Al2O3 2) Ir/SiO2 3) Ir/Nb2O5 4) Ir/H-Beta-25 5) 
Ir/H-Beta-300 6) Ir/H-Beta-18 7) Ir/Cs-Beta-18 8) Ir/Cs-Beta-18-meso 9) Ir/SiO2-Al2O3-80 10) Ir/La-HY-1.21 11) Pt/Al2O3 12) 
Pt/SiO2 13) Pt/Nb2O5 14) Pt/Beta-25 15) Pt/HY-3.16 16) Pt/La-HY-1.21 17) Pt/Al-SBA-15 18) Rh/SiO2-Al2O3 19) Pd/SiO2-
Al2O3 20) Pt-Ir/HY-3.16 21) Pt-Ir/Zr-MCM-41 22) Pt-Ir/Al2O3 23) Pt-Ir/Nb2O5 24) Rh-Pd/SiO2-Al2O3. Metal loadings 1-3 wt%, 
under reaction conditions of 250-350 °C and 3-5 MPa H2 pressure. Data taken from Refs 81, 105, 107, 110, 132, 139, 151, 157, 189-192, 199, 201, 

213.  
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5. SRO of real feedstocks and impact of sulfur impurities 

The SRO of real feedstock is challenging due to a complex mixture of molecules posing the difficulties 

involved in product separation and quantitative analysis. LCO feedstocks contain high polyaromatic (up to 

90 wt%) and sulfur concentrations (4-6 wt%), resulting in low CN (18).221 Fossil crude oil derived middle 

distillates are complex mixtures of thousands of different compounds, with the main aromatic, naphthenic, 

and benzo-naphthenic fractions made up of five- and six-membered rings bearing different length alkyl 

groups and fused rings depending on the final boiling point and the characteristics of the oil.98 

Compositional analysis of fossil crude oil generated from refineries indicates that the most abundant 

structures consist of aromatics with two fused aromatic rings,11, 222 however due to the complex composition 

and high viscosity of LCO feedstocks, reaction conditions at high pressures (>10 MPa) and temperature 

(400 ºC) are required for SRO.108.223 There are only a few studies on the SRO of real feedstocks using 

transition metal and bifunctional metal/acid catalysts (Table 5), and these focus on changes to polyaromatic 

content and CN rather than the reaction mechanism. 

 
Table 5. Evaluation of transition metal and bifunctional metal/acid catalysts using real feedstocks. 

 

 

 

 

 

 

 

 

 

Mesoporous ASA (Si/Al molar ratio of 20) supported Pd-Pt (4/1) catalysts were explored, under industrial 

conditions in a fixed-bed lab-scale microreactor, for the treatment of a hydrogenated LCO feedstock 

containing 50 ppm sulfur (at 285 °C, 12–48 h, and feedstock flow (H2/feed = 600 N cm3/cm3, LHSV = 1 

h−1).14 Reaction over the Pd-Pt catalyst resulted in 80% saturation of the aromatic rings and an increased 

CN from 36.6 to 44.1, with <1% of nonselective cracking products (Table 5, entry 1). It was critical from 

an economic perspective that loss of yield by cracking to low-value light gases be as low as possible. Pd-

Entry Catalyst Density (g/cm3) Aromatic (wt%) Sulfur (ppm) CN Ref. 

 Before After Before After Before After Before After 

1 Pt-Pd/SiO2-Al2O3 0.948 0.840 69.35 <3 19000 <1 27.2 45-46 14 

2 NiW/AUSY-2 - - 56.9 19.8 920.2 23.9 25 39 224 

3 Pt/MSA 0.923 0.827 - - - - 26.8 43 70 

Pt/ZSM-12 0.831 - - - 40 

Pt/USY 0.846 - - - 43 

Pt/Al2O3 0.848 - - - 43 

4 3.1%Ir/NaH-Y 0.911 - 79.4 - 7900  25.2 43 108 

4%Pt/NaH-Y - -   53 

5 W-Ni/γ-Al2O3 0.889 0.826    47.9  51 225 

6 Ni-Mo/SiO2-

Al2O3 

  64.38 6.42     64 

7 Ni-Mo/Al2O3   42.3 10.9     221 
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Rh/SiO2-Al2O3 were also tested for similar industrial feedstocks,98 with the selectivity towards ring-opening 

compounds > 60%, when using supports with lower Si/Al ratio. Variation of the Pd/Rh molar ratio of 1:1 

or 2:1 seems to have little effect on the activity. Notably, a seven-point improvement of the CN from 39 to 

46 was observed when reactions were conducted at 280–300 °C, and <10% of non-selective cracking 

products were formed. Pt/Al-SBA-15 with Pt loadings 0-1.75 wt% have also been explored for SRO of 

naphthenic compounds within hydrotreated light gas oil.10 The aromaticity was decreased by >90% and a 

maximum CN of 64 was observed over a 1.5 wt% Pt/Al-SBA-15 catalyst. In contrast, Pt/HY catalyst could 

not improve the cetane index, mainly due to the formation of secondary cracking products, suggesting that 

improved mass transport and milder acidic properties of mesoporous Al-SBA-15 are beneficial for SRO. 

However, modified HY supports using Na to tune acidity can be used as effective support to produce 

selective Ir and Pt based SRO catalysts.108 Figure 22 shows the ring-opening yields and cetane index of a 

3.1%Ir/Na0.9H0.1-Y and 4%Pt/Na0.88H0.12-Y catalyst during reaction (at 290 to 350 °C and 7.0 MPa H2 in a 

down-flow fixed bed reactor) of dearomatized light cycle oil (DeAr-LCO) with a Cetane Index (CI) of 41.7 

(Table 5, entry 4).  

 

Figure 22. Comparison of high-performance ring-opening catalysts with bifunctional catalysts using a LCO feedstock (The 
testing in two stages: the first stage was a deep hydrodesulfurization over a commercial sulfided NiMo catalyst while the second 
stage was a deep dearomatization over a noble metal-based catalyst). Reproduced with permission from Ref 108 
 

The CI was calculated based on the fuel's density and distillation range (ASTM D4737-04 method). Other 

conventional catalysts such as 2 wt% Ir/USY and 2 wt% Ir/MSA are shown for comparison, with catalytic 

data for ring disappearance versus cracking yields taken as a measure of all the reactions leading to lower 

molecular weight compounds. The Ir and Pt-based catalysts displayed lower cracking yields, which 

indirectly represents high ring-opening and CN. In contrast, the conventional Ir/USY and Ir/MSA showed 
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high cracking yields. At 20%, cracking yield, 4.0%Pt/Na0.88, H0.12Y resulted in increased CI from 41.7 to 

53. 

Other researchers have carried out ring-opening studies of hydrotreated light gas oil (HLGO) over less 

expensive Ni-Mo carbide catalysts supported on HY-zeolite,226 and compared to Pt-Ir/HY. Ni-Mo 

carbide/HY catalyst improved the CN from 42 to 54 at 325 °C and 5 MPa H2, while under similar reaction 

conditions, Pt-Ir/HY catalyst only enhanced the CN from 42 to 50 suggesting that performance of Ni-Mo 

carbide/HY catalyst is superior to Pt-Ir/HY. Further deactivation studies prove that Ni-Mo carbide catalyst 

is stable for up to 168 h, compared to Pt-Ir/HY which deactivated after 72 h. This increased stability of Ni-

Mo carbide was attributed mainly due to its resistance towards coke formation.  

The sulfur resistance of transition metal and bifunctional metal/acid catalysts is another parameter that 

needs considering when assessing the conversion and selectivity of the model compounds in the real 

feedstock. Indeed, residual H2S (from 10 to 250 ppm) can be present after hydrodesulphurization in 

industries, depending on the operating parameters of the two-stage process and the performances achieved 

in the first hydrodesulfurization reactor. It is well-known that noble metals can be easily poisoned with the 

sulfur by forming metal sulfides, decreasing the conversion and selectivity in the SRO process.106 However, 

the interaction between metals and support can help hinder possible reaction between metal and sulfur, 

thereby weakening the metal-sulfur bond.106 It was discussed in the earlier sections that Pt-based catalysts 

show high MCP conversions, and the selectivities largely depend on its particle size, however it is essential 

to understand whether the effects of sulfur on MCP conversion is also dependent on Pt-size. Different 

combinations of Pt-based catalysts (Pt-Ir, Pt-Re, Pt-Co, and Pt-Cu) were treated with thiophene to 

investigate the presence of sulfur in MCP conversion at 347 °C and 0.1 MPa H2.143 Before thiophene 

treatment, all the catalysts showed >90 % MCP conversion, but this decreased drastically to 10% after 

sulfur modification. From a ring-opening point of view, the sulfided catalysts exhibited low yield (<9%) of 

ring-opening products (2-MP, 3-MP, n-hexane) and high yield (>90%) of benzene. This observation 

suggests that the sulfided catalysts preferred dehydrogenation activity by decreasing metal hydrogenolysis 

performance. The influence of sulfur (50–100–200 ppm H2S) on an Ir/ASA catalyst for tetralin 

hydroconversion (at 350 °C and 4 MPa H2),103, 106 severely inhibited tetralin conversion, with mainly 

undesired dehydrogenation products (naphthalene) formed. However, catalytic activity was recovered after 

purging with H2 and restoring S-free conditions, suggesting sulfur preferentially inhibited the 

hydrogenolysis function of the metal NPs. Pt, Ir, and Pd (0.5 wt%) doped cobalt (10 wt%) supported on 

zirconium doped mesoporous silica (Zr-MSU) catalysts were also explored for the conversion of tetralin 

(at 315 °C, 4.5 MPa H2) in the presence of dibenzothiophene (DBT, 425 ppm).207 Catalysts of composition 

Co10Pt0.5 maintained >90% conversion to decalin in the presence of the sulfur feed and it was stable up to 

5 h. On the other hand, monometallic Pt suffer a severe deactivation (95% to 20% drop) in the presence of 
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DBT, as has been widely reported in the literature.227, 228 The bond formed between Pt and S inhibited the 

Co particle size and avoided the  dehydrogenation of tetralin. Ni-based catalysts should be perfect 

candidates for the hydroconversion of model compounds in the presence of sulfur due to the high cost of 

noble metals and their tendency towards poisoning. Bifunctional NiW-impregnated zirconia doped 

mesoporous silica was explored for tetralin conversion at 350 °C in the presence of <300 ppm DBT, with 

a H2/THN molar ratio = 10.1 and P(H2) = 6 MPa H2.229 The authors found better tetralin conversions (80%) 

over NiW catalysts, despite the feed containing a trace sulfur source. However, the tetralin conversion 

dropped to 58.6% once the DBT concentration reached >1000 ppm. The formation of WS2 was believed 

responsible for the reduced conversion, as it hindered the interaction between metal and acid sites that are 

necessary for SRO. 

Similar to earlier discussions, the catalysts which are active for model compounds do not exhibit similar 

conversions when they were employed in tests employing real feedstocks. Noble metal SRO catalysts were 

passivated in the presence of sulfur containing LCO, however they could increase the CN of hydrocarbons 

when the oils were pre-treated by desulfurization and dearomatization. Non-noble metal metal-sulfides 

catalysts are often the best candidates for the hydrodesulphurization of an aromatic rich-LCO due to the 

hydrogenation and hydrogenolysis abilities of the metals in the sulfide state, and are inherently resistant to 

the presence of sulfur, and as a consequence their potential for SOR has also been explored.229, 230 NiMo, 

NiW, and CoMo catalysts are usually used for hydrotreating and hydrocracking of middle distillates at 

temperatures in the range 300–450 °C, and H2 pressures of 3.0–5.0 MPa,64, 221, 231-234 with supports such as 

γ-Al2O3, SiO2, and TiO2 commonly used due to their low cost and high thermal and hydrothermal 

stability.221, 231, 235 The effect of support acidity on HDS and de-aromatization of LCO is also investigated. 

NiMo and CoMo catalysts supported on γ-Al2O3, alumina coated zeolite (ACZ) and TiO2 were explored 

for hydrotreating of LCO, containing 4,700 ppm sulfur and a 72.5wt% aromatic content, at 360 °C under 5 

MPa H2 pressure. Both NiMo and CoMo catalysts reduced aromatic content to <35wt.% irrespective of 

support nature. However, while it was hypothesised that acidic ACZ supports might be favourable for 

hydrocracking reactions, thereby improving the product quality, under the deep desulfurization (DDS) 

conditions employed, these had an undesirably high cracking activity and coke formation.221 In some cases 

the migration of the active promoters, such as Co or Ni across the support surface, into more external sites, 

has been reported to enhance catalyst activity.  For example, NiWS/Al2O3-USY catalysts were investigated 

for tetralin conversion (at 340 °C, 4.0 MPa H2, and H2/feed=500),224, 229 with high tetralin conversion (75–

100%) and a ring-opening selectivity up to 39% (depending on support acidity) observed, even in the 

presence of 920 ppm of sulfur. The strong cooperation between the metal sulfides and the acid sites was 

proposed to improve the ring-opening activity and inhibit sulfur poisoning. To validate the high-

performance of NiWS/Al2O3-USY, further experiments were employed using hydrotreated LCO (57 vol.% 

aromatics and CN = 25). The NiWS catalyst reduced the aromatic content from 57 to 19 %, and increased 
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the CN from 25 to 37, resulting from the good ring-opening activity and limited cracking of the catalyst. 

Similar performance was observed (31.4 wt% of ring-opening product yield) over phosphorus modified 

NiW/Al2O3-USY catalysts due to the synergic cooperation between acidity and hydrogenation over WS2 

sites on NiW/P-USY-2 + Al2O3.236 Bifunctional NiWS/SiO2-Al2O3 has also been employed for 

hydroconversion of decalin (at 350–380 °C and 5 MPa  H2) with 17% ring-opening yield reported even at 

8000 ppm H2S.237 Greater reduction in polyaromatic concentration (from 64 wt% to 5 wt%) in the LCO 

feed was also observed over NiMoS/SiO2-Al2O3 catalysts at 380 °C and 6 MPa H2.64 However, the obtained 

products did not directly meet the diesel, and gasoline fuel specifications, which was attributed to the harsh 

conditions employed in the process. Under these conditions, the catalyst exhibited predominantly desirable 

reactions of hydrogenation, skeletal isomerization, and the removal of polyaromatics, which were mainly 

converted to monoaromatics, but also resulted in undesired hydrocracking reactions. This although, sulfided 

NiMo or CoMo catalysts achieve good HDS activity, attempts to achieve further cleavage of C-C bond 

under DDS conditions are unselective leading to further cracking and undesired products. 

 

6. Summary 

SRO of naphthenic and bi-naphthenic molecules is a key step in oil refining which reduces particulate 

emissions from resulting diesel fuel by increasing the cetane number of poor-quality oils obtained from 

feedstocks such as LCO and plastic pyrolysis oils. Various metal catalyst systems have been explored 

including noble and non-noble metal catalysts immobilised on neutral or acidic supports. Several key 

observations can be drawn from the literature: acidic catalysts are unsuitable for the ring-opening of 

naphthene molecules because they undergo deactivation due to coking. Transition metallic catalysts, 

including Ni, Pd, Pt, Ir, Rh, and Ru, catalyse ring-opening reactions via a hydrogenolysis pathways. 

However, their reactivity towards opening bicyclic naphthenic rings is lower than that observed for 

monocyclic rings, and thus use of bifunctional metal/solid acid catalyst is preferred for bicyclic molecules. 

For any mono- or bi-naphthenic ring-opening, Ir is the most active and selective metal, while metals such 

as Pt, Pd and Ru though marginally less expensive than Ir, are either less active or less selective. Although 

Pd is less active, the observation that it is more selective opens possibilities to identify and optimise the 

nature of the active site to improve activity. Ni would be the most desirable non-PGM metal to employ for 

ring-opening, and while the surface mechanism for SRO is similar to Ir, Ni is less selective owing to 

extensive secondary cracking of ring-opened products (as observed for Ru). While use of bimetallic 

catalysts have in general not offered performance improvements over Ir alone, methods to improve the 

utilisation of Ir through core shell or single atom catalysts may prove beneficial. Bifunctional metallic 

catalysts are thus of great interest to tune both activity and selectivity for ring-opening. In bifunctional 

catalysts, the selectivity towards ring opening and ring contraction products can be tuned according to the 
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ratio between acid and metallic sites, which can be adjusted by varying the nature of the support and the 

composition of the metallic phase (mono or bimetallic function, metal content and metal particle size). 

Although there are many studies in the literature highlighted that employ bifunctional catalysts, there 

remains a poor understanding of the nature of active site in bifunctional catalysts, which is essential for 

next-generation development catalysts. There are many other issues that should be further evaluated, most 

notably of which the role of Lewis acid sites, and the impact of the support porosity, despite catalysts based 

on mesopore containing zeolite Beta exhibiting some of the promising SRO results. In addition, more 

detailed investigations of the synergy between metal and acid sites in bifunctional catalysts and potential 

for adduct formation to direct metallocyclobutane pathways which offers the greatest increase in CN should 

be pursued. Improved mass transport within solid acid supports is also critical to minimise subsequent 

reactions of ring-opened products and supports with hierarchical micro- and mesoporous properties could 

aid mass transport, improve RO selectivity while minimising pore blockage and coking, and associated 

catalyst deactivation.  

 

7. Challenges and Prospects 

This review has discussed the progress in the development of supported-metal catalysts for the 

transformation of different model compounds present in diesel fuel and the impact of catalyst formulation 

on conversion, selectivity, and reaction mechanism. Use of bifunctional catalysts comprising active metal 

sites and acidic supports offer the most promising means to improve performance in ring-opening pathways, 

with the balance between active metal and support acidity affecting the endo C-C bond cleavage in ring-

opening catalysis. Although extensive research was carried out over metal-supported catalysts for the ring-

opening, challenges remained to be solved, with the following key points considered the main challenges 

in ring-opening catalysis of polyaromatics:  

 

(i) Ring-opening of polyaromatic compounds is a special case of hydroconversion, and different from 

hydroisomerisation or hydrocracking. In the former case the structure of the reactant is rearranged 

without a decrease in the carbon number, while in hydrocracking the carbon-carbon bonds are broken 

non-selectively, which results in a distribution of products with poor selectivity towards a particular 

hydrocarbon. Selective ring-opening implies breaking of the C-C bond in a ring without further 

cracking. Typically, the same types of sites are involved in these reactions making development of 

active and selective ring opening catalysts not a trivial task.  

 

(ii) Active metal dispersion and stability. Many researchers considered low ~1-2 wt% active metal loading 

on supports, reducing the number of active sites and affecting the ring-opening conversion and 



 

70 
 

   RMIT Classification: Trusted RMIT Classification: Trusted 

selectivity.  Indeed, supports with vast surface areas like zeolites used in the dispersion of metals, high 

loadings are not preferred because cracking reactions are more likely with high metal loadings. The 

perfect balance between active metal and acidic support is required to achieve high ring-opening yields, 

however current yields are not high enough to consider them in industrial applications. Other supports, 

such as mesoporous materials like Al-doped MCM-41 and SBA-15, were used, due to the ordered 

mesoporous structure and mild acidic properties, however they did not  exhibit high enough activity in 

the ring-opening reactions and exhibited thermal stability problems as well as insufficient acidity. 

Thus, further investigations should focus on modifying existing zeolites and acidic metal oxide 

supports into hierarchical form with high surface areas and stability for achieving high concentrations 

of metal clusters. A hierarchically porous system can offer balanced high surface area and pore 

diffusion, where large pores facilitate fast transport while the small pores provide the high surface for 

supporting active metal sites.204, 238 239 

Although there has been a significant progress towards understanding the mechanism of SRO, 

several issues clearly require more studies, in particular the role of the metal particle size and shape, 

influence of the second metal/promoters as well as the proximity of sites. For hydrocracking reactions, 

the concept of intimacy between the metal and the acid sites or proximity reflecting the distance 

between these sites in real technical bodies was considered for a long time as a valuable tool guiding 

catalyst development. Recent approaches to nanoengineer porous frameworks with spatially segregated 

active sites that also drive substrate channelling could offer interesting options to adapt for SRO 

catalyst design.240 

 

(iii) So far, many investigations have focused on noble metals for achieving high conversion and selectivity 

towards ring-opening products. The cost of noble metals is a crucial factor in industries where large 

amounts of catalysts are required even if noble metals can be efficiently recovered from the spent 

catalysts. However, several studies reported that high conversion and selectivity were only obtained 

when the catalytic system comprised a noble metal. Thus, the significance of noble metal in the ring-

opening catalysis cannot be overruled. Synthesis of core-shell catalysts with a transition metal as a core 

and a noble metal as a shell could be an ideal option for reducing the catalyst costs through precious 

metal thrifting. Furthermore, this approach provides structural uniformity. A more accurate structure-

activity/selectivity relationship can be obtained, which further elucidates critical information about the 

nature of the active site for ring-opening catalysis.  

 

(iv) The critical literature of ring-opening reaction deals with developing catalysts concerning for reactions 

on (a single) model compounds. Additionally, not much research was carried out on real feedstock due 

to masking product analysis and the complexity of the ring-opening reactions. Thus, the developments 
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are needed to use mixed model compounds to understand the catalyst catalytic performance towards in 

ring-opening reactions. Furthermore, standardization of testing conditions would be beneficial as many 

diverse operating conditions are employed making comparison of performance challenging. In this 

respect the use of parallel reactors to screen catalyst performance can be also desirable. 241 

Future technoeconomic and life cycle analysis of adding SRO processing units to refineries to produce 

diesel from lower quality crude oil and coprocessing with MSW derived pyrolysis oil would inform on the 

benefits of catalytic conversion of polycyclic molecules versus operating at lower fuel yields associated 

with their removal by distillation or cracking.242 While cracking will not produce useful diesel, outputs such 

as propene may be suitable for other uses and have economic value to compensate for lower fuel yields.  

The environmental impact of incorporating an SRO processing unit in a refinery for diesel production 

can be estimated from current carbon footprints of crude oil conversion. Well to wheel analysis for 

transportation fuel production from crude oil, reveals the global average greenhouse gas (GHG) for 

production of a barrel of oil is 10.3 gram CO2(eq)/MJ,243 and a significant component of the GHG emissions 

associated fuel production. The cost of refining crude oil amounts to 10.2 gram CO2(eq)/MJ for gasoline 

and 5.4 for diesel,244 as shown in Figure 23, with distillation and hydrogen production responsible for the 

major fraction of emissions. SRO is envisaged to operate in tandem with the hydrotreatment reactor, most 

likely as a separate reactor. However, given SRO catalysts operate at or below the requirements for 

hydrotreatment during diesel production, (typically 350°C and 80 Bar H2),245 this should not add a 

significant increase to the carbon footprint. Hydrogen costs are the major unit that might increase, but these 

could be managed using green hydrogen that is becoming more cost effective. Hydrogen is typically in 10 

mole excess in hydrotreating, thus the costs for separation and recycling hydrogen will not increase that 

much when an SRO unit is added, although capital costs will be higher because of the additional reactor 

and a separation unit to remove any cracked products. With current oil prices at $80 per barrel, catalyst 

costs for a refinery (where recycling schemes exist) are a small fraction of the plant operation costs, and 

thus choice of PGM v’s non-PGM catalysts will have minimal impact on the sustainability, particularly if 

PGM thrifting can be applied. The optimum noble metal containing catalyst is based on alkaline earth metal 

exchanged H-Beta zeolite supported Pt(Ir) catalysts (~ 3wt.% metal loading), hence for practical industrial 

applications, despite its high activity, the high precious metal loading and synthetic cost of Pt(Ir)/meso-

zeolite is a very important factor that needs to be taken into account. Due to high reactivity of noble metal, 

the replacement of Pt(Ir) is not practical, thus methods to improve the cost-effective eco-friendly synthesis 

of mesoporous zeolites at large scale would be desirable to improve the environmental impact and 

commercial viability of this catalyst for oil refineries.246 Note that many Ni based SRO catalysts operate at 

>50 wt% metal loadings, and hence given current demands for Ni in energy storage applications, prices are 
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likely to rise and given drawbacks of sensitivity towards poisoning these may ultimately become less 

economical compared to more robust PGM catalysts. 

 

 
Figure 23: Carbon footprint for unit types employed for refining of crude oil to gasoline or diesel. Reproduced with permission 

from ref 244. 

 

If the feedstock is substituted with oil from MSW pyrolysis then a different picture for a “waste-to-wheel” 

scenario could exist, with MSW utilisation resulting in GHG savings over landfilling or incineration. An 

LCA study of fuel production from North Carolina MSW reveals 1250 g CO2(eq)/kg(MSW) are 

produced.247 Assuming that a 50% yield of bio-oil, and that the energy density of bio-oil is ~ 17 MJ/kg,248 

the carbon footprint of MSW derived fuel would be (2x1250)/17 = 147g CO2 (eq)/MJ. While this is higher 

than for crude oil refining, this is countered by significant GHG emission savings by diverting MSW from 

landfill.247 Studies for pyrolysis oil production from MSW, comprising yard waste (49.1%), paper (9.1%), 

plastics (LDPE, HDPE, PET, and PP) (6.26%), textile (4.85%), food waste (1.19%), polystyrene (0.41%), 

and rubber (0.32%), determines a 42% saving in GHG emissions by diverting MSW from landfill.21 Future 

LCA/TEA could provide useful insight into the optimum fate of polycyclic fractions, and whether SRO 

competes favourably with alternative processes for cracking and distillation to alternative products. Catalyst 

and process development (at least in the open literature) has focused on maximizing selectivity to the ring 

opening products without extensive cracking. An alternative strategy, which was not pursued to a 

reasonable extent, is to explore if some cracking products (e.g. C3 or C4 alkanes or alkenes) can be valuable 

in the context of a new trend in refining complex feedstocks, namely production of chemicals. In fact, in 

the future, refining complexes will be much more oriented towards production of chemicals, which can 

influence existing petrochemical markets as refineries have a larger scale compared with a chemical plant.  

Some new refineries are targeting already significant petrochemical production instead of transportation 

fuels alone with the aim of converting 40–60% of feedstock into chemicals such as p-xylene, benzene, 

ethylene propylene.202  
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In summary, liquid transportation fuels are likely to remain an important part of the energy mix for the 

foreseeable future, particularly for diesel used in heavy duty/long distance vehicles. Ring opening catalysis 

will thus play a critical role in enabling use of lower grade crude oil feedstock and oils sourced from waste 

and biomass pyrolysis, improving fuel quality, and reducing environmental impact of particulate emissions. 

In this context a more detailed techno-economic analysis will be very useful as the overall process 

economics might require a certain degree of hydrocracking with contemporary catalysts, having far from 

perfect selectivity towards ring-opening products, yet more feasible to operate. 
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