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a  b  s  t  r  a  c  t

Decalin  was  converted  in a flow-type  reactor  under  a hydrogen  pressure  of  5.2 MPa  on Ir/H,A-Beta  zeolite
catalysts,  where  A stands  for  an  alkali  metal  cation.  In one  series  of  catalysts,  the  Ir  content  was  3  wt.%,  and
the nature  of A  was  varied  from  lithium  to  cesium.  In  a second  series,  the iridium  content  in  Ir/H,Cs-Beta
was  varied  from  1 to 5 wt.%.  On  some  of  these  catalysts,  open-chain  decanes  (OCDs)  were  formed  with
unprecedented  selectivities  and  yields  of up  to 47  and  44%, respectively.  The  term  “High-Performance
Ring-Opening  Catalysts”  (HIPEROCs)  was  defined.  Evidence  is  presented  for hydrogenolysis  on  the  metal
elective ring opening
pen-chain decanes

r/Beta
IPEROCs
ifunctional catalysis
ydrogenolysis
ecalin

being the  main  ring-opening  mechanism  on  HIPEROCs.  The  main  function  of  the  Brønsted-acid  sites  is
a  mild  isomerization  of  six-membered  into  five-membered  naphthenic  rings  which  are  much  easier  to
open  by  hydrogenolysis.  Valuable  mechanistic  information  can  be  deduced  from  the  carbon-number
distributions  and  the  naphthenes  vs. alkanes  content  of  the  hydrocracked  products  (C9-).

© 2013 Elsevier B.V. All rights reserved.
. Introduction

There has recently been considerable concern about polynuclear
romatic hydrocarbons (PAHs) in diesel fuel, as they have very poor
etane numbers [1],  unfavorable cold-flow properties, excessively
igh densities, a low hydrogen content leading to high specific CO2
missions, and they are considered to be the main precursors of soot
n the tail gas. The conversion of PAH-rich refinery streams, such as
ight cycle oil (LCO) from fluid catalytic crackers or middle distillate
ractions from cokers into hydrogen-rich, environmentally benign
lending cuts for diesel fuel continues to be among the challenges
f heterogeneous catalysis. The ideal products of such a conversion
ould be alkanes with the same carbon numbers as the PAH reac-

ants. Such a route would comprise two steps, namely the complete
ydrogenation of the PAHs to the corresponding multi-ring naph-
henes followed by their selective ring opening to alkanes. Since the
ydrogenation of aromatics is often considered as state-of-the-art
atalysis, various groups were, within the past 10–15 years, look-
ng in detail at the selective catalytic ring opening of multi-ring

aphthenes.

The most widely used model hydrocarbons for such studies
eem to be decalin and tetralin, and the catalysts can beclassified

∗ Corresponding author. Tel.: +49 711 685 64060; fax: +49 711 685 64065.
E-mail address: jens.weitkamp@itc.uni-stuttgart.de (J. Weitkamp).

926-860X/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.apcata.2013.01.020
as monofunctional acidic (e.g., zeolites in a Brønsted-acid form,
WO3/Al2O3 [2–4]), monofunctional metallic (mostly iridium or
platinum on non-acidic supports [4–6]), or bifunctional (e.g., plat-
inum or iridium on Brønsted-acid forms of zeolites Y, Beta, or
mordenite [3,7–18]).

Literature tells that monofunctional acidic catalysts are inap-
propriate for ring opening of decalin, because they undergo
deactivation due to coking, significant amounts of hydrocarbons
with more than 10 carbon atoms are formed at elevated conver-
sions, and the yields of ring-opening products are unacceptably
low, generally about 10% at most [2–4]. The chemistry of ring open-
ing on such catalysts proceeds via carbocations, either by classical
�-scissions or through direct protolytic cracking at a tertiary carbon
atom of decalin [2,4].

On monofunctional metallic catalysts ring opening of naph-
thenes occurs by hydrogenolysis of endocyclic carbon–carbon
bonds. Based on Gault’s pioneering work with relatively small
monocyclic model hydrocarbons, e.g., methylcylopentane, and
Pt/Al2O3 catalysts with various platinum loadings, three distinct
ring-opening mechanisms are usually discerned [19]: (a) the non-
selective (or multiplet) mechanism proceeding on highly dispersed
platinum and featuring an equal probability for cleavage of all

five endocyclic bonds, (b) the selective (or dicarbene) mechanism
occurring on poorly dispersed platinum and breaking unsubsti-
tuted, i.e., secondary carbon–carbon bonds exclusively, and (c) the
partially selective (or metallacyclobutane) mechanism competing

dx.doi.org/10.1016/j.apcata.2013.01.020
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.apcata.2013.01.020&domain=pdf
mailto:jens.weitkamp@itc.uni-stuttgart.de
dx.doi.org/10.1016/j.apcata.2013.01.020
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ith the selective mechanism in cases when at least one carbon
tom is substituted by a methyl group. Iridium was found to open
he ring of methylcyclopentane [5,20] and pentylcyclopentane
5,21] according to an almost purely selective mechanism, irrespec-
ive of the metal dispersion. By converting a variety of monocyclic
aphthenes with up to ten carbon atoms, McVicker et al. [5] and
aage et al. [21] disclosed a number of very interesting features
f selective ring opening by hydrogenolysis on iridium. Iridium is
uch more active in the ring opening of naphthenes than platinum,

nd it opens five-membered naphthenic rings significantly faster
han six-membered rings. It is, nevertheless, capable as well to
pen six-membered rings, e.g., in methylcyclohexane. If the num-
er of alkyl substituents on the naphthenic ring is increased, e.g.,
y going from methylcyclohexane to 1,2,4-trimethylcyclohexane,
oth the rate and the selectivity of ring opening on Ir/Al2O3 are
arkedly reduced [5].  Ring opening of monocyclic naphthenes by

ydrogenolysis on various mono- and bimetallic catalysts has also
een dealt with in several Exxon patents [22–24] showing a con-
iderable industrial interest in the subject. A concept should also be
entioned that has been advanced in Refs. [5,21],  viz. the combina-

ion of a metal for hydrogenolytic ring opening with a mildly acidic
omponent for isomerization of naphthenes with a six-membered
ing into isomers with a five-membered ring which are much more
eadily opened by hydrogenolysis.

In two very recent studies, the reaction paths of the hydrocon-
ersion of decalin over iridium supported on non-acidic carriers,
iz. �-Al2O3 [4] and SiO2 [6],  were investigated in much detail.
epending on the iridium content of the catalyst (0.5–2.6 wt.%),
ecalin conversion starts between 250 and 350 ◦C. There is
irtually no skeletal isomerization, direct opening of one six-
embered ring rather occurs leading at low conversions almost

xclusively to the “direct ring-opening products” 1-methyl-2-
ropylcyclohexane, 1,2-diethylcyclohexane and butylcyclohexane

n a ratio of about 52:35:13 [4,6]. This result nicely confirms that
he selective ring-opening mechanism is clearly (combined selec-
ivity of 87%) predominating, but the partially selective mechanism
s operative to a minor extent (13%) as well. Furthermore, the
direct ring-opening products” undergo consecutive hydrogenol-
sis either of endocyclic carbon–carbon bonds to open-chain
ecanes (OCDs) or of exocyclic carbon–carbon bonds in the alkyl
ide chains to methane and C9 alkylcyclohexanes. The latter
how again an endocyclic hydrogenolysis leading to open-chain
onanes (OCNs), and precisely the OCD and OCN isomers pre-
icted by such a pathway were detected in the reaction product
6].

Ref. [4] also contains an evaluation of the possible improvement
f the cetane number by catalytic hydroconversion. It is shown
here that, in order to achieve a substantial gain in the cetane num-
er, it is mandatory to produce OCDs with an as high as possible
ield and an as low as possible degree of branching. OCD yields of up
o ca. 20% were achieved on the monofunctional metallic catalysts
escribed in Refs. [4,6].

In spite of the relatively large number of reports on ring open-
ng of decalin on conventional bifunctional catalysts [3,7–18], such
s Pt/H-Y, Pt/USY, Pt/H-Beta, Pt/H-mordenite, Pt,Ir/H-Y, or Pt,Ir/H-
eta, remarkably little is known about the maximum attainable
ields of open-chain decanes. In the majority of papers, OCDs are
ven not mentioned as products. This is certainly due to the difficult
nalysis of the C10 products which often consist of more than 100,
f not 200 individual hydrocarbons. We  are aware of just one paper
12], in which the maximum yield of OCDs attained from decalin on

 Pt,Ir/H-Y catalyst was reported to be 4%. Our own  results obtained

n the decalin hydroconversion on Ir/La-X and Pt/La-X zeolites by
sing gas chromatographic procedures tailored for the analysis of
he complex C10 product mixtures [17] rather suggest that values
round 10% are more realistic for the usually employed bifunctional
: General 455 (2013) 46– 57 47

catalysts with a content of noble metal around 1 wt.% and a rela-
tively high concentration and strength of Brønsted-acid sites.

In the present communication, we  wish to report on another
family of bifunctional catalysts which enable ring opening of
decalin with much better yields of OCDs (YOCDs > 25%) than those
attainable on the above-described conventional classes of catalysts.
Salient features of the new catalysts are a high hydrogenoly-
sis activity and a relatively low concentration and strength of
Brønsted-acid sites.

2. Experimental

2.1. Preparation of the catalysts

The parent material for all catalysts used in this study was  zeolite
Beta synthesized via the dry-gel conversion (DGC) method [25,26]:
9.98 g aluminum sulfate 18 hydrate (Riedel-de Haën, grade chem-
ically pure) were dissolved in 5.0 g demineralized water, heated
to 80 ◦C and stirred for 30 min. Meanwhile, 69.19 g colloidal silica
(Aldrich, Ludox HS40, 40 wt.% SiO2 in H2O), 66.84 g tetraethylam-
monium hydroxide solution (Sigma–Aldrich, 40 wt.%) and 12.98 g
NaOH solution (4 mol  dm−3) were mixed and stirred for 30 min
at room temperature. Subsequently, the two solutions were put
together and stirred for another 2 h at room temperature. The
resulting gel was heated to 80 ◦C and dried while stirring.

Approximately 1.5 g of the dry gel were placed on a porous plate
inside a Teflon-lined autoclave with 2.0 g of demineralized water
at the bottom [26]. The conversion was carried out at 175 ◦C for
48 h. Typically, such a batch resulted in 1.7 g of as-synthesized,
template-containing zeolite Beta with an nSi/nAl ratio of 14.0. After
each conversion the resulting zeolite was filtered, washed with
1 dm3 demineralized water and dried for at least 12 h at 80 ◦C in
an oven. The template was removed by first heating in a nitro-
gen flow of 58 dm3 h−1 from room temperature to 450 ◦C with a
heating rate of 1 ◦C min−1 and holding at 450 ◦C for 24 h and then
switching the gas to synthetic air with a flow rate of 58 dm3 h−1

and holding the temperature for another 24 h. Prior to any further
modification step, ca. 3 g of the calcined zeolite Beta were slur-
ried in 100 cm3 of a 1 molar aqueous solution of sodium nitrate
under stirring at 80 ◦C. After 4 h of stirring at 80 ◦C, the zeo-
lite was filtered, washed with 1 dm3 of demineralized water and
dried at 80 ◦C. The so-prepared zeolite will be referred to as Na-
Beta.

Subsequently, Li+, K+, Rb+, or Cs+ were introduced into zeolite
Na-Beta by ion exchange with the corresponding chlorides. The
procedure was similar to the one applied by Rabl et al. [18] for incor-
porating various alkali cations into zeolite Na-Y with one exception,
viz. the ion exchange was conducted only once instead of four times
as in Ref. [18]. 3 g Na-Beta (on a dry basis) were suspended in
100 cm3 of a 1 M aqueous solution of lithium or potassium chlo-
ride or a 0.1 M solution of rubidium or cesium chloride. This is,
respectively, equivalent to offering a 100- or a 10-fold excess of
the ingoing cation compared to the cation-exchange capacity of
the zeolite. The suspension was heated to 80 ◦C and stirred for
4 h. The resulting zeolite was  filtered off, washed with 1 dm3 of
demineralized water and dried at 80 ◦C.

Iridium was  introduced into the zeolites by ion exchange as well.
The cationic complex [Ir(NH3)5Cl]Cl2 was used. Taking into account
the results of preliminary ion-exchange experiments, a 20% excess
of the iridium complex was  offered to the zeolite. 3 g of the alkali
cation-containing zeolite were suspended in 45 cm3 of demineral-

ized water, and a solution of the calculated (vide supra) amount of
[Ir(NH3)5Cl]Cl2 in 50 cm3 demineralized water was added dropwise
by means of a dropping funnel within ca. 20 min  under vigorous
stirring at room temperature. Next, the suspension was heated to
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0 ◦C and stirred for another 2 h. The resulting zeolite was filtered
ff, washed with ca. 1 dm3 of demineralized water and dried at
0 ◦C for 12 h in an air oven. Subsequently, the iridium complex
as decomposed in an air flow at 300 ◦C for 2 h. The resulting cata-

yst powder was pressed into tablets without a binder at a pressure
f 127 MPa, whereupon the tablets were crushed and sieved. The
article size fraction from 0.20 to 0.32 mm was filled into the cat-
lytic fixed-bed reactor, where the noble metal was reduced in a
ow of molecular hydrogen by heating from room temperature to
60 ◦C with a rate of 2 ◦C min−1 and holding at this temperature for
wo more hours. During the reduction of the noble metal dihydro-
en was oxidized, whereby Brønsted acid sites were formed on the
eolite surface in a stoichiometric amount [27,28].

Note that, throughout this study, no Brønsted acid sites were
enerated in the Beta zeolites apart from those co-produced dur-
ng the reduction of the noble metal with dihydrogen. Considering
he ion-exchange capacity of zeolite Beta with an nSi/nAl ratio of
4.0, one estimates that a maximal iridium loading of ca. 9 wt.%
an be reached by the ion-exchange method described above. For
he present study, two series of bifunctional Beta zeolites were
repared. One of these contained the alkali cations Li+, Na+, K+,
b+, or Cs+, about 3 wt.% of iridium, and the Brønsted acid sites co-
roduced during the reduction of the noble metal. Out of these five
eolites, 3.4Ir/H,Cs-Beta turned out to possess particularly attrac-
ive catalytic properties in the hydroconversion of decalin. This
rompted us to prepare a second series of bifunctional catalysts
ontaining cesium as alkali cation and different loadings of iridium
n the range from 1.1 to 4.8 wt.%.

.2. Characterization of the catalysts

A Varian (Vista-MPX CCD) optical spectrometer with an induc-
ively coupled plasma (ICP-OES) was used for chemical analysis
f the catalysts. The elements Si, Al, Li, Na, K, Rb, Cs, and Ir were
etermined after dissolution of the catalyst in a mixture of diluted
ydrofluoric acid and aqua regia. For more details see Ref. [17].

27Al and 29Si MAS  NMR  spectra of the hydrated zeolites (stored
ver a saturated aqueous sodium chloride solution at room tem-
erature) were obtained on a Bruker MSL  400 instrument. The
7Al MAS  NMR  measurements were conducted in a rotor with a
iameter of 4 mm at a resonance frequency of 104.3 MHz  with
00 accumulations. The spinning rate was 9 kHz. The spectra were
ecorded against aluminum nitrate using a pulse length of 0.61 �s
nd a repetition time of 0.5 s. For measuring the 29Si MAS  NMR  spec-
ra, a rotor with a diameter of 7 mm and a resonance frequency of
9.5 MHz  with 380–1250 accumulations were used. Here, a spin-
ing rate of 4.0 kHz, a pulse length of 5 �s and a repetition time
f 10 s were applied. The spectra were recorded against tetram-
thylsilane (TMS). The program WINFIT from Bruker was  used to
imulate and integrate the signals.

X-ray powder diffraction patterns were recorded on a Bruker
8 Advance instrument with CuK� radiation (� = 0.154 nm). The
iffraction patterns were recorded between 2� values of 5◦ and 50◦

ith a step size of 0.02◦ and a step time of 0.2 s. For the determina-
ion of the noble-metal dispersion a Quantachrome Autosorb-1-C
nstrument was used. For the hydrogen chemisorption by static
olumetry an adsorption stoichiometry of nH/nIr = 1 was assumed.
fter the reduction treatment with the same temperature program
s used in the fixed-bed reactor of the catalytic flow-type appa-
atus (see Section 2.1), two isotherms were measured at T = 40 ◦C.
he first one was considered to be a combination of physi- and
hemisorption, and the second isotherm, measured after evac-

ating the sample, was interpreted as physisorption only. The
ifference between these two isotherms was considered to be due
o chemisorption only and applied for calculating the noble metal
ispersion [17]. A Cambridge scanning electron microscope Cam
: General 455 (2013) 46– 57

Scan 44 at an excitation voltage of 5 kV was used to determine the
morphology and the size of the zeolite crystals.

To investigate the concentration and strength of the Brønsted
acid sites in the catalysts, FT-IR spectroscopic measurements with
pyridine as probe molecule were applied. A Vector 22 spectrome-
ter from Bruker with a high-vacuum sample cell was used. For the
measurements the samples were pressed into very thin, rectan-
gular self-supporting wafers, which were then placed in an IR cell
with CaF2 windows and a vacuum system. The metal-loaded zeo-
lites were reduced in a flow of hydrogen at 0.1 MPa with a heating
rate of 2 ◦C min−1 up to 500 ◦C and holding for 2 h. Subsequently, the
sample cell was  evacuated for 4 h with a vacuum of 2.0 × 10−6 Pa.
Pyridine vapor was  then introduced into the cell for 30 min with
ppyridine = 3.3 Pa. Physisorbed pyridine was  removed by evacuating
for 1 h at 200 ◦C, and a spectrum was  recorded at 80 ◦C. The pyri-
dine was  desorbed at temperatures between T = 200 and 500 ◦C in
steps of 50 ◦C. For the evaluation of the spectra the band of the
Brønsted acid sites at 1545 cm−1 was  integrated, and the concen-
tration c of Brønsted acid sites was  calculated using the following
equation [29]:

cpyridine = Ā · l1 · l2
m · ε

(1)

Ā stands for the integral absorption with the unit [cm−1]; l1 and
l2 indicate the edge lengths, and m is the mass of the dry wafer,
while ε is the extinction coefficient. The value for ε is taken from
the literature [30] and is for Brønsted acid sites 1.67 cm �mol−1.

2.3. Catalytic experiments and product analysis

Throughout this study, the feed hydrocarbon was cis-decalin
(Merck, purity > 98%). For its catalytic hydroconversion a high-
pressure continuous-flow apparatus from stainless steel was used.
Its principal parts were a saturator filled with an inert solid (Chro-
mosorb, Merck, P/AW, 0.25–0.60 mm)  impregnated with liquid
cis-decalin [31], a fixed-bed reactor, and a heated product sampling
device with a six-port valve allowing to introduce gaseous on-
line samples of the full product into a gas chromatograph (Agilent
7890 A) equipped with a Supelco Petrocol DH 150 capillary column
(150 m × 0.25 mm × 1.0 �m).  Additionally, integral liquid samples
of the product were collected during a run by routing the off-gas
from the catalytic unit through a cooling trap held at −10 ◦C. These
liquid product samples were stored and used for ancillary off-line
analyses.

The products of catalytic hydroconversion of decalin typically
consist of a very large number (viz. 100, if not 200) of individual
hydrocarbons, mostly with 10 carbon atoms. We  found that the
Supelco Petrocol DH 150 capillary column was especially appro-
priate for the separation of such complex product mixtures. For
assignment of the peaks in the chromatograms, a GC/MS system
(Agilent 6890N coupled with a mass spectrometer Agilent 5876 B
inert XL MSD) equipped with the same Supelco Petrocol DH 150
capillary column as the on-line gas chromatograph was  routinely
used. Besides, two-dimensional capillary gas chromatography [17]
and co-injection of the reaction products with pure hydrocarbons
were practiced, whenever the latter were commercially available.
A related technique developed in our laboratory turned out to be
particularly helpful for the assignment of peaks originating from
open-chain decanes [17]: based on our prior work [32] n-decane
was catalytically isomerized under different reaction conditions
into mixtures of iso-decanes of known composition, and these were
co-injected into the gas chromatograph with a product from decalin

hydroconversion. A more detailed description of our methods for
peak assignment may  be found in Ref. [17].

During all catalytic experiments, the mass of dry zeolite catalyst,
the hydrogen partial pressure, the partial pressure of cis-decalin
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Table  1
Classification of the product hydrocarbons formed from decalin in this study.

Designation Short designation Number of carbon atoms Number of naphthenic rings Molecular formula Molar mass/g mol−1

Skeletal isomers sk-Isos 10 2 C10H18 138
Ring  opening products ROPs 10 1 C10H20 140
Open-chain decanes OCDs 10 0 C10H22 142

a a a
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in a framework n /n ratio of 12.1, in reasonable agreement with
Hydrocracked products C9- 1–9

a Hydrocracked products are hydrocarbons with 1–9 carbon atoms, typically alka

t the reactor entrance, and the LHSV amounted to 0.17–0.24 g,
.2 MPa, 25 kPa, and 0.4–0.5 h−1, respectively. The reaction temper-
ture was varied from 195 to 340 ◦C. The quantitative evaluation
f the experiments was based on the on-line analyses of the
ull product samples. Typically, the first of these samples was
luiced into the gas chromatograph ca. 4 h after the onset of a cat-
lytic experiment. As in our previous investigations on bifunctional
oble-metal/faujasites [16–18] and on non-acidic Ir/- and Pt/silica
atalysts [6],  and as reported by others [4] for Ir/�-Al2O3, stereoiso-
erization of cis- into trans-decalin was by far the fastest reaction

n all Ir/zeolite Beta catalysts. Hence the equilibrium between
oth stereoisomers (ca. 10 mole% cis-, 90 mole% trans-decalin) was
stablished before any other reaction occurred. With this in mind,
e lumped both stereoisomers into the pseudo-reactant decalin

Dec). For the calculation of the decalin conversion (XDec), the yields
Yj) of products j, and their selectivities (Sj) see Ref. [17]. The forma-
ion of hydrocracked products with less than 10 carbon atoms will
e quantitatively discussed in terms of the modified hydrocrack-

ng selectivities (S∗
j
) which are defined as the number of moles of

ydrocarbons with j carbon atoms formed divided by the number
f moles of decalin converted into hydrocracked products [16].

In this paper, the numerous individual product hydrocarbons
ormed in the hydroconversion of decalin on the Ir/Beta zeolites
ill be classified into four groups, as listed in Table 1. Neither
ehydrogenation products, such as tetralin or naphthalene, nor
ydrocarbons with more than 10 carbon atoms were formed in the
resent investigation.

. Results and discussion

.1. Catalyst characterization

Chemical analysis of the ion-exchanged zeolites by ICP-OES
howed that sodium was replaced quantitatively by all four alkali
etals. In Table 2, the short designations of the iridium-containing

eta zeolites and their compositions as determined by ICP-OES are
iven. All zeolites possess an nSi/nAl ratio of 14.0. The initial fig-
res in the catalyst designations indicate the content of iridium in
t.% on a dry basis measured by ICP-OES. The charge-compensating
ations are given in the order of their abundance. In the formulae,
he subscripts after the alkali cations stand for the molar ratio of
his cation to aluminum (nA+ /nAl), as determined by ICP-OES. The
rotons could not be determined by ICP-OES, hence the subscripts

able 2
hort designations and compositions of the zeolite catalysts used in this work.

Catalyst series Short designation Full formula

A

3.3Ir/H,Li-Beta 3.3Ir/H0.74,Li0.26-Beta
3.0Ir/Na,H-Beta 3.0Ir/Na0.53,H0.47-Beta
3.2Ir/H,K-Beta 3.2Ir/H0.61,K0.39-Beta
3.5Ir/Rb,H-Beta 3.5Ir/Rb0.52,H0.48-Beta
3.4Ir/H,Cs-Beta 3.4Ir/H0.58,Cs0.42-Beta

B

4.8Ir/H,Cs-Beta 4.8Ir/H0.61,Cs0.39-Beta
4.0Ir/Cs,H-Beta 4.0Ir/Cs0.53,H0.47-Beta
2.0Ir/Cs,H-Beta 2.0Ir/Cs0.80,H0.20-Beta
1.1Ir/Cs,H-Beta 1.1Ir/Cs0.96,H0.04-Beta
Fig. 1. Powder X-ray diffractogram of zeolite Na-Beta.

on hydrogen are calculated as the difference between unity and
(nA+ /nAl).

The powder X-ray diffractogram of zeolite Na-Beta is depicted
in Fig. 1. It reveals that the sample is phase-pure. In comparison to
previously measured diffractograms [26], all reflexes of zeolite Beta
with high intensities are present. However, a crystalline structure
was not observable in the SEM images. The zeolite rather formed
agglomerates of about 5–30 �m diameter.

Shown in the Supporting Information are 27Al MAS  NMR  and
29Si MAS  NMR  spectra of the parent zeolite Na-Beta. It was found to
be free from octahedrally coordinated extra-framework aluminum
(no signal at 0 ppm in the 27Al MAS  NMR  spectrum). In addition,
27Al MAS  NMR  spectra were taken of the samples 3.3Ir/H,Li-Beta
and 3.4Ir/H,Cs-Beta after calcination at 300 ◦C in an air flow. It was
observed that, in both cases, a very slight dealumination of the
zeolite framework had now occurred, the degree of dealumination
being slightly below 5%. The 29Si MAS  NMR  spectrum of Na-Beta
consists of four signals. Their quantitative evaluation [33] resulted
Si Al
the bulk nSi/nAl ratio of 14.0 determined by ICP/OES.

Table 3
Metal dispersions of the catalysts and concentrations of pyridine adsorbed on
Brønsted-acid sites at T = 200 ◦C.

Catalyst series Catalyst Iridium
dispersion

npyridine ·
m−1

cat/�mol  g−1

A

3.3Ir/H,Li-Beta 0.18 189
3.0Ir/Na,H-Beta 0.87 156
3.2Ir/H,K-Beta 1.48 170
3.5Ir/Rb,H-Beta 0.51 121
3.4Ir/H,Cs-Beta 0.86 129

B

4.8Ir/H,Cs-Beta 0.28 244
4.0Ir/Cs,H-Beta 0.41 172
2.0Ir/Cs,H-Beta 0.28 116
1.1Ir/Cs,H-Beta 0.17 82
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Fig. 2. Relative pyridine concentrations on the iridium-containing

Table 3 summarizes the iridium dispersions of the catalysts
etermined by hydrogen chemisorption and the pyridine con-
entrations at TDes = 200 ◦C determined by FT-IR spectroscopy. On
ome catalysts the dispersion seems to be surprisingly low, the
eason for this is unknown. Presumably, unintended changes in
he conditions of the calcination and reduction caused the low
alues. There is one value above unity which may  be due to an
dsorption stoichiometry nH/nIr > 1 [34,35]. The concentrations of
dsorbed pyridine on the five iridium-containing alkali Beta zeo-
ites of series A, which are a measure of the total concentration
f Brønsted acid sites, are similar. Since the Brønsted acid sites
re generated via reduction of the noble metal, it is a straight-
orward result that, within the catalysts of series B, the measured
mounts of Brønsted acid sites decrease with decreasing iridium
ontent.

Fig. 2a and b depicts the relative concentrations of pyridine
dsorbed on the catalysts at different desorption temperatures
eferenced to the concentration determined at 200 ◦C. The diminu-
ion of the relative concentration can be taken as a measure of the
trength of the Brønsted acid site. At constant loading with irid-
um (Fig. 2a), there is a decrease in the strength of the Brønsted
cid sites from the lithium- to the cesium-containing catalysts.
ig. 2b shows the decline of the relative pyridine concentration with
emperature for the cesium-containing zeolites Beta with varying
ridium loadings. With decreasing iridium content, the strength
f the Brønsted acid sites tends to decrease. This result is in-
ine with the intermediate Sanderson electronegativities [36–38]

hich decrease from 4.13 for 4.8Ir/H,Cs-Beta to 4.00 for 1.1Ir/Cs,H-
eta.

.2. General features of the hydroconversion of cis-decalin on the
ridium/zeolite Beta catalysts

No deactivation was observed on any of the Ir/zeolite Beta cat-
lysts used in this study, at least not within a time-on-stream
f 36 h. Another feature that holds for all catalysts used was  the
apid stereoisomerization of the cis-decalin feed into trans-decalin.
n all catalysts and at all reaction temperatures the mole frac-

ion ntr-Dec/(ntr-Dec + nc-Dec) in the reactor effluent was  around 0.92
which is in all probability the equilibrium value [17]), regardless
f the amount of noble metal and the decalin conversion. This is in
omplete agreement with what has been reported previously for
is-decalin hydroconversion on bifunctional Ir/- or Pt/La-X zeolites
17] or on Ir/- or Pt/zeolites Y containing alkali cations [18], and on

on-acidic Ir/�-Al2O3 [4] or Ir/- and Pt/silica [6]. It is very likely that
he rapid stereoisomerization of cis-decalin proceeds on the noble

etal via octalin intermediates, as proposed by Weitkamp [39] and
ai and Song [40].
eolites determined by FT-IR spectroscopy with pyridine as probe.

3.3. Hydroconversion of decalin on the catalysts of series A
(variation of the nature of the alkali cations)

Shown in Fig. 3a–e are the results of decalin hydroconversion
on the five catalysts of series A. Plotted against the reaction tem-
perature are the decalin conversion and the selectivities of the four
groups of product hydrocarbons listed in Table 1. On all five cata-
lysts the conversion starts around 200 ◦C, and a complete decalin
conversion is reached below 300 ◦C. A comparison of the five con-
version curves reveals that the nature of the alkali cation present
in the zeolite has hardly any influence on its catalytic activity. In
the decalin hydroconversion on iridium-loaded zeolite Y catalysts
(nSi/nAl = 2.4), a decline in the activity had been observed in the
series from Ir/Li,Na,H-Y to Ir/Cs,Na,H-Y [18]. The lack of a pro-
nounced influence of the nature of the alkali cations in zeolite Beta
on the catalytic activity can be rationalized in terms of its much
higher nSi/nAl ratio of 14.0 and the resulting much lower concen-
tration of charge-compensating cations. However, one could also
envisage a activity of iridium on the nature of the alkali cations
present in the zeolite.

Concerning the product selectivities, Fig. 3 shows a number
of interesting effects. On 3.3Ir/H,Li-Beta (Fig. 3a), skeletal isomers
are by far the most important products at low conversion with
Ssk-Isos = 71%. As the temperature and decalin conversion are raised,
the selectivity of skeletal isomers decreases, because they are more
and more consumed in consecutive reactions leading to ROPs,
OCDs, and, eventually, C9- hydrocarbons. In the catalyst series A
the selectivities Ssk-Isos at the lowest conversion decrease in the
series from 3.3Ir/H,Li-Beta to 3.4Ir/H,Cs-Beta (from 71 to 25%). It is
safely known from various sources that iridium metal lacks activity
for skeletal isomerization of decalin [4–6]. The formation of skele-
tal isomers of decalin on the catalysts of series A must hence be
ascribed to a bifunctional pathway via carbocations on the Brønsted
acid sites, and the decreasing values of Ssk-Isos in the series from
3.3Ir/H,Li-Beta to 3.4Ir/H,Cs-Beta at low conversion are completely
consistent with the decreasing strength of the Brønsted acid sites
in the same order (see Fig. 2).

Independent evidence for skeletal isomerization occurring on
Brønsted acid sites stems from the finding that, on the catalysts of
series A, spiro[4.5]decane is a major product which accounts for
up to 30% of all skeletal isomers of decalin formed at low conver-
sion. It has recently been shown that this particular isomer forms
from decalin through a facile type A isomerization via carbocations
[17]. Last, but not least, it should be mentioned that analo-
gous trends were recently observed in decalin hydroconversion

on iridium-loaded and alkali cation-containing faujasite catalysts
[18]. The selectivity of skeletal isomers at low decalin conver-
sion fell drastically in the series from Ir/Li,Na,H-Y to Ir/Cs,Na,H-Y,
and spiro[4.5]decane, the isomer which is indicative for skeletal
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ig. 3. Conversion of decalin (XDec, �) and selectivities of the different groups of prod
eolites Beta (catalyst series A) at different reaction temperatures.

earrangement occurring on Brønsted acid sites, was formed on
r/Li,Na,H-Y and Ir/Na,H-Y only, but even not in traces on Ir/K,H-Y,
r/Rb,Na,H-Y, and Ir/Cs,Na,H-Y [18].

The most desirable products from the viewpoint of cetane num-
er enhancement of diesel fuel are open-chain decanes (OCDs).
ith all catalysts of series A, their selectivities are passing through
axima as the reaction temperature is increased (Fig. 3) reflecting

hat OCDs are formed by opening of the remaining ring in ROPs and,
t higher severities, they are themselves consumed by consecutive
ydrocracking to C9- hydrocarbons. Fig. 3 also shows that the height
f the maxima in the selectivities of OCDs increases markedly in the
eries from 3.3Ir/H,Li-Beta to 3.4Ir/H,Cs-Beta. With the latter cat-
lyst, the maximal selectivity of OCDs is as high as 47% (Fig. 3e)
hich is noticeably higher than the best value reported so far in

he literature for hydroconversion of decalin [18].
From an application point of view the yields of the target prod-

cts are of even greater relevance than their selectivities. In Table 4
he maximum yields of open-chain decanes achieved on the five
atalysts of series A are listed. All but one (3.3Ir/H,Li-Beta) fulfill
he criterion for being classified as high-performance ring-opening
atalysts (HIPEROCs, YOCDs, max. > 25%). It is also seen from Table 4
hat, with the zeolite Beta-based HIPEROCs, the combined yields
f OCDs and ROPs reach values close to 60% and that, under the
onditions of maximal OCD yields, some 20–30% of the decalin

s converted into C9- hydrocarbons. The 10 most important OCD
somers formed from decalin on 3.4Ir/H,Cs-Beta at T = 262 ◦C and
Dec = 94% were, in the order of their abundance, 4-ethyloctane,
,6-dimethyloctane, 2,4-dimethyloctane, 2,5-dimethyloctane,

able 4
ydroconversion of decalin on iridium- and alkali cation-containing zeolites Beta (catal
CDs  and ring-opening products (ROPs), and yields of hydrocracked products (C9-). High
ttained with them are bold-faced.

Catalyst Tr/◦C XDec/% SOCDs/% YOC

3.3Ir/H,Li-Beta 246 78 22 17 

3.0Ir/Na,H-Beta 246 90 38 34 

3.2Ir/H,K-Beta 263 95 42 39 

3.5Ir/Rb,H-Beta 272 100 37 37 

3.4Ir/H,Cs-Beta 262 94 47 44 

3.0Ir/Li,Na,H-Y 299 82 33 27 

2.9Ir/Na,H-Y 300  86 36 31 

2.7Ir/K,H-Y 309 89 12 11 

2.6Ir/Rb,Na,H-Y 309 97 11 11 

2.6Ir/Cs,Na,H-Y 319 85 8 7 
Ssk-Isos �, SROPs ©,  SOCDs �, SC9- �) on the iridium-containing alkali cation-exchanged

4-methylnonane, 3-methylnonane, 3,3-dimethyloctane, 3,5-
dimethyloctane, 2-methylnonane, and 3,6-dimethyloctane. This
enumeration shows that, as in selective ring opening of decalin on
faujasitic HIPEROCs [18], mono- and dibranched OCDs with short
alkyl side chains are typically formed.

For comparison, the performance data of analogous iridium-
containing catalysts based on zeolite Y from our previous study
[18] are also given in Table 4. There are two main differences
between the catalysts based on zeolite Beta and faujasite: (i) the
former are more active and give the maximum yields of OCDs at
lower temperatures, and (ii) among the Beta-based catalysts, the
one containing cesium as alkali cation shows the best performance,
whereas sodium seems to be the best alkali cation in the faujasite-
based catalysts. However, the two zeolites posses different nSi/nAl
ratios leading to similar strengths of the Brønsted acid sites after
ion exchange with cesium or sodium, respectively. Also, the activ-
ity differences might in part be due to the slightly higher iridium
content of the Beta zeolites.

The carbon number distributions of the hydrocracked products
C9- on the catalysts of series A at low to moderate yields of C9-
hydrocarbons are depicted in Fig. 4. The formation of large amounts
of methane and C9 hydrocarbons can only be rationalized in terms
of a significant contribution of hydrogenolytic bond rupture on the
noble metal. Superimposed to such a mechanism seems to be some

bifunctional hydrocracking of C10 naphthenes with a single ring, i.e.,
of ROPs, which manifests itself in an M-type distribution curve in
the region C3 to C7 with sharp maxima at C4 and C6 and low S∗

j
val-

ues at C3, C5, and C7. Such M-shaped carbon-number distributions

yst series A). Maximum yields of open-chain decanes (OCDs), combined yields of
-performance ring-opening catalysts (HIPEROCs) and the maximum yields of OCDs

Ds, max./% YOCDs, max. + YROPs/% YC9-/% Ref.

37 8 This work
59 19 This work
58 28 This work
52 40 This work
59 26 This work
42 29 [18]
54 25 [18]
33 44 [18]
24 61 [18]
22 54 [18]
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Fig. 4. Modified hydrocracking selectivities S∗
j

in the hydroconversion of decalin on
iridium-containing Beta zeolites with different charge-compensating alkali cations
(catalyst series A) ((a) Tr = 246 ◦C, XDec = 78%, YC9- = 8%; (b) Tr = 246 ◦C, XDec = 90%,
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C9- = 19%; (c) Tr = 263 ◦C, XDec = 95%, YC9- = 28%; (d) Tr = 272 ◦C, XDec = 100%, YC9- =
0%; (e) Tr = 262 ◦C, XDec = 94%, YC9- = 26%).

re characteristic for the paring reaction leading mainly to iso-
utane and methylcyclopentane, as discussed in detail in, e.g., Ref.
17]. Indeed, on 3.3Ir/H,Li-Beta which gives the M-type curve in the

ost pronounced manner (Fig. 4), the C4 product fraction consisted
lmost exclusively (95 mole%) of iso-butane, and methylcyclopen-
ane was the main hydrocarbon (58 mole%) in the C6 fraction. It
s important to notice that 3.3Ir/H,Li-Beta possesses the strongest
rønsted-acid sites among the catalysts of series A (see Fig. 2a), and

t gives by far the lowest yield of open-chain decanes (see Table 4).
t is a reasonable conclusion that, in 3.3Ir/H,Li-Beta, there is a mis-

atch between the acid activity and the hydrogenolysis activity,
nd the too high acid strength favors the undesired paring reac-
ion of ROPs over the desired hydrogenolytic ring opening of ROPs
o OCDs. As the strength of the Brønsted acid sites of the cata-
ysts of series A decreases from 3.3Ir/H,Li-Beta to 3.4Ir/H,Cs-Beta,
he carbon-number distributions lose their pronounced M-shape,
nstead, nearly a plateau of S∗

j
appears at the carbon numbers

4, C5, and C6. It is too early to safely interpret the occurrence
f this plateau, but one could speculate that it has its origin in

 consecutive hydrocracking of OCDs, either via a hydrogenolytic
echanism on iridium or via the conventional bifunctional hydro-

racking mechanism via carbocations.
A detailed mechanistic view on decalin hydroconversion over

ridium-containing HIPEROCs will be presented in Section 3.5.

.4. Hydroconversion of decalin on the catalysts of series B
variation of the iridium content)

In Fig. 5 the conversion of decalin on the five cesium-exchanged
eolites Beta with various iridium contents are plotted in depend-
nce of the reaction temperature. It is recalled that, as the noble
etal loading increases, the concentration of Brønsted acid sites

ncreases as well. Moreover, as Fig. 2 reveals, the strength of the
rønsted acid sites is higher for the two zeolites with the highest

ridium loading, probably because the amount of cesium cations
nside the zeolite is reduced. Fig. 5 clearly shows that the activity of
he Ir/Cs,H-Beta zeolites increases with increasing content of noble
etal up to ca. 4.0 wt.% and the concomitant increase in the acid
ctivity.

In Fig. 6a–e the selectivities of the different product groups
re shown for the same five catalysts in dependence of the
Fig. 5. Conversion of decalin on cesium-exchanged zeolites Beta loaded with vary-
ing  amounts of iridium (catalyst series B) at different reaction temperatures.

reaction temperature. All Ir/Cs,H-Beta catalysts with an iridium
loading of 2.0 wt.% or beyond fulfill the criterion of a HIPEROC
(YOCDs, max. > 25%), but an iridium content beyond 3.4 wt.% does not
result in enhanced selectivities of OCDs. Table 5 rather reveals that
catalyst 3.4Ir/H,Cs-Beta performs in an optimal manner in that it
enables very favorable yields of OCDs (44%) and very high combined
yields of OCDs and ROPs (59%) at the lowest yield of undesired C9-
hydrocarbons (26%).

The main results from Fig. 6 and Table 5 are that (i) increasing the
iridium content to values beyond 3.4 wt.% does not result in cata-
lysts with better performance and (ii) if the hydrogenolysis activity
and the acid activity (concentration and strength of Brønsted acid
sites) are in good balance (from ca. 2.0 to 4.0 wt.% noble metal
in Ir/Cs,H-Beta), remarkably good ring-opening properties can be
achieved over a relatively broad span of iridium contents.

In Fig. 7 the carbon number distributions of the C9- products in
terms of the modified hydrocracking selectivities S∗

j
are presented

for the five catalysts of series B at moderate yields of hydrocracked
products. The shape of these curves resembles the one obtained
on the Ir/Beta zeolites containing different alkali cations (Fig. 4).
In particular, large amounts of C1 and C9 hydrocarbons are formed
which unambiguously indicates the occurrence of hydrogenolysis
on the noble metal as a main hydrocracking mechanism. There is
only one catalyst, namely 1.1Ir/Cs,H-Beta with the lowest iridium
content, which tends to give an M-shaped distribution curve in the
carbon-number range C3 to C7. It might well be that, at the rel-
atively high reaction temperatures (300–320 ◦C) required on this
catalyst with its low activity, bifunctional catalysis and the par-
ing reaction furnish a noticeable contribution to the pathway of
hydrocracking decalin. Indeed, the content of iso-butane in the C4

fraction formed on this catalyst is high (ni-Bu/(nn-Bu + ni-Bu) = 89%),
and so is the content of methylcyclopentane in the C6 fraction
(nM-CPn/nC6 hydrocarbons = 44%). Note that this same catalyst was
the only one in series B which failed to reach the benchmark set
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Fig. 6. Selectivities of the different groups of products (Ssk-Isos �, SROPs ©,  SOCDs �, SC9- �) in the hydroconversion of decalin at different reaction temperatures on cesium-
exchanged zeolites Beta loaded with varying amounts of iridium (catalyst series B). The dashed curves represent the decalin conversions from Fig. 5.

Table  5
Hydroconversion of decalin on iridium-containing Cs,H-Beta catalysts (catalyst series B). Maximum yields of open-chain decanes (OCDs), combined yields of OCDs and ROPs,
and  yields of hydrocracked products (C9-). HIPEROCs and the maximum yields of OCDs attained with them are bold-faced.

Catalyst Tr/◦C XDec/% SOCDs/% YOCDs, max./% YOCDs, max. + YROPs/% YC9-/%

4.8Ir/H,Cs-Beta 246 94 40 38 58 27
4.0Ir/Cs,H-Beta 259 99 43 43 55 39
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3.4Ir/H,Cs-Beta 262 94 47 

2.0Ir/Cs,H-Beta 281 94 43 

1.1Ir/Cs,H-Beta 320 96 23 

or HIPEROCs (see Table 5). Conversely, the four other catalysts of
eries B, which all do fulfill the criterion of a HIPEROC (Table 5),
how a common peculiarity in their carbon-number distributions
f the C9- products, viz. nearly a plateau at a relatively high level
n the region C4 to C6 of the S∗

j
curve (Fig. 7). This very interesting

eature, which was already observed with the catalysts of series A

Fig. 4), is at complete variance to monofunctional iridium catalysts
acking Brønsted acid sites. As recently demonstrated by Haas et al.,
ydrogenolysis of decalin on such catalysts, e.g., Ir/silica, results in

ig. 7. Modified hydrocracking selectivities S∗
j

in the hydroconversion of decalin
n  iridium-containing Cs-Beta zeolites (catalyst series B) ((a) Tr = 246 ◦C, XDec = 94%,
C9- = 27%; (b) Tr = 259 ◦C, XDec = 99%, YC9- = 39%; (c) Tr = 262 ◦C, XDec = 94%, YC9- =
6%; (d) Tr = 281 ◦C, XDec = 94%, YC9- = 29%; (e) Tr = 320 ◦C, XDec = 96%, YC9- = 35%).
44 59 26
40 58 29
22 46 35

hammock-type carbon-number distribution curves with virtually
no C4, C5, and C6 [6].

3.5. The catalytic chemistry of decalin ring opening on
iridium-containing HIPEROCs

High-performance ring-opening catalysts (HIPEROCs) enable
the hydroconversion of decalin into open-chain decanes with high
yields, the threshold being set at YOCDs > 25%. The currently known
HIPEROCs contain both noble-metal and Brønsted-acid sites and
are thus members of the long-known family of bifunctional cat-
alysts. They differ, however, substantially from the conventional
noble-metal/zeolite catalysts used on an industrial scale in hydro-
cracking of vacuum gas oil [41,42] or in the isomerization of
light gasoline [43]. In these conventional bifunctional catalysts,
the main function of the noble metal is – beside prevention of
coke formation and the concomitant catalyst deactivation – to
promote the rapid interconversion of alkanes and alkenes by dehy-
drogenation/hydrogenation [44,45],  whereas the second principal
reaction catalyzed by noble metals, i.e., hydrogenolytic cleavage of
carbon–carbon bonds [19,46],  is mostly undesired. Consequently,
noble metals with a relatively low activity for hydrogenolysis, such
as palladium or platinum, have been traditionally used in conven-
tional bifunctional catalysts, and the content of noble metal is low,
typically below 1 wt.% [47,48]. At the same time, the concentration
and strength of the Brønsted-acid sites in these catalysts are rela-
tively high, since these sites promote the desired reactions, namely
skeletal rearrangements and carbon–carbon bond cleavage via �-
scission of carbocations [45,49].  In contrast to these conventional

bifunctional catalysts, features of HIPEROCs include

(i) a noble metal with a high activity for hydrogenolysis, e.g., irid-
ium,
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Fig. 8. Proposed reaction scheme for ring opening of decalin to open-chain decanes (OCDs) on HIPEROCs (bold-faced arrows in the center part of the figure). A stands for
Brønsted-acid sites. Dashed arrows represent undesired reactions, endo and exo denote, respectively, hydrocracking of endocyclic and exocyclic carbon–carbon bonds. Also
sketched in the upper part of the figure is the “direct ring-opening mechanism” which has been claimed for decalin hydroconversion on monofunctional iridium catalysts
lacking Brønsted-acid sites [4,6]. In the lower part of the figure, undesired side reactions are shown which are believed to occur, if the concentration and/or strength of the
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cid  sites are too high. For details concerning the paring reaction of C10 naphthenes 

(ii) a higher metal content, e.g., in the range from ca. 2 to 4 wt.%
(see Table 5), and

iii) a lower concentration and strength of Brønsted-acid sites.

n other words and using a notion that is customary in bifunctional
atalysis, the optimal balance between both types of sites is fun-
amentally different in HIPEROCs and in conventional bifunctional
atalysts. Also important for a HIPEROC is an as high as possible
electivity for cleavage of endocyclic bonds compared to that of
xocyclic carbon–carbon bonds in alkyl side chains, because only
he former results in the desired ring opening with retention of the
arbon number.

On conventional bifunctional catalysts with their relatively low
ctivity for hydrogenolysis and their strong acid component, cleav-
ge of endocyclic bonds has been found to be surprisingly slow
ompared to �-scissions of exocyclic carbon–carbon bonds in alkyl
ide chains [50]. Probably, the origin of the effect is an unfa-
orable orbital orientation in the transition state of endocyclic
-scissions [17,45,51,52].  As a consequence, the C10 molecules
ndergo extensive acid-catalyzed skeletal isomerization in the
lkyl side chains followed by exocyclic �-scission, mainly into iso-
utane and methylcyclopentane. In fact, these are the principal C9-
roducts in decalin hydroconversion on conventional bifunctional
atalysts, e.g., on 0.85Ir/La-X zeolite, while the maximum yields of
he desired open-chain decanes are low, typically around 10% [17].

The direct ring opening of decalin on monofunctional irid-

um catalysts lacking Brønsted-acid sites is sketched in the upper
art of Fig. 8. Under typical reaction conditions, it proceeds at
emperatures of ca. 250–350 ◦C [4,6]. It is another well known
act that iridium opens five-membered rings much more readily
 single ring to iso-butane and methylcyclopentane see Refs. [17,45,52,55].

than six-membered rings [5,21,53], hence it was  proposed [4,5,21]
to combine iridium-containing catalysts for decalin hydrogenol-
ysis with a weakly acidic component, the activity of which is
just sufficient for contraction of six- to five-membered rings by a
so-called non-branching (or type A [45]) isomerization via carbo-
cations. Indeed, such type A isomerizations are known to be among
the fastest hydrocarbon reactions in bifunctional catalysis [45,54].
Independent evidence for an acid-catalyzed ring contraction step
preceding ring opening on the iridium-containing HIPEROCs stems
from the facts that (i) skeletal isomerization of decalin does occur
on these catalysts (see Figs. 3 and 6), (ii) ring opening of decalin
proceeds at temperatures of ca. 200–275 ◦C, which is significantly
lower than the temperatures required for the same reaction on
monofunctional iridium catalysts [4,6], and (iii) spiro[4.5]decane
was undoubtedly identified as a primary product from decalin on
the HIPEROCs (see Section 3.3.), at variance to direct ring opening
on monofunctional iridium catalysts, where no spiro[4.5]decane at
all is formed [6].

Next, the mildly branched skeletal isomers with a five-
membered ring undergo ring opening to ROPs. Considering the high
hydrogenolysis activity of iridium, the high metal content of HIPE-
ROCs, their relatively low concentration and strength of Brønsted
acid sites, and the reluctance of endocyclic bonds to undergo
cationic �-scissions [45,52], we  believe that this ring-opening step
occurs predominantly, if not exclusively, by hydrogenolysis on the
metal. Fig. 9 provides a more detailed view on the ring-opening

step as it is believed to occur on iridium-containing HIPEROCs. Both
direct ring opening of decalin, as it has been found to happen on
iridium catalysts lacking Brønsted-acid sites [4,6], and opening of
the five-membered ring in skeletal isomers of decalin are likely to
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ig. 9. Proposed pathways of decalin ring opening on iridium-containing HIPEROCs. B
ings  in skeletal isomers such as spiro[4.5]decane (right-hand path) are believed to

ake place. A detailed look at the experimental distribution of the
OPs formed on the catalysts used in this investigation supports
his view (Table 6). At low conversions, the direct ROPs butylcy-
lohexane, cis- and trans-1-methyl-2-propylcyclohexane, and cis-
nd trans-1,2-diethylcyclohexane are formed, but with selectivities
hat are about one half of those measured on iridium catalysts lack-
ng Brønsted-acid sites [6].  In addition, the characteristic geminal
OPs 1-methyl-1-propylcyclohexane and 1,1-diethylcyclohexane
ccur which are predicted to form by hydrogenolytic cleavage of the
ve-membered ring in spiro[4.5]decane according to the selective
dicarbene) mechanism.

If one bears in mind that iridium preferentially cleaves bonds
etween unsubstituted carbon atoms (according to the selective or
icarbene mechanism), an as low as possible degree of branching

n the skeletal decalin isomers favorably influences the rate of ring
pening. Conversely, if the acid activity of the bifunctional catalyst
s too high compared to its hydrogenolysis activity, more highly
ranched skeletal isomers of decalin will form (see lower part of
ig. 8) offering less unsubstituted endocyclic carbon–carbon bonds,
nd this will slow down the hydrogenolytic ring opening of sk-Isos
o ROPs [5,21,53].

In a consecutive step, the remaining ring in ROPs is opened
Fig. 8), whereby open-chain decanes (OCDs) result, the most
esired products of decalin hydroconversion. Following the same

ine of arguing as in the discussion of the first ring-opening step,
e consider it reasonable to assume that, on HIPEROCs, endocyclic

ydrogenolysis is the mechanism of making OCDs from ROPs, too.
owever, competing with the desired ring opening are two  unde-

ired reactions of ROPs (see Fig. 8) which both lead directly to C9-
ydrocarbons:

able 6
omparison of the ring-opening products obtained in the hydroconversion of decalin on

ridium  catalysts lacking Brønsted-acid sites [6]. HIPEROCs are printed bold-faced.

Series Catalyst Tr/◦C XDec/% 

A

3.3Ir/H,Li-Beta 202 12 

3.0Ir/Na,H-Beta 202 9 

3.2Ir/H,K-Beta 213 15 

3.5Ir/Rb,H-Beta 207 9 

3.4Ir/H,Cs-Beta 227 24 

B

4.8Ir/H,Cs-Beta 196 10 

4.0Ir/Cs,H-Beta 198 8 

2.0Ir/Cs,H-Beta 220  10 

1.1Ir/Cs,H-Beta 240 9 

0.77Ir/silica 290 12 

2.59Ir/silica 250 17 
irect ring opening of decalin (left-hand path [4,6]) and opening of the five-membered
. A stands for Brønsted-acid sites.

(i) One is the hydrogenolysis of exocyclic carbon–carbon bonds in
the alkyl side chain(s) of the ROPs. It is evident from Fig. 8 that,
for selective ring opening of decalin to occur, a hydrogenolysis
component in the catalyst and reaction conditions are needed
which favor as much as possible cleavage of endocyclic over
that of exocyclic carbon-carbon bonds – a point which deserves
particular attention in future research!

(ii) The other one is the “paring reaction” which is acid-catalyzed
and consists of a series of skeletal type A (non-branching)
and type B (branching) rearrangement steps followed by a
rapid type A �-scission of �,�,�-tribranched carbenium ions
[17,45,52,55].  Starting from any C10 one-ring naphthene, it
leads to the products iso-butane and methylcyclopentane. If
OCDs are the desired products, the paring reaction has to
be suppressed to the maximum possible extent by reduc-
ing the concentration and/or strength of the Brønsted-acid
sites of the catalyst. The occurrence of the paring reaction
or not can be easily monitored by measuring the carbon-
number distribution of the C9- products: If the paring reaction
is involved, M-shaped distribution curves result in the region
C3 to C7 with sharp maxima at C4 and C6, as demonstrated,
for example, in Ref. [17] for decalin hydroconversion on Ir/La-
X zeolite. In the present study, we perceived similar, though
less pronounced M-shaped distribution curves for two  cata-
lysts, namely 3.3Ir/H,Li-Beta (Fig. 6) and 1.1Ir/Cs,H-Beta (Fig. 7)
which both failed to reach the benchmark set for HIPER-

OCs (YOCDs, max. > 25%). In the light of the reaction scheme
depicted in Fig. 8, this failure can be attributed, respectively,
to a too high acid strength and a too low hydrogenolysis
activity.

 the catalysts of series A and B and comparison with the results obtained on two

Sdirect ROPs/SROPs/% Sgeminal ROPs/SROPs/% Ref.

46 7 This work
41 36 This work
56 32 This work
48 39 This work
45 33 This work

31 47 This work
36 45 This work
42 45 This work
32 41 This work

96 0 [6]
96 0 [6]
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ig. 10. Section of two gas chromatograms of the C7 product fractions formed in the
IPEROC 3.4Ir/H,Cs-Beta at Tr = 262 ◦C and YC9- = 26% (C: cyclo; DM:  dimethyl; Hp:

The proposed reaction scheme (Fig. 8) suggests that there are
wo principal precursors for the formation of hydrocracked prod-
cts (C9-), viz. ROPs or OCDs. In the case of C9- formation from
OPs, regardless of whether it occurs by hydrogenolysis on iridium
r via bifunctional catalysis (i.e., the paring reaction), one expects
he C9- hydrocarbons to consist of equal moles of alkanes and naph-
henes (assuming that there is no consecutive ring opening of the
9- naphthenes formed); by contrast, in the case of an exclusive
9- formation from OCDs, the scheme in Fig. 8 predicts the C9-
ydrocarbons to consist of alkanes exclusively.

The two chromatograms of the C7 fractions presented in Fig. 10
onvincingly demonstrate that, at moderate yields of C9-, much
ore C7 naphthenes are formed on 3.3Ir/H,Li-Beta, whereas C7

lkanes predominate in the product obtained on the HIPEROC
.4Ir/H,Cs-Beta. This independent finding confirms and underlines
hat OCDs play an important role as precursors of C9- hydrocar-
ons in decalin hydroconversion on HIPEROCs, whereas ROPs seem
o be the main precursors of C9- hydrocarbons on conventional
ifunctional catalysts.

Finally, the reaction scheme in Fig. 8 implies that the steady-
tate concentration of skeletal isomers of decalin will be high, if
he catalyst possesses a relatively high acid activity and a low activ-
ty for ring opening. Conversely, if the acid activity is low and the
ing-opening activity by hydrogenolysis is high, the steady-state
oncentration of OCDs is expected to be high. A plot of YOCDs, max.
ersus Ysk-Isos, max. is shown in the Supporting Information for all 9
atalysts used in the present study. It suggests that the expected
orrelation exists indeed.

. Conclusions

The naphthenic rings in decalin, a model hydrocarbon for
ydrogenated polynuclear aromatics, can be opened with unprece-
ented selectivities and yields of open-chain decanes (OCDs) on
roperly modified zeolites Beta as catalysts. With increasing reac-
ion temperature and decalin conversion, the selectivities and
ields of OCDs are passing through maxima, reflecting that the

ormation of OCDs occurs via skeletal isomers of decalin (sk-
sos) and one-ring naphthenes with 10 carbon atoms (ROPs) as
ntermediates, and they are consumed by consecutive hydrocrack-
ng reactions to hydrocarbons with less than 10 carbon atoms
oconversion of decalin on (a) 3.3Ir/H,Li-Beta at Tr = 246 ◦C and YC9- = 8% and (b) the
ne; Hx: hexane; M: methyl; Pn: pentane).

(C9-). For example, on 3.4Ir/H,Cs-Beta with an nSi/nAl ratio of 14, H+

and Cs+ as cations compensating the negative framework charges,
and loaded with 3.4 wt.% of iridium, the maximum selectivities
and yields of OCDs were 47% and 44%, respectively. To our knowl-
edge, this is the best result ever reported for the selective ring
opening of decalin. The OCDs formed consist mainly of mono- and
dibranched iso-decanes with short alkyl (methyl and ethyl) side
chains.

We  propose to refer to such catalysts, which allow one to pro-
duce open-chain decanes from decalin with yields greater than 25%,
as High-Performance Ring-Opening Catalysts (HIPEROCs). Salient
features of HIPEROCs are a large-pore zeolite, e.g., Beta, with
Brønsted-acid sites of a relatively low concentration and strength
and a component with a high activity for hydrogenolysis of endo-
cyclic carbon–carbon bonds, e.g., iridium. The main function of the
acid catalyst component seems to be a non-branching isomeriza-
tion of the feed molecules, i.e., a contraction of their six-membered
into five-membered naphthenic rings which are much more readily
opened by hydrogenolysis on the noble metal. It appears that, on
HIPEROCs, hydrogenolysis is the predominating mechanism of ring
opening. If the activity of the acid sites of the catalyst is too high
(too high concentration and/or strength of the Brønsted-acid sites),
the very undesired paring reaction will dominate, i.e., deep isomer-
ization of C10 naphthenes containing one naphthenic ring (ROPs)
followed by �-scission of carbocations in alkyl side chains, and lead
to a degradation of the carbon number at the level of ROPs, thereby
preventing the formation of OCDs. For monitoring the occurrence
or not of the paring reaction, we  recommend measuring the carbon
number distribution of the C9- products: If the paring reaction plays
a significant role, an M-shaped distribution curve will be obtained
in the region of C3 to C7 with sharp maxima at C4 and C6, as shown
for example for 3.3Ir/H,Li-Beta in Fig. 4, and large amounts of iso-
butane and methylcyclopentane will be formed.

Another possibility for detecting the occurrence of the paring
reaction is a detailed analysis of the individual C7 hydrocarbons
formed in the hydrocracked products (Fig. 10). Much more C7 naph-
thenes are formed, if the paring reaction plays a significant role,

whereas the desired ring opening of ROPs to OCDs on a HIPEROC is
accompanied by a prevailing formation of alkanes in the C7 prod-
uct fraction, in agreement with the reaction scheme proposed in
Fig. 8.
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Preparation of a HIPEROC requires a careful tuning of the
rønsted-acid activity with the hydrogenolytic activity. A conve-
ient tool for influencing the strength of the Brønsted-acid sites

n a zeolite catalyst is the variation of the nature of the charge-
ompensating cations, as demonstrated in this paper for zeolite
eta and in a preceding communication for faujasites [18].
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