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Since arenes generally exist in coals and their derivatives, petroleum, crop stalks and even liquid fuels, such
as gasoline and diesel, catalytic hydrogenation of arenes is a very important process both for
hydroconverting fossil and biomass resources and for deeply upgrading liquid fuels. Supported metal-
catalyzed hydrogenation is still the primary method for reducing arenes and heteroatomic species. Both
noble and non-noble metals as well as a variety of alloys have been extensively investigated as the active
species of catalysts. The catalytic activity for arene hydrogenation and the sulfur-resistance of catalysts are
attributed to the nature of both metals and supports. As widely used supports, zeolites can greatly
improve the sulfur-resistance and hydrogenation activity of catalysts due to their distinct channel structure
and adjustable acid sites. In addition, some new processes of catalyst preparation have been created to
modify the dispersion of metal particles, even to prepare supported metal nanoparticles. The
thermodynamics and kinetics of arene hydrogenation have been systematically investigated as well. The
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carcinogenicity and mutagenicity.”>* On the other hand,
perhydroarenes have many important applications. For exam-
ple, perhydroanthracene is an intermediate for producing jet
fuels, steroids and antibiotics,> and polycyclic naphthenes,
such as decalin and perhydrophenanthrene, are considered to
be potential second- and third-generation immersion fluids.>
Therefore, catalytic hydrogenation of arenes is a very impor-
tant process both for hydroconverting fossil and biomass
resources and for deeply upgrading liquid fuels. Moreover, a
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the importance of petroleum hydroprocessing using highly
active catalysts.>* " In fact, the predicted daily output of heavy
crude oil over the world will ascend from 8.1 million barrels
(MB) in 2005 to 17.5 MB in 2025 while the hydroprocessing
capacity is only 8.6 MB (Fig. 1) and more and more countries
have legislated to restrict arene levels in fuels as well as sulfur
and nitrogen species (Table 1).*?

In order to reduce arene levels, new hydrotreating
technologies have been developed continuously.***® Two-
stage hydrogenation process has been widely used since the
first two-stage process established by Shell went into operation
in 1992.>>** The first stage adopts a common hydrotreating
catalyst to reduce the levels of sulfur, nitrogen and metal
species to avoid poisoning the noble metal catalyst to be used
in the second stage, in which the arenes are deeply saturated
and sulfur atoms are removed. Using the diesel from FCC of
heavy oil as the feedstock, SINOPEC used the two-stage
process, in which Pt or Pd catalyst was used in the second
stage to produce diesel fitting with the II and III criterion of
WWEC (the contents of S and N are lower than 10 ppm and the
cetane number is higher than 40).** Nippon Oil Company
came up with a two-stage process, in which the first stage used
Co-Ni, Ni-Mo or Ni-Co catalyst to restrict the sulfur content
under 500 ppm and the second stage also used a noble metal
catalyst to reduce arene levels to 9 wt%.>’

As mentioned above, metallic catalysts (MCs), especially
noble metal, have been used to saturate arenes.?” Much work
has been done to develop new varieties of supported MCs to
increase catalytic efficiency. Metal sulfides, such as Ni-W and
Ni-Mo sulfides supported on v-Al,O3;, SiO,, zeolite and
multiple oxides, were also used as catalysts to hydrogenate
arenes especially in a one-stage process.’**® However, the
operating conditions of such catalysts were so harsh (e.g., 310-
410 °C and 8-14 MPa of H, pressure are needed for catalytic
hydrogenation over NiMoS/y-Al,O3) that the thermodynamic
equilibrium for the saturation of aromatics was severely
inhibited. Thus, the metal sulfides would be used in
hydrocracking rather than in arene hydrogenation.*>**>"
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Fig. 1 The trend of international heavy oil output and hydroprocessing capacity.

In this paper, the advances in supported metal-catalyzed
hydrogenation of arenes are reviewed. The main factors
affecting sulfur-resistance of the supported metals, the
thermodynamics and kinetics of arene hydrogenation over
the supported metals are discussed.

2 Supported metals

Because of their high turnover frequencies, group VIII metals,
especially noble metals, have been prioritized in catalyzing
arene hydrogenation without sulfur and nitrogen species or
with low concentration of the species.?”°*® The temperatures
needed for catalytic hydrogenation over the metals are
significantly lower than those over the metal sulfides, which
benefits the thermodynamic equilibrium motion towards
saturated rings. There are two dominant factors determining
the catalytic activity of group VIII metals. The first one is
chemical bond delocalization amid metal atoms and another
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Table 1 Diesel specification?
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Specification
Diesel Smax (Wt%) Dy (g cm™?) TAmax (Vol%) PCAax (VO1%) CNpin to5, min
I 0.5 820-860 none none 48 375
I 0.03 820-850 25 5.0 53 355
I 0.003 820-840 15 2.0 55 340
v 0.001 820-840 15 2.0 55 340

“ TA: total aromatics; D,,: density at 20 °C; PCA: polycyclic aromatics;

is the electron holes of metal atomic d orbits.>** The d hole
(Table 2) means the energy bands having no electron, and the
d% denotes the percentage of d orbits involved in hybrid
orbits. The metals with d% from 40 to 50% are usually
regarded as appropriate species for catalyzing arene hydro-
genation.

2.1 Supported noble metals

According to the multiplet theory of catalysis, noble metals,
such as Pd, Pt and Ru, are perfect catalysts for arene
hydrogenation since their lattice distances (from 0.36 to 0.38
nm) facilitate the activation of adsorbed arenes. Thus, noble
metals, especially Pd and Pt, are most extensively investigated
for catalytic hydrogenation of arenes.>®™®

Ma et al. investigated microwave-assisted hydrogenation of
anthracene and phenanthrene over Pd/C at temperatures
lower than 100 °C.°® Superdelocalizability (S,) and resonance
energy proved to be proper parameters to interpret the related
reaction mechanisms. Ali et al. used halogen to modify Pt/
Al O; for catalyzing benzene and toluene hydrogenation at
temperatures lower than 150 °C but the detailed mechanism
for the modification with halogens was not clear.®® Kluson
et al. used Ru/activated charcoal as the catalyst for the
hydroconversion of phenol, anisole and benzaldehyde.”® As a
result, phenol and anisole were converted to cyclohexane but
benzaldehyde was hydrogenated to cyclohexylmethanol, indi-
cating that the deoxygenation from phenol and anisole and the
hydrogenation of carbonyl group in benzaldehyde occurred
besides the hydrogenation of the benzene ring in the
reactants.

Both monometallic catalysts (MMCs) and bimetallic cata-
lysts (BMCs) were used for catalytic hydrogenation, while

Table 2 The d hole and d% of transition metals

Metal d hole d% Metal d hole d% Metal d hole

Cr 4-5 39 Rh 1-2 50 Sc 20
Mn 3-4 40.1 Pd 0-2 46 Ti 27
Fe 2-3 39.7 Ag 0-1 36 A% 35
Co 1-3 37.5 w 4-6 43 Y 19
Ni 0-2 40 Re 3-5 46 Zr 31
Cu 0-1 36 Os 2-4 49 Nb 39
Mo 4-5 43 Ir 1-3 49 La 19
Tc 3-4 46 Pt 0-1 44 Hf 29
Ru 2-3 50 Au 0 — Ta 39

This journal is © The Royal Society of Chemistry 2013

CN: cetane number.

BMCs were more likely used because of the synergic effect
from supported metals. Pd-Pt BMCs have been studied in
detail for a long time.”" " Yasuda et al.”® and Fujikawa et al.”’
reported that the ionic interaction between Pd and Pt retained
the high dispersion of Pd to achieve high catalytic activity and
sulfur-resistance when the molar ratio of Pd/Pt was 4 : 1. A
series of supported BMCs, such as Pt-Pd, Pt-Re and Pt-Ge on
Si0,-Al,0;, were prepared using impregnation-reduction
method. Among them, Pt-Pd catalysts are the most highly
active and their catalytic activity reached a maximum of ca. 0.7
Pd/(Pt + Pd) weight ratio.”® The detailed characterizations of
Pd-Pt catalyst were carried out by Navarro et al,”” who
indicated that the catalytic activity and sulfur-resistance were
markedly enhanced by adding Pt species of electron-deficit.
Even though majority of the investigations simply considered
the synergy between different metals as an important role in
enhancing catalytic activity, the preparation methods, in this
review, might act as a decider especially for the methods
involving the process of hydrogen reduction because of the
different reduction temperatures of different metals.
Moreover, any processes involving calcination would greatly
reduce the specific surface area of the metals. It is well known
that metal sintering occurs when the temperature is higher
than one third of the melting point.>*

2.2 Supported non-noble metals

Because of easier availability, non-noble MCs, especially Ni
and its alloys, were also extensively investigated besides the
investigations of noble MCs.*®® Sawva et al. investigated
benzene hydrogenation over Ni/Al,O; prepared both by the
conventional method of dry impregnation and by sol-gel
technique.®” They pointed out that the sol-gel methodology
ensured a better compromise between the dispersion of the Ni
phase and its interaction with the support than the conven-
tional method. Benzene was completely converted over the Ni/
Al,O; prepared by sol-gel technique at 210 °C. Indeed, the
calcination for Ni/Al,O; catalyst before H, reduction reduced
the catalytic efficiency for benzene hydrogenation due to the
dispersion decrease of supported Ni. By blending Ni with
either noble metals or with non-noble metals, Ni alloys
generally showed better catalytic activity than monometallic
Ni. Barrio et al. impregnated the calcined Ni/SiO,-Al,0; in
Pd(NO;), solution followed by drying, calcination and H,
reduction to obtain Pd-Ni/SiO,-Al,0;. The catalyst showed a
high catalytic activity for naphthalene and toluene hydrogena-

RSC Adv., 2013, 3, 14219-14232 | 14221
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tion when the molar ratio of Pd/Ni was 1 : 8.%% However, there
was no synergy effect between Pd and Ni observed since the
stepwise impregnation inhibited the alloy formation.

Although BMCs are generally deemed as more efficient than
monometallic ones, some combinations of metals are indeed
not ideal catalysts for arene hydrogenation. The number of d
holes in metals is considered to be an important indicator for
catalytic activity, but more d holes in metals do not necessarily
lead to higher catalytic activity. The metals with too many d
holes could be too strongly adsorbed by substrates, which is
not favorable for catalytic hydrogenation.>>> For instance, the
d holes of Fe are more than those of Ni, but Fe-Ni alloy is not
the ideal catalyst for arene hydrogenation.’ Boudjahem et al.
prepared Ni-Cu/SiO, by aqueous hydrazine reduction to
obtain whisker-like shape metallic phase with a mean particle
size varying from 25 to 100 nm, however, the presence of Cu
decreased the catalytic activity of the Ni.** Ni-W or Ni-Mo
alloy is still an ideal bimetallic catalyst for arene hydrogena-
tion besides noble metals. Halachev et al.®° investigated the
catalytic activity of Ni-Mo and Ni-W supported by Ti-HMS
mesoporous material for naphthalene hydrogenation. They
found that Ni-W/Ti-HMS catalyst exhibited higher catalytic
activity than Ni-Mo/Ti-HMS and decalin yield over Ni-W/Ti-
HMS reached 70%.

3 Sulfur-resistant catalysts

Compared with metal sulfides, MCs are much more vulnerable
to sulfur-containing species (SCSs).*** According to the
investigations on the reaction of di(1-naphthyl)methane over
metals or metal-sulfur systems, metals, such as Fe, Ni and Pd,
mainly catalyzed arene hydrogenation via biatomic hydrogen
transfer, whereas metal-sulfur systems tend to hydrocrack the
substrate via monatomic hydrogen transfer.”’"%® SCSs
strongly adsorbed on the metal’s surface and thereby
passivated the MCs for hydrogenation. There are three major
routes for enhancing the sulfur-resistance of MCs: changing
the composition of alloys, adopting supports of appropriate
acidity and modulating the dispersion of metal species.

3.1 Composition of alloys

Many alloys have been investigated to clarify their assistant
effect on the sulfur-resistance of the main metal.”* Hu et al.
investigated toluene hydrogenation over Pd and Pd-M (M
denotes Cr, W, La, Mn, Mo or Ag) supported on HY-AL,O; in
the presence of 0.3% thiophene (Fig. 2, in which MCH and
DMCP denote methylcyclohexane and dimethylcyclopentane,
respectively).”” Both Cr and W markedly improved the catalytic
activity of Pd while other metals inhibited the activity. MCH
and cracked products were selectively produced from toluene
at lower and higher temperatures, respectively.

Huang et al.®? investigated the sulfur-resistance of Ni/Al,O;
modified by Mg, La, Mo, Ti and Th during toluene
hydrogenation in the presence of 750 ppm thiophene. Their
results showed that all the above metals except Mo enhanced
the sulfur-resistance of Ni because there was neither Mo-Ni
alloy nor NiMoO, formed to resist sulfides. The influence from

14222 | RSC Adv., 2013, 3, 14219-14232
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alkali metals was investigated as well.>* Ferrandon et al.
impregnated KNO; and Rh(NOj3); onto La-Al,O; to get Rh-K/
La-Al,0;.°> The addition of K significantly enhanced the
sulfur-resistance of Rh when the catalyst was used for gasoline
reforming with 34 ppm SCSs. Moreover, alkali metals
inhibited coke formation, which is the major cause of catalyst
deactivation. The assistant species even extended to non-
metallic elements.’® Wang et al. investigated boron role in the
sulfur-resistance of amorphous Ni-B/SiO, catalyst poisoned by
CS, during cyclopentadiene hydrogenation.’” They pointed out
the higher sulfur-resistance of Ni-B alloy is due to the
reversible adsorption of sulfur on the elemental boron prior
to adsorption on Ni and the catalyst was deactivated once Ni
began to adsorb sulfur.

3.2 Supports

Supports act not only as platforms for the dispersion of active
species (ASs) and for catalytic reaction, but also as assistants
impacting the performance of the ASs. Indeed, supports
themselves also act as ASs.”>>® Activated carbon (AC) catalyzes
monatomic hydrogen transfer, but such a hydrogen transfer
did not lead to deep hydrogenation of polycyclic arenes.’®
Acidic supports improved the sulfur-resistance of metallic
species and the catalytic activity for arene hydrogenation was
modified as well, which was interpreted by the model of
electron deficient ‘metal-proton’ adduct.’>**°® The mechan-
ism for the interaction between Pt species and the zeolite was
proposed. First, Pt species were linked with the acid sites of
zeolite during impregnation or ion-exchange to form (=Al-
O )[Pt(NH;),Cl], in which ‘=Al-O"’ denotes the acid sites of
zeolite. Second, the Pt species turned into (=Al-O),Pt**
during calcination. At last, the Pt>" species were transformed
into small clusters of electron deficient metal during H,
reduction. The intimate contact between the metal clusters
and acid sites promoted electron transfer from metal to acid
sites to form electron-deficient metal clusters. Zeolites are
most extensively used as appropriate supports of MCs due to
their sufficient surface area, good hydrothermal and structural
stability, perfect selectivity for products and adjustable acidity.
The catalytic activity and sulfur-resistance of metals are
markedly improved by zeolites (Tables 3 and 4)."°°7%8

The catalytic activity of supported-metals is attributed to two
parts: one is the contribution from the metal surface, and the
other derives from the acid sites, where the spillover hydrogen
could react with the adsorbed arene molecules. The H on
zeolites can be exchanged with H, easily in the presence of a
metal phase, which can adsorb and dissociate H,. Wang et al.
investigated the role of interparticle migration of spillover
hydrogen in solid acid-diluted catalysts.’®® The H, is first
adsorbed on Pt sites and then dissociated into H or H'
(Scheme 1). The hydrogen species are proposed to spillover
onto the Al,O; support, cross the interphase between Pt/Al,O;
and the solid acid and finally migrate to the acid sites.
Meanwhile, benzene molecules adsorbed on the acid sites in
the form of carbonium ions are hydrogenated by the spillover
hydrogen. There should be no bridge between H, and the
spillover hydrogen without Pt in the vicinity of the acid sites,
and the arene hydrogenation could not take place in the
absence of Pt.

This journal is © The Royal Society of Chemistry 2013
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Weak acid or non-acid supports, such as Al,03, Al,0;-SiO,,
B,05;-Al, 03, MCM-41, F-Al, O3, TiO, and TiO,-Al,O5, were also
researched because of their advantages over zeolites.'''"
Brensted acids, the main acid species of zeolites, were strong
enough to resist sulfur and to enhance the catalytic activity of
supported-metals for arene hydrogenation along with the
severe product coking or cracking. Weak acid supports, mainly
Lewis acid sites, showed a high selectivity for hydrogenated
products and a low yield of coked or cracked products.

Carbon-based supports, such as AC and graphite, were not
recommended as supports for non-noble MCs since the
resulting carbides have no catalytic activity.'** However, noble
metals supported on carbon-based supports, such as Pd/C,
have been used as perfect catalysts for arene hydrogenation.
Other carbon-based supports, such as carbon nanotubes
(CNT), were also noticed."*>""® Yoon et al. supported Pd and
Rh on (or in) CNT to obtain metal nanoparticles and

Table 3 Application of zeolite-supported MMCs in catalytic hydrogenation?

Conversion ~ Main Selectivity
Catalyst Feedstock Operation condition (%) product (%) Ref.
Pd/USY Naphthalene Mass ratio of feedstock to catalyst 10 : 1, molar ratio 12-95 Tetralin 95 100
with BTP of BTP to Pd 0.9-9, Py, 6.89 MPa, 200 °C, 2 h
Pt/Mordenite Benzene Catalyst 0.45 g, molar ratio of H, to benzene 4 : 1, 100 MCP 66.7 101
Pt/ZSM-5 Pyp 2.0 MPa, WHSV was 2 hfl, 230 °C 99 Cyclohexane 98.7 101
Pt/Beta 99 50.3 101
Pt/NaH-MOR Benzene Catalyst 0.09 g, TP concentration 0 or 50 ppm, H, flow  — 70.3-87.9 102
Pt/KH-LTL with TP 200 mL min 1, 350 °C, 1 h — 72.3-80.5 102
Pd/H-beta Naphthalene  Catalyst 0.09 g, TP concentration 0 or 200 ppm, 100 Decalin 15.6-31.7 103
Pd/AI-MCM-41  with TP Py 6.2 MPa, 250 °C, 0.3 h or 0.66 h 100 Tetralin 71.5-94.5 103
Ni/SBA-15 Naphthalene =~ Mass ratio of feedstock to catalyst was 83 : 1, Py, 5.0 100 Decalin 81.9 104

MPa, 300 °C, 2 h.

“ BTP: benzothiophene; Pyy,: hydrogen pressure; MCP: methylcyclopentane; TP: thiophene.

This journal is © The Royal Society of Chemistry 2013
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Table 4 Application of zeolite-supported BMCs in catalytic hydrogenation?
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Conversion Selectivity
Catalyst Feedstock  Operation condition (%) Main product (%) Ref.
PdPt/H-beta Toluene Mass ratio of feedstock to catalyst was 1 : 1, molar 100 MCP 100 105
Pt/H-beta ratio of H, to toluene 28 : 1, H, flow 50 mL min?, 100 84 105
Pd/H-beta 150 °C 50 84 105
NiRu/ZSM-5 + Al,O4 Toluene Molar ratio of H, to toluene 350 : 1, 99 MCP 96 106
Ni/ZSM-5 + Al,O, Py, 3.5 MPa. LHSV 3 h™ 7, 240 °C 98 100 106
MoNi/Nano-beta LCO Catalyst 20 g, Py, 8 MPa, 375 °C, 1 h 92.9 Saturates 22.1 107
WNi/Nano-beta 91.6 27.2 107
PtNi/H-beta NS Catalyst 0.75 g, H, flow 190 mL min™", 65 Naphthenes 35.1 108
Ni/H-beta 290 °C, 24 h. 45 23.6 108
Pt/H-beta 68 33.2 108

¢ Pyt hydrogen pressure; MCP: methylcyclopentane; LCO: light cycle oil; NS: naphtha stream.

hydrogenated benzene at room temperature.''® However, the
novel supports are generally expensive for practical use.

3.3 Preparation method of catalysts

As mentioned above, the interaction between the supported
metals and acid sites of the supports enhances both sulfur-
resistance and catalytic activity for arene hydrogenation. The
size and dispersion of loaded metal particles mainly depend
on the preparation method of catalysts. Traditional impreg-
nation-reduction method has been extensively investigated,
while there are many novel methods different from traditional
processes (Table 5).5919%1207125 Highly dispersive supported
metals, even metal nanoparticles, can be prepared through
such novel methods.

4 Thermodynamics and kinetics of arene
hydrogenation

4.1 Thermodynamic aspects

As a foundational theory, the thermodynamics of arene
hydrogenation has been well investigated. Stanislaus and
Cooper elaborated the thermodynamics of arene hydrogena-
tion.”>* There are a few typical arene species in petroleum
fractions and a series of related model compounds were used
in the research on arene hydrogenation (Table 6).>>"°

Solid acid
H: Protonic hydrogen on acid site

AlLO,
H: Spillover hydrogen

Scheme 1 Benzene hydrogenation via hydrogen spillover on acid sites.

14224 | RSC Adv., 2013, 3, 14219-14232

Arene hydrogenation proceeds according to the following
reaction:

A + nH, — AH,,

where A and AH,,, denote the arene and its hydrogenated product,
respectively.”> The equilibrium equation is described using
parameters Y, (molar fraction of arene), Ya,, (molar fraction of
the hydrogenated arene), K, (equilibrium constant), Py, (partial H,
pressure) and 7 (equivalent moles of H, consumed) as follows:>*

Y AH,,

Ya =K3(PH2)n

According to the equation, higher H, pressures facilitate arene
hydrogenation. The K, decreases with raising the reaction
temperature due to a strong exothermic reaction. Hence, the
reaction should be performed at temperatures as low as possible
using highly active catalysts.

As for the hydrogenation of CAs, each ring in the substrate is
reversibly and successively saturated and the hydrogenation
order of each ring is judged by S, as shown in Table 7.°®

Frye measured the constituents of the products after the
reaction equilibrium of arene hydrogenation under different
conditions and calculated the enthalpies and the equilibrium
constants (Table 8)."*”

4.2 Kinetic aspects

Kinetics research has been emerging continuously owing to
different substrates and diverse catalysts."***** In order to be
easily investigated, the model compounds of arenes were
divided into two groups, polyalkylbenzenes (PABs) and CAs.
PABs Arenes display low apparent activation energy (40-60
k] mol™") during catalytic hydrogenation over Group VIII
metals, and the reaction orders are close to zero.”> However,
the reaction order would increase with raising the reaction
temperature. Slioor et al. investigated gas phase adsorption
and desorption kinetics of toluene on Ni/y-Al,O3 with transient
step adsorption-TPD experiments."*" Their results showed that
toluene adsorption was weak and reversible, implying that at
least part of the adsorption over Ni was physisorption, and no
deactivation was observed. The reaction order of o-xylene
hydrogenation over Pt/y-Al,O; ranged from 1.5 (157 °C) to 3.0

This journal is © The Royal Society of Chemistry 2013
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Table 5 Unconventional preparation process of supported MCs?
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Catalyst Method Material

Concise process Ref.

Ni-Cu/SiO, AH reduction Silica, NA, Cu(NO3),

and hydrazine

Pretreatment with
NH;/H,O vapor

Ni/SBA-15

Ni/Al,O3 Sol-gel ATB, AA and Ni(NO3),

Ni/SiO, Heterophase sol-gel Ni(NO3),, ES-32, ethanol

and NH; aqueous solution

Ni-Al Co-precipitation
aqueous solution

Ni/Al, O3 Using NAA as the precursor NA, benzene and Al,O;

Nano-Co,
Rh and Ir

Using MC as the precursor ~ MC and an ionic liquid

Pd/SiO, Using PACl,(PhCN), as

the precursor

PACl,(PhCN),, CH,CI,
and SiO,

Ni(NO,),, SBA-15 and NH;/H,0

Ni(NO,),, Al(NO,), and NH,

Impregnation was carried out using NA and 89
Cu(NO3), as precursors. Silica was added to

the solution to obtain suspension followed

by the addition of excess AH at pH = 10.

SBA-15 was impregnated with Ni(NO;), aqueous 104
solution then dried at 100 °C. The dried sample

was pretreated by NH3/H,O vapor followed by

dessication, calcination and reduction in H, flow.

ATB was dissolved in isopropanol. AA was 120
added as a chelating agent. Ni(NOj3), aqueous

solution was added to obtain gel followed by

dessication, calcination and reduction in H, flow.

Precipitation of Ni(NO;), with NH; aqueous 121
solution afforded Ni(OH),, which was calcinated

to get NiO. Ni/SiO, with desired Ni to SiO, ratio

was obtained by impregnating NiO with a proper

concentration of ES-32 in ethanol followed by

dessication and reduction in H, flow.

Ni(NOj3), was mixed with Al(NO3); and then NH; 122
aqueous solution was added until pH = 8. The

mixture was aged, dried, calcined and in situ reduced

under H, atmosphere

NAA was dissolved in benzene and added into Al,O5 123
followed by filtration, washing with benzene, dessication,
calcination and reduction in H, flow at 400 °C.

MC was dissolved in the dried and deoxygenated ionic 124
liquid under argon atmosphere, the solution was

heated up to 230 °C to decompose MC into nanoparticles.

A solution of PdCl,(PhCN), in CH,Cl, was mixed with 125
modified SiO, in a degassed reactor at 48 °C. Then the

mixture was cooled, filtered, washed with CH,Cl,

and dried in a vacuum.

“ AH: aqueous hydrazine; NA: nickel acetate; ATB: aluminum tri-sec-butoxide; AA: acetylacetone; ES-32: ethyl silicate-32; NAA: nickel

acetylacetonate; MC: metal carbonyl.

(247 °C)."** The investigation on the kinetics and stereose-
lectivity of o-xylene hydrogenation over Pd/Al,O; showed that
the reaction order with respect to H, varied between 1.3 (167
°C) and 2.6 (247 °C), and thermodynamically more stable trans-
1,2-dimethylcyclohexane was favored. Smeds et al. found that
the reaction order of mesitylene hydrogenation over Ni/Al,O3
increases as a function of the temperature from less than 1
(145 °C) to 2 (220 °C)."*®

The hydrogenation rates of polymethylbenzenes over MCs
depend on the amount and distribution of methyls in the
following order: benzene > toluene > p-xylene > m-xylene >
o-xylene > mesitylene, which is attributed to the substituent
steric and electronic effects.>*>?

CAs CAs are hydrogenated ring-by-ring in succession. Their
hydrogenation reactions generally proceed in first-order. The
hydrogenation rate is the fastest for the first aromatic ring and
then reduces with the increase in hydrogenation degree, and
the last aromatic ring is the most difficult to be saturated.
Indeed, the hydrogenation of CAs is eventually ascribed to the
saturation of benzene rings. The reactivities of typical arenes
toward hydrogenation of the first aromatic ring decrease in the
order: anthracene > phenanthrene > naphthalene > benzene.

Zhang et al."*° investigated naphthalene hydrogenation over
Pd, Pt and Pd-Pt/SiO,-Al,O;. They found that compared to cis-

This journal is © The Royal Society of Chemistry 2013

decalin, more trans-decalin was produced and trans-decalin
selectivity increased with prolonging the reaction time. The
formation of cis-decalin is kinetically controlled due to the
adsorption pattern of arenes and H, over MCs, while the
formation of trans-decalin, a thermodynamically stable con-
figuration, is favored at higher temperatures.

According to the investigation on the hydrogenation kinetics
of phenanthrene in the presence of Ni catalyst, the slow and
fast kinetics based on the adsorption forms of the products on
the catalyst surface were calculated (Scheme 2, in which the
formation enthalpies are indicated for various species in kJ
mol ')."*” The slantwise and edgewise adsorption with
production of strained and unstable structure are stereoche-
mically predicted in the slow production of H,P and its derived
u-HgP. Sterically favored flatwise adsorptions are expected in
the rapid formation of H,P and its derived s-HgP. The low rate
constants for both isomerization to u-HgP and irreversible
hydrogenation in the direction of stereoisomeric perhydro-
phenanthrenes have positive implications, since the latter,
being a quality factor in coal liquids, does not contribute to
hydrogen donation at high temperatures.

The competitive hydrogenation of CAs over MCs was
extensively researched as well."*® Tetralin hydrogenation was
severely inhibited by naphthalene added over Pt/TiO,.
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Table 6 Typical structures of arenes present in petroleum fractions
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Arene type Typical structure

Monoarene

Alkylbenzenes ©/, EI, \©i’ ©A and 4©_<
Benzocyloparaffins

Benzodicycloparaffins

Diarene

Naphthalenes
Biphenyls
Indenes

Naphthocycloparaffins

Triarene
Anthracenes

Phenanthrenes

Fluorenes

Similarly, the reactivities of toluene, naphthalene and diben-
zothiophene toward hydrogenation over Au-Pd/SiO,-Al,O3,
Pd/y-Al,03, Au/y-Al,O; and Au-Pd/y-Al,O; decreased in the
order: naphthalene > toluene > dibenzothiophene.”?'3%4°

Table 7 S, values of some unsaturated hydrocarbons
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5 Future outlook

Deep hydrogenation of arenes can be achieved under mild
conditions. However, the development of markets for both

S, value

[0 /l3
1
1
2 2 3 S
p— 4

Position
[/ — — 0.911 — — — —
p — — 1.266 — — — —
1 1.000 0.833 0.761 0.772 0.994 0.978 1.073
2 — — 0.931 0.910 0.873 0.859 0.922
3 — — 0.829 0.830 — 0.892 —
4 — — 0.911 0.894 — 0.940 —
9 — — — — 0.703 0.998 1.314
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Table 8 The heats and equilibrium constants of polycyclic arene hydrogenation

View Article Online

Substrate Product —AH (k] mol ™" H,) 1gK,
Naphthalene Tetralin — 6460/T — 12.4
Naphthalene trans-Declain — 16 500/T — 32.88
cis-Declain trans-Declain — 695/T — 0.301
Biphenyl Cyclohexylbenzene 75.36 11 750/T — 21.71
Cyclohexylbenzene Bicyclohexane 75.36 11 750/T — 22.37
Biphenyl Bicyclohexane 75.36 23 500/T — 44.08
Phenanthrene 9,10-Dihydrophenanthrene 50.24 2600/T — 6.11
Phenanthrene 1,2,3,4-Tetrahydrophenanthrene 62.80 6565/T — 13.25
Phenanthrene sym-Octahydrophenanthrene 62.80 13 030/T — 26.38
Phenanthrene Perhydrophenanthrene 62.80 23 190/T — 46.49

saturation catalysts and two-stage saturation processes is
uncertain. Novel metallic patterns and better sulfur-resistant
catalysts should be further investigated.

Amorphous alloys (AAs) markedly improve the dispersion of
active sites and the electronic structure of catalysts. The
transition metal (such as Ni, Co, Fe and Pd)-metalloids (such
as B and P) pattern for AAs will be further investigated. For
instance, the adsorption of sulfur on M-B alloy hardly changes
the electronic properties of metal atoms, which are the active
sites of the catalyst. SCSs prefer to combine with boron rather
than metal, thus their ability to poison the active metal atoms
decreased greatly. Some kinds of metal nitrides will also be
further investigated as their catalytic properties are similar to
noble metals, and the catalysts show a good resistance to
compounds containing S, N and O atoms in the feedstock.
Although the hydrogenation activity and sulfur-resistance of
such novel catalysts could be improved after being modified, it
is still too early to use them in industry due to the fast or even
complete deactivation in the presence of SCSs.

Better sulfur-resistant catalysts might continue centering
on the metals supported on zeolites, which have the best
industrialized prospect. An ideal designed concept of sulfur-
resistant catalysts is proposed in Fig. 3.

There are bore channels with different diameters in
zeolites. Metal particles distribute both in large channels (d
> 0.6 nm) and in small ones (d < 0.5 nm). Hydrogen
molecules are able to pass through all the channels while the

H,P

R OaE
/gv 20.7 kJ - mol

fast

-10. 4 kJ mol!

substrates, both arenes and organic SCSs, only react in large
channels. Once poisoned by sulfide, the metal particles loaded
in large channels are to be refreshed by the spillover hydrogen
from small channels. The key for such a model is to ensure
that the metal particles remain in the channels of zeolites.
Hence, better sulfur-resistant and lower-cost alloys and
zeolites which show both shape selectivity and high catalytic
activity for large arene molecules will be the hot spots of future
investigations. Besides sulfur-resistance, excellent supported
MCs for arene hydrogenation should be able to effectively
activate both aromatic rings in arenes and H,.

Acknowledgements

The authors are grateful for financial support from the Key
Project of National Natural Science Foundation of China
(Grant 20936007), the Fund from National Natural Science
Foundation of China for Innovative Research Group (Grant
51221462), National Basic Research Program of China (Grant
2011CB201302), the Key Project of Coal Joint Fund from
National Natural Science Foundation of China and Shenhua
Group Corporation Limited (Grant 51134021), National
Natural Science Foundation of China (Grant 51074153),
Strategic Chinese-Japanese Joint Research Program (Grant
2013DFG60060), the Fundamental Research Fund for the

Doctoral ~ Program  of  Higher  Education (Grant
20120095110006) and the Central Universities (China
H,,P H,P
H,
E—
slow
-56.4 kJ - mol
Stage B

49.7 kJ-mol" ‘s/o\h’A BrtieP
Stage A
slow ¢

37.4 kJ - mol

-8.0 kJ -mol"

Scheme 2 Reaction rates of phenanthrene hydrogenation and formation enthalpies of the products.

This journal is © The Royal Society of Chemistry 2013

RSC Adv., 2013, 3, 14219-14232 | 14227


http://dx.doi.org/10.1039/c3ra40848e

View Article Online

Hydrogenation @O + CO

Metal ik H f
® ®
=<—H H, - @ HS—
S

H
— H
2 H
_Q\Q/Q @E\>H
H s

Published on 30 April 2013. Downloaded by Pennsylvania State University on 16/09/2016 23:14:19.

1 X. Y. Zhao, Z. M. Zong, ]J. P. Cao, Y. M. Ma, L. Han, G.

F. Liu, W. Zhao, W. Y. Li, K. C. Xie, X. F. Bai and X. Y. Wei,
Difference in chemical composition of carbon disulfide-
extractable fraction between vitrinite and inertinite from
Shenfu-Dongsheng and Pingshuo coals, Fuel, 2008, 87,
565-575.

Y. Zong, Z. M. Zong, M. J. Ding, L. Zhou, Y. G. Huang, Y.
X. Zheng, X. Jin, Y. M. Ma and X. Y. Wei, Separation and
analysis of organic compounds in an Erdos coal, Fuel,
2009, 88, 469-474.

H.Y. Lu, X. Y. Wei, R. Yu, Y. L. Peng, X. Z. Qi, L. M. Qie,
Q. Wei, J. Lv, Z. M. Zong, W. Zhao, Y. P. Zhao, Z. H. Ni and
L. Wu, Sequential thermal dissolution of Huolinguole
lignite in methanol and in ethanol, Energy Fuels, 2011, 25,
2741-2745.

T. X. Wang, Z. M. Zong, J. W. Zhang, Y. B. Wei, W. Zhao, B.
M. Li and X. Y. Wei, Microwave-assisted hydroconversions
of demineralized coal liquefaction residue, Fuel, 2008, 87,
498-507.

Z. M. Zong, J. W. Zhang, R. L. Xie, T. X. Wang, J. S. Gao, Y.
Q. Wu, B. M. Li and X. Y. Wei, Effect of charring
temperature on the composition and solubility of chars
formed from rapid heating of Shenfu coal, Energy Sources,
Part A, 2010, 32, 620-627.

6 J. S. Zhou, Q. Ma, Z. M. Zong and X. Y. Wei, Separation of

acearylenes from high-temperature coal tar, Trans. Tianjin
Univ., 2012, 18, 378-383.

R. I. Sidorov, A. N. Denisenko and L. A. Polyakova,
Determination of aromatic hydrocarbons in petroleum
fractions by gas-liquid chromatography, Chem. Technol.
Fuels Oils, 1966, 2, 501-503.

C. 1. Azogu, Thin-layer chromatographic analysis of
aromatic hydrocarbons in crude oil and in petroleum
products as their n6-arene-n6-cyclopentadienyliron hexa-
fluorophosphates, J. Chromatogr., A, 1981, 219, 349-351.

14228 | RSC Adv., 2013, 3, 14219-14232

11

12

13

14

15

16

17

18

Hydrogen spillover H
Desulfurization ©/\ + HS

Fig. 3 New concept for sulfur-tolerant mechanism of metal supported on zeolite.

University of Mining & Technology, Grant 2010LKHX09) and a 9 L. A. Nazurkin, Petroleum hydrocarbon compositions and

Project Funded by the Priority Academic Program paleoclimate, Geochem. Int., 1987, 24, 100-105.

Development of Jiangsu Higher Education Institutions. 10 A. Y. Kolesnikov, I. A. Matveeva, M. I. Bekauri and A.
A. Petrov, Polycyclic aromatic hydrocarbons of the middle
fractions of oils from different fields, Neftekhimiya, 1991,
31, 452-459.

References ’

S. R. Tang, Z. M. Zong, L. Zhou, W. Zhao, X. B. Li, Y.
L. Peng, R. L. Xie, X. F. Chen, W. T. Gu and X. Y. Wei,
Molecular composition of soluble fraction from depoly-
merized cornstalk powder in supercritical methanol and
ethanol, Renewable Energy, 2010, 35, 946-951.

H. M. Yang, W. Zhao, Y. G. Wang, D. Liu, J. Zhao, X. Fan,
Z. M. Zong, Y. Lu and X. Y. Wei, Enrichment and
identification of condensed aromatics in a bio-oil from
degraded wheat stalk in supercritical ethanol, Energy
Fuels, 2013, 27, 596-598.

J. W. Diehl and F. P. Di Sanzo, Determination of aromatic
hydrocarbons in gasolines by flow modulated compre-
hensive two-dimensional gas chromatography, J.
Chromatogr., A, 2005, 1080, 157-165.

J. L. Pérez Pavon, M. del Nogal Sanchez, M. E. Fernandez
Laespada and B. Moreno Cordero, Determination of
aromatic and polycyclic aromatic hydrocarbons in gaso-
line using programmed temperature vaporization-gas
chromatography-mass spectrometry, J. Chromatogr., A,
2008, 1202, 196-202.

J. Tasheva, P. Petkov and S. Ivanov, Reduction of the
contents of sulphur-containing organic compounds,
arene hydrocarbons and resinous products in diesel fuels
by applying extraction with selective solvents, Oxid.
Commun., 2004, 27, 48-57.

J. Tasheva, P. Petkov and Y. Lazarov, Application of the
process of extraction to reduce sulphur compounds and
arene hydrocarbons contents in heart cut petroleum
fraction, Cr. Acad. Bulg. Sci., 2007, 60, 549-554.

A. 1. Barrado, S. Garcia, E. Barrado and R. M. Pérez, PM
2.5-bound PAHs and hydroxy-PAHs in atmospheric aero-
sol samples: Correlations with season and with physical
and chemical factors, Atmos. Environ., 2012, 49, 224-232.
J. Tan, S. Guo, Y. Ma, J. Duan, Y. Cheng, K. He and
F. Yang, Characteristics of particulate PAHs during a
typical haze episode in Guangzhou, China, Atmos. Res.,
2011, 102, 91-98.

This journal is © The Royal Society of Chemistry 2013


http://dx.doi.org/10.1039/c3ra40848e

Published on 30 April 2013. Downloaded by Pennsylvania State University on 16/09/2016 23:14:19.

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

R. R. Qian, J. M. Yan, S. P. Wu and X. H. Wang,
Characteristics and sources of PM 10-bound PAHs during
haze period in winter-spring of Xiamen, Environ. Sci.,
2012, 33, 2939-2945.

A. R. Johnsen, L. Y. Wick and H. Harms, Principles of
microbial PAH-degradation in soil, Environ. Pollut., 2005,
133, 71-84.

A. K. Haritash and C. P. J. Kaushik, Biodegradation
aspects of polycyclic aromatic hydrocarbons (PAHs): A
review, J. Hazard. Mater., 2009, 169, 1-15.

C. J. Mark-Kappeler, P. B. Hoyer and P. ]J. Devine,
Xenobiotic effects on ovarian preantral follicles, Biol
Reprod., 2011, 85, 871-883.

K. Zhang, B. Z. Zhang, S. M. Li, C. S. Wong and E. Y.
J. Zeng, Calculated respiratory exposure to indoor size-
fractioned polycyclic aromatic hydrocarbons in an urban
environment, Hazard. Mater., 2012, 431, 245-251.

M. M. Podorozhanskii, E. M. Zeidlits and V.
P. Sukhorukova, Hydrogenation products of anthracene,
Coke Chem. (USSR), 1969, 35-38.

J. Lopez-Gejo, J. T. Kunjappu, J. Zhou, B. W. Smithl,
P. Zimmerman, W. Conley and N. J. Turro,
Polycycloalkanes as potential third-generation immersion
fluids for photolithography at 193 nm, Chem. Mater.,
2007, 19, 3641-3647.

T. F. Yen, Future sources of heavy crude and their
production and upgrading technology, Prepr. Symp.-Div.
Fuel Chem., Am. Chem. Soc., 1999, 44, 76-79.

A. Hinkle and M. Batzle, Heavy oils: a worldwide overview,
Colorado School of Mines, Golden, USA, 2006.

L. Hughes and ]J. Rudolph, Future world oil production:
growth, plateau, or peak, Curr. Opin. Environ.
Sustainability, 2011, 3, 225-234.

M. J. Pérez-Zurita, Heavy-oil resources and upgrading in
Venezuela, Chim. Ind., 2002, 84, 1-4.

M. Tsoskounoglou, G. Ayerides and E. Tritopoulou, The
end of cheap oil: current status and prospects, Energy
Policy, 2008, 36, 3797-3806.

X. Hu, S. Chang, J. Lia and Y. Qin, Energy for sustainable
road transportation in China: challenges, initiatives and
policy implications, Energy, 2010, 35, 4289-4301.

H. J. Zhang, Investigation on novel materials as the
supports of diesel aromatics saturation catalysts, Tianjin
University, Tianjin, P. R. China, 2006.

R. Peer, D. Ackelson and O. Geneis, Middle distillate
solutions in Europe, Petrole et Techniques, 1995, 395,
58-74.

ABB Lummus Crest Inc., Production of diesel fuel by
hydrogenation of a diesel feed, US 5183556, 1993-02-02.
Nippon Oil Co., Ltd., Method for manufacturing gas oil
containing low-sulfur and low-aromatic-compound, EP
0699733B1, 2000-01-26.

A. J. Duan, G. F. Wan and Z. Zhao, Research advances in
catalytic hydro-dearomatization of diesel fuel, Mod. Chem.
Ind., 2005, 25, 14-18.

J. W. Wang, Z. T. Mi and X. W. Zhang, Noble metal
aromatic saturation catalysts, Prog. Chem., 2006, 18,
854-860.

D. P. Liu and Y. D. Li, Recent advances in sulfur resistant
aromatic hydrogenation catalysts, Prog. Chem., 2004, 16,
891-899.

This journal is © The Royal Society of Chemistry 2013

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

View Article Online

J. P. Frank and J. F. L. Page, Catalysts for the hydrogena-
tion of heavy gas oils intomiddle distillates, Proc. 7th Int.
Congr. Catal., Elsevier Press, Amsterdam, 1981, pp. 792-
803.

L. Vradman, M. V. Landau and M. Herskowitz,
Hydrodrearomatization of petroleum fuel fractions on
silica supported Ni-W sulphide with increased stacking
number of the WS, phase, Fuel, 2003, 82, 633-639.

P. Leyrit, T. Cseri and N. Machal, Aromatic reduction
properties of molybdenum sulfide clusters in HY zeolite,
Catal. Today, 2001, 65, 249-256.

E. Lecrenary, K. Sakanishi and I. Mochida,
Hydrodesulfurization activity of CoMo and NiMo cata-
lysts supported on some acidic binary oxides, Appl. Catal.,
A, 1998, 175, 237-243.

S. Mignard, N. Marchal and S. Kasztenlan, Effect of H,S
and NH; on aromatics hydrogenation over sulfided Pt and
NiMo based hydrotreating catalysts, Bull. Soc. Chim. Belg.,
1995, 104, 259-263.

E. J. M. Hensen, V. H. ]J. de Beer and ]. A. R. van Veen, On
the sulfur tolerance of supported Ni(Co)Mo sulfide
hydrotreating catalysts, J. Catal., 2003, 215, 353-357.

H. Topsge and B. S. Clausen, Importance of Co-Mo-S type
structures in hydrodesulfurization, Catal. Rev. Sci. Eng.,
1984, 26, 395-342.

E. Ogata, X. Y. Wei, K. Horie, A. Nishijima, I. Saito and
K. Ukegawa, Catalysis of iron sulfates on hydroconversion
of 1-methylnaphthalene, Catal. Today, 1998, 43, 161-169.
X. Y. Wei, E. Ogata and E. Niki, FeS,-catalyzed hydrocrak-
ing of di(1-naphthyl)methane. Effects of hydrogen pres-
sure, catalyst feed and reaction temperature, and kinetic
study, Bull. Chem. Soc. Jpn., 1992, 65, 987-990.

X. Y. Wei, E. Ogata, Z. M. Zong and E. Niki, Effects of
hydrogen pressure, sulfur, and FeS, on diphenylmethane
hydrocracking, Energy Fuels, 1992, 6, 868-869.

X.Y. Wei, Z. H. Ni, Z. M. Zong, S. L. Zhou, Y. C. Xiong and
X. H. Wang, Reaction of di(1-naphthyl)methane over
metals and metal-sulfur systems, Energy Fuels, 2003, 17,
652-657.

X.Y. Wei, E. Ogata, Z. M. Zong and E. Niki, Effects of iron
catalyst precursors, sulfur, hydrogen pressure and solvent
type on the hydrocracking of di(1-naphthyl)methane, Fuel,
1992, 72, 1547-1552.

Z. H. Ni, Z. M. Zong, L. F. Zhang, S. L. Zhou, Y. C. Xiong,
X. H. Wang and X. Y. Wei, Reactivities of di(1-naphthyl)-
methane and hydrogenated di(1-naphthyl)methanes
toward hydrocracking over Ni-S, Energy Fuels, 2002, 16,
1154-1159.

A. Stanislaus and B. H. Cooper, Aromatic hydrogenation
catalysis: a review, Catal. Rev. Sci. Eng., 1994, 36, 75-123.
B. H. Cooper and B. Donnis, Aromatic saturation of
distillates: an overview, Appl. Catal., A, 1996, 137, 203-223.
J. R. Anderson, Structure of metallic catalysts, Academic
Press, 1975.

G. A. Somorjai, Chemistry in two dimensional surfaces,
Cornell University Press, 1981.

B. Pawelec, R. Mariscal, R. M. Navarro, S. van Bokhorst,
S. Rojas and J. L. G. Fierro, Hydrogenation of aromatics
over supported Pt-Pd catalysts, Appl. Catal., A, 2002, 225,
223-237.

RSC Adv., 2013, 3, 14219-14232 | 14229


http://dx.doi.org/10.1039/c3ra40848e

Published on 30 April 2013. Downloaded by Pennsylvania State University on 16/09/2016 23:14:19.

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

S. D. Lin and C. Song, Noble metal catalysts for low-
temperature naphthalene hydrogenation in the presence
of benzothiphene, Catal. Today, 1996, 31, 93-104.

R. M. Navarro, B. Pawelec and J. M. Trejo, Hydrogenation
of aromatics on sulfur-resistant PtPd bimetallic catalysts,
J. Catal., 2000, 189, 184-194.

M. Koussathana, N. Vamvouka and M. Tsapatsis,
Hydrogenation of aromatic compounds over noble metals
dispersed on doped titania carriers, Appl. Catal., A, 1992,
80, 99-113.

K. Ito, Y. Kogassaka and H. Kurokawa, Preliminary study
on mechanism of naphthalene hydrogenation to form
decalins via tetralin over Pt/TiO,, Fuel Process. Technol.,
2002, 79, 77-80.

M. A. Aramendia, V. Borau and C. Jimenez,
Hydrogenation of xylene over supported Pt catalysts,
influence of different variables on their catalytic activity,
React. Kinet. Catal. Lett., 1992, 46, 305-312.

T. C. Huang and B. C. Kang, The hydrogenation of
naphthalene with platinum alumina aluminum phos-
phate catalysts, Ind. Eng. Chem. Res., 1995, 9, 2955-2963.
S. D. Lin and M. A. Vannice, Hydrogenation of aromatic
hydrocarbons over supported Pt catalysts I. Benzene
hydrogenation, J. Catal., 1993, 143, 539-553.

S. D. Lin and M. A. Vannice, Hydrogenation of aromatic
hydrocarbons over supported Pt catalysts I. Toluene
hydrogenation, J. Catal., 1993, 143, 554-562.

S. Jonpatiwut, Z. Li and D. E. Resasco, Competitive
hydrogenation of poly-aromatic hydrocarbons on sulfur-
resistant bimetallic Pt-Pd catalysts, Appl. Catal., A, 2004,
262, 241-253.

H. Yasuda, T. Kameoka and T. Sato, Sulfur-tolerant Pd-Pt/
Al,05-B,0; catalyst for aromatic hydrogenation, Appl.
Catal., A, 1999, 185, L199-L201.

P. Kacer and L. Cerveny, Structure effects in hydrogena-
tion reactions on noble metal catalysts, Appl. Catal., A,
2002, 229, 193-216.

Y. M. Ma, X. Y. Wei, X. Zhou and K. Y. Cai, Microwave-
assisted hydrogen transfer to anthracene and phenan-
threne over Pd/C, Energy Fuels, 2009, 23, 638-645.

A. G. A. Alj, L. L. Ali, S. M. Aboul-Fotouh and A. K. Aboul-
Gheit, Hydrogenation of aromatics on modified platinum-
alumina catalysts, Appl. Catal., A, 1998, 170, 285-296.

P. Kluson and L. Cerveny, Hydrogenation of substituted
aromatic compounds over a ruthenium catalyst, J. Mol
Catal. A: Chem., 1996, 108, 107-112.

S. Jongpatiwut, Z. Li and D. E. Resasco, Competitive
hydrogenation of polyaromatic hydrocarbons on sulfur-
resistant bimetallic Pt-Pd catalysts, Appl. Catal., A, 2004,
262, 241-253.

L. L. Bihan and Y. Yoshimura, Control of hydrodesulfur-
ization and hydrodearomatization properties over bime-
tallic Pd-Pt catalysts supported on Yb-modified USY
zeolite, Fuel, 2002, 81, 491-494.

B. Pawelec, E. Cano-Serrano and J. M. Campos-Martin,
Deep aromatics hydrogenation in the presence of DBT
over Au-Pd/y-alumina catalysts, Appl. Catal., A, 2004, 275,
127-139.

H. R. Reinhoudt, R. Troost and A. D. van Langeveld,
Testing and characterization of Pt/ASA and PtPd/ASA for
deep HDS reaction, in: Delmon B., Froment G. F., Grange

14230 | RSC Adv., 2013, 3, 14219-14232

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

View Article Online

P., ed., Hydrotre. Hydrocr. Oil Fracti., Elsevier, Amsterdam,
1999, pp. 251-258 .

C. R. Apesteguia and ]. Barbier, Effect of sulfuration of Pt-
Al,O; and Pt-Re/Al,O; and Pt-Ir/Al,O; catalysts, React.
Kinet. Catal. Lett., 1982, 193, 51-354.

H. Yasuda and Y. Yoshimura, Hydrogenation of tetralin
over zeolite-supported Pd-Pt catalysts in the presence of
dibenzothiophene, Catal. Lett., 1997, 46, 43-48.

T. Fujikawa, K. Idei, T. Ebihara, H. Mizuguchi and
K. Usui, Aromatic hydrogenation of distillates over SiO,-
Al,Oz-supported noble metal catalysts, Appl. Catal., A,
2000, 192, 253-261.

H. Yasuda, N. Matsubayashi and T. Sato, Confirmation of
sulfur tolerance of bimetallic Pd-Pt supported on highly
acidic USY zeolite by EXAFS, Catal. Lett., 1998, 54, 23-27.
R. M. Navarro, B. Pawelec and J. M. Trejo, Hydrogenation
of aromatics on sulfur-resistant PtPd bimetallic catalysts,
J. Catal., 2000, 189, 184-194.

V. Meille, E. Schulz and M. Lemaire, Hydrodesulfurization
of alkyldibenzothiophenes over a NiMo/Al,O; catalyst:
kinetics and mechanism, J. Catal., 1997, 170, 29-36.

M. S. Lylykangas, P. A. Rautanen and A. O. I. Krause,
Liquid-phase hydrogenation kinetics of multicomponent
aromatic mixture on Ni/Al,O3, Ind. Eng. Chem. Res., 2002,
41, 5632-5639.

E. Lecrenary, K. Sakanishi and I. Mochida,
Hydrodesulfurization activity of CoMo and NiMo cata-
lysts supported on some acidic binary oxides, Appl. Catal.,
A, 1998, 175, 237-243.

W. R. A. M. Robinson, J. A. R. van Veen and V. H. J. de Beer,
Development of deep hydrodesulfurization catalysts, I,
CoMo and NiMo catalysts tested with (substituted)
dibenzothiophene, Fuel Process. Technol., 1999, 61, 89-101.
W. R. A. M. Robinson, J. A. R. van Veen and V. H. J. de Beer,
Development of deep hydrodesulfurization catalysts, II, NiW,
Pt and Pd catalysts tested with (substituted) dibenzothio-
phene, Fuel Process. Technol., 1999, 61, 103-116.

A. Louloudi, J. Michalopoulos, N.-H. Gangas and
N. Papayannakos, Hydrogenation of benzene on Ni/Al-
pillared saponite catalysts, Appl. Catal., A, 2003, 242, 41-49.
K. Hadjiivanov, M. Mihaylov, D. Klissurski and
P. Stefanov, Characterization of Ni/SiO, catalysts prepared
by successive deposition and reduction of Ni*" ions, J.
Catal., 1999, 185, 314-323.

P. G. Sawva, K. Goundani, J. Vakros and K. Bourikas,
Benzene hydrogenation over Ni/Al,O; catalysts prepared
by conventional and sol-gel techniques, Appl. Catal., B,
2008, 79, 199-207.

V. L. Barrio, P. L. Arias, J. F. Cambra and M. B. Gliemez,
Aromatics hydrogenation on silica-alumina supported
palladium-nickel catalysts, Appl. Catal., A, 2003, 242, 17-30.
A. G. Boudjahem, W. Bouderbala and M. Bettahar,
Benzene hydrogenation over Ni-Cu/SiO, catalysts pre-
pared by aqueous hydrazine reduction, Fuel Process.
Technol., 2011, 92, 500-506.

T. Halachev, R. Nava and L. Dimitrov, Catalytic activity of
(P)NiMo/Ti-HMS and (P)NiW/Ti-HMS catalysts in the
hydrogenation of naphthalene, Appl. Catal., A, 1998, 169,
111-117.

G. Corro, J. L. G. Fierro, R. Montiel and F. Bafuelos,
Improved sulfur resistance of Pt-Sn/y-Al,O; catalysts for

This journal is © The Royal Society of Chemistry 2013


http://dx.doi.org/10.1039/c3ra40848e

Published on 30 April 2013. Downloaded by Pennsylvania State University on 16/09/2016 23:14:19.

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

C3Hg-NO-0O, reaction under lean conditions due to Pt-Sn
surface interactions, J. Mol. Catal. A: Chem., 2005, 228,
275-282.

L. J. Hu, G. F. Xia, L. L. Qu, C. Li, Q. Xin and D. D. Li,
Strong effect of transitional metals on the sulfur
resistance of Pd/HY-Al,O; catalysts for aromatic hydro-
genation, J. Mol. Catal. A: Chem., 2001, 171, 169-179.

H. Huang, J. J. Wen and D. L. Yin, Effects of promoters on
nickel-based aromatic hydrogenation catalysts, Ind.
Catal., 2006, 14, 17-20.

R. Kosydar, A. Drelinkiewicz, E. Lalik and J. Gurgul, The
role of alkali modifiers (Li, Na, K, Cs) in activity of 2% Pd/
Al,O; catalysts for 2-ethyl-9,10-anthraquione hydrogena-
tion, Appl. Catal., A, 2011, 402, 121-131.

M. Ferrandon, ]J. Mawdsley and T. Krause, Effect of
temperature, steam-to-carbon ratio, and alkali metal
additives on improving the sulfur tolerance of a Rh/La-
Al,O; catalyst reforming gasoline for fuel cell applica-
tions, Appl. Catal., A, 2008, 342, 69-77.

C. Luo, W. N. Wang, M. H. Qiao and K. N. Fan, Adsorption
of sulfur on Ni,;,B, clusters: a theoretical investigation on
the mechanism of strong sulfur resistance of Ni-B alloy
catalyst, J. Mol. Catal. A: Chem., 2002, 184, 379-386.

W. J. Wang, H. X. Li and J. F. Deng, Boron role on sulfur
resistance of amorphous NiB/SiO, catalyst poisoned by
carbon disulfide in cyclopentadiene hydrogenation, Appl.
Catal., A, 2000, 203, 293-300.

L. B. Sun, Z. M. Zong, J. H. Kou and L. F. Zhang, Activated
carbon-catalyzed hydrogenation of polycyclic arenes,
Energy Fuels, 2004, 18, 1500-1504.

S. D. Lin and M. A. Vannice, Hydrogenation of aromatic
hydrocarbons over supported Pt catalysts, III, reaction
models for metal surfaces and acidic sites on oxide
supports, J. Catal., 1993, 143, 563-572.

J. Zheng, M. Guo and C. Song, Characterization of Pd
catalysts supported on USY zeolites with different SiO,/
Al,Oj; ratios for the hydrogenation of naphthalene in the
presence of benzothiophene, Fuel Process. Technol., 2008,
89, 467-474.

K. Y. Tsai, I. Wang and T. C. Tsai, Zeolite supported
platinum catalysts for benzene hydrogenation and
naphthene isomerization, Catal. Today, 2011, 166, 73-78.
L. J. Simon, J. G. van Ommen, A. Jentys and J. A. Lercher,
Sulfur-tolerant Pt-supported zeolite catalysts for benzene
hydrogenation, I. Influence of the support, J. Catal., 2001,
201, 60-69.

T. D. Tang, C. Y. Yin, L. F. Wang, Y. Y. Ji and F. S. Xiao,
Good sulfur tolerance of a mesoporous beta zeolite-
supported palladium catalyst in the deep hydrogenation
of aromatics, J. Catal., 2008, 257, 125-133.

S. B. Ren, P. Zhang, H. F. Shui, Z. P. Lei, Z. C. Wang and S.
G. Kang, Promotion of Ni/SBA-15 catalyst for hydrogena-
tion of naphthalene by pretreatment with ammonia/water
vapour, Catal. Commun., 2010, 12, 132-136.

S. Loiha, K. Fottinger, K. Zorn and W. Klysubun, Catalytic
enhancement of platinum supported on zeolite beta for
toluene hydrogenation by addition of palladium, J. Ind.
Eng. Chem., 2009, 15, 819-823.

A. Masalska, Ni-loaded catalyst containing ZSM-5 zeolite
for toluene hydrogenation, Appl. Catal., A, 2005, 294,
260-272.

This journal is © The Royal Society of Chemistry 2013

View Article Online

107 L. H. Ding, Y. Zheng, H. Yang and R. Parviz, LCO

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

hydrotreating with Mo-Ni and W-Ni supported on nano-
and micro-sized zeolite beta, Appl. Catal., A, 2009, 353, 17-23.
A. Fanez, A. D. Lucas, P. Sanchez, M. J. Ramos and ]J.
L. Valverde, Hydroisomerization in liquid phase of a
refinery naphtha stream over Pt-Ni/H-beta zeolite cata-
lysts, Chem. Eng. J., 2008, 136, 267-275.

J. Wang, L. M. Huang and Q. Z. Li, Influence of different
diluents in Pt/Al,O; catalyst on the hydrogenation of
benzene, toluene and o-xylene, Appl. Catal., A, 1998, 175,
191-199.

V. L. Barrio, P. L. Arias and J. F. Cambra, Aromatics
hydrogenation on silica-alumina supported palladium-
nickel catalysts, Appl. Catal., A, 2003, 242, 17-30.

T. Fujikawa, K. Idei and K. Usui, Aromatic hydrogenation
of distillate over B,03-Al,0; supported Pt-Pd catalysts, J.
Jpn. Pet. Inst., 1999, 42, 271-274.

M. Zielinski and M. Wojciechowska, Iridium supported
on MgF,-MgO as catalyst for toluene hydrogenation,
Catal. Commun., 2012, 18, 1-4.

B. T. Meshesha, R. J. Chimentdo, A. M. Segarra and
J. Llorca, Performance of alkali modified Pd/Mg(Al)O
catalysts for hydrodechlorination of 1,2,4-trichloroben-
zene, Appl. Catal., B, 2011, 105, 361-372.

K. Sakanishi, M. Ohira and I. Mochida, The reactivities of
polyaromatic hydrocarbons in catalytic hydrogenation
over supported noble metals, Bull. Chem. Soc. Jpn., 1989,
62, 3994-4001.

A. M. Zhang, J. L. Dong, Q. H. Xu, H. K. Rhee and X. L. Li,
Palladium cluster filled in inner of carbon nanotubes and
their catalytic properties in liquid phase benzene hydro-
genation, Catal. Today, 2004, 93-95, 347-352.

H. X. Ma, L. C. Wang, L. Y. Chen and C. Dong, Pt
nanoparticles deposited over carbon nanotubes for
selective hydrogenation of cinnamaldehyde, Catal.
Commun., 2007, 8, 452-456.

M. Jahjah, Y. Kinn, E. Teuma and M. Gomez, Ruthenium
nanoparticles supported on multi-walled carbon nano-
tubes: Highly effective catalytic system for hydrogenation
processes, J. Mol. Catal. A: Chem., 2010, 332, 106-112.

Z. T. Liu, C. X. Wang, Z. W. Liu and J. Lu, Selective
hydrogenation of cinnamaldehyde over Pt-supported
multi-walled carbon nanotubes: insights into the tube-
size effects, Appl. Catal., A, 2008, 344, 114-123.

B. Yoon, H. B. Pan and C. M. Wai, Relative catalytic
activities of carbon nanotube-supported metallic nano-
particles for room-temperature hydrogenation of ben-
zene, J. Phys. Chem. C, 2009, 113, 1520-1525.

P. G. Sawva, K. Goundani, J. Vakros and K. Bourikas,
Benzene hydrogenation over Ni/Al,O; catalysts prepared
by conventional and sol-gel techniques, Appl. Catal., B,
2008, 79, 199-207.

M. A. Ermakova and D. Y. Ermakov, High-loaded nickel-
silica catalysts for hydrogenation, prepared by sol-gel
route: structure and catalytic behavior, Appl. Catal, A,
2003, 245, 277-288.

Z. W. Guo, W. T. Huo and M. J. Jia, Hydrodealkylation of
1,2,4-trimethylbenzene over reduced Ni-Al mixed oxide
catalysts prepared by co-precipitation method, J. Mol
Catal. A: Chem., 2010, 326, 82-87.

RSC Adv., 2013, 3, 14219-14232 | 14231


http://dx.doi.org/10.1039/c3ra40848e

Published on 30 April 2013. Downloaded by Pennsylvania State University on 16/09/2016 23:14:19.

123

124

125

126

127

128

129

130

131

R. Molina and G. Poncelet, Hydrogenation of benzene
over alumina-supported nickel catalysts prepared from
Ni(II) acetylacetonate, J. Catal., 2001, 199, 162-170.

E. Redel, J. Krdmer, R. Thomann and C. Janiak, Synthesis
of Co, Rh and Ir nanoparticles from metal carbonyls in
ionic liquids and their use as biphasic liquid-liquid
hydrogenation nanocatalysts for cyclohexene, J.
Organomet. Chem., 2009, 694, 1069-1075.

S. Rojas, P. Terreros, M. A. Pefia and M. Ojeda,
Hydrogenation of aromatics over supported noble metal
catalysts ex organometallic complexes, J. Mol. Catal. A:
Chem., 2003, 206, 299-311.

X. Y. Wei, E. Ogata, Z. M. Zong and S. L. Zhou, Advances
in the study of hydrogen transfer to model compounds for
coal liquefaction, Fuel Process. Technol., 2000, 62, 103-107.
C. G. Frye, Equilibria in the hydrogenation of polycyclic
aromatics, J. Chem. Eng. Data, 1962, 7, 592-595.

C. G. Frye and A. W. Weitkamp, Equilibrium hydrogena-
tions of multi-ring aromatics, J. Chem. Eng. Data, 1969, 14,
372-376.

S. I. Reshetnikov, E. A. Ivanov and A. N. Startsev, Benzene
hydrogenation in the thiophene presence over the sulfide
Ni-Mo/vy-Al,O; catalyst under periodic operation: kinetics
and process modeling, Chem. Eng. J., 2007, 134, 100-105.
C. Zhao, S. Kasakov, J. He and J. A. Lercher, Comparison
of kinetics, activity and stability of Ni/HZSM-5 and Ni/
Al,03-HZSM-5 for phenol hydrodeoxygenation, J. Catal.,
2012, 296, 12-23.

R. L. Slioor, J. M. Kanervo, T. J. Keskitalo and A. O.
I. Krause, Gas phase adsorption and desorption kinetics
of toluene on Ni/y-Al,O3, Appl. Catal., A, 2008, 344,
183-190.

14232 | RSC Adv., 2013, 3, 14219-14232

132

133

134

135

136

137

138

139

140

View Article Online

J. W. Thybaut, M. Saeys and G. B. Marin, Hydrogenation
kinetics of toluene on Pt/ZSM-22, Chem. Eng. J., 2002, 90,
117-129.

M. Saeys, M. F. Reyniers, J. W. Thybaut, M. Neurock and
G. B. Marin, First-principles based kinetic model for the
hydrogenation of toluene, J. Catal., 2005, 236, 129-138.
A. K. Neyestanaki, H. Backman, P. Miki-Arvela and
J. Wirna, Kinetics and modeling of o-xylene hydrogena-
tion over Pt/y-Al,O; catalyst, Chem. Eng. J., 2003, 91,
271-278.

S. Smeds, T. Salmi and D. Y. Murzin, Kinetics of
mesitylene hydrogenation on Ni/Al,O3;, Appl. Catal., A,
1999, 185, 131-136.

X. F. Zhang, Z. F. Shao, G. Q. Mao and D. M. He,
Naphthalene hydrogenation activity over Pd, Pt and Pd-Pt
catalysts and their sulfur tolerance, Acta Phys.-Chim. Sin.,
2010, 26, 2691-2698.

M. Nuzzi and B. Marcandalli, Hydrogenation of phenan-
threne in the presence of Ni catalyst. Thermal dehydro-
genation of hydrophenanthrenes and role of individual
species in hydrogen transfers for coal liquefaction, Fuel
Process. Technol., 2003, 80, 35-45.

H. R. Liu, Z. C. Xu and D. S. Zhao, Competitive
hydrogenation of poly-aromatic hydrocarbons on sup-
ported noble metal catalystss, Acta Chim. Sinica, 2007, 65,
1933-1939.

A. M. Venezia, V. L. Parola and B. Pawelec, Hydrogenation
of aromatics over Au-Pd/SiO,-Al,O; catalysts: support
acidity effect, Appl. Catal., A, 2004, 264, 43-51.

S. Jongpatiwut, Z. Li and D. E. Resasco, Competitive
hydrogenation of poly-aromatic hydrocarbons on sulfur-
resistant bimetallic Pt-Pd catalysts, Appl. Catal., A, 2004,
262, 241-253.

This journal is © The Royal Society of Chemistry 2013


http://dx.doi.org/10.1039/c3ra40848e

