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bstract

The Ir/SiO2 and K ion-promoted Ir/SiO2 catalysts were fully characterized and catalytically studied using the ring-opening reaction of 1,3-
imethylcyclohexane (1,3-DMCH) as a probe reaction. This reaction could take place during the catalytic process underwent either by gasoline
r by diesel fuel for enhancing of octane numbers or cetane numbers (CNs), respectively. The Ir catalysts were characterized by chemisorption of
O and H2, temperature-programmed techniques, X-ray photoelectron spectroscopy (XPS), extended X-ray absorption fine structure spectroscopy

EXAFS) and near-edge X-ray absorption fine structure (NEXAFS) spectroscopy. The addition of potassium ions to Ir/SiO2 catalyst produce severe
uperficial changes that are reflected in its ability for catalyzing the ring-opening reaction of 1,3-dimethylcyclohexane and the selectivity to primary
roduct from substituted to unsubstituted C–C cleavages. Ir dispersions slightly increased with rising K surface density up to 3.1 atoms nm−2, but
trongly decreased at higher K loadings due to the non-uniform decorative effect of potassium over Ir particles.

This contribution also reveals that the opening of C C bonds at substituted or unsubstituted positions can be tuned varying the promoter loading.

hat is, the dicarbene reaction path typically occurs on Ir/SiO2 catalyst, facilitating the formation of branched products through the opening of

C bonds at unsubstituted positions. On the other hand, the metallocyclobutane intermediates become operative over K ion-promoted Ir/SiO2

atalysts. This involves a metal atom and three C atoms to form cyclic intermediate specie that undergoes the opening of C C bonds at substituted
ositions and facilitates the formation of unbranched products, which are more desirable in the production of diesel fuel.

2007 Elsevier B.V. All rights reserved.
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. Introduction

In the United States, the Environment Protection Agency
tarted implementing the Tier 2 Gasoline Sulfur Control Pro-
ram for cleaner gasoline in 2004. This program limits the
aximum sulfur level to 15 ppm by 2006. Additional specifica-

ions for minimum cetane index at 40 and maximum aromatics
ontent at 35 vol.% will also be imposed. In order to meet

he stringent environmental regulations on petroleum fuels sev-
ral approaches have been proposed. For instance, a process
nvolving two consecutive steps (i.e. initial hydrogenation of
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he aromatics to saturated naphthenic compounds, followed by
raditional hydrocracking of the saturated rings [1] was pro-
osed to achieve this task. However, because of its extensive
vercracking, there is limited net gain in production of desirable
araffins via this route, and the improved distillate fuel quality
esults primarily from a combination of hydrogenation of aro-
atics and a concentration of paraffins in a reduced volume of

istillate product. A novel approach that reduces the number of
ing structures while retaining the carbon number of a product
olecule through a selective ring opening (SRO) process was

ecently suggested [2–4]. The main goal of the SRO reaction
s to keep the same carbon number as the original naphthenic
ompounds while converting them to more paraffinic com-

ounds with expectedly higher CNs. However, as was pointed
ut [5], ring opening of only one ring of the fully hydrogenated
roducts would not result in a substantial gain of CN compared
o the initial CN of the fully hydrogenated molecule. Conversely,

mailto:goncor@ula.ve
mailto:sergio.gonzalez@oxfordcatalysts.com
dx.doi.org/10.1016/j.cej.2007.08.008
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after the sample was evacuated at 300 K for 0.5 h. These two
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f the ring opening takes place on a catalyst that favors the break-
ng of substituted tertiary–secondary endocyclic C C bond and
ome of the even more sterically hindered tertiary–tertiary C C
ond, the CNs of these products are considerably higher than the
nes obtained via either acid catalyzed or dicarbene mechanism
6]. This analysis suggests that the only successful strategy to
ignificantly increase CN of decalin feedstocks should be based
n a precisely tailored catalyst with high selectivity towards the
leavage of substituted endocyclic C C bonds.

There have been several mechanisms proposed to account
or ring-opening reactions over metal catalysts. The most com-
on hydrogenolysis mechanism that typically occurs on metals

uch as Ir and Rh is via the dicarbene intermediate. In this
echanism, the endocyclic C C bond cleavage occurs on unsub-

tituted secondary C C bonds [7–11]. Gault [12] studied the
ffect of metal particle size in Pt/Al2O3 catalysts for the ring
pening of methylcylopentane. He observed that on highly dis-
ersed Pt/Al2O3, there was an equal chance of breaking any
ndocyclic C C bond. This finding was attributed to a �-allyl
echanism that competes with the dicarbene mechanism. On

he other hand, on Pt catalysts with larger metal particles,
econdary–secondary C C bonds were preferentially broken.
n order to explain the observed rupture of sterically hindered
ubstituted tertiary–secondary C C bond on these low dispersed
t catalysts, a third mechanism was proposed that competes with

he dicarbene mechanism, which involves a metallocyclobutane
pecies as intermediate. A good evidence that supports this pro-
osed was given by McVicker et al. [3] and Coq et al. [13] for
he hydrogenolysis of 1,2,4-trimethylcyclohexane and 2,2,3,3-
etramethylbutane, respectively.

Considering the fact that a successful strategy to improve
N of feedstocks should be based on a precisely tailored cat-
lyst with high selectivity towards the cleavage of substituted
ndocyclic C C bonds and also that the metallocyclobutane
dsorption mode rather than the dicarbene and/or �-allyl mech-
nisms can meet this target. We explore the employ of an alkali
etal (potassium) to modify the catalytic properties of silica-

upported iridium catalysts for selective ring-opening reaction.
ndeed, this approach has been employed for Hoost and Good-
ing to decrease the apparent activation energy and increased

he apparent hydrogen reaction order for ethane hydrogenolysis
f potassium-promoted SiO2-supported Ru catalysts [14]. Kazi
t al. [15] decreased the H2 adsorption strength and enhanced
O adsorption when Pd/SiO2 was modified with Li ions. Fur-

hermore, the hydrogenation and hydrogenolysis activities were
ecreased with increasing Li loadings. Most recently, Pedrero
t al. [16] studied the oxidation of CO in H2-CO mixtures
sing alkali promoter-modified Pt/SiO2 catalysts. They found
hat alkali cations (e.g. Na, Rb, Cs) not only improved the metal
ispersion and titrated silanol groups (Si OH), but also inhib-
ted spillover-mediated H2 oxidation pathways that decreased
O oxidation. From these results we can envisage that the addi-

ion of alkali ions to SiO2-supported metal catalysts not only

hanges the hydrogen transfer reactions, but also the ensemble
f atoms (metal dispersion). This might affect the adsorption
ode of the model molecule and therefore the reaction path-
ays.
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In recent publications and a series of patents, McVicker and
o-workers [3,17–19] reported the high ring opening activity
f Ir catalysts on six-member ring naphthenics. They pointed
ut the propensity of Ir to cleave C C bonds via the dicarbene
echanism. Most recently, it was reported that the preferred

athway of ring opening of 1,2- and 1,3-dimethylcyclohexane
n TiO2-, Al2O3- and SiO2-supported Ir catalysts appears to be
elated to a support effect rather than to an effect of metal dis-
ersion [20]. In the present paper, to enhance CN we attempt
o maximize the cleavage of substituted C C bonds using Ir-
ased catalysts. We explore the effects of potassium loadings as
romoter in order to determine its impact on the ring-opening
eaction of 1,3-dimethylcyclohexane as model reactant. We also
ully characterized the series of catalysts in order to gain insight
nto the relationship between the catalyst surface properties
nd the selectivity to ring opening products of Ir-containing
atalysts.

. Experimental

.1. Catalyst preparation

A series of SiO2 supported 1 wt.% Ir-containing catalysts
romoted with different loadings of potassium were prepared by
ncipient wetness co-impregnation. Silica was impregnated with
queous solutions of IrCl3·3H2O (Alfa-Aesar, 99.9%) and potas-
ium carbonate (J.T. Baker, 99.5%) containing 1 wt.% Ir and
ariable K loadings. The support material was silica (HiSil-210;
PG) with a BET surface area of 250 m2 g−1. After impregna-

ion, the catalyst precursors were dried overnight at 393 K and
hen calcined at 573 K for 2 h in flowing air.

.2. Catalyst characterization

.2.1. Elemental analysis
Semi-quantitative elemental ratio was verified by energy-

ispersive X-ray spectroscopy (EDXS) in fairly good agreement
ith the nominal composition, using a Kevex model Delta-
system connected to a JEOL JSM-880 scanning electron
icroscopy. The emission peaks from the regions related to
(K�), Si(K�), K(K�) and Ir(L�) were recorded for each sam-
le.

.2.2. Chemisorption of CO and H2

Reversible and irreversible H2 or CO uptakes at 300 K
ere measured by the volumetric technique. Catalysts (ca.
.50 g) were treated in H2 at 723 K for 2 h and then evacu-
ted at the same temperature for 0.5 h before the chemisorption
easurements were obtained. After treatment, the samples
ere cooled to 300 K, and the first chemisorption isotherm
as measured at 1–100 Torr. A second isotherm was obtained
sotherms were extrapolated to zero adsorbate pressure and
heir difference was defined as the irreversible chemisorbed

2 or CO and used to calculate the reported H(or CO)/Ir
alues.
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.2.3. Temperature-programmed reduction (TPR)
The samples were pre-treated before analyzing with a

5 cm3 min−1 dry air flow rate to 573 K for 1 h. The TPR profiles
ere carried out by passing a continuous flow of 5 vol.% H2–Ar
ixture over approximately 100 mg of in situ pretreated catalysts

t a flow rate of 20 cm3 min−1. The temperature was linearly
ncreased at a heating rate of 10 K min−1. The hydrogen uptake
hange against the temperature was monitoring using a thermal
onductivity detector (TCD), SRI model 110 TCD. The detector
as calibrated for hydrogen consumption using known amounts
f Co3O4 (from Alfa Aesar, 99.7%) and relating the peak area
o hydrogen uptake, taking into account the stoichiometric ratio
f the reduction reaction.

.2.4. Temperature-programmed surface reaction (TPSR)
TPSR experiments were carried out in a micro-reactor cou-

led to a quadrupole mass spectrometer (MKS, PPT 4.24)
ollowing carbon dioxides desorption. In a typical experiment,
0–100 mg of the sample is placed in a quartz micro-reactor
nd reduced with flowing hydrogen (50 cm3/min) to 723 K for
0 min. The temperature was linearly increased at a heating rate
f 10 K/min. The sample is then purged with He for 30 min at the
ame temperature and subsequently cooled up to 300 K under
owing He. CO adsorption was conducted using 5 cm3 loop
ulses of 5% CO-He until saturating the metal surface. This was
onfirmed, monitoring the CO partial pressure (m/z = 28) with
uadrupole mass spectrometer. The samples is finally heated up
o 1023 K under He flow (50 cm3/min), keeping the sample at
his temperature for 1 h. A similar proceeding for basicity mea-
urements was used, however the samples were pretreated with
owing air and the adsorbate was carbon dioxides instead of
arbon monoxide.

.2.5. X-ray photoelectron spectroscopy (XPS)
X-ray photoelectron spectroscopy data were recorded at room

emperature on a Physical Electronics PHI 5800 ESCA Sys-
em with monochromatic Al K� X-rays (1486.6 eV) operated
t 100 W and 15 V in a chamber pressure of approximately
.0 × 10−9 Torr. A 400 �m spot size and 58.7 eV pass energy
ere typically used for the analysis. Sample charging during

he measurement was compensated by an electron flood gun.
he electron take-off angle was 45◦ with respect to the sam-
le surface. The reduction or the reaction of the samples was
erformed in a packed bed micro-reactor with an on/off valve
n the top and bottom of the reactor. The reactor with the sam-
le under He was transferred to a glove bag; the sample (in
owder form) was placed in a stainless steel holder and it was
ept in a vacuum transfer vessel (model 04-110A from Physi-
al Electronics) to avoid any exposure to the atmosphere before
he analysis. The energy scale of the instrument was calibrated
sing the Ag 3d5/2 line at binding energy of 368.3 eV. The XPS
ata from the regions related to the C (1s), O (1s), Ir (4f), K
2p) and Si (2p) core levels were recorded for each sample.

uantification of the surface composition was carried out by

ntegrating the peaks corresponding to each element with aid of
he Shirley back ground subtraction algorithm, and then con-
erting these peak areas to atomic composition by using the

a
s
h
t
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ensitivity factors provided for each element by the PHI 5800
ystem software.

.2.6. Ir L3-edge X-ray absorption spectroscopy
Extended X-ray absorption fine structure (EXAFS) and near-

dge X-ray absorption fine structure (NEXAFS) spectra of the
r L3 edge (11,215 eV) were recorded at the 2.3 beamline of the
SRL (Stanford Synchrotron Radiation Laboratory) in trans-
ission mode using a Si(1 1 1) double-crystal monochromator.
pectra were taken using an in situ cell, which has been described
reviously [21,22]. Samples were held within a 0.8-mm i.d.
uartz capillary with 0.1-mm-thick walls. Gases were metered
ith electronic mass flow controllers. Ir catalysts were exposed

o H2 at 723 K, and reduction process was monitored from X-
ay absorption near-edge spectra (XANES); we determined the
xtent of reduction by monitoring changes in the white line inten-
ity. When the intensity of the white line remained unchanged,
atalyst was cooled down to room temperature in H2 and EXAFS
pectra were taken.

.2.6.1. EXAFS data processing. The fine structure oscillations
f each spectrum were isolated using the ATHENA program
23]. The data were then fitted using the ARTHEMIS pro-
ram [23] in R-space between 1.8 and 3.1 Å to determine
nteratomic distances and coordination numbers. Backscatter-
ng amplitudes and phase shifts of theoretical standards were
enerated with the use of FEFF6.0 [24] algorithm. As an ab
nitio calculation, FEFF uses a list of atomic coordinates in

cluster and physical information about the system, such as
ype of absorbing atom and excited core-level for its calcula-
ion. In our case, the list of atomic coordinates was simplified
sing ATOMS [25] which generates the required coordinates
tarting from a crystallographic description of the metallic Ir
ystem.

.3. Catalytic activity measurement and data analysis

The ring-opening reaction of 1,3-dimethylcyclohexane
DMCH) (obtained from Sigma–Aldrich, 99%) was conducted
t 593, total pressure of 3540 kPa and molar ratio of hydro-
en/hydrocarbon of 30. The runs were carried out in a plug-flow
eactor consisting of a 0.5 in. stainless steel tube placed inside
n electric furnace equipped with a three-zone temperature
ontroller. In all runs, the catalyst bed was kept isothermal.
ydrogen and liquid hydrocarbon were brought in contact in

he co-current mode. The liquid was continuously fed into the
eactor using an Isco LC-5000 high-pressure syringe pump
perating in the volumetric flow rate range of 0.15–400 mL/h.
efore each run, the catalyst was reduced in hydrogen flow
t 723 K for 2 h and then cooled to the reaction tempera-
ure (593 K). Dehydrogenated compounds (xylenes), coke and
eep hydrogenolysis products (e.g., C1, C2), detected on the
ing opening of naphthenics over Ir catalysts conducted at

tmospheric pressure [26], were not observed in the current
tudy. In fact, this study was conducted at high pressure, high
ydrogen/hydrocarbon ratio and negligible catalyst deactiva-
ion.
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Table 1
Compositions, metal dispersions and CO2 adsorbed by the potassium-promoted 1 wt.% Ir/SiO2 catalysts

K loadinga (atoms nm−2) Catalyst CO/Irb H/Irb NIr–Ir
c dp

c (nm) CO2
d (�mol/gcat)

0 Ir/SiO2 0.58 0.40 11.3 7.4 0.55
0.10 Ir–0.1K/SiO2 0.43 – – – –
0.51 Ir–0.5K/SiO2 0.61 1.13 10.8 4.2 1.3
1.3 Ir–1.3K/SiO2 0.66 – – – –
2.1 Ir–2K/SiO2 0.66 1.50 9.6 2.0 1.8
3.1 Ir–3K/SiO2 0.70 – – – 4.0
5.1 Ir–5K/SiO2 0.52 0.30 – – 12.4

a Per nm2 of SiO2 measured by BET method.
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and therefore inhibit the reaction of reduction, requiring higher
temperatures for reducing the oxide particles.

Quantitative data extracted from the TPR profiles and repre-
sented as inset in the upper right side of Fig. 1 shows an increase
b Chemisorption data obtained at 300 K after reducing the samples at 723 K.
c Average coordination number (N) and metal particle size (dp) determined b
d Chemisorption data obtained from the samples oxidized at 723 K.

The products were collected in a dry ice in acetone bath. The
iquid product was manually injected into a Hewlett-Packard
890 Plus GC for composition analysis. A Shimadzu GC-
S-QP5000 was used to identify the products with maximum

ertainty and standard compounds were used to confirm the
dentity of the compounds.

. Results and discussion

.1. Metal dispersion and particle size of Ir catalysts

Compositions and metal dispersions of the potassium ions-
romoted Ir catalysts are listed in Table 1. For SiO2-supported
atalysts, Ir dispersions slightly increased with increasing K+

urface density (0–3.1 atoms nm−2) as the average Ir–Ir coordi-
ation number and hence the particle size decreased. However,
igher K+ loadings (i.e. 5.1 atoms nm−2) produced a diminu-
ion in Ir dispersion. As one expected, the catalysts with lower
article sizes had higher hydrogen and CO uptakes than those
odified with large potassium loading, as a consequence of the

locking effect of potassium on Ir particles. Indeed, it has previ-
usly been reported that alkali ions improves metal dispersions
27–29] but electrostatic arguments do not account for the higher
etal dispersions achieved on alkali-modified SiO2 [16]. Mea-

urements of basicity, on the other hand, follow the expected
rend. That is, the CO2 uptakes increase with rising potassium
on loadings. Particularly notable is the sample with the highest
ontent of potassium (5.1 atoms nm−2), suggesting the presence
f a high surface density of potassium ion on silica surface.

.2. Temperature-programmed techniques

In order to find out the potassium-promoter effect on the
educibility of Ir/SiO2 catalysts we characterized those sam-
les by temperature-programmed reduction and the results are
llustrated in Fig. 1. The TPR profile of the unmodified Ir/SiO2
atalyst shows two hydrogen-consumption steps (Fig. 1a), a
houlder at 534 K and a main feature at 605 K. They are attributed

o the reduction of different nano-aggregate states of IrOx species
n the silica surface [30] or two morphologically different par-
icles of iridium oxide [31]. When rising K loadings up to
.3 atoms nm−2, the major reduction step was shifted to lower

F
s
1
1

FS.

eduction temperatures. Further promoter loadings caused an
pposite behavior on this peak position. On the other hand, a
mall hydrogen uptake at higher temperatures (above ∼740 ◦C)
id become not only more intense with increasing potassium
oading, but also more complex since several reduction steps
ere defined in the TPR profile of 5.1 atoms nm−2 modified-

r/SiO2 catalyst (see Fig. 1g). The dependence of the major
eduction steps with potassium content indicates that low load-
ngs of potassium markedly promote the reducibility of iridium
xide, probably due to a K-O-Ir interaction that facilitates
he dissociative adsorption of hydrogen. Indeed, this promoter
ffect of potassium ions on the reducibility of metal oxides
as been previously reported [32,33]. However, potassium con-
ents larger than 1.3 atoms nm−2 block most of the IrOx clusters
ig. 1. Temperature-programmed reduction profiles of the catalytic precur-
ors of K+-promoted Ir/SiO2 catalysts. (a) 1Ir/SiO2, (b) 1Ir–0.1K/SiO2, (c)
Ir–0.5K/SiO2, (d) 1Ir–1.3K/SiO2, (e) 1Ir–2K/SiO2, (f) 1Ir–3K/SiO2, (g)
Ir–5K/SiO2. Inset: Variation of the total H2 consumption vs. K loadings.
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of Eq. (3). In fact, studies of the transformation of CO to CO2
over silica-supported metals have revealed that the formation of
CO2 is strongly dependent not only upon the metal supported,
but also upon the promoter–chemical nature [35,36].
ig. 2. Temperature-programmed reduction profile monitored by mass spec-
rometry of 5 atoms nm−2-promoted Ir/SiO2 catalyst.

f the total hydrogen uptake as rising potassium loadings, par-
icularly for the catalyst with the highest content of potassium
5.1 atoms nm−2). The unmodified Ir/SiO2 catalyst and the pro-
oted with low potassium content (i.e. 0–0.51) yielded a ratio

f H2 moles consumed per mol of Ir (H2/Ir) close to 1.5 (i.e.
.4–1.6) in line with the reduction of Ir(III) to metallic irid-
um, whereas the catalysts with larger K loadings presented

2/Ir molar ratios greater than two (i.e. 2.4–4.3). Since it is
ot expected the reduction of potassium cation under the TPR
nalysis conditions [33,34], the excesses of hydrogen uptakes
elative to the reduction of Ir(IV) (i.e., H2/Ir molar ratios of 2.0)
re attributed to the hydrogen consumption upon water–gas shift
eaction (1):

2 + CO2 → CO + H2O (1)

Indeed, TPR experiment for Ir–5K/SiO2 catalyst followed
y mass spectrometry (MS), shows that the formation of car-
on dioxide and water start evolving simultaneously at the same
emperature that a strong hydrogen consumption is observed
ca. 1000 K), Fig. 2, indicating that the reaction (1) is the main
riving force for the high hydrogen uptake at temperature above
50 K. The presence of carbon dioxide is probably due to the
n-complete decomposition of potassium carbonate upon in situ
hermal treatment under flowing air at 573 K. Therefore, the CO2
roduced at higher temperature, upon TPR experiment, reacts
ith hydrogen to produce carbon monoxide and water (reaction

1)).
In order to find out the reactivity of iridium cluster and potas-

ium ions with carbon monoxide we conducted experiments of
emperature-programmed surface reaction (TPRS) under helium
ow. An interesting feature of these samples is the formation of

arge amounts of CO2 accompanied by a poor desorption of CO,
uggesting a high reactivity of Ir towards CO transformation.
he CO2 formation profiles from potassium-promoted Ir/SiO2

atalysts are shown in Fig. 3. A major CO2 peak centered at
pproximately 650 K, whose intensity increases whereas rising

ion loading up to 2.1 atoms nm−2, is clearly observed. At
bove K compositions, the major CO2 peak is shifted to higher

F
p
(
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emperatures whereas its intensity did not change markedly, sug-
esting that Ir clusters, partially blocked by potassium ions,
equire higher temperatures to convert CO to CO2. Smaller CO2
eaks at temperatures below 450 K and above 800 K are also
isplayed, owing to the different aggregation states of iridium.
hese findings indicate that the addition of potassium to Ir/SiO2
atalyst (up to 2.1 atoms nm−2) markedly promotes CO conver-
ion to CO2. However, catalysts with higher K compositions
equire higher temperatures to activate CO, owing to the partial
overage of the supported Ir clusters with K ions.

Under the pretreatment conditions of the samples, carbon
ioxides can be mainly produced either by disproportionation
f CO (i.e. Boudouard reaction):

CO → CO2 + C (2)

r the reaction of CO with hydroxyl groups from the support or
romoter:

O + 2OH− → CO2 + H2 + O2− (3)

Indeed, CO desorption was accompanied not only by the pro-
uction of CO2, but also by H2 formation (reverse water–gas
hift reaction). Both products started evolving simultaneously
nd reaching a similar temperature with maximum rate of des-
rption, suggesting that the main pathway of CO2 formation is
he reaction of CO with superficial hydroxyl groups (3), which
s catalyzed by potassium-promoted Ir clusters. This pathway
s also the main responsible for the formation of CO2 when
O interacts with Rh/Al2O3 [34]. Furthermore, the total CO2
roduced at high K ion loadings coincided with the CO uptakes
etermined by chemisorption in line with the stoichiometric ratio
ig. 3. Temperature-programmed surface reaction of carbon monoxide over K+-
romoted Ir/SiO2 catalysts. (a) 1Ir/SiO2, (b) 1Ir–0.5K/SiO2, (c) 1Ir–2K/SiO2,
d) 1Ir–3K/SiO2, (e) 1Ir–5K/SiO2.
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Table 2
Electron binding energies of the core levels for Ir 4f, K 2p and Si 2p in the K
ion-promoted Ir/SiO2 catalysts

Catalyst (wt.%) Binding energies (±0.1 eV)

Ir 4f7/2 K 2p3/2 Si 2p O 1s

1Ir–0K/SiO2 60.5 – 102.3 531.9
1Ir–0.1K/SiO2 60.3 292.5 102.0 531.4
1Ir–0.5K/SiO2 60.4 292.7 102.2 531.5
1Ir–1.3K/SiO2 60.2 292.6 102.0 531.4
1Ir–2K/SiO2 60.3 292.7 102.1 531.4
1
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and consequently their basic properties might be further hin-
dered.
Ir–3K/SiO2 60.2 292.5 102.0 531.5
Ir–5K/SiO2 60.2 292.6 102.0 531.6

.3. X-ray photoelectron spectroscopy (XPS)

Binding energies (BEs) of core-level electrons and metal sur-
ace composition were obtained by XP spectroscopy. Table 2
ummaries the observed binding energies of core levels for the
tudied catalyst series. The BE for Ir 4f7/2, Si 2p and O 1s
eaks in the unpromoted Ir/SiO2 catalyst are into the range of
xpected values for the corresponding Ir(0) and SiO2 [37]. On
he other hand, the addition of potassium produced a slight BE
hift towards lower values of approximately 0.1–0.3 eV for Ir
f7/2 and 0.3–0.5 eV for O 1s with respect to the unpromoted
atalyst, whereas a BE shift towards higher values of approx-
mately 0.4–0.6 eV for K 2p3/2 peak is illustrated, considering

BE for K 4p3/2 of 292.1 eV for 2 wt.% K/SiO2. This trend
uggests that a slight increase of electron density on the Ir
lusters occurred, probably due to electron transfer from potas-
ium oxide to Ir cluster. The presence of potassium oxide rather
han K2CO3 is supported by the stoichiometric consumption of
ydrogen at relatively low potassium loadings. However, no sys-
ematic deviation of the different binding energies with changing
f potassium loadings was noted, likely due to an additional
ecoration effect of the K ions on the Ir nanoparticles as was
reviously observed for sodium ion-promoted Pd/SiO2 catalysts
38,39].

It has been reported that metal to support atomic ratio
btained through XP spectra for supported metal catalysts can
rovide important information regarding the dispersion and even
rystal size-morphology of the supported phase [40]. For Ir-
ontaining catalysts, XP spectroscopy has been employed for
tudying the effect of the support, reduction temperature and
ddition of promoters on the hydrogenation reactions [41,42],
owever there have been no reports about the influence of
lkali metal ions on the metal dispersion. The Ir 4f7/2/Si 2p,

2p3/2/Si 2p and K 2p3/2/Ir 4f7/2 atomic surface ratios are
airly similar to the bulk atomic ratios, indicating that the
atalyst components are well distributed. The atomic surface
atios linearly increase with rising K ion loading, Fig. 4,
ecause of higher concentration of the supported species on
he silica surface. Furthermore, the Ir 4f7/2/Si 2p ratio pre-
ented a change of slop from 3.1 K-atoms nm−2 (Fig. 4a).

his trend suggests, in line with chemisorption measurements
nd EXAFS results (Table 1), that the addition of potassium
mproves the dispersion (or re-dispersion) of Ir clusters. How-

F
o

neering Journal 139 (2008) 147–156

ver, potassium loading of 5.1 K-atoms nm−2 attenuates the
eak-intensity ratio owing to a severe decoration effect of

ions over Ir clusters. This was reflected on poor metal
ispersion and large CO2 uptake (Table 1). The above also
uggests that for K loadings below 3.1 atoms nm−2, the CO2
ptakes are strongly hindered due to the interaction KOx

oisture–Ir nanoparticles. Additionally, it is well-established
hat alkali metal ions titrate silanol (Si OH) groups [16]
ig. 4. Atomic surface ratios determined by X-ray photoelectron spectroscopy
f promoted Ir/SiO2 catalysts as a function of K ion loading.
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Table 3
Structural parameters of iridium obtained from fitting of EXAFS data using
theoretical references developed with FEFF

Catalyst 〈N〉a Rb (Å) σ2c (Å−2) E0
d (eV)

Ir/SiO2 11.3 ± 1 2.709(8) 0.0047(8) 7.3 ± 1
Ir–0.5K/SiO2 10.8 ± 1 2.703(5) 0.0049(5) 7.5 ± 1
Ir–2K/SiO2 9.6 ± 1 2.702(4) 0.0050(5) 7.0 ± 1

a Average coordination numbers.

i
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.4. Ir L3-edge X-ray absorption spectroscopy

The Fourier transform intensities of the weighted EXAFS
unctions k3χ(k) are shown in Fig. 5 for K+-promoted Ir/SiO2
atalyst series. The higher-shell features are similar to iridium
oil thus indicating the possible existence of clustered Ir atoms.
ll Fourier transformed spectra are consistent with an fcc-

tructure retained in the nano-particles. The Fourier transform
s an offset radial distribution diagram of the atoms surround-
ng the central absorber and is calculated from the interference
attern of the X-ray photoelectron wave as it passes through the
rystal media. As the Fourier transform is scaled to the coordi-
ation number this makes it possible to then visually determine

hanges in the chemical state through observing the changes in
ntensity. In the EXAFS analysis the finite nanoparticle size is
eflected in the reduced average coordination number result-

ig. 5. Amplitude of the Fourier transforms of EXAFS data of samples measured
n H2 at RT after reduction at 723 K (�). Solid lines show the corresponding
ourier transforms of the fitted functions.
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b Bond distances.
c Debye–Waller factors.
d E0 shift.

ng from their considerable surface-area-to-volume ratio. As
hown in Table 3, the Ir clusters in the supported samples have
reduction of Ir–Ir coordination number as a function of K-

oading. Due to the small variation of the coordination number
t nano-cluster diameters larger than 2 nm and the errors asso-
iated with the EXAFS coordination number only approximate
nformation about nano-cluster sizes can be obtained by EXAFS
nd thus other measurements are essential for a comprehensive
haracterization of the nano-clusters as a function of size. With
hemispherical cuboctahedron fcc model [43], the Ir particle

ize can be roughly estimated to be about 3.7 nm for Ir/SiO2,
.2 nm for 0.5 K-atoms nm−2-promoted Ir/SiO2 and 0.9 nm for
.1 K-atoms nm−2-containing Ir/SiO2, respectively. This inten-
ity reduction is predominantly caused by the decrease in the
verage first shell coordination number that results from the
hanging ratio of surface to bulk-like atoms in the clusters. It
s clear that there is a striking decrease in Ir cluster size with
ncreasing K loading in line with the above-mentioned trend of
he metal dispersion.

Additionally, a significant bond length contraction with
espect to the Ir foil can be observed, the first Ir–Ir coordi-
ation bond distances shrink with increasing K loading. The
elative first nearest Ir–Ir length contraction changes as a func-
ion of the inverse nano-cluster diameter. It should be noted
hat the bond lengths obtained from EXAFS results are aver-
ge. The noticeable decrease in lattice constants of supported
r cluster can be understood in terms of a simple liquid drop
odel [44] where enhanced surface energy is a main reason

or the contracted lattice (nanosize effect). In response to the
ompressive tension, the atomic positions of the surface atoms
hould shift away from ideal sites and toward the cluster’s core.
herefore, these surface atoms should have shorter the first Ir–Ir
oordination distance [45]. These results suggest that addition
f K might wet the SiO2 surface through an anchoring effect of
he silanol groups with K ions and consequently the dispersion
f Ir on SiO2 surface enhances, owing to the KOx moisture–Ir
nteraction.

.5. Catalytic activity of K ions-promoted Ir/SiO2 catalysts

The ring-opening reaction of 1,3-DMCH produces three pri-

ary products: 2-methylheptane (2-MC7) and 4-methylheptane

4-MC7) from the breakage of tertiary–secondary C C bonds (a
nd b) and 2,4-dimethylhexane (2,4-DMC6), which is formed
y cleavage of a secondary–secondary C C bond, Scheme 1.
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Scheme 1. Cetane numbers and reaction pathways for the primary
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Fig. 7. Effect of the potassium ion loadings on the ratios of primary products
from substituted C C rupture to unsubstituted C C cleavage (i.e. 2-MC7 + 4-
MC7/2,4-DMC6) and substituted C C cleavage at internal to external positions
(
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roduct formation in the iridium-catalyzed ring-opening reaction of 1,3-
imethylcyclohexane.

In a recent contribution, it was predicted the CNs of such
s products indicated by a, b, and c (47, 40, and 31, respec-
ively) among many others, using artificial neural network and
database of all the available experimental CN data [5]. These

stimations indicate that highly branched molecules (i.e., high
H3/CH2 ratio) present low CNs [46]. Since 1,3-DMCH has a
N of 30, selective cleavage at both the a and b positions (par-

icularly at a), but not at c, would result in high CN desirable
roducts.

Fig. 6 displays the influence of the K ion loadings on the ring-
pening reaction of 1,3-DMCH. It is found that the increase of
+ content lineally inhibits the 1,3-DMCH conversion, owing

o a gradual deactivation process with increasing promoter load-
ng. But simultaneously increases the selective ring-opening
eaction, reaching a maximum selectivity when K+ loading is
bout 2.1-atoms nm−2 and then decreasing for greater K ion
ontents. Even though this trend is most probably affected by
he no isoconversion condition, the above-mentioned results for
he unpromoted and 2.1 K-atoms nm−2-promoted Ir/SiO2 cata-
ysts clearly evidence the strong promoter effect of potassium

n silica-supported Ir catalysts. This effect is also reflected
pon the primary product distribution, Fig. 7, where both the
2-MC7 + 4-MC7)/2,4-DMC6 and 2-MC7/4-MC7 ratios show

ig. 6. Influence of the potassium ion loadings on the 1,3-DMCH conversion
nd ring opening selectivity over Ir/SiO2 catalyst. Reactions were conducted at
93 K, total pressure of 3540 kPa and molar ratio of hydrogen to hydrocarbon
as kept at 30. Error data ca. 5%.
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i.e. 2-MC7/4-MC7) of Ir/SiO2 catalyst. Reactions were carried out at 593 K,
540 kPa and molar ratio of hydrogen to hydrocarbon of 30. Error data ca. 5%.

similar behavior than the ring opening selectivity. However,
he maximum for a/b ratio underwent a less severe change
ith potassium composition greater than 2 K-atoms nm−2, com-
ared with (a + b)/c ratio. This trend is mainly due to the strong
ncrease of the undesirable 2,4-DMC6 primary product com-
ared with 2,4-MC6 and 4-MC7 at above potassium loading.
o isomerization products were observed owing to the low iso-
erization activity of non-acidic carrier-supported Ir catalysts

47,48].
The above-mentioned catalytic results illustrate that not all

ing opening products exhibit high CNs. Hence, it is very impor-
ant not only the control of the specific type of C C bond cleaved,
ut also the inhibition of the secondary reactions in order to
each a maximum selectivity to the desirable products. Three
ifferent ring opening adsorption modes might operate upon the
ynthesis of products with higher or lower CN than the origi-
al naphthalene-derived molecule: (1) �-Adsorbed olefin mode,
hich requires a flat adsorption of three neighboring carbon

toms. (2) Metallocyclobutane adsorption mode that involves
metal atom and three C atoms to form a cyclic intermediate.
oth mechanisms can achieve C C cleavage at substituted posi-

ions [12,49], eliminating branching and enhancing the CN. (3)
icarbene mechanism, on the other hand, requires metal–carbon
onding of two carbon atoms and results in C C cleavage
f unsubstituted secondary–secondary carbon atoms [12]. This
acilitates the formation of highly branched isoparaffins with
ow CNs.

Considering the above statement and the product distribution
e can envisage that the main adsorption modes of 1,3-DMCH
n K-promoted silica-supported Ir catalysts are the dicarbene
nd the metallocyclobutane mechanisms (Scheme 2). The �-
dsorbed olefin mode seems not operate under the used reaction
onditions, since the selectivity to primary products is far to sta-

istical ratio owing to the absent of a flat lying adsorbed species
ith approximately equal accessibility of both ring C C bonds

o the surface active centers. This is most probably due to the
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cheme 2. Catalytic pathways of iridium-catalyzed ring opening of 1,3-DMCH
nd secondary hydrogenolysis reactions. Path a and b: metallocyclobutane
dsorption mode, path c: dicarbene mode.

terically hindered effect occasioned by the two bulky methyl
roups present in the cyclic molecule.

There are not evidences for ring-contraction reaction from
6 to C5 rings in line with a previous report [20]. According

o Gault and coworkers [49], the reaction path involving the
etallocyclobutane intermediate would have activation energy

igher than that operating the dicarbene intermediate. However,
he ring-opening reaction of 1,3-DMCH through the metallo-
yclobutane adsorption mode can take place not only on the

C bonds inside the two methyl substituents (a), but also the
C bonds outside the groups (b). Therefore, this naphthalene-

erived molecule presents four C C bonds that would facilitate
he metallocyclobutane mechanism to obtain high CN products
nd only two C C bonds that involve the dicarbene path (c)
o produce low CN molecules. Nevertheless, the former could
e present only when either the lower-energy dicarbene path
as blocked or the metallocyclobutane pathway is selectively

atalyzed.
In the present work we observe that the addition of K ions

o Ir/SiO2 catalyst up to about 2–3 K-atoms nm−2 not only
ecreases the Ir particle size, but also contributes positively to
he selective ring opening of sterically hindered C C bonds.
herefore, one can tune the selectivity to ring-opening reaction

ust changing the potassium loading. We propose that the addi-
ion of potassium ions improve the dispersion of Ir on SiO2
urface because of KOx moisture–Ir interaction, eliminating
he large ensembles of contiguous atoms. This is reflected in
he suppression of dicarbene intermediates and the enhance-

ent of the metallocyclobutane adsorption mode, particularly
or the desirable primary product 2-MC7 (highest CN) because
f the inhibition of its secondary hydrogenolysis reaction.
esasco and co-worker recently reported that high-temperature

eduction on Ir catalysts is an additional way to hinder this
econdary reaction [20]. Simultaneously, a lineal reduction of
he ring opening activity with increasing potassium loading
s observed. This inverse trend between the 1,3-DMCH con-
ersion and the iridium-cluster size suggests that there are
any fewer active sites than surface atoms on the small par-
icles [50] and reveals the true structure sensitivity of the
ing-opening reaction. Indeed, Ponec and co-workers [51] found
ut that the particle size does not affect significantly the ring-
pening reactions over Ir catalysts, in contrast with the behavior

A
o
(
a
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f Pt [12]. However, Ir became more selective toward ring
pening at substituted (tertiary) carbon centers as the cata-
yst became covered by carbonaceous species. It is possible
hat carbonaceous deposit can hide the true structure sensitiv-
ty of these reactions. In the present study, we found strong
vidences that the particle size plays a very important role in
he selectivity to substituted C C bond rupture compared with
nsubstituted C C bonds under catalytic condition where low
ate of coke formation and negligible catalyst deactivation were
btained.

. Conclusions

The following concluding remarks can be drawn from this
tudy:

1) The addition of potassium ions to Ir/SiO2 catalyst produce
severe structural and superficial changes that are reflected
not only on its reducibility, but also on its ability for catalyz-
ing the ring-opening reaction of 1,3-dimethylcyclohexane
and the selectivity to primary product from substituted to
unsubstituted C C cleavages. Potassium loadings up to
1–2 atoms nm−2 promote the reducibility of iridium oxide,
probably due to its interaction with KOx moistures that
would facilitates the dissociative adsorption of hydrogen.
Above potassium contents block most of the IrOx clus-
ters and inhibit the reduction of the catalyst precursor. Ir
dispersions, on the other hand, slightly increased (as par-
ticle size decreased) with rising K surface density up to
3.1 atoms nm−2, but strongly decreased at higher K load-
ings due to the non-uniform decorative effect of potassium
over Ir particles.

2) The ring-opening reaction of 1,3-dimethylcyclohexane over
Ir/SiO2 catalyst can be tuned with addition of potas-
sium ions. The favorable catalytic reaction pathway on
Ir/SiO2 catalysts is the dicarbene adsorption mode, which
is based on the rupture of unsubstituted C C bond
(secondary–secondary) toward products with high degrees
of branching and low CNs. The addition of K ions to
Ir/SiO2 catalysts (up to 3 atoms nm−2), on the other hand,
markedly improves not only the Ir dispersion, but also
the metallocyclobutane adsorption mode. This facilitates
the cleavage of substituted C C bonds and therefore the
selectivity toward highly unbranched products with high
CNs.

cknowledgements

The authors thank to Professor D.E. Resasco and Dr.
.E. Alvarez for fruitful discussions. This work was sup-

orted by funds provided by the Oklahoma Center for
he Advancement of Science and Technology (OCAST).
RL and FRG acknowledge financial support by ANPCYT,

rgentina (project 06-17492); NSF-CNPq-CONICET collab-
rative research agreement (CIAM project) and CONICET
project PIP 6075/05). Portions of this research were carried out
t the Stanford Synchrotron Radiation Laboratory, a national



1 l Engi

u
U

R

[

[
[
[
[
[

[
[

[

[
[
[
[

[
[
[

[

[

[
[
[
[

[

[
[

[
[
[

[

[

[

[

[
[
[
[

[

[
[
[
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